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FOREWORD
This volume, "Tfit Oeology of th« Arabian Peninsula" is a logical consequence of the

geographic and geologic mapping project of the Arabian Peninsula, a cooperative venture

between the Kingdom of Saudi Arabia and the Government of the United States. The Arabian-

American Oil Co. and the U.S. Geological Survey did the fieldwork within the Kingdom of

Saudi Arabia, and, with the approval of the governments of neighboring countries, a number of

other oil companies contributed additional mapping to complete the coverage of the whole of

the Arabian Peninsula. So far as we arc aware, this is a unique experiment in geological

cooperation among several governments, petroleum companies, and individuals.

The plan for a cooperative mapping project was originally conceived in July 1953 by the

late William E. Wrather, then Director of the U.S. Geological Survey, the late James Terry

Duce, then Vice President of Aramco, and the late K. L. deGolyer. George VVadsworth, then

U.S. Ambassador to Saudi Arabia, and Sheikh Abdidlah Sulaiman. then Minister of Finance

of the Government of Saudi Arabia, lent their support to the plan. In November of the follow-

ing year, 1954, Director Wrather approved the U.S. Geological Survey's participation and
designated G. F. Brown responsible for the western Arabian shield region in which he had
previously worked under U.S. foreign-aid programs. In January 1955 F. A. Davies. Chairman,
Board of Directors, Arabian-American Oil Co., approved Aramco's participation and appointed

the late R. A. Bramkamp, chief geologist, responsible for compilation of the area within the

Kingdom where the sediments crop out. This responsibility fell to I,. F. Ramirez following

the death of R. A. Bramkamp in September 195S.

R. A. Bramkamp and G. F. Brown met in New York in February 1955 and planned the

program, including scales of maps, areas of responsibility, types of terrain representation,

and bilingual names. Thus there was established a cooperative agreement between the King-

dom of Saudi Arabia, the U.S. Department of State, and the Arabian-American Oil Co. to

make available the basic areal geology as mapped by Aramco and the U.S. Geological Survey.

The agreement specified publication of a series of 21 maps on a scale of 1 : 500,000, each

map covering an area 3° of longitude and 4° of latitude. Separate geologic and geographic

versions were to be printed for each of the quadrangles; both versions were to be bilingual- in

Arabic and English. A peninsular geologic map on a scale of 1 : 2,000 ,000 was to conclude the

project.

High-altitude photography, on a scale of 1:60,000, of the Kingdom of Saudi Arabia was
initiated during 1949 by the Aero Service Corp. and completed in 1959. Both third-order

vertical and horizontal control and shoran were utilized in compiling the photography. This

controlled photography resulted in highly accurate geographic maps at the publication scale

which then served as a base for the geologic overlay. The topography of the sedimentary

areas was depicted by hachuring and that of the shield region by shaded relief utilizing the

airbrush technique.

The first geographic quadrangle was published in July 1950 and I lie last in September

1962. While preparation of the geographic sheets was in progress, a need arose for early

publication of a 1 :2,(M)0,000-scale peninsular geographic map. Consequently, a preliminary

edition was compiled and published in both English and Arabic in 195s. The second edition,

containing additional photography and considerable new topographic and cultural data, was

published in 1963. The first of the geologic map series was published in July 1950 and the

final sheet in early 1964. The cooperative map project was completed in October 1903 with

the publication of the 1 :2,000,000-scale "Geologic Map of the Arabian Peninsula" (Miscel-

laneous Geologic Investigations Map 1-270 A).
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IV FOREWORD

As work on the quadrangles progressed, geologists, companies, and government* working

in areas adjacent to the Kingdom of Saudi Arabia were consulted by Aramco and invited

to participate in the mapping project. The number of cooperating participants was expanded

to 11, which included the operating oil companies in the peninsula and which are identified

elsewhere in this text; the Overseas Geological Surveys, London; the Government of Jordan;

F. Geukens, who had worked in Yemen; and Z. R. Beydoun, who had studied the Eastern

Aden Protectorate. With the close cooperation of the authors, the new data were added to

data already plotted on the base map of the Arabian Peninsula.

As the geological coverage of the peninsular map grew, the need for a text to accompany
the map became apparent to both the U.S. Geological Survey and the Aramco geologists.

Exploratory conversations were begun by Aramco with companies working in the other countries

of the Arabian Peninsula for their participation in the preparation of a monograph on the

geology of the Arabian Peninsula. Each author prepared a description of the geology of the

area for which he was responsible, as shown in the sources of geologic compilation diagram
on the peninsular map. The U.S. Geological Survey undertook the publishing of the volume
as a professional paper, and the Government of Saudi Arabia was to finance its printing.

It was early agreed that there would be no effort to confine the contributions to a standard

format and that no attempt would be made to work out an overall correlation chart other

than shown on the "Geologic Map of the Arabian Peninsula." Thus, the individual style

of authors of several nationalities is preserved.

Cooperation and relations have been of the highest order in all phases of the work. The
project would not have been possible without the full support of the U.S. Department of State,

the Kingdom of Saudi Arabia, and all contributors. In fact, the funds which made publi-

cation of this volume possible were contributed by the Saudi Arabian Government.

The data provided by the maps and in the professional paper provide information for

an orderly scientific and economic development of a subcontinent.

0. A. Smoer,
Arabian-American Oil Co. {Retired).

Former Chief, Foreign Geology Branch,

U.S. Qeological Survey.
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GEOLOGY OF THE ARABIAN PENINSULA

YEMEN

By F. Geukens 1

Engliah translation from the French hy .s. D. Bowers »

ABSTRACT

After the leveling of the Precambrian raetamorphic basement
o* ird the end of t he Paleoroic, sandy format ions of continental
fan.-' wi re deposited mainly in the northern part of Yemen.
From the Liatvic onward u lone of subsidence occurred in

central and northern areas. This lone was filled with
,;

.wutacustriiM- sediments. It was only from the Late Jurassic
>:> that a m.-triue transgreasion covered the entire territory.
IV tone of subsidence remains, more accentuated toward the
lU.i Sea

During the Mesotoic, sandy conglomerates were deposited in
' i.

'
an -as of subsidence.

TV Lwt marine transgression, of Palcocene age, involve<l the
• wral part of the country.

INTRODUCTION

The southwestern part of the Arabian Peninsula,
railed "Arabia Felix" in the ancient literature, was long
known as a mysterious and impenetrable country.

N-ieniifio exploration was limited to that done during
& few journeys made by botanists, philologists, ento-

xologists, and others.

Geological studies did not begin in Yemen until the

20th century, but geographical exploration dates from
the 18th century with the travels (dearly paid for by
Ins companions) of Niebuhr in 1763, who succeeded in

freeing the area between Al Hudaydah, San'ii. 1'a'izz,
»nd Al Mukhil. Much geographical information was
acquired during the 19th century. The travels of

Botta (1841) in 1836 and Passama in 1843, and the
well documented journeys of archeologist.s Ilalc'vy from
1^72 to 1879 and Glasor (1913) from 1885 to 1899
provided the foundation for future exploration.

The first regional topographic mapping was done by

Beneyton (1913) for the purpose of constructing a rail-

road and branch line from Al Uudaydah to San'a. He
mapped the borders of the triangular area between

Tn'izz, San'a. and Zabld (Al Hudaydah). The first

geological studies resulted from explorations by Botez

(1912) along the Al Hudaydah-$an'ii route during the

Turkish occupation. Petrographic material which he

brought back was studied by Roman (1925), who pre-

pared an extensive report. Lamare (1923a) crossed

the southwestern and central parts of Yemen, where

he gathered considerable geographic and geologic data

and established a preliminary stratigraphic column.

Some years later, Rathjens and Wissmann (1929)

obtained permission to conduct scientific research in the

Al Hudaydah-San'ii-Ta'izz area. They made four

trips—in
"

1927-28, 1931, 1934, and 1937-38—and
completed the studies started by Lamare.

Wcrdecker's (1939) geographical work and Scott's

(1939) descriptions of his scientific journeys furnish

supplementary information concerning the area traveled

by their predecessors.

Geologists Fricke (1953), Lipparini (1954), and

Karrenberg (1956) visited the country for economic

geological study. The purpose of their investigations

being limited, they deviated only slightly from the tri-

angular route from Al Hudaydah to San'il to Ta'izz.

Karrenberg wits the first geologist to cover the Ta
'izz-Ibb-San'a route by automobile.

In two journeys, 1953 54 and 1954 55, the author,

as an expert under the technical assistance program of

the United Nations, was able to travel through the

country on a geological survey and visit previously

unexplored regions, thanks to the cooperation of the

United Nations Organization and the Government of

Yemen (Geukens. 1960).

Bl
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B2 GEOLOGY OF THE ARABIAN PENINSULA

PHYSICAL GEOGRAPHY
MORPHOLOGY

Yemen can be divided into three physiographic

provinces: a maritime plain called At Tihamah bordering

the Red Sea, a mountainous region drained by streams

debouching into the Red Sea, and an interior undulating

plateau in the east, between 1,500 and 2,500 meters in

elevation, where drainage flows inland.

The maritime plain, 30 to 40 kilometers wide, Is a

sediment-filled part of the Red Sea graben. It consists

of two parts, the limits of which are not precise and are,

therefore, difficult to trace. One part, adjacent to the

Red Sea, is composed of late Tertiary and Quartemary
marine formations covered by Recent eoliau deposits.

The other part, toward the interior, consists of thick

deltaic deposits related to numerous important wadis

which disappear in the maritime plain. Numerous
fresh-water springs are found near the border between

the two parts.

The central mountain region occupies the west flank

of a horst which lies between the Red Sea graben on the

west and the Arabian desert on the east. The moun-
tains are dissected by wadis characterized by strong

headward erosion which is highly diversified depending

on the composition of the bedrock. South of Wild I

Lft'ah, from Jabal Shu'ayb through Jabal Dawnin
and toward Ta'izz, the mountain region is incised by

rivers (torrential during the rainy season) whose

valleys progressively widen to the west. The many
mountain massifs in this part are commonly secondary

horsts. The terrain consists mostly of tuffs and compact

lavas in horizontal attitude and explains the formation

of steep ravines more than 1,500 to 2,000 m deep in

several places. Near the outlets of the main wadis the

valleys widen, and large stepped terraces alternate with

moderately high hills. Near At Tihamah the western

limit of the mountainous area is difficult to define

because isolated hills emerge through the fluviatile

deposits.

North of Wiidi La'ah fluviatile erosion is more ad-

vanced and has cut into basement rock and sedimentary

formations. Thick calcareous strata form very steep

cliffs, chiefly in the upper courses of these wadis

(Hajjah and Kuhliin areas).

In the interior, plateaus of various dimensions range

from 1,500 to 2,500 in in elevation and are covered with

either fluviatile, eolian, or volcanic deposits. They arc

separated only by low hills. The .southern part of the

San'S plain l>ecame a terrace by capture of the Wiidi

Wa'lan tributaries. In oilier places, the plateaus are

cut by faults which form depressed an us and appear us

aUuviuin-filled valleys— notably t be plains of San'il

'Amran, Al Harf, Sa'dah, and others.

Generally, the interior plateaus grade without a sharp

break into the more desert region to the east. This is

illustrated in the northern part of the country where

the Wadl al Jawf drops evenly to the desert. The area

southeast of Jabal MullQq is characterized by intrusive

granitic mountains which rise above the calcareous

plateau, and dense vegetation grows for some distance

along the main wadis. Ixxal silt and loam plains are

commonly formed through deposition behind ancient

artificial dams. The true desert region begins east of

the horst formed by Jabal Ilayl&n and Jabal Balaq.

The transition in this area from plateau to desert is

locally very abrupt. The upper channels of Wadl
Adhanah and Wiidi Raghwan show very active head-

ward erosion by the sharp intensification of relief east

of Jabal ash Sharafah (Tiyal).

Contemporaneously with the subsidence of the Red
Sea graben, young rivers brought large quantities of

sediment. The subsurface of At Tihamah plain on the

eastern side is formed of thick conglomeratic and other

terrigenous deposits; on the western side, of salt, sand,

shale and limestone.

At the end of the Pleistocene, tributaries to the Red
Sea captured many tributaries of the rivers flowing

toward the interior of the country. The capture as well

as the decrease of rainfall during the Holocene explains

the presence of gravelly fluviatile deposits standing out

in relief in the desert region to the east, the surrounding

sand having been removed by the wind.

MBTBOROLOOT
Precipitation in Yemen Is strongly influenced by-

relief and consequently varies considerably from place

to place. Meteorological observations were made
by J. E. Hansen, engineer, and Dr. Carlo Toffolon.

then personal physician to the Imam, at San'ii unci

Ta'izz from 1942 to 1944. According to their ob-

servations at Ta'izz, the number of rains ranges from

90 to 160 per year, and annual precipitation ranges

from 450 to 700 millimeters. Rainfall may exceed

50 mm in a single torrential shower. Two rainy-

periods are distinguished at Ta'izz: (1) the most
important period, in which precipitation may exceed

600 mm, extends from April to May, or in some years

to June, and (2) a shorter period in which rain falls

mostly during August and September. West winds
predominate during the rainy seasons.

At San'a annual precipitation ranges from 200 to
500 mm (60 to 90 showers) and also falls largely

within two periods: (1) April to May and (2), the most
important, from the latter pHrt of July through the
first half of August. Clouds generally gather on the
west slopes of the main massifs and cause very hcavy
rainfall which accounts for the erosive action of the
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YEMEN B3

wadis. the fertility of the land, and the number of

local spring*.

GENERAL SKETCH OF GEOLOGIC HISTORY

Schistose formations cut by masses of Precambrian
granite crop out mainly in the east, north, and north-

west parts of the country as well as in some isolated

hor-ts, Preliminary study of these areas did not lead

to an adequate mappable subdivision.

The formations have undergone regional meta-
morphisin and intense folding in a general north-south

direction. During this period important granitic

massifs were emplaced. Precambrian formations ori-

ented east to west were observed only in isolated

places, a condition which did not allow establishment

of structurally differentiated units.

During a continental period of long duration, erosion
;

converted the region to a Precambrian peneplain.

Paleozoic transgression (Cambrian through Silurian?)

probably extended over the area. Folding is indicated

by a few remains of almost vertically inclined dark
shales.

In another long continental peiiod that followed,

erosion almost completely removed the Paleozoic forma-

tions mid created a perfect peneplain on which a very

leached almost entirely quartz soil developed. At the

end of the Paleozoic, or Permian, the peneplain was
w arped and the old surface was eroded in the south and

j

redeposited as a delta or as dunes in the north (Wajid

Sandstone). The beginning of the Mesozoic was

characterized by a warm climate in which secondary

basins formed in northeast Yemen. These basins were

tilled by continental red sandstones, indicating the

nearness and influence of the landmass. Deposition of

dark-green and gray-black shales of fluviolacustrine

origin (Kohlan Series) followed. In isolated bays or

near the coast short periods of emergence resulted in

the formation of gypsum lenses.

During the Malm, the most important transgression

extended over the entire country, and formed shallow-

water calcareous deposits (Amran Series). Initially, the
|

transgression followed along local depressions. An
example of such a depression is northwest of San'a

where Bathonian to Callovian carbonate rests on the

Kohlan Series. To the north where the limestone is

more chalky, the transgression was a little later

Callovian to Oxfordian). This area corresponded to

the neritic zone containing, stronmtoporoids, mid was

separated from the great basin which extends into

Saudi Arabia.

Commencing with the Oxfordian, the transgression

covered the whole eastern and southern parts of the

country. During this period subsidence zones formed

in tbe desert area of Ramlat as Sab'atayn and in south-

210 251 o 2

west Yemen. In the central and southern parts of

the country, Late Jurassic marine transgression took

place directly on the Precambrian basement. (See

fig. 1.)

A period of continental environment followed to-

ward the end of the Late Jurassic. A lagoounl stage

occurred in the center of the depressions, where gypsum
and salt were deposited, while the margins of the

basins emerged and were subjected to erosion. Con-

tinental sandy conglomerates of Cretaceous age (Ta-

wilah Group) were laid down, probably over the entire

area. The Tawilah Group is found wherever it is

covered and protected by the overlying Trap Series.

Tilting followed, along with greater deposition of sand

in the flat-bottomed basins.

During the Paleocene a narrow sea spread over the

center of the country; the neritic facies (Medj-zir

Series) attests to the nearness of the landmass, where

a tropical climate formed lateritic soil on its exposed

surface.

Tectonic movements, resulting in faulted domes,

affected especially the central part of the country,

I

where Jurassic and Cretaceous beds were removed by
i erosion at the beginning of the Tertiary.

Intense volcanic and intrusive activity began locally

at the end of the Cretaceous and became widespread

during most of the Tertiary. Volcanism is especially

;
evident in southwestern Yemen where flows and tuffs

locally exceed 1,500 m thickness (Trap Series); silicic

laccolith intrusions are more common to the north.

Calm intervals during the Oligocene and Miocene

produced fluviolacustrine deposits intercalated with

the Trap Series. Very intense tectonic activity char-

acterized by normal faulting continued to the end of

the Tertiary. Recent granitic intrusions penetrate the

Trap Series, especially in the western part.

In the Quaternary, volcanic materials were sporadi-

cally distributed over the whole country; large areas

of basalt Hows and many craters characterize the

central part of Yemen near San'a, Dhamar, and

Ma'rib. Small basaltic craters are irregularly dis-

tributed over the entire territory.

Major loe-NS deposits extend widely over the plateaus.

Recent faults which facilitated erosion abruptly limit

the areal extent of the loess fields.

Structural deformation has strongly modified (lie

drainage pattern. Examples of very recent stream

capture and indications of future capture are noted in

the terrain, especially south of Mahwnd. Major

terraces <»ccur not only in the lower channels of the

wadis but also in the upper channels of the Red Sea

tributaries where the waters erode the old fluviatile

deposits related to the wadis which How eastward

toward the interior of the country.
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YEMEN B5

BASEMENT ROCKS

A complex, nut yet subdivided, underlies all the

subhorizontal sedimentary formations. It is composed
of highly metamorphosed rocks enclosing large granitic

massifs. The basement crops out mainly in the eastern

and northern parts of Yemen, as well as in the bottoms
of bursts which are uplifted through the Trap Series.

In the eastern part of the area of horsts north of

Ta'izz, the basement consists mainly of mica schist

(oriented generally north to south) and pink granite

which has two micas and contains pegmatite and aplite

veins. In the central part the granites contain largo

gneiss and mica-schist xenoliths, at places measuring

several tens of meters in thickness.

The basement in the horst south of Bajil is likewise

composed of gneiss and mica schist, as well as pink

orthoclase granites.

The basement exposed south of Wadl SurdQd is com-
posed of mica schists oriented east to west and dipping

45°S. In the Wadl SurdQd (fig. 2) farther north,

granite exposures include large mica-schist xenoliths.

In the floor of WfidI La'ah north of At Tawllah, the

Precambrian is oriented N. 40° W. and dip is nearly

vertical. It consists of chlorite schist, garnet schist,

and gneissic quartzite. Several pegmatite veins, 20

to 50 centimeters thick, containing black tourmaline

crystals as much as 14 cm long, cut the basement.

Downstream, the metamorphic series includes three

granite massifs.

The anticline uplifted between RadA' and Sirwah in

the southern part near the Aden Protectorate frontier

is a highly folded complex oriented generally N. 10° E,

The folds show very pronounced dip.

Farther north, in the upper channel of Wadl Adhanah,
the basement is composed of gneiss, mica schist, and
amphiboUte. Nearly midway between Ad Dayq and
§irwab, the basement includes a conglomerate layer

which appears to separate two different tectonic

complexes.

In the Sirwah area tbe general orientation of the

Precambrian is north to south. West of the town,

gneiss and garnet schist crop out; to the east, gneiss

and mica schist are exposed.

Toward Ma 'rib, west of Jabal Balaq, mica schist,

quartzite, and amphibolite (oriented north to south)

are exposed. This great Precambrian dome plunges

to the north near the upper channel of Wadl Raghwan.

Jabal Dakhan, 25 kilometers northwest of Sirwah,

is a granite dome more than 5 km long. On the east

and west slopes, the granite is covered by a thin quartz-

itic bed overlain by green chlorite schist which grades

into gneiss and amphibolite within several meters

Digitized by Gc



B6 GEOLOGY OF THE ARABIAN' PENINSULA

East of Jahal Tiyill, the basement consists of gneiss

and garnet schist overlain by quartzite.

The Precambrian basement is exposed for a long

distance in the horsts marking the limits of the two

sides of the Sa'dah graben. The east horsl is pink

granite near Sa'dah, and gneiss and mica schist farther

north. North of Wudl Akwam the basement includes

white marble much deformed by tectonic movements.

The marble is locally mineralized by ilmenite at the

contact with gabbro intrusives. Farther north of

WildI Akwflm (tributary of Wadl Najran), the white

marble crops out as lenses appearing as small white

hillocks surrounded by fluviatile deposits.

Toward the Saudi Arabian frontier, the basement is

composed of grayish-black mien schist and gneiss

oriented north to south and includes some granitic

massifs.

The west Sa'dah horst consists, from south to north,

of mica schist, granite and pegmatite, biotite schist,

and quartzite locally containing magnetite.

Compared lithologically with the Precambrian of

Saudi Arabia, the basement would be the equivalent

of the oldest formations grouped in the Hali Schist.

SEDIMENTARY ROCKS

WAJID SANDSTONE

A well-stratified sandy conglomeratic formation

covers (he Precambrian basement for a great distance

east and north of the Jawf area and north of Sa'dah

(fig. 3). The southern boundary east of Al Jawf is a

fault. Some remnant hills (Jabal an Nu'aym) still

exist in small isolated grabens west of the Sa'dah

depression.

This iormation is composed mainly of well-rounded

white quartz sandstone and conglomeratic gravel lensc-

In Jabal Dalhiin, north of Sa'dah, it exceeds 200 m in

thickness. Apparently, the Wajid Sandstone repre-

sents deltaic deposition by rivers flowing from the

southeast. Toward Wadf Xajran, the sandstone forms

a thin cover over the plateau, a cover partly removed
by the wadis and their tributaries. To the north, the

Wajid Sandstone is less coarse grained, possibly formed,

in part, of eoliau deposits.

The stratigraphic contact between the Wajid Sand-

stone and the Kohlan Series was not observed because

a fault separates the Wajid and Kohlan where they

approach each other. Sedimentary conditions for

these two sequences are quite different. The per-

centage of quartz is very high in the Wajid and greatly

exceeds that of the Kohlan. Owing to the complete

lack of index fossils in Yemen, we must look for the

stratigraphic evidence in Saudi Arabia. Near the

frontier the Wajid Sandstone is mupped as being of

Permian age or older (Brown and Jackson, 1959).

KOHLAN SERIES

Below the Upper Jurassic Amran Scries in Jabn
Musawwar, Lumare and Carpentier (1932) found sedi

Fici-KK 3.— Wajid Sandstone outcrop north of $n'dah.
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man B7

mentary rocks which they were able to date as Liassic

from plant fossils found in the upper part. The beds

were grouped by this author in the Kohlan Series, which
is exposed mainly in the central and northern parts of

Yemen. To the north the Kohlan Series does not go
beyond the latitude of Sa'dah, and to the northeast it

U bounded by the major horst which extends from
Su'dah-Jabal Barat to Jabal al Lawdh. The southern
extension includes a pre-Trap Series horst which bounds
the At Tawllah-Sun'a Jurassic basin on the south (upper

course of Wfidt Surdud). The series shows great fades

variation from south to north and from east to west.

The series is highly arenaceous southward in the

upper channels of Wildi Khawbah and Wad I al 'Urr,

Wst of Jabal Shu'ayb, the highest mountain in Yemen.
Resting on the basement and directly overlain by the

Trap .Series, the Kohlan in this area consists of yellow-

i-b-white sandstone with conglomerate lenses containing

well-rounded quartz fragments. It is better exposed

and thicker a little farther north in Wadl Nasim (upper

course of Wadl Surdud). Here, the gneiss basement is

overlain by about 150 m of white sandstone interbedded

w ith many layers of conglomerate, violet fine-grained

-andstone, and white crossbedded coarse-grained sand-

stone containing pseudonodulcs. There are also several

zones of irregular accumulations of hematite. One
hundred meters from the base, beds containing green-

white, green, and red chert nodules are interbedded with

conglomerate containing quartz fragments and green-

pray shale debris. These are fluviolacustrine and

neritic formations, and are probably equivalent to the

o;reen shale beds which crop out on the south side of

Widi La'ah where Lama re found a Jurassic flora. The
neritic facies thins toward the north. The conglom-

erate beds, numerous north of Wildi al 'Urr, are almost

completely absent in Wadl Surdud, whereas shaly and

mffaceous beds are present to the north.

Sffffoq of Kohlan Series on south side of Wadi La'ah, north

of At Tau-ilah

(see fig.4)

Amran Series at top of section.

.... _ , Tkkknfi
huhlan Sen«: (mt<n)

Sandstone and .••hale; violet-red sandstone, and slaty

shale overlain by gray. shale 50

Shale, sandstone, anil Itray shale overlain by conglom-

eratic sandstone and 3 ni of red shale 1M

Shale, gray-green; includes large rounded blocks of

granite, pegmatite, and gneissic mica schist us much

as I in in diameter 7

Shale arid conglomerate, a few meters of basal con-

glomerate containing basement fragments; some

verv thin conglomeratic layers with very fine well-

-iratifi<-<l fragments, overlain by slightly green-gray

shale - 2.1

Total

BMOCDt at *>a*c of
100

J

Figure 4.— Wadl La'ah mUey north of At Tauilah.

The upper calcareous gray shale contains the Amran
Series fauna; thus the boundary between the Kohlan

Series and the Amran Series is arbitrary because tbere

was no break in sedimentation. From this section, it

appears that the zone of large blocks about 7 meters

thick separates an older complex about 25 m thick.

Lamare without specifically stating so in his text, like-

wise depicted a conglomeratic bed with large fragments

in his stratigraphic section.

The Kohlan Series may actually include I wo complexes

of different age—the lower being more shaly. In any

case, the sandstone facies thickens toward the west; in

the lower course of Wildi LiVah, the Kohlan Series Is

several hundred meters thick (700 m according to O.

Schmidt, oral commun., of C. Deilmann Bergbau).

North of Jabal Musawwar. the series is about 300 m
thick (Lamare, 19.10b, and Wissmann and others,

1942). Thicknesses given by different authors do not

compare closely because the upper boundary of the

Kohlan Series is difficult to determine.

A complete section of the Kohlan Series is not exposed

in any part of the Sa'dah area. Nevertheless, a part

of this series about 125 in thick is exposed north of As

Sinnarah (Jabal 'Ablah), the mountain on which the
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B8 GEOLOGY OF THE ARABIAN PENINSULA

fortress of Sa'dah is constructed (fig. 5). From obser-

vations made west and southwest of Sa'dah, it seems

probable that a complete Kohlan section is exposed at

Jabal 'Ablah.

Section of Kohlan Sent* at Jabal 'Ablah, nortA of At SinnArah

Amran Series at top of section.

Kohlan Scries:
'

Sandstone, gray, hard, with worm tracks. Progressive

transition to the overlying Amran Series 15

Sandstone, white, crossbedded 10

Sandstone, white, friable, crosshodded; red sand with

ripple marks 26

Sandstone, calcareous and vuggv 14

Sandstone, gray, light-gray to yellow, friable. 10

Sandstone, coarse-grained, red and yellow, croasbedded,

and white poorly cemented sandstone 18

Shale, pebbly; conglomeratic layers with gray shaly

cement and fragments as much as 10 cm in diameter. 20

Clay shale, light-gray 2

Sandstone, coarse-grained, with a red crossbedded baud
and irregularly disseminated pebbles and gravelly

layers 8

Conglomerate, coarse; fragments as large as 10 cm in

diameter; contains pebbles of volcanic rocks ... 2

Total 125

Basement at base of section.

These observations show that at the time of Kohlan

deposition a zone of subsidence, which is now more

f

pronounced toward the Red Sea, existed in central

Yemon.
AMRAN SERIES

TYPE LOCALITY

The calcareous formations which crop out over a

large part of Yemen, especially in the north, were

grouped by I>amare in the Amran Series. 'Amran, a

town about 40 km from San'fl, is in tho bottom of a

northeast-trending secondary graben. It has not been

possible to locate precisely where Lamare established

the type section, but he does show a figure in which

he defines the Amran Series (Lamare, 1930b, p. 52).

The fossils of Jurassic age found in the lower part of

the Tawilah Group, as defined by Lamare (bods 13

and 14), permit modification of the type section and

the proposal of the outcrop in the south side of Wad I

La'ah as type locality of the Amran Series. All the

sedimentary sequences of Yemen except the Wajid

Sandstone are exposed in this valley.

The Amran Series crops out mainly in the Sa'dah-

Jabal Musawwar-Ma'rib area, although it formerly

covered the entire country. In fact, traces of Amran
rocks are found in the extreme eastern sector of the

country, notably in the desert area of §8fir, in the far

south near the frontier along Wadl Bana, as well as in

the west in an isolated horst which Is uplifted through

the Trap Scries. The facies varies from place to place

but is everywhere calcareous, a characteristic which

Figure 5.— Granitic biuument and overlying Wajid Sandstone in fault contact with Jurassic sandstone and limestone.

Sa'dah in the foreground.

Walls of
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easily distinguishes this series from the upper sand-
stones Rtid from the lower shales and sandstones.

In the type area, Lamare (1930b) estimated the series

t<> be 320 m thick; however, the thickness is highly

variable from place to place in relation to local subsi-

dence. Since the first exploration, the Amran Series

has produced fossils which establish its age as a Malm
equivalent.

PALEONTOIXXJY

Fossils collected by Botox (1912) in the Bftjil area:

Cidarts rtnomanentxt Cottcau
Erogyra afrieana Lamarck
Ottrea typhax Coquand
Ottrta ourementit Choffat

Ottrea dirnen Blanckcnhorn
Xerinea sp.

Xatiea sp.

Trrebralula sp.

RhynchontHa sp.

Fossil* collected by Lamare (1930b) in the 'Amran-Kuhlan area:

Cidarm glandariut Lang
Rhynchonella moramea Uhlig

Terebratula tubtella Leymerio
Ancula cf. A. gettneri Thurmann and Etallon

Ottrea tuborbicularit Koemer
Ottrea thurmanni Etallon

Aleciryonta pulligera Goldfuss

Exogyra bruntrutana Thurmann
Sloiiiola tubanguttittima Dacquc
Mytilut lubptctinalux d'Orbigny
Area tubtata d'Orbigny

Itocardia ( Ctromya) ttriala d'Orbigny
Lucina tubttriata Kocnur
Carriium banneanum Ktallon

PKoladomya protei (Hrongniart)

Anatma ( - Cercomya) tlriala d'Orbigny
Anatma ( - Cercomya) sp. indet

Xatiea Kemitphaerica Koemer
Xatiea sp.

Tylotioma sp. indet.

Peritphtnctet cf. P. virguloides Waageu
Perxtphinctet aff. P. praetlenococglut Waagen
Peritphinetct (Virgatile*) cf. P. dortoplanut ( VishchniakofT

Burckhardt

FowiU collected by Herbert Karrenberg (in Basse and others'

19.14; north of .San'a:

Modiolus (Pharomytitut) cf. M. perplicatut Etallon

Ejogyra nana (J. rM>werby)

Eiogyra sp. indet.

Lopka karrenbergi Basse

Oryphaea balli (.Stefanini)

Praecama rhombotdali* (Phillips)

Protocardia tomaliensit Cox
Cardtum sp.

PKoladomya (/lomomya) \nornala J. dc C. Sowerby

S'ertntlla retrogrtMa Etallon

Xtrinea acreon d'Orbigny

Xrrtnea binodona Etallon

Cryploplocu* xubpyramidoli* Munster

Cryptoplocus ri. ep. Basse

Cryploplocu* yemenenait Basse

Globular hi hemitphaeriea Roemer
Spinigera sp. indet.

Pteudoridarit thurmanni Etallon

Terebratula tubtella I^ymerie

Comopkyllia thamnattroides Gregory

Fossils collected by Geukens are listed in table 1.

LrruoLoov

The Amran Series may be differentiated by facies in

four areas, as follows: (1) South of Bajil-San'a; (2) Wadi
SurdQd and Wild I La'ah basins; (3) 'Amran-Sa'dah-Al

Jawf, and (4) Ma'rib-Silfir.

sodti or BimvaAJTA

South of the Bajil-San'!l area the Amran Series is

exposed in small horsts uplifted through the Trap
Series. In the northern part of this area, the series

begins with a 1- to 2-m thick basal conglomerate that

contains basement fragments 2 to 3 cm in diameter.

Above this are beds of blue-gray limestone with luma-

chelles. This unit is overlain by the dark-gray lime-

stone which is predominant throughout the whole

series. The t hickness of t he series does not exceed 250 m.

In the southern part of t his area, the top of the Amran
Series is marked by 2 to 3 m of dark-gray shale and

calcareous shale characterized in the tipper part by

signs of emergence and slightly violet shale and lime-

stone.

Toward the west, the Amran Series limestones are

dark blue and contain Mytilidae and Oslrea which were

transported a great distance. Near the longitude of

Ta'izz, the base of the series rests on the Precambrian

and is composed of a few meters of pink quartzite and

conglomerate containing small fragments overlain by

thick beds of dark-blue limestone. A shaly complex

about 200 in thick overlies the blue-gray limestone

extending westward toward At Tihamah. This com-

plex of green and violet shale with gypsum lenses is

overlain by 100 in of dark shale, including beds of gray

limestone, in turn overlain by calcareous sandstone (30

m thick) and a shaly complex with several thin lenses

of marl and limestone. The contact with the Tawilah

Group is very distinct.

To the Miuth. the Amran Series consists of thick

beds of dark-blue limestone, thinning to the enst, which

were deposited on the basement as a result of a marine

transgression from the west. Many lumnchelle beds

show that the subsidence was slight and that the basin

was progressively filled. After a period of emergence,

a lacustrine period followed which was succeeded, in

turn, by slight subsidence during which Upper Jurassic

limy-marly and shaly deposits were laid down.
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Table l.—Fo*sUs collected by F. Geui-ens
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WlofsnoiTD AMD WAbl LA'AS

In the Wadi Surdud-Wadr La'ah basins, the upper
and lower boundaries of the Amran Series are more
difficult to determine. This Is natural considering

that in this area subsidence began before deposition

ft the Amran Series and continued into later epochs.

For example, on t he north side of the Wftdl Surd ad
valley near the junction with Wfidl al Ahjar, the lower

oatidstone series (Kohlan Scries) grades progressively

upward into limy and marly beds of the Amran.
In that area the series, at least 360 m thick, consists

of about 300 m of pure limestone and shaly limestone.

These calcareous rocks are overlain by light-green and
light -yellow shale and some sandy beds that enclose

alternating layers of black shale and marl. This

sequence grades progressively upward into sandy con-

glomeratic beds of the Tawilah Group.

In the upper channel of Wfidl al Ahjar, the shaly-

marly part of the Amran becomes more continental,

whereas the limestone becomes more marly.

Section of .4m ran Serifs in upper channel of Wadi al Ahjar

of Tawilah Group at top of section.

Tkktmit
twrtfr.l

Sandstone and violet shale 2t)

.Sandstone, ribboned; includes plant remains and a few-

beds of nodular sandstone 20

Shale, violet and green 15

Total. 55

Typical limestone and marl below.

In this upper part of the Amran Series, beds of

srypsum and dark bituminous shale increase toward

the east, as seen in the east side of Wfidl al Ahjar, and

have been recognized north of San 'a in wells drilled

is 1953 bv German engineers to study the bituminous

,1c

In spite of the gradual transition to adjacent series,

the most complete section and the easiest to study

i- in the sout h side of Wadi La'ah.

Section of Amran Series in south side of Wadi La'ah

Tmuah Group at top of section.

, „ , Tkkkrutt
\mrai. Ntk*:

Limestone and shale: shaly limestone, interbedded

gray shale, and a few limestone beds containing

many Urge sea urchins are overlain by alternating

marly limestone and light-yellow argillaceous shale,

many spicules, and Lima (Plagtosloma) harronis

Uacqiic: MO
Limestone, thick-bedded; large Ostrea . .. . -. SO

Limestone and shale: complex of thick beds of light-

gray limestone separated by shale lenses; toward the

top the limestone becomes more marly and yellow. . 170

Shale, calcareous, gray; Terebratula cf. T. bieanaliculata

Schiotheim and T. aualite* Stcfanini ... 20

Tout 380

, Serte* at base of section.

The Amran Series thus consists of 380 m of pre-

dominantly light-gray limestone, the upper part of

which contains a shaly-marly-limy complex 90 m thick.

This thick sequence occurs, however, in the axis of

subsidence; toward the north and west the Amran
Series is not as thick.

Just south of Ath Tbillah, the top of the calcareous

Jurassic rock is in direct contact with crossbedded

gravelly and sandy beds; at the contact is a conglom-

eratic breccia having calcareous cement. This is the

margin of the Jurassic basin which emerged prior to the

Cretaceous.

Toward the west in the direction of Mahwad, the

upper part of tho light -gray limestone containing

Trochaiia yemenenxix is overlain by about 20 in of

sandstone interbedded with generally violet shale and

limestone overlain by red sandstone. The sharp

thinning of the marly-limy beds seen at At, Tawilah,

the arenaceous facies, and the violet coloring show that

the Mahwad area represents the western margin of the

Late Jurassic basin.

The Jurassic reappears farther to the east on the

west flank of a large anticline with a Precambrian core,

where a sharp thinning of the Amran Series is also

observed. The upper marly-limy part seems |o be

completely eroded here, and the base of the sandstone

of the Tawilah is composed of conglomerate with

limestone fragments.

•AKRAH-BA'DAH-Al JAWF

In the 'Amran-Sa'dah-Al Jawf area only rocks of

the Amran Series crop out. Bounded on the northeast

by faults and on the west by unexplored ravines, the

area is not favorable for paleogeographical study.

The region is charact erized by predominant ly light -

yellow marly limestone, reminiscent of the upper part

of the Amran Series in the Wadi La'ah valley. That

these are shallow-water deposits is indicated by (1)

many intercalated sandy layers and interstratified

gypsum lenses, as for example, at Al JJarf southwest

of Sa'dah, (2) claystone lenses and crossbedded sands

with plant debris alternating with calcareous beds

containing globular strnmatnporoids and isolated corals.

(3) beds filled with Cidaridac spicules, (4) beds showing

traces of emergence and crossbedded sandy limestone.

The stratigraphy of the top and bottom of the series

is more complex. Toward the base the Amran Series

passes without interruption into the Kohlan, as demon-

strated in the section near Jabal 'Ablah southeast of

$a 'tlah.

The upper part is exposed in the synclinal axis in

the 'Amfislyah urcii and consists of a dark-yellow t<>

buff >andy layer containing plant debris.
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tuw-sim

The Amran Scries Is exposed in the desert region of

Ma'rib-S&fir, but rare outcrops only give u general idea

of the evolution of this part of Yemen.
The base of the series rests on the metamorphic base-

ment exposed on the southwest side of Jabal Balaq,

west of Ma'rib. The basal part consists of 1 to 2 m of

coarse-grained quartzite overlain by oolitic limestone

and calcareous and sandy shale. The series itself is

composed of light-yellow marly limestone similar to

that at Sa'dah, but containing, on the east side of the

jabal, many beds of alabaster and white marble which

were quarried in ancient time. Eastward near Siifir.

the Amran Series consists of major salt deposits over-

lain by bituminous shales, several meters of gypsum,

and yellow-gray argillaceous and calcareous shale con-

taining fish remains (fig. 6). The character of the

rocks in the upper part of the Amran Series indicates

it major isolated basin characterized by desiccating

conditions.

TAWILAH OBOUP

The Tawilah Group is composed mainly of white

course-grained sandstone containing at irregular inter-

vals conglomeratic layers of rounded or subangular

quart/ fragments; red sandstone is intercalated locally.

In the upper part, generally immediately below the

Trap Series, are beds containing globules or nodules of

hematite. To date, no fossils have been collected from

this group, which Is considered to be of Cretaceous age

by reason of geometric relationships.

Type »ecl,on of the Tawilah Group at Jabai a( Tauiiah

(see fig. 7)

Mcdj-zir Series at top of section

Tawilah Group: ^J},"''

Sandstone, white, croasbedded; coarse conglomerate

lenses 120
Sandstone and shale; violet shale in thin beds intcr-

stratified in white sandstone 20

Sandstone and shale; white sandstone with conglom-

erate layers alternating with red and green shale 40

Total lxo

Amran Series at base of section.

The delineation of the upper boundary is rather

arbitrary in the zones of subsidence, such as in the

zone west-northwest of San'a, although breaks in

sedimentation occur elsewhere which allow more

precise determinations of the boundaries of the group.

Because coarse-grained sandstones and gravelly

layers everywhere characterize the Tawilah Group,

the shah -sandy t ransit ion beds (55 m thick) containing

Figi:re fl — Salt dome at S&fir.
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plants were considered Jurassic. These beds crop out

in the upper channel of Wildl al Ahjar above Juras>ic

limestone.

The group is less thick (150 to 200 m) in the area

north of Ta'izz where it may be studied in isolated

bursts. At the base is a gray brecciated bed, about I

meter thick, containing limestone fragments and is

overlain by numerous conglomerate beds inierst ratified

in coarse-grained sandstone.

The upper part includes white sandstone with layers

'»f irregular hematite nodules, crossbedded sandstone,

conglomerate, and finally a few lava flows. This

alternation, however, is only local and shows that

volcanic activity began with local extrusions.

East of the Trap Series (Jabal Tiyfil), the Tawilah

Group is no more than ISO m thick. There, the base

Urn conglomerate containing fragments from the Aniran

vrie-, which demonstrates active erosion at the time

•>{ the Cretaceous transgression.

Nratigraphic observations prove that post-Jurassic

lecumir movements produced undulations with a large

radius of curvature- The margins of the basin were

dfvuied eroded, and the sedimentary debris deposited

ron/ornioblv on the earlier beds in the center of the

basin. Toward the margins the contact is slightly

unconforinable, and the basal l>eds of the Tawilah

Group contain pebbles of the underlying Jurassic

limestone.

The Tawilah Group extends slightly beyond the

Trap Series to the north and east. The extent of the

Tawilah Group corresponds very closely to that of the

Trap Series, as if the Trap Series lm> protected the

Tawilah from erosion,

medj-zir series

utboloow

The morphology between A( Tawilah Kawkahftu

San'a and Wadt as Sin-
is dominated by sleep cliff-

tliat are partly due to tropieal erosion, which tends

to form a peneplain and Uiselberg topography. These

cliffs contain numerous caves (ancient llimyaritic

tombs?) and consist of whitish-gray coarse-grained

sandstone and conglomerate layers containing quartz

fragments and ferruginous layers.

In the Al Gharfis area, just north of Maj/.ir, the

cliffs expose Tertiary formations lithologically very

similar to the underlying Cretaceous rocks.
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Section of the Medj-zir Strict in cliffs jutt north of Majzir {Al

Gharat area)

I mill aplifDIluliitc llutknrvi o( Medf-ilr Srtir*. 131 ml

Trap Scrips at top of section.

Medj-iir Series:

Sandstone with ferruginous, sphemlitic concretions and
nodules; appears to be a paleosol that covered the area

before the extrusive phase.

Sandstone, white, mottled red, becomes finer grained and
more shaly

.

Sandstone, white.

Clay, light-gray
, slightly hardened.

Sandstone, white.

Shale, green-red, a few meters thick.

Sandstone, white, fine, slightly calcareous (altered), fossil-

iferous; contains a 30-cm bed filled with worm tracks.

Sandstone, white, coarse-grained, quartzitic, very compact

:

contains crossbedded layers altered to a darker color

(these are displayed over a great distance).

Conglomerate, 10 to 30 cm thick, of rounded quartz frag-

ments 1 to 3 cm in diameter.

Tawilah Group sandstone at base of section.

The lowermost conglomerate layer is considered to

be the base of the Medj-zir Series, and lies with apparent

conformity on sandstone beds with very similar facics

more than 200 tn thick. At Majzir the thickness of

Tertiary rocks is about 120 m. These form the tipper

part of the sandstone cliffs on two sides of the Rawdah
plain, north of San'a; they are also seen on the summit
of Kawkaban-At Tawilah (fig. 8) where the fossiliferous

layers are found in the fortress constructed on the south

side of the cliff which dominates the town of At Tawilah.

This series is no longer present east of the Trap
Series and was not recognized in sections between A\
Tawilah and Mabwad, nor in strata exposed in horsts

uplifted through the Trap Series.

The sedimentary sandy series which crops out in

horizontal attitude east of the Trap Series dips under

the Jabal Ash Sharafah (TiyAl) massif, but the Medj-zir

is not present there. On the other hand, it is apparent

that the massif Undur ash Shaykh, in the Ath Thillah

area, is a dome and that the sedimentary series dip

toward the south.

Although the age of these tectonic deformations can-

not bo precisely determined, the .Medj-zir Series appears

to be deposited in a fairly well defined basin. It is

difficult t<» establish the direction of the transgression,

but the series is apparently thicker to the wot and.

therefore, the sea probably came from this direction.

In fact, at At, Tawilah, where the Medj-zir Series is no
longer protected by the Trap Series, it is the same thick-

ness as at Majzir town and the rocks are finer grained

and more calcareous (the calcium carbonate being in

large part removed by solution).

FOSHILS AND AOS

The A{ Tawil»h area has furnished only internal

molds of XfHitfa, as much as 7 cm long, whereas
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at the town of Majzir, northeast of San'a, the fauna

includes the following, which date the Medj-zir Series

a- Paleocene:

Mytiobatut sp.

Campanile, internal molds

Calyptrata sp.

Arrhilcclonica Bp.

brachtopods

The sequence at Majzir also includes slabs of ir-

regular elliptical outline (from 'A to 20 cm long) filled

with small triangular forms grouped into hexagons
that are probably duo to recrystallization of calcite.

IGNEOUS ROCKS

TRAP SERIES

VOLCANIC ROCK*

The southwest part of Yemen, abnost one-quarter

of the country, is covered by volcanic rocks grouped

into the Trap Series. The Trap Series is made up
mainly of alternating lava flows, basalts, andesite, or

trachyte porphyries, and different types of varicolored

tuffs (fig. 9). The maximum thickness is difficult to

estimate because of faults but is locally in excess of

1 .200 m.

Throughout the Trap Series are seen intrusive basaltic

rocks irregularly distributed as dikes, sills, or laccoliths.

The old major volcanic centers arc rather rare. They
are noted either by lava flows which thicken toward the

centers or by the transition from tuffs to conglomerates.

Volcanic centers are also marked by chimneys standing

above the general ground level. Large dikes, some of

which can be followed for several kilometers, are seen

in numerous places.

INTER-TRAP DEPOSITS

During the period in which the Trap Series formed

there were quiet intervals, some of long duration.

During these quiescent periods four types of inter-Trap

deposits accumulated

:

1. Fresh-water deposits, probably lacustrine, which are

fossiliferous: generally contain bituminous beds

and plant and fish remains.

2. Typical alluvial deposits with fragments of partially

carbonized wood.

3. Sandy deposits without fossils (fluvioeolian?).

4. Paleosol, generally lateritic, at some places developed

along plane surfaces, and locally cutting different

beds.

The fossiliferous beds include small gastropods,

lamellibranchs, and ostracods. These are Sphaerium

sp., Amerianna sp., Melanoide* {Tarebia) cf. M. acuta

(Sowerby). These fresh-water fossils, which suggest an

Oligocene to Miocene age, occur from north of San'ri to

south of Ta'izz. Mr. K. W. Morris, of the Arabian

American Oil Co., recognized nonmarine ostracodes:

Candona sp., Cyprideis sp., Gomphocythere sp., and

CypridopsisC?) sp.
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ACJK

Volcanism probably started in the south toward

the end of the Cretin-etuis but became more intense

and extensive during the Tertiary. It is characterized

by extrusive and explosive periods related to tectonic

deformation along faults. Vulcanic activity continued

into the Recent.

LACCOLITHS
OKOURAI'HIC niNTRIHCTIOS

The area between 'Aiuran and Sa'dah, north of

the extension of the Trap Series, has major laccolith

massifs of granitic composition, some deeply breached

by erosion (fig. 10). Such examples occur at Jabal

Kamid south of I.I nth and in the hills near Jabal

Maflflq in the Jawf area (fig. 11). The granitic lac-

coliths are especially noticeable in the calcareous

Am ran Scries.

In Jabal Kamid, the granite exposed in the center

grades to a micrngranile near the contact with lime-

stone beds; the sedimentary rocks are not influenced

by contact melamorphisin except over a very thin

interval.

ACJK

Supposedly, the emplacement of the laccoliths is

of the same age as the Trap Series, hence mainly

Tertiary.

RECENT GRANITES

Gray-white granite hills protrude locally above the

general topography carved in the Trap Series. These

intrusive massifs deform the Trap Series on their flanks,

and thus they are dated as post-Trap. Some intrusions

read] 10 km in length and a few kilometers in width,

but others may be less extensive and appear as lentic-

ular dikes from 0.1 to 1.5 in wide.

Silicic granitic intrusions (leucocrats, noncrystallines)

enclave crystals of tourmaline (Jabal Uuf/Lsh) or

amphibole (Jabal Sabir, fig. 12).

RECENT VOLCANOES

Recent (Holocene) volcanoes are those which have

ret mi. c'd their typical shape (crater or cone) and whose

direction of flow has been influenced by the existing

topography.

Recent volcanoes are grouped in three volcanic

fields: (1) San'a-'Amran, (2) $irwah-\fa'rib, and (3)

Dhamiir-Rada'. Isolated volcanoes are present else-

where throughout the country.

In the San'a-'Amran volcanic field it is possible to

distinguish several extrusive phases by comparing the

development of river terraces to the southwest of

'Aiuran. North of San'a there are also volcanoes of

historic time.
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Volcanoes in the Sirwab-Ma'rib field are of several

types. South of the Sirwab-Ma'rib road are volcanoes

having large cones of light-yellow tuffs surrounding the

central peaks. These volcanoes have supplied thick

stratified deposits of wlute-yellow tuff which extend for

several kilometers in the direction of Wad! Adhanah.

North of the road lie basaltic volcanoes with numerous

adventitious craters, characterized by long flows which

thin to the south.

About 3 hours walk east of Sirwab is a depression

of an old crater; the tuff and agglomerate beds dip

gently to the exterior and enclose blocks of gneiss

and granite up to 50 cm in diameter, attesting to the

violence of the explosive phase.

Volcanism in Dhamar-Radii' (fig. 13) Is the most

recent in Yemen and the field still contains solfataras

(sulfurous vents). The volcanic field is related to an

east-west-trending fracture zone, along which are

the main centers. Small volcanoes rise from the floor

of the depression, especially in the eastern part. Seis-

mic shocks are very numerous in this area.

STRUCTURE

The surface features in Yemen fit into two large

very distinct categories: (1) the folded metamorphic

basement of Precambrian age in unconformable contact

with (2) the unmetamorphosed subhorizontal sedi-

mentary rocks. Exposures of the lower beds of the

sedimentary rocks as well as the basement depend

largely on erosive activity.

Orogenic movements, generally with a great radius

of curvature, have locally influenced the structure of

the country. For example, the area between Ash
Sharafah and Ma'rib is a large dome plunging to the

north.

Synclines occur particularly in the north—north of

Wadt Mawr and in the 'Amaslyah area, south of

Sa'dah. The area covered by the Trap Series cor-

responds in reality to a deep depression. The shape

of the depression is most pronounced at the eastern

border of the Trap Series, especially in the vicinity of

Jabal Tiy&t
Other undulations are less striking, as for example,

the east -west-trending Hiiticline at Jabal Hadur ash

Shaykh and Jabal Musawwar. The San'a area is a

large syncline which extends from Wiidl al Ahjar in the

west to Jabal Tiyal in the east and is the site of the old

Jurassic basin.

From the fact that the coastal, or At Tihamah, part

of Yemen is a graben and the eastern part a horst, it is

deduced that the general structure must be dominated

by subvertical faults oriented preponderantly from the

north-northwest to the south-southeast, subparallel to

Fioi-re 13.—Recent volcanoes near Radii'.
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(he Red Sea graben and at right angles to the Gulf of

Aden, which trends east-northeast-west-southwest.

Innumerable faults, in fact, cut through the country,

many bounding secondary grabens and horsts. The
whole zone of contact between the Red Sea plain and

the mountainous region is marked by faults trending

north-northwest-south-southeast. One graben paral-

lel to the Red Sea forms the main Al Jawf depression

in the northeast, which is joined by a graben that fol-

lows the a line i Ment of the Gulf of Aden, and forms the

Kamlat as Sab'atayn desert. Tectonic alinements arc

also oblique to the former directions; this is true of the

'Amran graben and the secondary graben between

Harlb and Ma'rib. Many secondary grabens in the

area covered by the Trap Series are sometimes difficult

to distinguish from the fluviatile flat-bottomed valleys

covered by thick alluvium (plains of $an'a, Ma'bar,

Yarim, Al Janadtyah, and others). However, grabens

are readily distinguished in places where recent vol-

canoes along the bordering faults have spread lavas

toward the depressed part (Dhamar, Radii', and 'Amran

grabens) (fig. 14). These grabens are characterized by

« system of faults which form steps along the margins

and small horsts which rise in the graben floors. In

many places the steps look like large landslides on the

sides of the horst.

Besides the system of parallel faults, there is in

places a system of perpendicular faults outlining blocks

which could be large horsts (north of Ta'izz) and small

isolated massifs (Jabal Kanfn). The faults aro easily

located in the sedimentary series where they bring

heterogeneous rocks into contact (fig. 15) and thus

permit an evaluation of the throw of the fault. By
contrast the faults are more difficult to study in the

Trap Series.

Tectonic deformation along faults is not limited to

epeirogenic movement related to the formation of the

Red Sea. The fact that south of Wadl SurdQd the

Trap Series rests directly on the Kohlan Series and that

the Amran Series and Tawilah Group disappear sud-

denly along the faults (fig. 16) proves that the generally

east-west oriented faults locally deformed the count ry

long before the deposition of the Trap Series. Faults

are so numerous locally that they cannot be adequately

depicted on a map. The most tectonically active

vallej' was the Wadl SurdQd, especially its upper and

middle courses. Although the dip of the faults is

generally steep, some have the appearance of over-

thrusts (for example, between Mahwad and At Tawilah

where the Amran Series is thrust over the deformed

Tawilah Group for a long distance).

Magma has often penetrated along faults, and the

hasalt has simply filled up t he open fissures. Second*!?

cracks cut the basalt dikes, as is evinced near Haydan,

west of Ta'izz, where the center of a basalt dike cutting

Cretaceous sandstone contains a vertical bed 50 cm
thick composed of detrital fragments. In other places

basaltic intrusions along faults have torn off large

fragments of the confining rocks, as for example along

the faults which outline the horsts north of Ta'izz.

Tectonic deformation possibly occurred after the

emplacement of the dikes. In fact, west of As Saflyah

(north of Ta'izz), basalt fragments are intermingled

with blocks of Cretaceous sandstone (2 to 3 m wide)

Alluvium (Quaternary) i 1 1 1 1 1 1 1

EZ3
Aden Volcanic Series

< Pliocene* ?) and Quaternary)

.Amran Series ( Upper Jurassic)

•FfGCTW 14- Profile of 'Amran Rrabcn. Surface of alluvium is at elevation of 2,100 m; surface of the Amran Scries to the north-

west is at 2,450 m.
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EXPLANATION ', 'i 'i 10 KlLOMEltPS
[— -1 ' ~~* ' L Jcm

Tr«|i Series (Upper CreUceuMK ami Tertiary i

Tawilah Group (Cretaeeoust

Amran Series (Upper Jurassic I

H;.s. ti..-iii aimplcv (Precamlirian)

Kkii he l.Y—Schwimtic profile of i l(ir tli of T.Vu* showinit hoist !hrou«li Trap S.tm-«.

Jabal Radman (lat 15'25' N ; long 43'59 E ) SW

~r i i i i i ' i r
1

i i r r rnrT~r*T^ ; i i

Trap Series

(Upper Cretaceous and Tertiary)

»

—

Mvdj-zir Series (Paleocene)

Tauilah Group (CreUceoual

0
-i-

-1 KILOMETFRS
-J

Amran Series (Upper Jurassic)

Kohlan Series (Liaaaic)

Basement complex (Precambrian )

Floe he Ifi - Structure section >n vicinity of Jul.al KnilmSn.
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along major faults forming a (.hick breccia zone.

Many <>f the breccias along (he faults are re* tripled

n rn i disappear in u short distance as along the Kaw-
kiibun fault. The fault traces arc indicated by

ulirupl changes in dip; some suhhorizoutul beds

become vertical near a fault contact (fig. 17,1. Faults

that can l>e followed for a great distance are generally

<hi by small right-angle faults of much less throw

uml later origin than the main fault.

EXPLANATION

Trap Series (Upper Cretaceous and Tertiary)

Tawilah Group (Cretaceous)

Amran Series I Upper Jurassic)

1 CO 0 100 200 300 MtTLRS
> i _

t in lie 17 -IWil. <if Waill Mahrain (Lit I.V2H'

S.: Ionic 43s
"i.V K.) showing fault contacts of

Trap Series, Tawilah Group, an* I Aianui Si rn>

Southwest «>f Mahwad, nut fH r from the recent

.Tanit.es of Jabal Hufash, sandstones of the

Tawilah Group arc bounded on two sides by faults.

This is the only locality known to date where the

-urid-tunes are partially chnnged to quart/.ite by dy-

namic or contuct metamorphism.

Thermal springs related to faults (especially along

i tie Red Sea) explain the existence of many small

Mtnmunilies called IJainiuam 'All. Hot sprint?* are

most frequently found in the Trap-covered areas,

i.lthough some hot vapors are emitted from caves in

i he limestone plateau north of IJuth (near Al Harf).

Mineralization along faults Ls very rare and is present

• .rilv in the norlh of the country where faults affect

i lie ba-eiiient and the Jurassic limestone. Hematite

deposit* iK-cur just east of Sa'dah and about 30 km
r .nhwest of Sa'dah near Majd. Ilmenite deposits

are found in the Wad I Akwfiiu basin northeast of

Sa'dah.

Toward the end of t lie Meso/.oic, exlrusioii of basalt

be^an in coiijimcl ion with the formal ion of the Red
Sea. However, it tvih only from the Oligoccne on

that the gruhen look the form of a depressed area

without outlet.

Major lava Hows in association with fracturing, very

active during the Oligoceue and Miocene, extended

over the southwestern part. In the same epochs the

unstable zone of the Red Sea subsided in a series of

secondary grabeiis, now filled mainly by sail and

terrigenous deposits carried by rivers which adjusted

(u the new topography. At nearly the same epochs

laccoliths were injected in the northern part of the

country.

Deformation along faults during the l'liocene and

Pleistocene played the must important role in the

morphology. Warping caused the formation of an

millet of the Red Sea to the ocean and accentuated the

hoist scarp by favoring (he development of rivers and

increasing headward erosion.

During the calmer and drier period of the Holocene

(Recent), corals developed in the Red Sea anil rivets

continued to fill the east part of At Tihamah while

eolian deposition predominated toward (he coast.

GAZETTEER

Published sources listing Yemen place names in the

original Arabic are few and incomplete. The forms

used in this work were transliterated in the system of

the Board on Geographic Names hv.J antes P. Manda-

ville, Jr., Arabian Affairs Division. Arabian American

Oil Co. Spellings are based on written sources except

those which could not lw> confirmed and are followed

by a question mark.

The coordinates listed below refer to the middle

courses of wadis, the highest points of mountain

massifs, and the approximate centers of regional

features.

Jabal -AMuM?) . I •< '>'>' 43* 4

V

Wftdi Adhanal. . ... I.VM2' 4.V07'

WRili al Ahjar . I V >' 43-.-I-''

WRfltAlnvf.au?) I7°02' 43e4S'

'AniiLHlvah WMV ATM'
'Ainrai.- I.V40' 43V,<r

Hf.jil ... I4».W 43" 15'

Jabal Bain.,. ... .... 15»30' 45° 111'

W.Vll Hani 14'il.V 44 32'

Jubal Uarat I»°47* 43°S2'

Al HayftfJ I.V 13' I4°3f>'

Jabal IJnkhi.nt?) l"> 34' t.Voir

Jabal DalhSn(?) I7
a07' 43*42'

Jabal pawri'in . I I IV II H'

Ad I»q ISM4' 44"4.V
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Dhamar..
Al Gharte . _ . _

y»jj«h

Bamraim 'All

Al Uarf

Uarlb

UaydAn
Jabal HaylAn..

Al Uudaydah.
Jabal Huffish..

UOth
Ibb

Al Janadlyah

AlJawf.—
WAdtal Jawf.

Wadl Khawbah (?)...

Khawbat 'All

KhturanC?) . .

.

Kuhlin
Wadl L&'ah -__

Jabal al Lawdh
Ma'bor
Jabal Mafluq(?)

Wadl Mahrain (?)....

Mabwad(?)_. ...

Mhjd(T) _

M«jtir(?)

Ma'rib

Wildi Mawr...
Mujabjib(?)

Al Mukha
Jabal Mugawwar
Wadl NajrAn
Wadl Naslm(?) ...

Jabal an Nu'aym(?)

Jabal KadmAn ...

WAdt RaRhwin(?). .

Jabal Ramid(?) ...

Kamlat as Sab'atayn.

Rawdah. ...

Jabal Sabir

Sa'dah

Safir

As §aflyah

Ab Safra'

SafwAn
San'a

Jabal ash Sharafah...

Uadur ash Shavkh. .

Jabal Shu'ayb

Am SinnArah

Wad! as Sirr

Sirwah

Wadl SurdOd

Ta'iz*

AlTawllah...

A I Tiliim.i.l!. .

JiiU.I TiySl

Ath Thillah . _

.

I*> S
14>3I'

15=35'

LV40'
14°42'

16=24'

14=57'

13=41'

15=35'

14°46*

15° 13'

16-18'

13°58'

13-40'

If, (17'

15°05'

15-32'

16°04'

15°19'

15*59'

16'41'

15°42'

I5"32'

16°07'

14-51'

16-3H'

I5°20'

15°29'

17=06'

15°34'

15=29'

15=48'

13°46'

13° 19'

15036'

17*29'

I5°23'

16*55'

14°30'

15*25'

15=48'

16° 16'

15°30'

15°27'

13°31'

16*58'

15°41'

13*52'

16° 45'

14*09'

15°23'

15029'

I5°36'

15° 19'

16*55'

15*33'

15*27'

1.-, IV

\:\ ,v

15- 30'

44*28'

44=24'

43-34'

44=08'

44=11'

45°30'

43° 45'

45-12'

42° 57'

43° 2H'

43°55'

44° 1 l
J

44° 10'

44=30'

44°30'

43055'

43*5.8'

43054'

44°01'

43057'

43°42'

43- 34'

45-07'

44- 15'

44° 11'

43°55'

43°32'

43- 33'

44-36'

45-2K'

43=18'

43°44'

43°14'

43°38'

44-OK'

43°56'

43-30'

44- 50'

43-59'

45° 10'

44- 07'

45- 50'

44°13'

44°03'

43°45'

46-09'

44-03'

43- 51'

44°35'

44° 12'

44- 42'

43*50'

43°57'

43- 4S'

44- 23'

45' 12'

43-41'

It n'J

43 42'

Lot HI Imi K
Wa.lialTrr 15°17' 43°55'

Wadl Wakhd(?) 16°34' 44»03'

Wadi Wa'lAn 15°05' 44° 19'

Yarlni 14 ' 44*26'

Zabld 14° 10' 43*18'

ZarSjah 14°54' 44° 19'
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FOREWORD
This volume, "The Otology oj the Arabian Peninsula," is a logical consequence of the

geographic and geologic mapping project of the Arabian Peninsula, a cooperative venture

between the Kingdom of Saudi Arabia and the Government of the United Stales. The Arabian-

American Oil Co. and the U.S. Geological Survey did the fieldwork within the Kingdom of

Saudi Arabia, and, with the approval of the governments of neighboring countries, a number of

other oil companies contributed additional mapping to complete the coverage of the whole of

the Arabian Peninsula. So far as we are aware, this is a unique experiment in geological

cooperation among several governments, petroleum companies, and individuals.

The plan for a cooperative mapping project was originally conceived in July 1953 by the

late William E. Wrather, then Director of the U.S. Geological Survey, the late James Terry

Duce, then Vice President of Aramco, and the late K. L. dcGolyer. George Wadsworth, then

U.S. Ambassador to Saudi Arabia, and Sheikh Abdullah Sulaiman, then Minister of Finance

of the Government of Saudi Arabia, lent their support to the plan. In November of the follow-

ing year, 1954, Director Wrather approved the U.S. Geological Survey's participation and
designated G. F. Brown responsible for the western Arabian shield region in which he had
previously worked under U.S. foreign-aid programs. In January 1955 F. A, Davies, Chairman,
Board of Directors, Arabian-American Oil Co., approved Aramco's participation and appointed

the late R. A. Bramkamp, chief geologist, responsible for compilation of the area within the

Kingdom where the sediments crop out. This responsibility fell to L. F. Ramirez following

the death of R. A. Bramkamp in September 195S.

R. A. Bramkamp and G. F. Brown met in New York in February 1955 and planned the

program, including scales of maps, areas of responsibility, types of terrain representation,

and bilingual names. Thus there wits established a cooperative agreement between the King-

dom of Saudi Arabia, the U.S. Department of State, and the Arabian-American Oil Co. to

make available the basic areal geology as mapped by Aramco and the U.S. Geological Survey.

The agreement specified publication of a series of 21 maps on a scale of 1 : 5(H) ,000, each

map covering an area 3° of longitude and 4° of latitude. Separate geologic and geographic

versions were to be printed for each of the quadrangles; both versions were to be bilingual in

Arabic and English. A peninsular geologic map on a scale of 1 : 2 ,000,000 was to conclude the

project.

High-altitude photography, on a scale of 1:60,000, of the Kingdom of Saudi Arabia was

initiated during 1949 by the Aero Service Corp. and completed in 1959. Both third-order

vertical and horizontal control and shoran were utilized in compiling the photography. This

controlled photography resulted in highly accurate geographic maps at the publication scale

which then served as a base for the geologic overlay. The topography of the sedimentary

areas was depicted by hachuring and that of the shield region by shaded relief utilizing the

airbrush technique.

The first geographic quadrangle was published in July 19.r)ti and the last in September

1962. While preparation of the geographic sheets was in progress, a need arose for early

publication of a 1 : 2,000,000-sealc peninsular geographic map. Consequently, a preliminary

edition was compiled and published in both English and Arabic in 195S. The second edition,

containing additional photography and considerable new topographic, and cultural data, was
published in 1963. The first of the geologic map series was published in July 1956 and the

final sheet in early 1964. The cooperative map project was completed in October 1963 with

the publication of the 1 :2,000,000-scale "Geologic Map of the Arabian Peninsula" (Miscel-

laneous Geologic Investigations Map I 270 A).

:::



IV FOREWORD

As work on the quadrangles progressed, geologists, companies, and governments working

in areas adjacent to the Kingdom of Saudi Arabia were consulted by Aramco and invited

to participate in the mapping project. The number of cooperating participants was expanded

to 11, which included the operating oil companies in the peninsula and which are identified

elsewhere in this text; the Overseas Geological Surveys, London; the Government of Jordan;

F. Geukens, who had worked in Yemen; and Z. R. Beydoun, who had studied the Eastern

Aden Protectorate. With the close cooperation of the authors, the new data were added to

data already plotted on the base map of the Arabian Peninsula.

As the geological coverage of the peninsular map grew, the need for a text to accompany
the map became apparent to both the U.S. Geological Survey and the Aramco geologists.

Exploratory conversations were begun by Aramco with companies working in the other countries

of the Arabian Peninsula for their participation in the preparation of a monograph on the

geology of the Arabian Peninsula. Each author prepared a description of the geology of the

area for which he was responsible, as shown in the sources of geologic compilation diagram
on the peninsular map. The U.S. Geological Survey undertook the publishing of the volume
as a professional paper, and the Government of Saudi Arabia was to finance its printing.

It was early agreed that there would be no effort to confine the contributions to a standard

format and that no attempt would be made to work out an overall correlation chart other

than shown on the "Geologic Map of the Arabian Peninsula." Thus, the individual style

of authors of several nationalities is preserved.

Cooperation and relations have been of the highest order in all phases of the work. The
project would not have been possible without the full support of the U.S. Department of State,

the Kingdom of Saudi Arabia, and all contributors. In fact, the funds which made publi-

cation of this volume possible were contributed by the Saudi Arabian Government.
The data provided by the maps and in the professional paper provide information for

an orderly scientific and economic development of a subcontinent.

O. A. Suoer,
Arabian-American Oil Co. (Retired).

Former Chief, Foreign Geology Branch,

U.S. Geological Survey.
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GEOLOGY OF THE ARABIAN PENINSULA

ADEN PROTECTORATE

By J. E. G. W. Greenwood and D. Bleackley '

ABSTRACT

This account of the geology of Western Aden Protectorate

and of major basement rock groups of Eastern Aden Protectorate

:» based on photogeological interpretation and on data from a

field survey during November 1U61 to February 1962. Atten-

tion is concentrated mainly upon ignoous and metamorphic rocks.

An assemblage of metamorphosed sedimentary and mafic

igneous rocks, to which the term "Aden Metamorphic Group"
is aligned, rests upon older gneiss and is invaded by syntcctonic

granite with associated zones of metasomatism and migmatiza-

tion. Subsequent to the main period of regional metamorphism
but prior to a later period of stress, plutonic intrusions of dioritic

and gabbroic rock occurred; these were followed after a short

interval by intrusions of granite. Older volcanic rocks of the

Eastern Aden Protectorate are regarded as approximately con-

temporaneous with mafic intrusions of this phase. Slightly

metamorphosed sedimentary rocks of Wadi Ghabar, Eastern

Protectorate, are thought to represent uppermost basement

rock* Posttectonic granites of early Paleozoic age and mafic

plutonic rocks of possibly similar age are described. Rare in-

trusions of alkaline granite are thought to be of Tertiary age.

An early phase of regional (dynamothcnnal) metamorphism

is distinguished from a later phase of essentially dynamic type.

The highest grade of metamorphism recorded is that of the

almandinc-amphibolitc fucics. The effect of synteetonic granite

invasion upon metamorphic grade is considered.

A synopsis of the geology of basement rocks is given, and

regional correlation of basement rocks made, in which the Aden

Metamorphic Group is tentatively correlated with the main part

of the Medina .Series, and the Ghabar Group of the Eastern

Protectorate with (he Fatima Series of Saudi Arabia

A section on the Aden Trap Series includes petrographic ex-

.imples and a discussion of relations with surrounding rocks and

of the probable history of this phase of vulcunism. The age of

the series is considered to be Late Cretaceous to Tertiary.

Dike rocks of three ages are present.

A relatively brief account of sedimentary rocks is largely based

hi the work of Hcydoun in Eastern Aden Protectorate. Fossils

collected from these rucks are listed.

An account is given of the Aden Volcanic Series, which consists

mainly of basaltic lava flows of late Miocene, or Pliocene, to

The structure "f tne Western Protectorate is considered in

injunction with that of the Eastern Protectorate. Basement

strike trends, hitherto not known in detail, are discussed arid

an account of folding and foliation is given. Since at least

Jurassic times t he region has suffered intermit lent epvirogenic

uplift accompanied by faulting. A major phase of uplift of the

main basement block of the Western Protectorate, associated

with faulting principally along Ked Sea trends, dates from late

Cretaceous or early Tertiary times. A dominant feature in the

Eastern Protectorate is the development of the Tertiary lladh-

ramut arch. Faulting of four main trends is described and a

correspondence between these fault directions and llmsc of the

worldwide rcgrnalic shear pattern is noted. Faulting it. any

one trend was not confined to a single period, and re-art ivat im
of ancient fault lines is suggested. A main phase of faulting of

the Red Sea trend apparently occurred from Late Cretaceous

until late Eocene times. A main phase of faulting of the Gulf

of Aden trend dates from Miocene times. A general commentary

on structure is given, in which it is suggested that the basement

structural pattern result* from the translation of a primary east-

west stress by transcurrent movements along ancient shear lines.

In a section on economic geology the results of gcochemical

prospecting and of concentrate analysis are interpreted and dis-

cussed; occurrences of economic minerals are described. No
deposits of any great commercial interest have been found.

A section on water resources completes the account.

A discussion of age determination result* by Dr. N. J. Snelling

appears as an appendix.

INTRODUCTION

PURPOSE AND SCOPE

The 1 : 2,000.000-sctde geologic map of the Arabian

Peninsula prepared as an Arabian American Oil Com-
pany-United States Geological Survey project tinder

the joint sponsorship of the Kingdom of Saudi Arabia,

Ministry of Petroleum and Mineral Resources, and the

U.S. Department of Stale- incorporates the Overseas

Geological Surveys' 1 : 500,000 unpublished "Photoge-

ological Map of the Aden Protectorate." The present

report describes the geology of that part of the Arabian

Peninsula which was mapped by the Overseas Geolog-

ical Surveys (hereafter alternatively referred to as

O.G.S.). 'Die scope of the contribution, however, ex-

tends further than the explanation of geology shown on

ci
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C2 GEOLOGY OF THE ARABIAN PENINSULA

the map of the Arabian Peninsula. For example, the

scale of the map precludes the portrayal of basement

strike trends, which is a significant feature of the O.G.S.

Photogeological Map. These structural lines are shown
on illustrations accompanying this report. In brief,

this account presents an outline of the more important

findings of recent O.O.S. fieldwork in the Western Aden
Protectorate, hereafter alternatively referred to as

WAP.
Geological data from the O.G.S. Photogeological

Map were necessarily presented for incorporation in the

Arabian Peninsula geologic map before the results of

the 1961-62 Aden field survey could be analyzed and

collated. Thus, although amendments have been ef-

fected as much as possible in the Arabian Peninsula

map, considerable amplification and changes are re-

flected in the present account. In particular, base-

ment rock units have been further subdivided. Divi-

sions shown in the geologic explanation of the Arabian

Peninsula map and those of this account are equated in

table 1, to which descriptive notes are added.

Table 1. Kock unilt of Western Alien Protectorate and corres-

ponding tymbols on map of the Arabian Pcnin»ula

A«e I'nllnameuaedlii this report

Pliocene nil<l

Pleistocene
to Recent

Eoitan (dune aand«)

Aoperflcial deposUa, including aHu<
num. luesj. tlH^ »ud. «rnve]. and Qu

Late Miocene or
Plfcnto* to Recent

Aden Volcanic Sertcn 0*

Early Eocene
Tr

T|

Tu

L.te t retaeeou.
to Tertk»ry

Alkaline granite Included in P,oCi

Aden Trai> Series rn

V'M'liWfOU* Tewtlah Group Kt
Unconformity

Aniran Orixip und KoliJiui Karirm-
Hon

Ju

K«I> l'U|«HOlC(?)
Major unroii fortuity

Later mafic tnlrtuians Included in d'

Early t'Hlwtolc Post tectonic ciUc-alkullne «rmiitr Included in P:pCg

Intcrtectolllr calc-idkidme ffTiuiltr

lntertecioukc uitenttcdliiir inane
Plutonic liitrudk>n<<

Included In a>

Precuintirian Syntectonlc granite lni'ludrd innmly In £h
ami hr; nlsn In part

p.. ,

Aflen Mrtanxirphir limiip rv r

Ol'ler inclw .Vol >1h>wh.

The geological work by O.G.S. in Aden Protectorate

has hocii primarily concerned with igneous and meta-
morphic rocks; during the recent field survey, work on
sedimentary rocks, which arc sparse in W.A.P.. was
mainly in connection with possible economic mineral

deposits. The relatively brief account of sedimentary

rocks contained in this report is based largely on the

divisions given by Beydoun (1960, 1961) in his descrip-

tions of the sedimentary strata of Eastern Aden Pro-

tectorate, hereafter alternatively referred to as E.A.P.

The area covered by this report is largely included

within the Western Protectorate, but in order to deal

with all major basement-rock groups of the Protector-

ate, coastal areas of E.A.P. as far east as the longitude

of Al Mukalla (about 49°08' E.) are included. Similar-

ly, the structure of W.A.P. cannot be considered in

isolation, and for this reason also, there is some overlap

into E.A.P.

PREVIOUS WORK

Volcanic rocks of the southwestern region of the

Protectorate have been the subject of investigation

since McMahon (1883) recorded his observations about

the lavas of Aden. Lloyd (1910) reported on volcanic

(and sedimentary) roclcs seen on a journey from Aden
to Ad Dali'. Lamare (1930) referred to the younger

volcanic rocks of both W.A.P. and E.A.P. in his discus-

sion of post-Cretaceous vulcanism of the Red Sea and

bordering countries. Recently, Irving and Tarling

(1961 ) gave a limited description of samples of volcanic

rocks from Aden Peninsula, taken in connection with

paleomagnetic work.

The early studies of volcanic rocks are not matched

in work on the geology as a whole. The main contri-

butions to the geology of the Protectorate are as follows.

Little (1925) made a geological survey of the AI

Mukalla area of E.A.P. during 6 months in 1919-20.

In his account he included sections on stratigraphy and
economic geology, and he very briefly described crys-

talline (basement) rocks. The account was accompa-

nied by a 1 :250,000-scale geological map of the area

extending westward to the Wadl 5ajr.

Lamare (1936) made some reference to the geology

of W.A.P. in his "Structure Geologique de l'Arabie."

(lis generalized geological map, at a scale of 1 :

1 1 ,000,000, is in need of considerable revision insofar

as it applies to W.A.P. This work has greater value

with reference to Yemen, although it appears that

Lamare made a journey from the Yemen border to

Aden via Ad Pali'.

Wissmann, accompanied by Meulen, made notable

expeditions in E.A.P. and W.A.P. in 1931 and 1939,

the results of which were published in 1932 and 1942.

In the present report reference is made to some obser-

vations (Wissmann and others, 1942) on the crystalline

(basement ) rocks of W.A.P. No attempt was made to

present a comprehensive description of basement rocks;

and some general conclusions regarding the distribution

of psammitic and metacalcareous rocks seem to have

been based on too localized observations. Many sig-

nificant observations on the structure of the Proteetor-
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ate and surrounding regions were made, together with

a small-scale geological map showing structural lines.

The map represented a valuable advance on previous

knowledge, but, as may be expected, was not accurate

in detail.

Jaques, working for the Colonial Geological Surveys

now O.G.S.) made a number of traverses in W.A.P. and
E A R during some IS months' work in 1951 and 1952.

Economic mineral deposits were investigated, but ap-

parently nothing of commercial interest was found.

Uttle systematic mapping was done; nevertheless, a

geological reconnaissance map (scale 1 : 1 ,000,000) was
prepared from observations made in the course of travel.

This constituted a valuable provisional map of W.A.P.

—

a region little known geologically. The map shows

broad geological divisions but does not show structural

lines or subdivision of basement rocks.

Most of the results of Jaques' work are embodied in

unpublished notes. A very brief account of the geology

<>f the Protectorate was published in 1954 (Jaques,

1954). Jaques observed that granitic rocks appear to

be largely the result of granitizatinn. His Cambrian

und Ordovician rocks were not recognized in the recent

survey.

By far the most comprehensive and detailed account

<>f E A R geology is that by Beydoun, whose work also

overlaps into W.A.P. Beydoun made geological surveys

of E.A.P. during six field seasons between 1953 and

1959, working for Iraq Petroleum Company and as-

sociated companies. Some of the results of this work,

including geological maps, were published (Beydoun,

1900. 1964), or appeared in thesis form (Beydoun, 1961).

Much of Beydoun's work is on the stratigraphy of

sedimentary rocks and on structure, but he has made
a considerable contribution to the geology of the base-

ment rocks of E.A.P. Some of the views tentatively

expressed, in particular with regard to the relation of

his Ghabar Group to the rocks of WiidI Gharlsh and

the relation of Tha'lab Group volcanic rocks to both of

these, do not accord with the views formed by the

present authors. In this connection, it is emphasized

that the reconnaissance nature of the work done does

not permit categoric conclusions to be drawn.

Some account of E.A.P. basement rocks is contained

in a paper discussing the correlation of various basement

rock groups of this region with those of former Somali-

la/jd Protectorate (Greenwood, 1961).

PRESENT INVESTIGATIONS

Following pfiotogeological mapping and fieldwork in

basement areas of former Somaliland Protectorate, the

PWogeoJopical Division of O.G.S. was assigned the

%„rk of producing a reconnaissance map of the western

part of Aden Protectorate. This region was little

known geologically, and apart from the small-scale

provisional map prepared by Jaques, no geological maps
were available. Through the cooperation of Iraq Pe-

troleum Company, J. E. G. W. Greenwood of the

Photogeological Division visited E.A.P. for about ten

days at the end of 195S and examined representative

outcrops under the guidance of Z. R. Beydoun.

Photogeological interpretation started toward the end

of 1959 and resulted in the production of a map covering

approximately .'$1,000 square miles, including about

12,000 square miles of exposed igneous and metamorphic

rocks. This map was completed in i960, after some

1 S months' work by one geologist.

l'HOTOGEOLOOICAI, SURVEY

The main object of the mapping was the delineation

and subdivision of areas of igneous and metamorphic

rocks in W.A.P., and also the plotting of major struc-

tural lines. The work was extended to cover the

basement areas and associated sedimentary rocks of

E.A.P. Interpretation was facilitated by previous

knowledge of very similar rock types on the southern

side of the Gulf of Aden, and by a preview of repre-

sentative rocks in E.A.P.

Base maps were prepared from rectified photomosaics.

from uncontrolled print laydowns, and from 1 :100.(in(i-

scale topographic maps where these were available

(Directorate of Overseas Surveys (D.O.S.) 554, Ser.

K667). The aerial photographs interpreted were taken

by the Royal Air Force mainly between 1955-57, at a

flying height of about 40,000 feet, the resulting scale

being approximately 1 :SO,000. These were supple-

mented by larger scale photographs flown by the

Royal Air Force in 1952. Geological maps were

initially produced at a scale of 1 : 250,000 and subse-

quently compiled at 1 : 500,000.

It was possible to distinguish between intrusive

granite and granitized rock; and also to differentiate

between extrusive rocks of various ages. The final

scale of the map precluded the detailed differentiation

of the complex metamorphic rocks; major sedimentary

divisions were plotted.

F1K1J> SURVEY

During the months of November 1961 to February

1962 a field survey was made in W.A.P. and the

coastal areas of E.A.P. as far east as Al Mukalla,

about one-quarter of the period being spent in the

latter region. The survey party comprised the authors

accompanied by local staff.

The object of the survey was to appraise the economic

mineral potential of the region and to check and

amplify the photogeological mapping. Prior to field-

work, traverses covering critical geological areas and
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likely sites for mineral investigations were selected

from (lie photogeological nuip. Both map and aerial

photographs were used in the Held.

During the survey an itinerary of some 3,300 miles

was covered by Land Rover, and numerous foot

traverses were made. Of some 300 rock specimens

collected for intensive examination, about half have

received detailed petrographie study. More than 300

samples were taken for geochemical analysis, and

about 100 concentrate sampler were obtained by

panning material from selected wad is and beach sands.

Specimens of economic minerals, including material

potentially suitable for portland cement production,

were taken for chemical analysis and assay, and large

samples, mainly of granitic rock, were obtained for

radiometric determination. A dionic water tester was
used to ascertain the quality of water in springs and

wells. A ratemeter was used during the survey without,

however, any significant anomalies being detected.

GENERAL

It is apparent that geological knowledge of W.A.P
stems to a considerable extent from photogeological

work. Where tested in the field the photogeological

map was found to be substantially correct, within the

fairly broad framework adopted. Thus, further extra-

polation on aerial photographs from the areas traversed

is thought to he justified. Following concentrate

examination and the collation of field observations

and of results of petrographic study, data extracted

from aerial photographs have been considerably

amplified.
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GEOGRAPHY
AREA, LOCATION. ANT) POPULATION

The total area of the Aden Protectorate is about

112,000 square miles. The area of the Western Pro-

tectorate has been estimated at some 19,000 square

miles, but figures vary greatly since its boundaries are

not all demarcated. The Western Protectorate is

bounded to the west by Yemen, to the north by Yemen
and the Rub' al Khali, and to the south by the Gulf

of Aden and the small area of Aden Colony. 2

No census has ever been taken in the Aden Protec-

torate and figures arc conjectural. The most recent

estimate 3 puts the population of the Western Pro-

tectorate at 350,000.

TRANSPORTATION AND COMMUNICATIONS

Surveys began in 1940 with a view to improving

communications within the Western Protectorate, and
a start was made on the three main trade routes leading

from Yemen to Aden via Mufalis. Ta'izz and Ad
Dilli', while at the same time improvements were
made to the Aden-Labj and Shuqrah-Abwar roads.

Roads have now been constructed from Shuqrah to

Lawdar, extending to Mukalla in the Eastern Pro-

tectorate along the coast, and inland to the Al 'Aw a liq

al 'Ulya District and Bayhan. Recently, new roads

have been opened from Aden to Al Kirsh , from Ad
Pali' to Awabil, and from Lawdar to Mukayras, via

Thi- restively rowntly tonne.) Federation of South Anbla Includes former Aden
Colony luhI the Al \V"n>|.li Sute* i formerly of the F.wtrm Protoclorato: «nd covers

iibout .V.,ooo square mltf.

' Aden report lor tlve yean 1W7 and l«W. London. H.M. Stationery OOVor. 1M1.
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the Thirah pass. Bituminized roads cover 110 miles

in Aden Colony, and in the Abyan area gravel roads

link the main centers of population.

Away from the coastal towns no road is of good

<|imlity, and the cost of maintenance of motor vehicles

is excessive, owing to the nature of the surface of the

n>ads and their commonly steep gradients. In many
places it is possible to use dry wadi beds as motorways,

although vehicles with four-wheel drive are highly

desirable. In the gravel desert of, for example, Jaww
Kudayf, motoring in any direction is feasible, and in

sand deserts such as the Kamlat as Sab'atayn, routes

' .m usually be found around and between dune chains.

The motor route across the Kamlat as Sab'atayn from

Nasr to Jabal ath Thaniyah continues to Mar'ib in

Yemen, and probably coincides with the old incense-

caravan road.

The camel caravan is the principal method of trans-

port and a considerable proportion of the population is

engaged for its livelihood in the carrying trade.

Donkeys are used for carrying such articles as fire-

»i*.d and fodder, and are more generally used for riding.

All settlements in the Protectorate are linked by

'aravan tracks: the most important routes are those

leading from Aden to Yemen through As Subayhl,

Al Abdall, Al Hawashib, and Al Amlri territories,

and those used by caravans from the Yafi' Mountains,

ibe Kawr al 'Awaliq, the Kawr al 'Awadhil, and the

roastal route cotmecting Aden with Shuqrah, Abwar,
and Mukalla.

The Royal Air Force maintains a largo airbase at

Khormaksar (Aden) that is also used by the local

Aden Airways Ltd., which provides a regular schedule

<>i flights to a number of towns and intermittent or

charter service to others.

CLIMATE

The Protectorate experiences temperatures in the

higher range, the extremes being accentuated by the

variety of its physical features. There is less range of

temperature in the coastal areas than in the interior,

out the former have a humid atmosphere and are

liable to heavy dews and morning mists. The high-

lands have a wide range of temperatures between

dimmer and winter, and the diurnal range may be

irreat.

The hottest months arc May to September; the

peak is in June and July, when temperatures of more
han 100 °F are frequent. Temperatures of 130 °F
are reached in some localities. During the winter

months low temperatures of 34 °F were measured

in the interior by the authors, and frost has been

reported; along the coast however, nothing less than

$0 °F has been recorded. (See table 2.)

C5

Table 2 — Temperature and rainfall record*

Temperature <*H> Mean relnhll (to.)

Month Knorm ulv sur Baypin, SahOO AO Vllt',
I Ad«n), 13 feet feet above I.3JS feet

IllShost Lowest above mean mow shove mean
aw level level H 4 y r ]CVt*!

16-yr perkxl) period 1 i (i-yr period!)

J miliary a. as 0 0
(Virmry— n Lew lhw . 1 a 3
March... (.: .2 .« .<
April. [i

: 6* I-ess than .1 .7
May ...... 70 Li'M thiui . 1 .1 '2.1
June li'l n U'.n 1 hull . 1 .»
JulT-- - lot. TO .2 :S J.H
AlKU*t lo; <a . 1 ' 2.

1

11
September . . to.- 71 Una thiin , 1 .1 2.1
' 'clutter • 70 L«> thiui . 1 0

. 1
Novtmter An Us. than. 1 0

. 2
m li .2

4.2 ir,2

' In 1 yem up to 4 in. Ml iu this month.

The prcvaiUng winter wind in the Gulf of Aden is the

easterly monsoon which swings southeasterly in the

straits of Bab al Mandab; in May the humidity some-

times rises and the winds are variable. From June to

September they blow steadily from the west into the

main current of the southwest monsoon in the Arabian

Sea and bring occasional violent storms. In the interior

the winds are to some extent affected by the hot center

of the Arabian peninsula (see p. C9). A dry north-

erly wind which is known in Aden as the kawi (hot iron)

blows occasionally in the Gulf of Aden during the south-

west monsoon; in the interior this wind is called kharij

or hafmb and usually occurs in the afternoons.

On the coastal plains and in the desert areas, sand-

storms are fairly frequent and dust devils and mirages

are common. Mists and haze are usual in the summer
months, so visibility is poor.

Rainfall is irregular but more frequent in the winter

months, except in the hilly interior. The total annual

rainfall probably reaches 20 inches in parts of the inte-

rior, but owing to the very high rate of evaporation,

added to the heavy demands for irrigation, only one

perennial river reaches the coast (Wildt ljajr in the East-

ern Protectorate). In the coastal areas the average

annual rainfall is less than 2 inches; in exceptional years

it has cxceoded 5 inches, but much of this may fall iu

a single storm. (See table 2.)

VEGETATION

Data presented in this section are drawn largely from

British .Naval Intelligence Division's Geographical

Handbook B R. 527, titled ' Western Arabia and the

Red Sea," published by H.M Sum .nery Office in 1946.

The plant distribution is conditioned by the incidence

of rainfall and by the geology, topography, and drain-

age. The geographical range is more affected by rain-

fall than by temperature. On a smaller scale the micro-
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climate is of great significance and again is largely

controlled by orographic factors such as relief and
whether slopes are of north or south aspect, the temper-

atures of south-facing slopes being consistently higher

than those facing north.

The vegetation of the coastal plain is largely deter-

mined by the topography because at many points,

particularly in the Eastern Protectorate, the mountains

reach the sea. The inner coastal plain carries a vegeta-

tion of open orchard type dominated by the long-

thorned acacia (Acacia spirocarpa). This is a deep-

rooting tree which taps perennial ground water and is

largely independent of the local rainfall. Its green

foliage persists throughout the year but may be reduced

in the drier months.

In the hollows and silty pans between sand dunes,

tussock grass (Panicum turgidum) and Caesiums hirsutux

are the dominant grasses. Halophytic vegetation marks
the beach fringe and the sporadic saltpans. The
coconut palm is found in a narrow strip near the coast,

from a point west of Aden to about the mouth of

wadi Al Maiilah in the Eastern Protectorate. There is a

particularly luxuriant growth of doum palms (Hyphaene

thebaica) and Svaeda on the sand dunes between Ash
Shaykh 'Uthman and Aden Colony, particularly on the

north shore of the Bay of Aden, and at Khormaksar.

The commonest plant at Aden is a large kind of mi-

gnonette (Reseda amblycarpa), and the most conspic-

uous, a bushy green caper (Capparis gaUata); next

commonest are a large herbaceous spiderwort (CUome
brachycarpa) and the acacia (Acacia Edgeworihii).

A euphorbia (Euphorbia .tchimperi), the rummld of

the Arabs, forms leafless intricately branched shrubs

with pale-green fleshy branches. The fleshy trunks,

nuked branches, and fragrant rosy flowers of the "adan"
bush \Adenium arabicum) make it conspicuous on the

crags around Aden. This plant also occurs as high as

3,300 feet and more in the mountains of the Western
Protectorate.

In the coastal wad is the acacia is the commonest
tree, being replaced in drier wadis by the nebq
(Zizyphm xpina-chri-xti) ; in sufficiently watered wadis

(he date palm is found. Frankincense grows in some
of the smaller inland wadis, but the dominant tree is

the tamarisk (Salindora perinea), particularly in sandy
places. The ariata (Conocarpux erectus) is also found

in certain wadis; it is frequently a constitutent of

coastal mangrove formations.

The barren elevated jol of the Eastern Aden Pro-

tectorate carries little vegetation, but species of aloe

and the dragon's blood tree (Dracaena sfrrulatd) have

been noted. In mountainous areas, close to the Yemen
border, tall tamarisks are common; and in sufficiently

watered wadis, chimps of a dwarf date palm, reputed

to be Phoenix reclinaia, and a low scrub of wild indigo

(Indigojera) occur. In moister rock clefts, ferus, a

horsetail, and selaginella have been reported.

Myrrh, as frankincense, is found in many parts of

the Western Protectorate. This is a gum produced

by stunted trees or shrubs of the genus Commiphora,

and more than 50 years ago was collected in Fadll

country, northeast of Aden.

The sand deserts, such as the Ramlat as Sab'atayn,

are almost entirely devoid of trees and the vegetation

consists mainly of grasses, such as arta (Calligonum

comonum) and Aristida piumosa, with rare Cyperum
sp. After rain, the sedge, Fagonia glutinosa, is the

first to appear, followed by alab (Calligonum sp.),

and later DipUrygium glaucum and occasionally

Tribulu.s macropteris.

TOPOGRAPHY, MORPHOLOGY, AND DRAINAGE

The western part of Aden Protectorate comprises

four well-marked physiographic zones, which are,

from south to north:

1. The coastal plain.

2. The ramped plateaus composed of Cretaceous to

Eocene trap sheets in the west, and the crystallines

of the Kawr al'AwSdhil and Kawr al'Awftliq in

the east.

3. In the north of the Protectorate, the sand desert

of the Ramlat as Sab'atayn and the gravel plains

of the Jaww Kudayf and the Jaww Mulays.

4. In the extreme northeast, the plateau (jol) of Mes-
ozoic and Tertiary sediments which, north of the

Wad! Hadramawt, dip northward under the sands

of the Kub'al Khali.

COASTAL PLAIN

The present coastal plain, bordering the Gulf of

Aden, is about 30 miles wide at its greatest extent

north of Aden. To the east it narrows, and at Ra's

ar Rujaymah older volcanic rocks reach the sea. The
plain is a depositional feature superimposed on a marine

bench cut in Oligocene and Miocene sediment* and
crystalline rocks subsequent to the last movements
of the rift fault blocks. The coastal plain has been

built up in stages from alluvial material brought by
innumerable short wadis which drain the ramped
mountain ranges of the hinterland, as well as by the

few major wadis, such as Wfidl Tuban which rises in

Yemen, Wfidl Banfi, Wadi Hasan (which formed the

Abyan delta), Wadi Ahwar, and Wadi Mayfa'ah.

The finer grades of alluvial material occurring toward
the seaward edge are redistributed by wind and sheet

wash. A sorting action results and particles of the

finest grade are washed into silty pans or removed by
wind; sand-size particles are built up into an extensive
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-erie* of dunes which are alined according to the regional

and local wind regimes. Textbook examples of bar-

i bans and seif dunes can be found, together with tran-

sitional types resulting from diurnal changes in wind
direction, from deflection of windstreams by rock

masses and local areas of hot sand, and from occasional

-tonus.

Winnowing by the wind leaves in situ the heavier

alluvial material of fine gravel and of cobbles and

boulders, which may reach 12 inches in diameter; older

Mich deposits are frequently found as long ridges trend-

ing seaward and elevated slightly above the general

level by removal of the finer flanking material. In

many areas these gravel trains have coalesced and

built up extensive stable flats which now carry an open

orchard type of vegetation dominated by Acacia sp.

They are frequently dissected by more recent, narrow

sullies which may originate either on the high ground
behind the coastal plain, or locally on the flats

themselves.

Toward the mountain front, the material becomes
• i urser and poorly sorted. Remnants of coarse-gravel

llat< at various elevations above the present plain were
observed at Al 'Anad, north of Aden, and at other

points along the coast near the foot of the mountains,

(iravel on the highest flats has developed a very dark

patina and contains little interstitial materia] of finer

grades; cemented layers of calcareous material some-

times produce a stratified effect. Intermittent Pleis-

tocene to Recent uplift along the rift faults is probably

responsible for these stepped terraces.

Lavas of late Miocene or Pliocene to Recent age

•verlie the coastal plain at various points, namely Jabal

Kharaz. Aden Colony, east of Shuqrah, and near Bi'r

All. Associated with them are tuffs and ash together

with numerous cinder cones which rise to about 320

feet in height. The extinct crater of Kharlf Shawran,

near Bi'r 'All, contains small blocks of ultrabasic rocks,

including dunite, and its central depression holds a

-altwater lake which is fringed with mangrove trees

and is in hydraulic continuity with the sea. The recent

*?e of the vulcanicity is attested by the fact that the

lavas themselves have infilled certain wadis and are

mterbedded with, or rest upon, alluvial deposits. These

lavas form the sea cliffs at Aden and reach the shore in

the Bi'r Ali-Balbaf area.

In the Eastern Protectorate between Ra's ar Ruja-
t

yinah and Burum, a coastal plain is not developed and
<liffs have been cut in basement rocks behind narrow

beaches.

RAMPED PLATEAUS

Behind the coastal plain the country has a pronounced

fast-northeast grain, with local modification, largely
j

due to faulting associated with the Gulf of Aden rift;
I

this has determined the primary pattern of drainage

and is responsible for the straight line of many wadi

courses. The strike of basement foliation has had a

subsidiary, albeit important, influence on the secondary

drainage.

Northward from Aden the general level of the country

rises through inclined and dissected steps toward the

ramped plateau of Jabal Jihilf (near Ad £)iih') at about

8,000 feet. Farther north, in Yemen, the trap lava

sheets, where unaffected by faulting, form an even

plateau more than 9,800 feet in elevation. This corre-

sponds broadly to the highest levels in the Kawr al

'Awadhil, seen typically at Mukayras, and represents

shallowly dissected remnants of a Paleozoic erosion

surface which was subsequently faulted and folded

mainly during the Tertiary earth movements. In the

Kawr al 'Awilliq and Kawr al 'Awadhil ranges, ramp
fault blocks that are normally south dipping but locally

north dipping and that involve basement and Mesozoic

rocks present a series of knife ridges on which dip slopes

carrying consequent streams are actively downcutting.

Most strike streams appear to be fault controlled, and

headward erosion has resulted in capture by a few

dominant streams such as Wadi Bana (Hasan) and

Wadi Dayqah (Atrwar), which demonstrate both north

and northeast flowing components.

In the northern part of the Kawr al 'Awaliq ami

Kawr al 'Awadhil, the drainage is to the north. In

their upper reaches the wadis are narrow and step-

sided, but their lower courses are heavily covered by

alluvium where they debouch into the Jaww Kudayf.

In this region, wadis from the Nisab-Bayhan moun-

tains and from Yemen swing northeast and east toward

the fine of the Wildl tfadramawt; west-flowing wadis

such as Wadi Jirdfin which have cut back into the

escarpment forming the western limit of the jol also

turn northward on entering the Jaww Kudayf at

'Iyfidh. Their courses can be traced for some miles

out from the mountains (for the Wadi Baybon, 40-50

miles) but there appears to be no present flow of surface

water; it is inferred, however, that there is a subter-

ranean seepage into Wad! Uadramawt along the former

wadi courses.

This older drainage, in a hinterland which has been

less affected by the Tertiary earth movement, shows

a development of excessively wide flat-bottomed wadis,

the width of which bears little relation to the present,

or probably former, erosive ability of the intermittent

flow of water. Wadi Dura is almost 3 miles wide

east of Nisiib (Ausab), and WT
adi Markhah, between

3 and 6 miles wide. The processes of pedimentation

and scarp retreat appear to be largely responsible

and well-formed rock pediments flank many of the

major wadis (fig. 1 ). This is a fairly general character-
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Figure 1.—Rock pediment Teneered with coarse debris, near Al Khabr.

istic of Aden Protectorate wadis and some are stepped,

1 1 io present wtidis being 65-100 feet below the level

of the highest pediment. Clearly recent uplift has

occurred on more than one occasion, inducing new
cycles ,if erosion.

In metamorphic terrain, valley floors tend to open
out, in places, into intennontaue basins which may
provide considerable ureas of cultivable land. These
basins are normally the result of differences in litho-

logy; some such basins, however, have a more complex

origin. The extensive plain around the town of

Luwdar, for example, is limited on its northern side

by the Thirah escarpment, which rises steeply to more
than 6,500 feet above seu level. This plain appears to

have originated as a fault scarp which has probably

retreated from its original position. There is evidence

that faulting has also occurred mi the southern side

and that this plain is, in fact, a small structural trough.

The widespread accumulations of alluvial material

point to a lime of moister climatic conditions, when
the carrying capacity of the wadis was greater. This

material, ranging from boulder to silt size, is now seen

in terraces and outwush fans, which are a pronounced
feature of the landscape. If the terrace deposits date

from possible Pleistocene pluvial periods, the present

downcutting phase of the wadis results from the sub-

sequent decrease in the ratio of waste load to water,

and from the steepened slope of the prelaid alluvial

cones.

In areas where sediments and basement rocks are
exposed, the morphology is closely related to the geology.

Many granitic rocks give rise to areas of low relief and
rounded form, and can be delimited on aerial photo-

graphs by these characteristics. Through exfoliation

in concavo-convex shells, irregular masses and angular

blocks resulting from jointing are reduced to rounded
forms. White kaolinitic weathering products, together

with residual quartzitic material, impart a light tone to
aerial photographs of these areas. Younger, or post

I

tecUmie, granites are in many places outstanding, and
I the spinelike plugs east of Mudia arc a good example.
Certain schistose rocks tend to form sharply serrated

' mountains with rugged crests; some soft schistose rocks
produce a thick mantle of waste having little fresh rock
exposed and thus having rounded contours; in areas of
more active erosion, a badland topography results.

Intrusive dikes are common and result in narrow,
elongated, and elevated ridges; these give a ribbed
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effect t<> the landscape in the Mukayras area. Well-

bedded limestones, rapping fault blocks or flat-lying

in the jol. are distinctive on aerial photographs as

associations of level stripped surfaces.

To the north of the Kawr al 'Awiiliq and Kawr al

'AvvAdhil the country falls away to the plains of the

Jaww Kudayf and the Ramlat Sabas'atayn at about

UMiO feet above sea level. Xo active drainage exists,

the main physical features being the extensive system

of sand dunes.

SAND DESERT AND GRAVEL PLAIN

The center of the Arabian Peninsula is occupied by

a vast area of gravel plains, with sand arranged in a

variety of organized patterns as individual dunes, dune
chains, and massifs. The main sand region is the

j

famous Rub' al Khiilf, which covers almost a quarter
!

million square miles, extending from just north of the '.

16th parallel to about the 24th parallel and from
j

meridian 45° E. to almost 57° E.

South of the Rub' al Khali there is an extensive gravel

plain, on the order of 150,000 square miles in size, the

southern part of which lies in W.A.P. This is bounded

in the east by the limestone jol which runs north from

Ataq to Shabwah and Al 'Abr and curves northeast

and east into Dhofar. In the southth li Xisab-

Ha\ ban mountains, of mainly Precambrian rocks, which

swing round to the northwest and north into Yemen
and Saudi Arabia.

The plain is divided into three regions by the dune
sands of the Ramlat us Sab'atayn and by As Suwdfi'

scarp, which run west and north, respectively, from Al

'Abr. To the north of the Ramlat as Sab'atayn and
separating it from the Rub' al Khali is the Jaww al

Malays. Southeast of the Ramlat as Sab'atayn, be-

tween it and the Xisub-Bavhan mountains, is the Jaww
Kudayf, and the smaller Jaww rjiidhi ljes (<) the east of

the As Sawda' scarp (Bunker, Ifl.W).

The routes from 'Ataq to Xisab and from 'Ataq to

Bayhan cross the Jaww Kudayf, which is level at about

3,000 feet above sea level. Surface particles in the size

range of fine to medium sand have been largely removed
by the wind; the resulting pavement is composed of

fine gravel and coarse sand, the grains averaging about

1 millimeter in diameter. Figure 2 shows the size dis-

tribution in the first inch of depth, the finer grains,

approaching 0.1 mm in diameter, coming from below

a depth of one-half inch. The microrelief includes low

parallel or subparallel ridges of coarser gravel which do

not appear to he continuous over long distances.

Associated with these are a few even coarser gravel

particles as much as 30 mm in diameter, some of which

show faceting, due to sandblast effect, and similar

orientation of the dreikanter, which points t<> a b-tfj

undisturbed period in situ. These gravels may haw
originated through (he sorting action of sheet wash on

alluvial material brought from the Yemen-Bayban
mountains during a former wetter period (a Pleistocene
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pluvial?). Bunker (1953) described wadi channels, as
|

much as 2 miles wide and 20 feet deep, and heavy

alluvial gravels occurring in the northeastern part of I

the Mulays plains.

On tlie eastern side of (he Jhww Kudayf, isolated low

liills and mesas, such as An Xasr and Shabwah, stand

as outliers of Mesozoic rocks, together with the salt

domes of Milb Kliarwah and 'Iyfidh. The hills of the

limestone jol are flanked by extensive rock pediments

which are covered with a thick veneer of limestone

boulders and coarse gravel, often lightly cemented into

fairly stable terrace selvages. Again, the present cycle

of erosion is not producing gravel deposits of this type,

which therefore probably belong to a former more

humid period. West-flowing wadis from the jol veer

northwest and north toward the Wad I Hadrarnawt on

entering the Jaww Kudayf, and it woidd be of interest

to confirm that there is in fact an underground flow of

water in this direction and to determine whether a per-

manent water table exists in this area (see "Water
Resources" section, p. CS2). It is possible that the

former hydraulic network has now ceased to function

and the control exercised by a universal base level is

lost and replaced by independent bolsons of centripetal

drainage.

The extremely level nature of the Mulays-Kudayf
plain suggests a pediplain and an origin by pedimenta-

tion—the few outcrops of Precambrian rocks, such as

Jabal ath Thaniyah, representing inselbergs. If this

is so the plain probably represents an exhumed surface, >

is the basement rocks exposed beneath the Mesozoic
;

.<:i'.l Tertiary sedimentary rocks to the southeast of

A I
:h| were also base levelled in pre-Mesozoic times

—

although, not to the high degree now apparent in the

wesicHi plains. These sedimentary rocks at one time

overlapped onto Precambrian basement rocks in the

Yemen-western Saudi Arabia area, and the further

period of planation followed the stripping back of the

sedimentary cover. This process of eastward retreat

and the origin of tho western plains have been variously

attributed to headwater erosion and river capture

i Bunker, 1953), and to uplift of the basement rocks in

the west associated with the Red Sea rift block faulting

fWissmann and others, 1942).

At Al 'UbaylAt, the Bnybun track enters the Ramlat
as Sub'atayn, a sand-dune area lying south of the 16th

parallel. It is 50-70 miles wide at its western end near

the Yemen hills, and tapers to about 10 miles wide

where it enters the Wadi IJadniinawt. Here the dunes
lose height and lateral extent, wedging out as isolated

patches of dunes some 3 miles in width near Shibfim.

The Ramlat as Sub'atayn comprises a scries of mainly

parallel but sparsely convergent sand-dune chains iurq)
i

separated by narrow flats of gravel, silt, or gypsum
|

(shuq). Many of the individual ridges persist for sev-

eral miles, their orientation swinging round from almost

east in the An Xasr area to north-northeast near An
Xaqub, where Wadl Bayhiin emerges from the moun-
tains. Near Shabwah and An Xasr, east-west routes

have been used to cross the northern side of the Ramlat

us Sub'atayn, and the present camel track, which was

traversed by Land Rover as far as Arayn nnd Jabal ath

Thaniyah, is probably one of the old incense routes

from the Hadrarnawt to Ma'ribin Yemen and to western

Saudi Arabia. Several wadis flow east from the Y'einen

hills and disappear in the sands, but Wadl Bayb&n

persists for about 45 miles out from the mountain front,

crossing the Ramlat as Sab'atayn to emerge onto tho

Jaww Kudayf Al 'Ubaylat. It provides the only

motorablc route into Bayhan.

Outcrops protrude through the dunes at numerous

points: a small cluster of Precambrian rocks occurs in

the Jabal atli Thaniyah area and Mesozoic rocks

appear at Arayan; also there is a salt dome some 40

miles northeast of An Nuqub. Blocks of basalt and

pumice bombs were found occasionally in the interdune

flats, but their source is uncertain; they probably

originate from the Yemen mountains in the Ma'rib

area.

Apart from the few irregularities which are rapidly

being reduced by exfoliation to the general level of

the sand floor—where the rock is screened from the

great diurnal variations in temperature—bedrock relief

appeurs to be low. The orientation of the sand dunes

must therefore depend on the wind velocity, direction,

and frequency. Monsoon winds in the coastal areas

are southwesterly in summer and southeasterly in

winter, but local conditions within the peninsula of

Arabia must be expected to cause some modifications.

Heating up of the Rub' al Khali sands in early summer
may well cause an inflow of winds from the surrounding

mountains. This appears to have contributed to

purely local patterns in the dunes of the Ramlat

as Sab'atayn, where the long axes of the dunes point

away from the landmass at Bayhan and near An
Nasr (fig. 3); such a direction is opposed to the general

Rub' al Khali trend (fig. 4). The general trend is

common to the other four great sand regions of the

world, namely, Australia, Egypt-Libya, and the two

ergs of the western Sahara. In all these the main dune

ridges are affected (1) by the westerly storm winds and

(2) by the trade winds. As the tropics are approached

the westerlies tend to decrease, and the trades begin to

dominate. The result is a 90° sweep round, so that

the dune ridges end by approaching the equator from

the northeast and southeast. Bagnold (oral commun.,

1964) lias suggested that the Ramlat as Sab'atayn

change of direction, in the opposite sense, might be
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C12 GEOLOGY OF THE ARABIAN PENINSULA

explained by t lie effect of the Yemen mountains in

sheltering the area from the westerlies, this sheltering

being less to the north than in the south; at lat 15° N.

the northeast trade winds dominate, but farther north

the westerlies dominate.

During a brief visit to Jabal ath Thantyah the fol-

lowing wind directions were noted on February 1, 1902:

7 a.m North-iiurthw.M.-rly

I'.' noon Sotith-f4outh.-u.stt ily

t p.m Kftiterly

N p.m Northerly

According to the local Bedouin the main wind direc-

tions are northerly in the mornings and southerly

later in the day. The northerly winds are evidently

the stronger since the slip faces were to the south or

southeast, but the effect of southerly winds would be
to check the lateral movement of the dune chains.

Baguold (l'.n.S) slated that the sand-driving effect

of wind is a cube function of the wind strength, and
it is therefore not sufficient to know the relative number
of occasions on which the wind blows from each point

of the compass, since a few storms during the course

of the year may dominate the wind regime as it affects

dune formation and movement. The dune chains

may bo orientated in the direction of the main sand
stream although this is at right angles to the two
commonest wind directions in the Jabal ath Tbaniyah
area. In general, the northerly wind is the stronger
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and has resulted in asymmetrically shaped dunes
having gentle slopes on the northern side and slip

faces to the south and southeast. That some lateral

movement of the whole dune chain takes place in

this direction is attested by the fact that during the

authors' visit a storm some miles away produced fresh

winds which moved the foot of a dune slip face, adjacent

to the camp, almost 1 foot in a few hours. The ob-

served diurnal reversal of wind direction is an important
factor tending toward stability and is a check on dune
migration. The dune chains, between which Wadi
Buytiati makes its way. also show evidence of movement
in the direction at right angles to their long axes. On
the western and northern sides of the wadi, bushes and
discontinuous lines of artil (CaUigonum comosum), now
buried in sand to varying degrees, mark former channels

of the wadi, which has been pushed progressively to the

<-;i-t and south by movement of the dune chains.

The main direction of sand movement is difficult

to assess. In the Wadi Bayhan area the dune chains

wedge out in the moutlis of the larger wadis and
approach within a few hundred yards of the mountain
foot, but touch it at one or two points only. There
is no extensive piling of sand against the mountains as

would occur if the hulk of the sand were moving in

that direction. The mountains would deflect wind
Mowing toward them and the resulting turbulence

"mid be expected to distort the dune pattern; it is

Hear from aerial photographs that the dunes diminish

in size and fade out gradually as the mountains are

approached. However, it is unlikely that the main
dune movement is in the opposite direction, since the

question of sand supply is introduced and no evidence

was seen of the formation and movement of sand-

*ize material in the mountains to the southwest.

That two wind components are probably necessary

for dune formation, as suggested by Bagnold (1938), is

shown by the dune pattern round Abu Janab im-

mediately north of Al 'L'baylat. Here a small set of

dunes lies at right angles to the Ramlat as Sab'atayn

dune trend and must be a purely local phenomenon

which results from one wind becoming dominant over

the other in this particular area. It may also be the

explanation. on a much larger scale, for the dunes to

the north of Dhofar, shown in figure 4, which lie at

right angles to the Rub'al Khali trend. Another local

phenomenon which does not appear to have been

rfescribed before was observed to the east of An Nuqub

in Wadi Bavban; this is a series of small quadrant-

shaped dunes restricted to a narrow zone on the eastern

tlank <>f b complex dune chain, sited in the mouth of

Wadi al Jif'iyah (fig. 5). The dunes rest on a pave-

ment of coarse gravel and are of constant size, about

33 feet wide and 3-4 feet high: two slip faces had been

Fiaunr. 5.—Quadrant-sbapcd sand dunes. WfidI al Jlflyati.

developed by northeasterly and northwesterly winds
of equal strength, which caused a resultant movement
of the dune system to the south. The rate of move-
ment could be measured, at about I foot a year,

against old Land Rover tracks, preserved in the pave-

ment, over which some of the dunes had advanced

PLATEAU

In the northeast, between the 47th and 48th parallels,

the flat-lying or gently folded Mesozoic and Tertiary

sedimentary rocks form an extensive plateau, or jol,

its western boundary with the Jaww Kudayf being

marked by a steep escarpment with a boidder- and

scree-covered pediment. It is a tableland capped by

mesas and cuestas of Eocene rocks, over 4,900 feet in

elevation and deeply incised by a network of drainage

that flows mainly into Wudl Hadramawt. Scarps

bounding the mountains and flanking incised wadis

are commonly steep and of considerable height. Mas-

sive sedimentary rocks give rise to sheer walls, and

where bedding is pronounced and there is an alterna-

tion of resistant and less resistant beds, steplike

benches occur.

Wadi Hadramawt, as well as many of the main

wadis, has cut down through 1,000 feet of sedimentary

rocks to expose Cretaceous beds. Tributary wadis

with less erosive power are commonly arrested at

various stages of downcutting by relatively more re-

sistant beds and widen their floors at these levels by

lateral planation. Extensive surfaces are formed in

this way, often carrying small buttes and mesas as

evidence of their mode of origin. These local planation

surfaces are commonly veneered with a "pavement" or

thin layer of residual gravel which is poorly sorted

and often angular; such layers originated by flaking or
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cleaving fmm I ho underlying limestone and developed

in the course of time a black patina of desert varnish.

Over such surfaces, at other points, deflation is active

in removing the finer particles of clay, silt, and sand

size, leaving shallow depressions and ridges of harder

material often currying dreikanter and other faceted

stones. After the wadis have cut below these surfaces,

the hard limestone bands continue to influence the

morphology in forming repeated free faces which

contribute debris to talus cones on the flanks of the

wadis.

GEOLOGY

BASEMENT-ROCK UNITS AND PETROGRAPHY

The term "basement" is applied to all rocks older

than the unconformable cover of Jurassic and younger

sedimentary rocks. An exception to this is made for

certain post tectonic granites of Late Cretaceous or

Tertiary age, which are conveniently considered with

other earlier granites.

Statements concerning numbered specimens refer to

petrographical data derived from examination of thin

sections.

OLDER GNEISS

The oldest rocks exposed in the Protectorate are

represented by orthogneiss of granitic and granodioritic

composition. Rocks assigned to this older gneiss group

give no indication of intrusive relations witli adjoining

rocks, and field examination has not revealed the pres-

ence of included metamorphic rocks, either partially

•"matized or otherwise. The older gneiss group ap-

I
is to be distinguishable from later syntectonic

granite by the presence throughout the rock body of

wi'11-ri'.nrked foliation (which may be absent from parts

of tin -vntectonic granite), by the absence of grada-

tional contacts with metamorphosed surrounding rocks

(which the gneiss is assumed to underlie), and by the

absence of feldspathizatioti in such adjoining rocks.

Outcrops of older gneiss have been recognized near

Tor al Baha in the southwest of the Protectorate, in

the Sa'id area, and about fi miles east-southeast of

Xisab.

In the Tor al Baha area the gneiss is of two main
types, the dominant gneiss being a fine- to medium-
grained rock with porphyritic feldspar augen, which is

cut by more coarsely foliated gneiss. In specimen

A43, described as a banded garneti'erous biotite-

hornblende-quartzo-feldspathic gneiss, much of the

abundant feldspar is oligoclase, but sparse prominent

phenocrysts of microcline perthite occur. Yellow or

colorless garnet is infrequent. The appeHrance of the

rock suggests a deformed granodiorite (or quartz diorite)

and supports the assumption that syntectonic granitic

invasion resulted in alteration of older gneiss. In this

connection the presence of feldspatbic porphyroblasts

of potassic composition, perhaps due to granitization,

is relevant.

A limited exposure of older gneiss occurs on the

northeast periphery of the Sa'id granite, some 4)i miles

north of Yashbum. A specimen of this rock (A134)

shows a granite gneiss of abundant quartz, tending to

be granulated, late microcline, and oligoclase. Petro-

graphic examination suggest-s an origin through defor-

mation of a previous granite. Since in the Sa'id area

syntectonic granite is known, it is likely that a later

invasion of this rock affected the earlier gneiss and
possibly accounts for the late appearance of microcline

in the gneiss.

In the Nisab area a granodiorite gneiss of quartz,

andesine, hornblende, and clinopyroxene forms a small

outcrop. Horneblende and cUnopyroxene tend to occur

in bands. The foliation of the gneiss appears to be

primary. In this rock no evidence of shear or cata-

clasis, apart from slight strain effects in the quartz, Is

seen. This is perhaps difficult to reconcile with the

postulated early age of the gneiss unless this formed a

mass resistant to subsequent tectonic stress.

The evidence is not strong but is thought adequate

to warrant a tentative separation of the older gneiss

group from later basement rocks.

ADEN METAMORPHIC GROUP

The term "Aden Metamorphic Group" has been

introduced to refer to a group of metamorphic rocks

which makes up a large part of the Protectorate

basement assemblage. The group comprises meta-

morphosed sedimentary and mafic igneous rocks with

some volcanic representatives.

The original sedimentary deposits included types

ranging from coarse- to fine-grained arenaceous rocks

to fine argillaceous deposits. Rocks representing

variable admixtures of argillaceous and arenaceous

material are common. Calcareous-dolomitic phases

were well marked and common; they resulted in lime-

stones and dolomitic limestones, many of considerable

purity, and in calcareous shales and grits.

No horizons of unconformity have yet been estab-

lished in the Precambrian metamorphic rocks of the

Western Protectorate, and in the absence of evidence

to the contrary the rocks are considered to be members
of one group, excepting only the older gneiss (described

earlier). Rocks of the Aden Metamorphic Group
are described under four main headings, namely pelitic,

psummitic, metacalcareous, and metamorphosed mafic

igneous rocks.

PELITIC ROCKS

Metamorphic rocks derived from argillaceous and
impure argillaceous sediments form a component of
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the Aden Metaniorphic Group widely distributed

throughout W.A.P. and the older basement-rock
area* of E.A.P.

At As Sufal, Wadl Habban, garnet-muscovite-

biotite schist is interbanded with quartzitie and
metacalcareous rocks and demonstrates metamor-
phisrn in the higher part of the green schist facies.

In a specimen of this rock (A 129) polymetamorphism
is shown by the crumpling of an original schistosity.

by the presence of two generations of quartz and
mica, and by the bending of mica microporphyroblasts.

In the same area are garnetiferous biotite-epidote

schists, in which the presence of oligoclasie plagiocla.se

indicates a higher grade of metamorphism in the lowest

part <>f the almandine-amphibolite facies. The break-
down of garnet, which lacks crystal outlines and shows
marginal alteration to chlorite, suggests retrograde

metamorphism. The specimens from As Sufal were
taken from a belt of steeply dipping metamorphic
mcks extending from As Sufal northwest to near

'Ataq. The presence of polymetamorphic rocks and
of higher grade metamorphism in rocks of this belt

makes it improbable that low-grade quartz-chlorite

and chloritc-epidote schists, well developed in this

belt, could represent an upper less metamorphosed
division of the Aden Metamorphic Group.

Garnet-epidote-biotite schist containing abundant
sodic oligoclase crops out in a locality some 5 miles

south-southeast of 'Ataq, where it flanks an intrusion

of little altered gabbroic rock considered to be of later

date. The schist is metamorphosed in the almandine-

amphibolite facies. Prisms of actinolitic amphibole
tend to be associated with biotite in this rock, but they

appear to be too rare to justify assumption of an igneous

origin for the schist. The possibility of admixture of

volcanic material in the original sediment is indicated.

In the Wadl Gharlsh area of E.A.P. quartz-muscovito

and quartz-biotite schists occur in an assemblage of

basement rocks comparable in lithology and metamor-
phic state with the basement of W.A.P. On the right

bank of the wadi, about 1 mile below the Jurassic lime-

stone outcrop of Jabal Suwayqah, an outcrop of garnet-

-taurolite-biotite-quartz-muscovite schist (A229) shows
the highest grade of metamorphism determined in pelitic

p>cks of the Protectorate, that is, metamorphism in the

lower stibfacies of the almandine-amphibolite facies.

Relic bedding in this rock is clearly marked by layers of

;'«rnet- and biotitc-rich bands. (See fig. 0.)

Apart from the localities mentioned above, pelitic

a/id semipelitic rocks occur in many areas of the West-

em Pro tectorn te, mainly as biotite, biotite-muscovitc,

and qijartz-biotite-muscovite schist*. Metamorphism

varying from (bat appropriate to the quartz-albito-

epidote subfacies of the green schist facies to that ap-

propriate to the lower almandine-amphibolite facies is

shown. Polymetamorphism is indicated in some of

these rocks. I»calities in which these politic rocks have
been recorded include 'Awflbil, Kirsh, Wadl Rayban,
Mudiyah, Bayhfln, and Wadl Ahwar.

Psammitic rocks are in numerous localities and their

distribution is such as to suggest that they are not con-

fined to any particular horizon of the basement succes-

sion. The thickness of individual bands, which like

those of other rocks of the Aden Metamorphic Group
are commonly steeply dipping to vertical, was estimated

to range between 30 and 100 feet.

The original sediments, from which most of the

psammitic rocks were derived, appear to have been

either a quartzo-feldspathic or an arkosic type. Less

common and thinner bands of crystalline quartzitc rep-

resent pure siliceous sediments. A number of the

psammitic outcrops examined may represent metamor-
phosed granites. Rocks resulting from the metamor-
phism of argillaceous and calcareous sandstones are also

present.

The main rock types included in this group are quartz-

ites of varying purity, quartz, and quartzo-feldspathic

schists, granulites, and metamorphosed calcareou> i/n -

.

Quartzitcs are commonly associated with metacalcar-

eous rocks, but in general the psammites may occur

interbanded with all types of basement metamorphics.

In some of the psammitic rocks garnet is devel-

oped, one sample being a garnet-biotite-quartzo-feld-

spathic schist from Wadl Gharlsh Eastern Protectorate

(A228). Shearing and fracture cleavage in these rocks

is also recorded; the fracture cleavage is well developed

in platy quartzite of the eastern Wadl Gharlsh area.

Some psammitic rocks show well-developed feldspath-

i ization as noted in the following discussion.

Steeply dipping psammitic rocks form positive top-

I

ographic features, and the purer forms of quartzite are,

j

with crystalline limestone, the most resistant rocks of

the region (fig. 7).

Specimen A 120, from WAdI al Jahr, 15 miles west of

Nfisah. is described as a banded garnetiferous muscovite

psammite and is one of the few rocks examined in which

tourmaline occurs. In this specimen the mineral occurs

commonly in crystals as much as 0.3 mm in length

that show plpochroism from dark green to yellow brown.

Some of the laminations in this rock are entirely quartz-

ose; intervening layers consist of muscovite, twinned

albitic plagioclase, quartz, and potassium feldspar.

Irregular muscovite flakes enclosing groundmass min-

erals are clearly porphyroblastic. The preservation of

a recumbent microfold in one of the bands of this rock

shows that all the bands represent pinched out micro-
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Fir.rnr ft.—Relic bedding In schist, Wadt Gharlsh. Matchbox shows scale.

Mil- and implies (hat the handing is of metamorphic

origin Polymetamorphism is indicated by the puck-

ering of a previous schistosity

On the south bunk of Wfidi Khawrah nearly opposite

the town of this name occurs a banded epidote-quartz

rock, or epidosite, in which an aggregate of quartz and

granular epidote pusses into h fine aggregate of quartz-

epidote, oligoclase, and minor mnscovitc (A154). This

mck is considered to represent a metamorphosed

calcareous grit.

The metHiiiorphism of an arkosic sediment is exempli-

fied by deformed schistose quart zo-feldspathie rock ex-

posed to the south of An Nuqub in the Bayhan area.

The specimen (Al£6) shows microcline, orthoclase, and

albitized plagioclasc in a granular groundmass. Pale-

green chlorite is plentiful; red-brown biotite and epidote

are present in small quantity.

Between Nistib and Khawrah and to the southwest

of Nisab are coarse-grained platy impure quartzites

containing scattered Hakes and discontinuous folia of

biotite. Purer white quart zitc is intcrbanded with

tremolite marble and biotite schist in the same area-

The quartz appears to have recrystallized during meta-

morphism and is elongated parallel to the schistosity of

adjoining rocks. In the range of hills some 6 miles

northeast of Nisab, quartzite and quartz-gamet-hiotite

schist are intcrbanded with platy crystalline limestone.

Quartzite and crystalline limestone occur intcrbanded

in similar ridges on the margin of the Ramlat as

I Sab'atayn, some 13 miles north of Nisab.

Quartzites and quartz schists make up a considerable

part of the northwestward-trending belt of metamor-

phic rocks between As Sufal and 'Ataq. The quartzites

include both massive dense blue-gray rocks and platy

bedded types which are intcrbanded with chlorite and
quartz-chlorite schists. In the northwest part of this

belt, quartz schists are finely intercalated with chlorite

schists, individual bands being only inches thick.

Granulites are represented in the belt of metamorphic

rock that intersects the Jibiil an Nisiyln granite block.

These granulites are derived from feldspathic sandstones

and consist of an aggregate of quartz and feldspar,
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r 7

Figure 7.—Rocks of the Aden MeLainorphic Group, 3 miles west of Sa id.

with biotite flakes and scattered crystals of garnet.

In some types, devoid of garnet, muscovite occurs with

t he biotite. A rough schistosity is imparted to the

muscovite and biotite by the micas. Biotite grannlites

also occur in WildI Ahwar.

Feldspathization of fine-grained quartzite has oc-

ntmd in the Wild I Altwar area, as shown by (he pro-

duction of microcline and plagioclase porphyro blasts

a much as 6 mm in diameter in a groundmass in which
the average size is 1 mm or less. Feldspathization

wa» also recorded in the area northeast of Nisilb.

METACAIXARE0U8 ROCKS

Metacalcareous rocks occur in most of the basement-

n-i'k areas visited, and even allowing for possible repe-

tition by folding, their wide distribution indicates

repeated calcareous depositional phases. The meta-

Tdmreous rocks are interbanded with other basement

component* and range in thickness from 6 to ISO feel

•>r more. The rocks may occur in massive form, but

in several areas they show a platy or laminated char-

acter. Rock types include marble or crystalline lime-

stone, opbicalcite, tremolite schist, and calcsilicate

rocks. A feature of note is the high proportion of

magnesia-rich (dolomitic) limestone. In general, the

metacalcareous rocks are highly resistant to weathering

in the arid climate of the Protectorate and commonly
form marked positive topographic features.

Thermal mctamorphism of nonmagnesian slightly

impure limestone is shown by an outcrop of banded

idocrasc-wollastonitc marble adjoining the granite of

Jahal al Munlf, Al 'Anad. A specimen of this rock

(A 1 8) shows 2-mm-thick bands of crystalline idocrase

marble alternating with thinner bands of columnar

wollastonite and idocrase. Much of the irregular ido-

cra.se is full of inclusions; some calcite occurs.

Thermal mctamorphism of impure magnesian lime-

stone is exemplified in opbicalcite from Wadi Milh some

12 miles southwest of Lawdar. The specimen (AS1)

shows serpentine psoudomorphs after forsterite set in

eithedral dolomite. In the Mime area, ophicalcitc con-

taining some chlorite i-> in contact with a pegmatite

dike. The meUunarphism of opbicalcite and similar

rocks is probably connected with the invasion of granite

during the main syntectonic granite phase. In the
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assemblage of pelitic and mafic schists and metacal-

careous rocks of this area granitic bands are common.

Regional metamorphism, of calcareous sedimentary

rocks resulted in a fine-grained tremolite schist at WSdf
Rayban, southwest of Lawdar. In the same area is

plagioclase-diopside-scapolite gneiss in which colorless

euhedral diopside is surrounded by euhedral scapolite

and unaltered oligoclase (A77). Birefringence indicates

a lime-bearing scapolite. Small apatite crystals, com-

mon sphene, and sporadic garnet occur. The presence

of disseminated pyrrhotite, which is the common sul-

fide mineral in higher grade regional metamorphism of

calcareous rocks, confirms other evidence for metamor-

phism in the almandine-amphibolite facies. Petro-

graphic study indicates that scapolite is in equilibrium

with the feldspar in this rock.

A lower grade of metamorphism is indicated in

epidote-quartz rock that forms a hill about Hi miles

northeast of Kawrah. This rock (A159) is composed

of euhedral epidote in a granular fabric of quartz.

It is thought to be derived from a calc-arenaceous

sedimentary rock but might possibly represent an epi-

dotized quartizite.

The wide distribution of metacalcareous rocks pre-

cludes description of all the observed outcrops, but

some account of the more important of these is given

below.

A traverse along Wadt Dura to the southwest of

Nisab showed several bands of metacalcareous rocks

in the basement assemblage of pelitic schists and

'Miartzo-feldspathic schists and gneisses. A specimen

irom a 6-foot-thick band in quartz-biotite schist shows

white to pink coarsely crystalline marble with sporadic

flakes of muscovite and chlorite and a little quartz

and Mdspar. In the same area phlologopite-tremolitc-

doloniite marble, mainly consisting of crystalline dolo-

mite, represents an altered impure magnesian limestone.

At As Sufal, east of Yashbum, dolomitic limestone

is interbedded, in laminae ranging in thickness from

Vt inch to 6 inches, with quartz-chlorite schist (fig. 8).

The overall width of the calcareous series is here about

;<0 feet but may reach 120 feet in the northwestern

part of the same belt of metamorphic rocks. A speci-

men of the limestone shows patches of quartz and a

little chlorite. The quartz shows strain effects, and
evidence of shearing stress is seen in the rock.

The Jabal ath Thanlyah range in the Ramlat as

Sab'atayn is composed largely of crystalline limestone,

commonly dolomitic. The folded and generally steeply

dipping limestone is associated with bands of amphi-
Ixdite, hornblende-chloritc-epidote schist, and tnlcose

schist. An east to west traverse over the northern

part of the main ridge crossed an unaltered andesitic

dike followed by a band of dolomitic marble which is

Aden Mptamorphic Group, As Sufal

pink to white and about 170 feet thick. This band

is followed by a band of gray marble some 6 feet thick,

a specimen of which (A206) shows areas of granular

quartz in a turbid mass of dolomite. To the west

occurs a band of dark hornblendic rock some 30 feet

thick. This may be an amphibolite derived from

gabbro, or may represent an altered calcareous shale.

The metamorphic grade indicated is fairly high (al-

mandine-amphibolite facies). In contact with this

rock to the west is a band of white laminated crystalline

limestone about 45 feet thick, in which the laminae

are about 1 inch thick. This band is followed by blue

laminated or platy crystalline limestone with inter-

calated brown and white limestone, about 180 feet

thick. The traverse did not cross the whole ridge.

The thickness of metacalcareous rocks in the Jabal

ath Thanlyah range is greater than seen elsewhere in

the Protectorate, but these rocks are associated with

metamorphic rocks comparable in grade and lithology

with those in other outcrops of the Aden Metamorphic
Group.

Crystalline limestone forms resistant bands in the

granite of Mukayr&s, Nisab, and §a'ld. Extensive

exposures of this limestone occur in the hill ridges 6

miles northwest of Nisab and in the Baybftn area.

Minor hands were seen in Wadl Abwar and in the

metamorphic belt of the Jibal an Nislyln block. In

Wadl Gharlsh, K.A.P., metamorphosed impure dolo-

mitic limestone containing flakes of phlogopite and
chlorite is present, and also metamorphosed calcareous

sandstone.
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METAMORPHOSED MAFIC IGNEOUS ROCKS

Metamorphosed mafic igneous rocks fonn a part of

the basement assemblage in many of the areas visited.

This section heading is apposite insofar as the bulk of

the rocks examined are of mafic type, but some de-

rivatives from intermediate igneous rocks are also

included.

The ntain rock types include amphibolite and plagio-

clase amphibolite, hornblende-plagioclase gneiss (some
diopside bearing), hornblende schist, and homblendie
schist with chlorite and epidote, or epidote and ac-

tinolite. The feldspar in the samples ranges mostly

between andesine and labradorite, but may include

'ligocla.se and, in a few samples, albite. Some of the

n>cks are garnetiferous. Metamorphism reaching

grades appropriate to that of the almandine-amphi-
lx»lite facies is indicated. Migmatites composed of

amphibolite impregnated and veined with granitic

material occur in several areas, such as in Wfidi Bana,
and amphibolite bands in migmatitic gneiss are also

-een.

The original rock types involved in metamorphism
appear to have included gabbro and diorite although

some altered dolerites are recognized. Some of the

chloride and actinolitic schists of both W.A.P. and
E.A.P. represent altered volcanic rocks, but in places

this cannot be confirmed. Hornblende pyroxenite

of WadI Ohartsh, E.A.P., is considered to represent an
ultramafic intrusion. Evidence for the occurrence of

iiltramafic derivatives has not been obtained elsewhere

in the region, a fact which suggests that their distribu-

tion is very limited.

In the area southeast of Kirsh, diopside-plagioelase

gneiss occurs in basement rocks consisting mainly of

mafic and semipelitic schists, which have been affected

by later granite invasion with the production of

migmatitic rocks. The gneiss consists of pale-green

ferroan diopside associated with abundant green horn-

blende, which is in equilibrium with the diopside and
does not replace it. Plagioclase, between andesine

and labradorite in composition, is twinned but unzoiied

and -.hows slight saussuritization. .Sphene is the only

Ktcessory. The rock has clearly been metamorphosed
in the almandine-amphibolite facies and has an as-

*ernblagc indicating an original mafic igneous rock

—

P"-sibly a banded gabbro (specimen A36).

Additional rocks considered to represent metamor-

phosed gabbro crop out in the Jibiil al Aswad area

where they form part of a belt of melamorphic rocks

in a dominnntly granitic province. A specimen of

rfiese rocks (A225) is a coarse-grained type in which
|

x'fne ferromagnesian minerals have been converted to

l>*k-green uctinolite associated with green biotite.
J

WagiocJase lias been albitized. The high lime and
J

alumina content indicated by the alteration products

of the feldspar suggest original labradorite, whereas

the large apatite crystals, altered ilmenite, and absence

of quartz all suggest that the parent rock was a gabbro.

A metamorphic rock probably derived from a

gabbroic or dioritic parent crops out north of Ji'ar in

the Abyan district. This rock is a hornblende-plagio-

clase gneiss in which quartz and biotite aro common.
Feldspar is seriticized. Apatite, carbonate, granular

epidote, and garnet occur in small quantities. Anhedral

sphene is associated with the biotite.

Derivation from either a doleritic or gabbroic rock

is indicated for a hornblende schist from WadI Milt,

southwest of Lawdar. The bulk of the rock consists of

a fine mosaic of albitized plagioclase, with epidote

green hornblende. The color index is high and quartz

is a minor constitutent.

Field examination of a number of mafic schists, which
contain actinolite, chlorite, and epidote and in which

inclusions of rock fragments were discerned, led to the

conclusion that the schists represent altered volcanic

rocks. Some confirmation is afforded by examination

of a specimen of fine-grained epidotc-actinolite-horn-

blende schist from the west of the main ridge of Jabal

ath Thanlyah. In this specimen, epidote occurs in

granular form, and also forms composite pnrphvn..

blasts around which schistosity is deflected. Those

porphyroblasts appear to be pseudomorphs of either

phenocrysts or amygdales. Interstitial quartz is pres-

ent, and some of the plagioclase may be of sodic type.

Carbonate minerals occur in bands and plates. The
rock may represent a metamorphosed andesite. Sim-

ilar rocks are recognized in WadI Rufiid (north of Jil'ah)

,

E.A.P., and in a locality some 6 miles north of Yashbum,
where hornblende-chlorite-epidote schists are inter-

banded with psammitic rocks.

Conspicuous mierocline and biotite in hornblende-

plagioclase schist from Wadt Bana, to the northwest of

Al Masfini', suggest potassic metasomatism associated

with granitization. The high color index and mineral

assemblage indicate an original mafic igneous rock.

This schist forms part of a complex of mafic schists and

gneiss and of politic schists, interbanded with felsic

gnei>s and cut by numerous feldspathic veins and dikes.

Polymetamorphism is indicated in porphyroblastic

hornblende-chlorite-epidote schist from some 5 miles

north of Yashbum. Hornblende in this rock appears

to be breaking down under deformative stress.

In the upper reaches of Wadf (.Jharlsb, Eastern Pro-

tectorate, rock identified as hornblende pyroxenite

(A'2;52j is considered to represent an altered ultramafic

intrusion. The dominant mineral in this unusual rock

i> a gray-green clinopyroxene -diopside or diopsidic

augite whicli occurs it) crystals several millimeters
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long and shows deformation effects. In places the

pyn.xene is enclosed in euhedral hornblende. Con-

spicuous feldspar consists of relic sodic plagioclase

enclose<l in pert hit ic inicrocline. Red-brown hiotite

occurs sporadically in bent laths. Sphene occurs in

irregidar crystals. Certain outcrops of this rock show

very larjre pyroxene crystals and may Ik- pegmatitic.

Ilydrothermal alteration has affected the rock to a

variable extent; pyroxenes may he altered to amphibole

and talc, and from these serpentine has been produced,

so that specimens from the same intrusive body are

described as serpentinite with conspicuous ureas of

proxenc in antigorite(?). The serpentine shows defor-

mation effects and carbonate veining. Apart from

hydrothermal alteration, it is difficult to assess the
j

degree of metamorphism this rock has undergone. It
j

is possible that it was originally a peridotite, and in

some of the serpent inous patches the outlines of olivine
j

crystals can be seen. Under dynamothermal meta-

morphistn the olivine may break down to tremolite

(tremolitic hornblende) and talc, and at a high stage of

metamorphism diopside may replace the amphibole.

It is likely that the intrusion preceded the main stage

of tectonism and regional metamorphism, and that the

texture seen is of crystalloblastic type. The deforma-

tion shown may be attributed to a later period of

dynamic metamorphism that affected a rock denuded
of much of the superincumbent cover and thus at an

effectively higher level in the crust.

GRANITIC ROCKS

Data from field, photogeologieal, and petrographical

Mwlies indicate that a number of phases of granitic

inviiMon occurred in the Aden Protectorate. It is

convenient to consider granitic rocks of various ages

under one heading, and also logical, as they are con-

sidered to be genetically related in a granite series.

Before the granitic rocks arc described, brief comment
on the wider question of the origin of granite is per-

tinent, to provide a background to the interpretation

offered and to clarify the meaning of the term "gran-

itization" as used in the ensuing paragraphs.

Regarding the origin of various types of granite,

the concept of zoning dependent on depth, and thus

aU" dependent on temperature and pressure, is ad-

heri'il to. This concept follows ideas advanced by
K>kiilu (1933), by Read (1957), who >tres>ed the factor

of time as well as place, and by others. The weight

of evidence appears to support the idea that granite !

emplacement involves movement of a partly liquid

magma formed by differential fusion of mixed rock

in the deep-sealed basement assemblage. Such tnugmu,

which may be partly crystalline and perhaps more
akin to mobilized migmatite, is squeezed upward by

earth movements to levels removed from the zone of

fusion.

Whatever the ultimate origin of the granitic bodies

exposed in the Protectorate may have been, it is clear

that some have gradational contacts with surrounding

rocks and that others are clearly crosscut ting and
have distinct thermal aureoles. In the first group,

granitization by metasomatism is recognized insofar

as this refers to an exchange of material between the

main granitic body and the country rock. It is prob-

able that the introduction of ions through aqueous

and other fluids derived from crystallizing magma
is here an important process. This type of gran-

itization, with which sodium and potassium metasoma-
tism and injection phenomena arc associated, is likely

to be most strongly developed where granitic material

is emplaccd at the height of tectonic activity, during

periods of regional metamorphism. Activity is then

stimulated by high temperature, pressure, and con-

sequent mobility. The result of granitization is to

produce rocks which, in respect to minerals or texture,

are more like granite than they were before. The
term "granitization," as here used, does not necessarily

imply production of completely granitic rocks.

Peralkaline intrusive granite occurs in two localities,

from one of which evidence for a Late Cretaceous to

Tertiary age was obtained. These rocks are referred

to as posttectonic alkaline granite.

The differentiation of granites of various types

has not been possible in all areas and is the more dif-

ficult because granitic invasion of two or more periods

may have occurred successively in the same general

area. Field observations show that emplacements

may be composite.

8TNTE0T0WI0 OKAMTTX

Field reconnaissance and photogeologieal study

indicate that syntectonic granite is areally the most
extensive of the Protectorate granites.

Four main types of granite are recognized in the

Aden Protectorate. The oldest, syntectonic granite, is

associated with extensive granitization of surrounding

rocks and with zones of migmatization (fig. 9), and is

considered to have invaded rocks of the Aden Meta-

morphic Group broadly synchronously with the culmi-

nation of the main period of regional metamorphism,

although certain phases of the invasion may have been

prolonged beyond this time. The syntectonic granite

does not appear to result entirely from the conversion

in situ of existing rock, but rather to represent a par-

tially mobilized migma-magma mix. The criteria by

which this type of granite is recognized are given later

in report
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Fiorte ft.— Blotlte whist and inl?mntit«>. 'J miles west of Qa'Id.

A second type of granite is designated "intertectonic."

Granites of this class are nonfoliatc intrusive rocks

without the extensive zones of metasomatism that

typify syiiteetonic granites. Their emplacement sub-

sequent to the period of regional metamorphism which

resulted in the Aden Mctamorphic Group is shown by

inclusions of met amorphic rock and older dioritic rock,

hut well-marked shearing and deformation effects indi-

cate that they predated a phase of stress metamorphism.

A third type is represented by posttectonic calc-

idkaline granites which show no deformation; some of

these show discrete and sharp aureoles of contact

metamorphism and they are commonly of relatively

restricted outcrop area, roughly circular in plan. An
early Paleozoic age is indicated by several age deter-

minations.

Criteria by which syntectonic granites are recognized

in the field, some of which are applicable in photogeo-

logical interpretation, include the following: Generally

concordant nnd gradational relations with surrounding

rock; no evidence that magma disturbed or displaced

contact wallrock; absence of distinct thermal aureoles;

the presence of feldspar porphyroblasts and bands in

country rock, which are larger and more abundant

toward the main granite body and progressively diminish

toward peripheral unaffected country rock; xenoliths in

the granitic body are oriented parallel to the country

rock; the peripheral parts of a large granite mass are

commonly gneissose and may show flow effects, and

augen and flaser textures may be developed ; the foliation

of granitized country rock is parallel to that of invasive

gneissose granite.

Criteria recognizable in petrographic examination in-

clude the following: Variety in size and form of mineral

grains; presence of abnormally large crystals such as

feldspar porphyroblasts; clear crystals in a mainly

turbid rock; extensive albitization and abundant myr-

mekite and myrmikitic intergrowth; presence of much
epidote; pseudobrecciate structure.

Many of the features noted above indicate graniti-

zation; others result from the emplacement of granitic

material synchronously with stress accompanying

regional metamorphism. The field examination of a

number of syntectonic granites leads to the suggestion

that these are partly of subautochlhonous type and

partlj' transitional between subautochthonous and cross

cutting granite. Thus they show feldspathized periph-

eral areas and migmatitic and gneissic zones, as well

as homogeneous magmatic areas.

Features typical of the syntectonic granite of the

Protectorate were illustrated in a traverse southeast-

ward along the newly made track from Al Kirsh to

Lahj, which runs to the west of and parallel to the

upper Wadl al Kayff. The progressive alteration of

country rock about a central granite area is demon-

strated over a distance of about 5 miles (figs. 10, 11).

At the northern end of the traverse pelitic and mafic

schists are sparsely invaded by thin bands of granitic

material, accompanied by thin fcldspathic bands and

stringers. About 4 miles from the central granite is a

belt of migmatite consisting of coarse-grained granitic

material injected into hornblende schist. This is

succeeded by hornblendc-plagioclasc gneiss cut by

bands of feldspathic and granitic material some 6 inches

thick oriented parallel to the foliation of the gneiss.

The feldspathic bands are ptygmatically folded. There

follows a zone of biotite schist with profuse feldspar

porphyroblasts, in which are bands of gneissose granite

some inches thick. A more extensive zone of migmatite

precedes foliated granite containing elongate patches

of schist, which arc feldspathized anil cut by numerous

feldspar bands. The schist shows diffuse horders; it

also occurs as impersistcnt thin streaks in the granite.

The central granite is of calc-alkaline type and shows

shearing and granulation. The strike of foliation

planes in less altered country rock, migmatite, and
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foliated granite is uniform at about N. 70° E. In this

area, as elsewhere, dikes of feldspar-quartz-mica

pegmatites are associated with the granite. Such

dikes appear to be much restricted in areas of later

granites.

A further demonstration of the characteristics of

syntectonic granitic invasion, accompanied by graniti-

zation, was afforded by a traverse along an unnamed
north-south trending wadi which readies the coast

some 10 miles west of 'Irqah. Here is shown u grada-

tion*] passage from central nonfoliate biotitc granite,

through peripheral zones of gneissic biotite granite

with feldspar augen reaching M-inch diameter, into an

outer zone where foliated granite is banded with biotite

and inuscovite schist. Patches of migmatitic nick

occur. Bands of gneissosc granite continue to appear

in the metamorphic country rock for several miles

from the focal point of granitic invasion. For a

distance of some 6 miles from the central granite,

feldspathization of varying intensity affects surround-

ing rocks, which include pelitic, mafic, and psammitic

schists. In the more central zone are feldspathic

bands and stringers; these give way outward to lenses

and patches of feldspar, and finally to feldspar porphyro-

blasts in schistose rock. The feldspar bands generally

are oriented parallel to schistosity planes of the country

rock and are contorted and ptygmatically folded

concordantly with the country rock, conditions indicat-

ing invasion synchronously with regional metamorphism
when all rocks were plastically mobilized. Pegmatitic
' '>dies, dikes, and lenses are abundant in the central

•ii and in several places consist almost entirely of

Fluent 10.— Kel<ls|*itliize<l hiotite wliiHL, ."i miles southeast of

Al Kirsli.

muscovite. Pink garnet occurs in the feldspar of many
of these pegmatites. Quartz veins and stringers are

associated with pegmatites but, unlike these, also occur

in peripheral metamorphic rocks.

The history of granite formation in this area is inter-

preted as a migma-magma invasion toward the end of a

major period of regional metamorphism, the mobilized

material being displaced upward above the zone of

origin, but at a relatively low level. Metamorphosed

sedimentary rocks were partly granitized. Close to the

focal point of the invasion some migmatization of

country rock occurred. Bands of crystalline lunestone

in the area remained unaffected by granitization. In

the waning phases of granitic invasion, pegmatites were
injected in the central zone while quartz veins formed

in zones more remote from the focal point of invasion.

Foliated syntectonic granite occurs in Wild I Bana a

few miles northwest of Al Masiini'. The rock crops out

mainly in bands some 3 feet thick in an assemblage of

pelitic schists and hornblende-plagioclase gneiss. Feld-

spathization is well marked in this area in the form of

porphyroblasts in the schists, and numerous feldspathic

lenses and bands, some of which reach a thickness of

:J0 feet. Quartz veins are few and small. A specimen

of foliated granite from this locality (A62) is a quartzo-

feldspathic-biotite gneiss of granitic composition, in

which porphyroblasts of pink orthoclase up to 1 cm
long commonly contain relic patches of microcline.

Quartz shows strain effects. Myrmekite is fairly con-

spicuous. From laboratory study it is not possible to

determine whether the rock represents a deformed and

recrystallized granite or a granitized sedimentary rock.

Rum ims ii.- Hornblende Nchtat UnpNgmtcd wit ii granitic mate-

rial. WMI al Kayfl.
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However, large potassium feldspars, dark quartz, and

a pseudobrecciated appearance indicate the latter, and
this is supported by field observations.

A traverse along Wadi RaybSn and Wadi Milb to Al
Majil, 8 miles southwest of I^awdar, showed invasion of

syntectonic granite into nietamorphic rocks that were
mainly hornblende-plagioclase gneiss and pelitic schist,

with metacalcarouus and quartzitic representatives.

The foliated granite occurs as numerous bands some of

which arc as thin as 6 inches. Intense epidotization af-

fects adjoining rocks. Feldspathic bands and stringers

ure numerous; some grade into granitic rock. Quarlzites

«how abundant porphyroblasts of white feldspar. Peg-

matites are well developed and some contain garnet. A
notable pegmatite dike some 210 feet thick extends more
than 1 ^ miles along Wadi Milh; its emplacement seems

to be related to faults along the wadi. A specimen of

gneissic granite from this area (A71) shows several fea-

tures indicative of granitization. These include a

pseudobrecciated appearance (large areas of quartz

or microclinc surrounded by smaller areas of the same
material showing no apparent granulation); abundant

myrmekitc; conspicuous microcline porphyroblasts; and

erratic variation in grain size.

Protoclastic effects are recognized in certain granitic

rocks of this area; the rocks are considered to have been

partly crystallized and to have contained diminished

interstitial liquid, which flowed under differential stress.

The crystals were ground together and deformed.

Evidence of granulation is accompanied by relics of

larger crystals.

The granite of the Mudiyah area is largely of post-

tectonic type; but on the eastern flank of this intrusive

iTanite is foliated granite in bands some t> feet thick,

alternating with hornblende and biotite schists and

associated with feldspathic bands. In some localities

plugs of later red intrusive granite appear to cut this

syntectonic granite.

Farther to the east of Mudiyah, in the Nusah locality,

the effects of syntectonic invasion are shown by the

occurrence of biotite schists heavily studded with feld-

spar porphyroblasts. Some :< miles northeast of Nusah.

migniatites have resulted from the injection of granitic

material into hornblende schists. Mafic components

slu.w marginal enrichment in biotite and are liner

grained toward the granitic layers.

Traverses from the central part of the granite in

the Sa'ld area outward to the eastern, western, and

northeastern borders indicate that this is a composite

body of later intrusive granite emplaccd in older syn-

tectonic rock. The intrusive rock is homogeneous,

non/oliate, and intensely jointed. The peripheral syn-

tectonic granite is foliated and crops out as bands in

feldspathized and granitized country rock; further-

more, this granitic rock is associated with numerous
pegmatite dikes which are apparently absent from the

central granite. Aerial photographs show a distinc-

tive contrast in weathering habit between resistant

peripheral syntectonic granite and the much reduced

intrusive type.

At Nisab, as in the ija'id area, there appear to he two

types of granitic rock, namely a foliated syntectonic

granite which is generally peripheral to a uonfoliate

intrusive variety of later date. About 12 miles south

of Nisab, syntectonic granite forms a gradational con-

tact with schistose country rock. The bedded char-

acter of the granite, which is clearly seen on aerial

photographs (fig. 12), may he due to relic bedding ex-

pressed by differential weathering; if so. it supports the

I

view that much of this foliated rock results from gran-

itization. A specimen of garnetiferous granite gneiss

from the south of Xisiib (A 147) consists mainly of

orthoclase, sodic oligoclase. quartz, brown biotite, anil

green amphibole. The high feldspar content and the

general appearance of the rock indicate a syntectonic

type.

Granite of the Jibal an Xisiyin block, the center of

which lies some 30 miles northwest of Xisiib, is mainly

of nonfoliate later intrusive type; but at Al FJusffm

to the southeast of the block and at Wadi Mm-v
on the northeast border, gneissic biotite granite with

feldspar augen is exposed. This is iuterbanded with

biotite-chlorite schists and metacalcareous rocks. The

main granite block is intersected by a northwest-

trending belt of metamorpliic rocks in which some

quartzo-feldspathic gneisses appear to have been

formed by granitization. Foliated granitic rocks of

this belt show gradational contacts with feldspathized

schist or are in contact with quartizitic rocks resistant

to granitizing processes. Specimen AlXl, from the

northwestern end of the metamorpliic belt, is quartzo-

feldspathic gneiss showing pronounced biotitic banding.

Altered microcline occurs in phenocrysts as much as

I cm in diameter, and also iriterstitially. Calcic oli-

goclase may also occur as phenocrysts showing deforma-

tion. Myrmekite is common, and granular opidote

is present as an accessory mineral. Petrographic study

suggests that the rock represents a granitized ineta-

sedimentary rock which suffered subsequent deforma-

tion. The alternative possibility of a deformed ada-

mellite is considered less likely

In the Jibrd al Aswad range, Hanking the plain to

the north-northeast of Mayfa'ah (Al Wfibidi), granitic

rocks are bordered to the north by a belt of metamor-

pliic rocks. The eastern part of this range was not

visited, but aerial photographs show an apparently

sharp contact between homogeneous granite and meta-

morpliic rocks.
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In the western part of the range, granitic rorks form

a gradational contact with metamorphic rocks, titid

zones of mixed or granitized rocks are present. A
traverse across the granitic area into inetumorphic

rocks revealed a degree of feldspathization unexcelled in

any other area visited. Foliated hiotite granite grades

Into coarse feldspar-quartz rock in which a faint

foliation is defined by sparse laminae of biotite. Feld-

spar crystals in this rock may reach 2fs inches in

diameter. As inclusions within the granite and inter-

banded with it are quartz-biotitc-chloritc schists and
biotite schists, thickly studded with feldspar porphym-

for several niches from the grUntC rnarinii

'figs. 13, 14) and showing lesser concentrations of these 1

porphyroblasts form many yardsfrom the junction zones. -

Impersistent quartz veining was noted, but pegmatites

were not seen. The dominant feature of this area is

feldspathization. This, with other field observations,

indicates invasion of chemically mobile granitic ma-
terial under favorable conditions for metasomatism
Mich as would obtain were granitic invasion contcm-

proaneous with regional metamorphism. It seems that

the western part of the Aswad range is largely syntec-

tonic granite, whereas in the east the granite is probably

a later intrusive type.

Syntectonic granite, associated with zones of felds-

pathization and commonly with migmatitic areas, was

also observed near 'Awabil; near Tor al Balm in

Wadl Ahwar; in the Al Khabr area; south of Khawrah;

and in the Bayban area. In the Bayhan area, granite

representative of the syntectonic phase appears to be

restricted in occurrence, and here also the presence of

granites of intertectonic and posttectonic periods,

together with paragneiss, makes separation particularly

complicated.

In summary, focal points of syntectonic granite

invasion are recognized in many areas of the Western

Protectorate. Invasive material seems to have been

part Iv of magrnatic character, and partly of a composite

migma-magma type; it is represented by granites of

J' -alkaline composition, and less commonly by
|

adamellites. These are foliated rocks, at least in the 1

zones peripheral to foci of invasion. The granitic

rooks are associated with extensive zones of felds-

pathization in many places with migmatitic areas of

mther bruited extent. In a number of places the

metainorphie grade ol surrounding rocks is affected for

several miles from the granite center. Pegmatites

'•ccur as a characteristic feature, and in these musco-

lite fas books) and garnet-bearing feldspars are well

developed. N© pneumatolytic deposits, typically con-

Meted with roany intrusive granites, have been rc-

'•urded Evidence for granitization rests mainly on

-enera! field relations, but is supported by some pctro-
|

Km hi: 14 Kflt|s|«ir |K>r|>hyrnl>|iiKix anil thin <|iin rf ic veins in

Mitllie srliist. \vc*t-ri'iitnil .liliill nl Artwad rune*".

graphical study. Several specimens examined show

protoelastic effects pointing to invasion during criistal

stress. Kecrystallization noted in several specimens

indicates phases of renewal of stress within the main

episode of regional metamorphism. Deformation of

cataclastic type is attributed to a later period of

mainly dynamic metamorphism.
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IWTMTECTOMIC GRANITE

Rocks assigned to the intertectonic class arc non-

foliate granites without extensive zones of metasoma-

tism or migmatization. They are further distinguished

from syntectonic granites by the absence or very

restricted development of associated pegmatites.

The later origin of intertectonic granites is indicated

by the fact that in the Mukayriis area these show

inclusions of dioritic rock which is clearly differentiated,

by the absence of any considerable degree of regional

metamorphism, from the mafic components of the Aden

Metamorphic Group. Evidence that syntectonic gran-

ite invasion was roughly coeval with metumorphism of

this group has been noted. It is therefore considered

that the dioritic rock and associated intertectonic

granite postdated syntectonic granite. The intertec-

tonic granites are characterized by cataclastic effects,

deformation, and shearing, which indicate emplacement

prior to a period of dynamic metamorphism; by this

they are distinguished from posttectonic granites.

Rocks of this group include calc-alkaline hornblende

and biotite granites, granodiorites, and syenites. They
are exposed in the Mukayras-Khawrah region, and

possibly also near Jabal ath Thanlyah in the Ramlat

as Sab'atayn.

Granite exposed in the Mukayras area is typically a

nonfoliate pink feldspar-hornblende-bearing rock, in

which the amount of biotite is variable but generally

small. Epidote is common as patches and bands in the

granite, and it lines shear planes. The granite is well

'dnted. A specimen from 3 miles northeast of Mukay-
, shows calc-alkaline granite with large phenocrysts

it ]ierthite and sodic plogioclase in a groundmass of

i>il> to, oligoclase, quartz, fawn-colored biotite, and
hoi 'f>nde. Plogioclase is partly epidotized. In the

same general area occurs hornblende odamellite in

which quartz plates are full of shatter cracks. Tra-

verses xiuthward from the central area of the granite in

the Mukayras area suggest a zoning from hornblende

granite through granodioritc and quartz diorite to

hornblende diorite. The impression gained in the field

was that the center of the granite is moro hiotitic than

li- rnblendic.

The relation of the granitic rock to dioritic intrusives

suggest that the latter predated the granite by a short

interval, and contamination by interaction with this

earlier more mafic rock resulted in hybridization.

Evidence of hybridization is seen in a specimen (A105)

from >ome f> miles northeast of Mukayras. This is a

hornblende microgranite containing perthitie plieno-

erysls and prisms of green hornblende, many of which

are zoned, with a core of blue-green amphibole sur-

rounded by darker hornblende. Darker patches in the

rock contain more abundant amphibole, and in these

perthite is absent. In a specimen (A 110) from 'Aryab,

2% miles east of Mukayriis, calc-alkaline granite passes

gradually into a quartz diorite.

In the Khawrah district, nonfoliate hornblende

granite contains inclusions of dioritic rock of the same
type as seen at Mukayras, and also contains inclusions

of older mafic metamorphic rock. A noteworthy

feature of the Khawrah district is the presence of n

number of reduced arenalike areas of subcircular shape.

These were first noted on aerial photographs. One of

the arenas, about 11 miles south-southwest of Khawrah,
was visited, and it proved to consist of syenite sur-

rounded by more resistant dioritic rocks. The diameter

of this arena is about 1 K miles. The outer surrounding

rocks are mainly hornblende-plagioclase gneisses which

pass inward to nongneissose quartz diorite and diorite,

into which the syenite was intruded. It seems probable

that the nonfoliate diorite was also intruded through

the older gneisses and is equivalent to the diorite of

Mukayras.

Altered granitic rocks from isolated small hills some
4 miles west-southwest of the northern ridge of Jabal

ath Thanlyah may perhaps represent intertectonic

rocks. Specimens show granodioritic types in which
quartz shows strain effects. Bent aetinolite laths

show a parallel arrangement that suggests incipient

schistosity.

FOBTTECTOWIC ORANTTE

Granites of the posttectonic class occur typically in

fairly restricted outcrops, generally subcircular in

plan, and they display evident crosscutting relations

with surrounding rocks. Contact zones of thermal

metamorphism arc narrow and distinct. Lineation, if

present, is such as may arise as a primary flow structure

during consolidation of a magma. In some places,

as at Nisfib and 12 miles southeast of Bayhiin, distor-

tion of basement-rock strike due to intrusion of granite

is seen. Posttectonic granites show strong, commonly
intense, jointing. Their weathering characteristics

contrast with syntectonic granite and associated gran-

itized rock, which in several districts, such as in the

§a'ld area, form upstanding margins to the much
reduced later intrusive rock. Some of these features

can be recognized on aerial photographs, but because

these granites in certain areas have been emplaced in

older granite, some of the characteristics noted may
be lacking.

Most of the posttectonic granites are of calc-alkaline

type. Determinations made for a number of these

indicate an apparently early Paleozoic age. Alkaline

granites of much restricted occurrence are probably

of Tertiary age.
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CAI<C-ALKALINE GKANITE

In the Lawdar-Madiyah district occur two varieties

of post tec tonic granite— a medium-grained gray rock

and a finer grained red granite whose coloration is due

to altered iron-bearing and limonitic stringers. These

rocks consist of microcline, oligoclase, and quartz,

accompanied by biotite and muscovite. In the granite

4 miles northeast of Lawdar, inclusions of biotite schist

and hornblende schist reach ureal dimensions of

90 by 30 feet and show sharp contact with enclosing

granite. Pegmatites are sparsely distributed and of

small extent. Quartz veins are numerous and appear

to be characteristic of posttectonic granite. Weather-

ing to exfoliated domes and kopjes and concentric

(onion-skin) weathering of boulders is well marked;
this also seems to be typical of later intrusive granites

rfig. 15).

Granite similar in composition and texture to the

granite in the Mudiyah district underlies the sandy

plain of Jawl as Salab to the southeast of Ni$&b and

constitutes most of the Jibal an Nislyln block northwest

of Xi$8b.

In the Bayban area, notably to the south and

northwest of the town, aerial photographs show a

number of subcircular depressed areas of light tone

and without lineations, surrounded by topographically

higher metamorphic rocks. By analogy with similar

features visited in the field, these are thought to be

intrusions of posttectonic granite. They are clearly

distinguishable from granitized rock, which shows a

foliation parallel with adjoining metamorphic rocks.

Some 10 miles northeast of Bayhan, in the W5dl al

Jif'iyah area, is a granite containing conspicuous biotite,

microcline perthite, and oligoclase (A201). The rela-

ti mis with adjoining schist suggest intrusion. The rock

Intiu- 14 '" granite. 6 mile* jtouth-aouthweet of Nl^ab.

JJI «TI O - •»

shows a faint lineation due to parallel orientation of

biotite flakes, but is not gneissose. Age determinations

indicate an apparent age of 552 m.y. (million years).

In the same general area gnoissir syn tec tonic granite is

recognized, into which the dated granite appears to be

intrusive.

A clear example of posttectonic granite is seen in the

BurQm area of E.A.P., where a medium-grained gray

granite is cut by dikes or bands of finer grained red

granite. Interlacing quartz veins are more commonly
associated with the later red fraction. Inclusions in

the granite consist mainly of altered hornblendic rock.

A specimen of this well-jointed granite (A257) shows

large areas of microcline perthite, zoned plagioclase, and

quartz. Partly chloritized fawn-colored biotite is con-

spicuous. Accessory minerals include sphene, zircon,

apatite, and iron oxide minerals. To the south and

east the granite is in contact with older volcanic rocks

of mainly andesitic type (fig. 16). The contact is

sharp, and where examined a thermal aureole about

12 to 18 inches wide is developed, the contact rock

being an andesitic hornfels with porphyroblastic horn-

blende. For about 100 yards from the contact leu-

cocratic granite and microgranite dikes cut the volcanic

rocks. The dikes are about 3-6 inches wide. Age
determination on biotite from this granite gives an ap-

parent age of 515 m.y.

At Jabal £ulm ash Shay bah, about 2!* miles north-

west of Ra's Husaysah, E.A.P., a granitic cupola in-

trudes older volcanic rocks, with the production of a

hornfelsed contact zone. In Wild I al Ghahar, E.A.P.,

some 3 miles northwest of Mudhanlyah-Al Ghahar wadi

junction, granite also intrudes older volcanic rocks. In

this outcrop, as at Mudiyah and BurQm, a finer grained

red feldspar variety is associated with a coarser gray

variety. No deformation effects have been noted in

thin section (specimen A249). Dating of this rock

gives an apparent age of 652 m.y.

Apart from those just mentioned, posttectonic gran-

ites of calc-alkaline type occur at §a'id (previously noted

in connection with syntectonic granite) and in Wiidl al

Kayfl, II miles south-southwest of Al Musaymir. The

Wad I al Kayfl rock provides a further example of later

granite apparently intrusive into earlier syntectonic

granite. A specimen of the Wiid I al Kayfl granite gives

an apparent age of 4K0 m.y.

ALKALINE GRANITE

Specimens proving to be alkaline granite wereobtained

from the northern part of the granite at Jabal al Munlf

in the Al 'Arutd area. It is not known whether all the

granite near Jabal al Munlf Is of alkaline type; varia-

tions in composition and texture observed in the field

suggest that some may not he. Calc-alkaline granite is
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I u-.vtar. 16.— Intrusive granite of Itn's Hurnni. B.A.1'. The sharp contact between the |Kwttectonlc granite (It and older

volcanic rock rJl is clearly .shown. Royal Air Force photograph, frown copyright reserved.

known to occur 2 miles northwest of the site of the alka-

line granite specimen. The latter (Al7) contnins ae-

girine, zoned and margined by acmite, and sodic amphi-

l>ole showing intense pleocliroism from deep blue green

to greenish yellow. Feldspar ((insists of albiti/.ed pla-

gioclase partly replaced by |>otassiutn feldspar, together

with large areas of perthitic potassium feldspar, also

attend. Quart/, is abundant. From (he same area,

nlkali-rnicrogranite with sodic amphibole was ohtained.

Alkaline granite also occurs about 2 miles north-

northeast of Mukuyras. A specimen of this (A10I)

slums riebeckite in a single-feldspar I perthitic otho-

rlnse] Rick. The extent of this alkali granite in an
area of predominantly calc-nUcaKne type was not

established. It is likely to be small.

The alkaline granite of .labal al Munif shows relations

with Cretaceous sedimentary and volcanic rocks of the

Aden Trap Series which strongly .-ugge.-st intrusion

through these rocks. It is considered that part, if not

all, of the Jabal al Munif granite mass was erupted

later than contiguous basaltic lavas, and is probably of

later Tertiary age. It is tempting to opine that the

only other representative of alkaline granite recorded

in the Protectorate, near Mukayras, is of the same age

There is no field evidence to support this assumption.

However, on the evidence from Jabal al Munif and on
general considerations of pet rogcnesis, both the alkaline

granites are tentatively regarded as younger than the

ealc-alkaline post tectonic granites.

It is of interest that Geukens (1960) described in-

trusive Tertiary granites in Yemen; and Karrenbcrg

(1959) mentioned alkalic and transitional types in

Yemen, which he also dated us Tertiary.

The alkaline granite may possibly be the product of

differentiation of basaltic magma, as these small and
conceivably shallow bodies at Jabal al Munif. us in
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Yemen, are associated with volcanic nicks that com-

prise a large proportion of mafic lavas. These latest

<rranites may thus he of different origin from the

majority of Aden granites.

MAFIC IKTRU8IVE8

A group of intermediate to mafic rocks show a mod-
erate degree of metamorphism, mainly of dynamic type,

resulting in shearing, deformation, and cataclastic

effects. Their metamorphic state is not compatible

with their having undergone the regional metamorphism
responsible for the conversion of intrusive mafic igneous

rocks tf) reconstituted gneisses and schists of the Aden
Metamorphic Group. Thus they are considered to

have been emplaced between the main period of regional

melamorpliisiti and a later period of dynamic mcta-

morphism which also affected rocks of Wildl al Ghahar.

E.A.P.. regarded a* latest Precambrian in age. The
intertectonic mafic intrusive* are generally imtifoliate

rocks. They appear to have predated, by a short

interval, the intertectonic granites; and by interaction

with the latter, contamination and hybridization re-

-ulted. This is mentioned in the section "Intertectonic

i:ranite."

Rocks of this group are recognized mainly in an area

approximately bounded to the east by a line from a

point 5 miles west of Nisab extending southwestward

along Wfidl Dura and continuing with some south-

eastward displacement along the escarpment of the

Kuwr al 'Awadhil to the locality of Mukayras. To
the west, the Yemen boundary limits observed ex-

r*.Mires. This area includes the towns of Mukayras
urid Khawrah. Intertectonic rocks are here associated

with metamorphic rocks of the Aden Metamorphic

Group, and in the Khawrah district, with limited

exposures of syn tectonic granite.

More limited occurrences of these rocks were recog-

nized in the Wad I al Jif'iyah area, 12 miles northeast of

Bayhan. and in WAdl Milh. 14 miles southwest of

I^awdar.

The rocks are mainly of dioritic and gabbroic type;

<iuartz diorite, or tonalite, is also recorded.

The relation of intertectonic rocks to older rocks of

'he Aden Metamorphic Group is illustrated in a number
>f exposures in the Mukayras pass. Kocks exposed on

•he Mukayras plateau consist of dioritic and granitic

plutonic intrusives cut by numerous dikes; toward the

x.iilhern edge of the plateau dioritic rocks contain

inclusions of hornblende schist. About 1 % miles north

'f the pass head is a t>elt of hornblende-plagiocla.se

irneiss interbanded with hornblende schist, and at the

lop of the pass these metamorphic rocks are intruded

by non/oJiate dioritic rock containing inclusions of the

older rocks; further descent of the pass proved alterna-

tions of intrusive and metamorphic rock, the proportion

of the latter increasing toward Thirah at the foot of the

pass. The rocks are much fractured, and shear zones

are common. Epidote is abundant, as streaks and

patches, in rocks of all types. Dikes of andesite-basalt

in this area contain inclusions of the intrusive dioritic

rock. The Mukayras pass section confirms the con-

clusion that dioritic (and granitic) rocks of the Mukay-
ras plateau belong to an intrusive phase post dating

the main regional metamorphic episode.

A specimen (A9K) from the Mukayras pass at an

altitude of 5,300 feet is a slightly metamorphosed

medium-grained diorite, in which turbid oligoclase is

the dominant feldspar. Prisms of amphibole occur,

together with more abundant actinolite. The rock

shows an epidote vein I mm thick. Shear lines and
schistose areas are conspicuous in thin section. Dark
fine-grained inclusions may be recrystallized basalt or

gabbro, possibly representing included mafic rock of the

Aden Metamorphic Group.

A specimen of altered quartz diorite, or tonalite

(A114). from the top of the Mukayras pass, contains

quartz which invariably shows strain effects; allanite is

broken by deformation, and shear lines are present.

A rock (A97) consisting of epidote and albite. r.'.i-

latter in turbid deformed crystals, occurs in the pass in

a zone of intense shearing and epidotization. This rock

could have been derived from metamorphism of an

anorthosite, and as the alteration shown is more intense,

it may possibly be a representative of an older meta-

morphic rock.

Thc Khawrah area consists largely of hornblendic

rocks, in which hornblende-plagioclasc gneiss and horn-

blende schist are associated with nongneissose dioritic

rock containing inclusions of the metamorphic rocks.

Field relations suggest that nongneissose dioritic rock is

of later intrusive type. It was not established what

proportion, if any, of the gneissose diorite represents

the result of dynamic metamorphism upon later in-

trusive diorite. Certain altered dioritic rocks in this

locality (for example, A151, from 2 miles southeast of

Khawrah), which contain apparently recrystallized

quartz together with amphibole after pyroxene, may be

derived by metamorphism of older gabbro accompanied

by granitization. Other slightly altered dioritic rocks

showing marked deformation are more certainly of the

intertectonic group.

In the Wiidi al Jif'iyah (Bayhan) district a restricted

outcrop of mafic intrusive rock occurs in a predom-

inantly granitic area. A specimen of this unusual rock

(A204) consists almost entirely of bytownite and horn-

blende. The rock has clearly been subjected to some

deformation, which has had little effect on the feldspar.
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Deformation cracks arc marked l>y lines of finely
j

granular hornblende and recrystallized fpldspar. The
rock is designated a deformed hornblende-gabhro.

Amphibole-phifriorla.se rock in Wild I Milh, which has

undergone a moderate decree of metamorphism, is

thought to belong to the interteetonic intrusive group.

Deformed amphibole rrystaLs show cataclastie effects.

Mineralogy and texture suggest derivation from a

uralitized and albitized gabbro.

UTti Mafic ihtidmohs

Intrusions of malic rork which appear to have under-

gone little or no metamorpliism. were seen in two areas

of the Western Protectorate. These are considered to

represent a probably limited phase of intrusion later

than the dynamic metamorphism which affected the

interteetonic mafic intrusive* and earlier rocks. Their

unmetamorphoscd state suggests an age later that) Pre-

cambrian, and possibly early Paleozoic.

On the west of the 'Ataq road, about 6 miles south of

'Ataq, are dark cone-shaped hills of gabbroic rock.

Petrographie examination proved uralitized gabbro.

which has a grain size of about 1 mm and in which

fresh unzoned labradorite is present. No deformation

effects were noted in this rock (A136). A mile or so

nearer 'Ataq, more outcrops of this rock are flanked to

the east by chloritic schists and metacalcareous rocks.

Partly uralitized leucogabbro occurs at Jabal al

Munlf, Al 'Anad. A specimen (A.'U) shows labradorite

enclosed ophitically in colorless pyroxene which is partly

converted to pale-brown hornblende.

In order to include all basemen t-rock units of the

Protectorate, two further groups, which occur only in

E.A.P.. must be considered.

OLDKR VOLCANIC ROCKS

A scries of volcanic rocks crops out over extensive

areas in the E.A.P., notably in the £ulm Bil Tha'lab
locality, some 19 miles north-northeast of Bi'r 'All; in

various areas along the coast and inland between Ra's ar

Rujaymah and BurQm, and in Al Mukalla area. Bcy-

doun (1961) described these rocks and named them the

Tha'lab Group.

In summary, they comprise a thick series of volcanic

tucks including olivine basalt, porphyritic pyroxene

and hornblende andesite, keratophyres, and soda

rhyolites; trachytes are scarce. Associated with the

lavas are pyroclastic rocks, ranging from fine ash to

co'iisp tuffs of lithic, vitric, and crystal type. The '

volcanic* are predominantly of andesitic composition.

Rocks of this group were examined in several localities

during the O.G.S. field survey. Specimens collected

included altered volcanic tuff <A2t>9>, albitized olivine-

ande-site (A2J19), and various porphyritic types. Scr-

pentinization and epidotizatioti are common features,

and amygdales infilled with epidote occur in many of

the lavas.

The older volcanic rocks have undergone intense

multidirectional cleavage and fracturing; although in

one locality, about 1 mile north of Ra's Muwaysah,
schistose hornblende-chloritc nicks occur, these n>cks in

general show the effects of dynamic rather than dyna-
mo thermal metamorphism.

In Wiidl Gharish, north of the port of Balhiif, tneta-

morphic rocks, including stanrolite-garnet-mica schist,

and schists showing polymetamorphism, occur some 15

miles from <Julm Bii Tha'lab, where older volcanic

rock were examined. The older volcanic rocks prob-

ably also occur very much nearer to Wild! Gharish, as

suggested from photogeological mapping. To the

southeast of Ma'bar, Wadi IJajr. quartzo-feldspathic

gneisses are contiguous to older volcanic rocks. It is

considered unlikely that the volcanic nicks cropping

out so near to regionally metamorphosed rocks could

have been exposed to the metamorphism which affected

the latter and yet remain so little altered. In this

connection it is noted that volcanic derivatives in base-

ment rocks (Aden Metamorphic Group) of Wiidl

Gharish and of W.A.P.. are reconstituted schistose

rocks. It is suggested that the older volcanic rocks

were extruded later than the main period of regional

metamorphism which produced the Aden Metamorphic
Group.

On the evidence of cleavage and intense fracturing,

the volcanic rocks predate a phase of dynamic meta-
morphism. This metamorphism affected mctasedi-

mentary rocks of Wiidl al Ghabar which, on the basis of

contained conglomerates with volcanic fragments, are

younger than the volcanic rocks and are thought to be

of latest Precamhrian age. The age of the older vol-

canic rocks might thus be somewhere between the date
of the main regional metamorphism and a phase of

dynamic metamorphism, possibly in late Precambrian

times.

It is suggested that the older volcanic rocks of E.A.P.

may be broadly coeval with the interteetonic inter-

mediate to mafic plutonic intrusives of W.A.P., which

also appear to be later than the main regional meta-
morphism but which have suffered deformation and
cataclasis. The question is then raised as to the condi-

tions which resulted in extrusive activity in E.A.P.

concurrently with plutonic intrusion in W.A.P. In this

regard it is noted that the lightly metamorphosed sedi-

mentary rocks of E.A.P. are not recorded in W.A.P.
That these younger metasedimcntary rocks have !>een

denuded from western areas, in what was a more ele-

vated part of the shield, and with them the equivalents

of E.A.P. extrusive.* seems a reasonable postulatiou.

It should be noted that Beydoun (1961) regarded the
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volcanic nicks it* the oldest exposed rocks in south-

western Iladhramut. Although the view just advanced

i- preferred, conclusions must he regarded as tentative.

OHARAH OKOUI'

Weakly metamorphosed sedimentary rocks exposed

in the Wadi al Ghabar area of E. A. P. have been de-

scribed by Beydoun (1900, 1961); he named them the

Ghahar Group, in which he also included rocks in

limited exposures in Wadi Minhamir (Wadi Hajr

basin, near Ma'bar) and in Wadi Ba'Aryat.

Rocks of Wadi al Ghabar were examined during

•he O.G.S. survey. In summary, the succession

includes the following, described in ascending order.

At or near the base is a purple conglomerate con-

taining pebbles and fragments of tuff, andesitic vol-

canic rock, chert, porphyry, crystalline limestone,

and quartzitie rock. (Pebbles of pyroxenite, diorite,

dolomite, siltstone, mudstone, and rare granite were

also recorded by Beydoun, 1961.) The sedimentary

-accession is considered to lie unconformably upon
• •Ider volcanic rocks, and volcanic pebbles contained

in the conglomerate appear to be identical with rocks

<>f this group exposed nearby.

Above the conglomerate are platy thin-bedded

limestones containing some gypsum, and chert layers

• verlie the bedding. These are succeeded by a series

<'f dolomitic rocks, calcareous sandstones, and sili-

cones with interbedded dolomite and gypsum layers.

Overlying these are sandy dolomites, massive cal-

careous quartzites, thinly laminated shaly rocks of

phyllitic character alternating with quartzites, and

limestones.

No fossils have been recorded in these beds, and shale

-ample*, tested palynologically were devoid of fossil

-pores.

The rocks of Wadi al Ghabar are commonly steeply

•lipping; isoclinal folding, and in places, overfolding,

i- present. Intense cleavage and fracturing of ar-

enaceous strata are seen, but the rocks show no

evidence of any mineral reconstilution.

Concerning the age and relation of the Wadi al

Ghabar metasedimentary rocks to other basement-rock

-'roups, the following points are noted. The low

dynamic) nietamorphic grade of these rocks contracts

-irongly with regionally metamorphosed nicks of

Wadi Gharish. some 25 miles to the west, and with

jneis-ic rocks of the* Wadi ^ajr area some 6 mile.s to

•i;e southwest. This difference could be due to depo-

-tii..ri of the Wadi al Ghabar rocks after the main

t'pi-odc of regional metamorphistn. Grounds for sug-

-•t-tin^ that older volcanic rocks of E.A.P. were ex-

mided later than this period of regional metamorphistn

have been noted previously. These volcanic rocks

evidently predated, at least in part, the Wadi al

Ghabar rocks; they underwent prior denudation, and
volcanic material so derived is incorporated in con-

glomerates of the sedimentary series. As the older

volcanic extrusive period is tentatively equated with

intcrtcetonic intrusive activity in the W.A.P.. de-

position of Wad! al Ghabar sediments is assumed to

postdate this phase. The sedimentary rocks were

subsequently affected by the widespread dynamic
metamorphism which produced deformation and cata-

clasis in all the basement rocks of the region, excepting

only the post tectonic intrusive rocks. A granitic

representative of the post tec tonic intrusive rocks,

exposed in Wadi al Ghabar, gives an apparent age of

562 m.y. This, together with the absence of any
recorded organic remains in Wadi al Ghabar rocks,

indicates a Precambrian age for the Wadi al Ghabar
rocks. To exactly which period of the Precambrian

they belong cannot be deduced. It is relevant, how-

ever, that age determinations on Saudi Arabian rocks

give no apparent age in excess of 1,000 m.y. (Brown
and Jackson, 1960). Determinations on basement
rocks from W.A.P. and the former Somaliland Pro-

tectorate, made by Snelling of the O.G.S. Age De-

termination Unit, have as yet yielded no apparent

ages in excess of some 620 m.y. (written coinui m .

1964). (The last date may perhaps reflect the latest

period of metamorphism in the region.) While these

result* do not provide direct evidence as to the age of

the exposed basement rocks of the Arabian shield,

they do suggest that t he rocks are of later Precambrian

age. Since the Wadi al Ghabar rocks appear to belong

to the uppermost basement rocks of the Protectorate,

it may be inferred that they are probably of latest

Precambrian age. Further, on the grounds of meta-

morphic grade, lithology, and relation to (older)

basement nietamorphic rocks, the Wadi al Ghabar
rocks may be tentatively correlated with the Fatima

Series of Saudi Arabia (Ivarpoff, 1957) and through

these with the Saramuj Series of former Trans-Jordan

(Quennell, 1951). This may also support the postula-

tion of a latest Precambrian age for the Wad! al Ghabar

metasedimentary rocks.

The structural relations of t he Wadi al Ghabar

rocks suggest that these may he preserved in down-

faulted areas. These rocks have not been recorded

in W.A.P. It is possible that they were not deposited

there; alternatively, and perhaps more likely, they

may have been removed by denudation. The pres-

ence of spilites and keratophyres in the older vol-

canic rocks of K.A.P.. possibly indicating formation

in a hasinal environment, accords with the idea that

metasedimentary rocks of Wadi al Ghabar may have
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been deposited in a structural depression originating

during the same general period of downwarping.

According to t lie views expressed above, metamor-

phie rocks of Wfidi Gtiarish are to be included in the

Aden Metaniorphic Gnmp that is widely exposed in

W.A.P. Older volcanic nicks of E.A.P. are considered

to be of later date and are correlated broadly with the

p'uise of intertectonic intrusive activity in W.A.P.

Rocks of Wad! al Ghabar (and associated members of

Beydoun's Ghabar Gnuip) are regarded as the latent

basement n>cks of the area, and probably of youngest

Precambrian age.

This interpretation differs from that provisionally

advanced by Bcydoun (I960, 1961). who suggested

that rocks of the Ghabar Group are to be correlated

with those of Wad I Gharish. a westward increase in

metaniorphic grade being due to regional tectonic

factors. Because the older volcanic rocks (Tha'lab

Group) predate Ghabar Group nicks, it would follow,

according to Beydoun's views, that these are older

than Wadi Gharish rocks, and as noted, Beydoun
regarded the volcanic n>cks as the oldest exposed nicks

of the area. On the basis of data obtained during

the recent O.G.S. survey, the interpretation advanced

in this report is preferred, but firm conclusions are

not justified.

Min-AMOHPHMM

At least two major phases of metamorphism have

been recognized in basement rocks of the Aden Pro-

tectorate, substantiated by clear evidence of polytne-

umorphism in petnjgraphic specimens. The main
phase was of dynamothermal (regional) metamorphism,
li t effects of which were significantly augmented by
r \ , usive and bniadly contemporaneous granitic in-

vum> is concentrated at a number of focal points over

the territory. An important phase (or phases) of

mainly dynamic metamorphism occurred at a later

date. I.iocal thermal or contact metamorphism is

recorded and is due mainly to later granite intrusion,

and to a lesser extent to dike intrusion.

Foliation is generally axial planar to isoclinal folds

and was caused by metaniorphic recrystallization

>i rain-slip cleavage attributed to the later period of

stress is present both in older metaniorphic n>eks and
later members of the basement complex. In the older

r.H-ks this cleavage does not obliterate previous struc-

ture-,, which are expressed in some places us contortions

of i urlier schistosity.

DYKAMOTHERMAL METAMORPHISM

The effects of dynamothermal inetainorphistu of

mainly meso/.onal type are expressed over a wide area

extending from southwestern Hadhrutnut to the vicin-

ity of Thawr al Bah:l in the west The highest grade

of metamorphism recorded Is that represented by the

staurolite-almandine subfaeies of the almandine-arn-

phibolite facies, us indicated in pelitic schists. Politic

representatives of this grade were noted mainly in the

eastern region; wadi concentrates fnun here show a few

grains of kyanite. No sillimanite is recorded.

Apart fnun some of the earlier representatives of

syntectonic granite, which may have undergone recrys-

tallization during phases of renewal of the main re-

gional metaniorphic episode, the nicks affected by
dynamothermal metamorphism constitute the Aden
Metamorphic Group. Pelitic nicks arc exemplified by
garnet-niuscovite-biotite schist fnun As Sufiil, Wiidi

tfabbiin. This rock, in which gurnet porphyro blasts

are common, shows polymetamorphism in the crumpling

of a previous schistosity, the presence of two genera-

tions of quartz and mica, and the bending of mica

mieroporphyroblosts. Garnet-staundite schist of Wadt
GharLsh. HA. P.. demonstrates relic bedding at a high

angle to schistosity. This is also seen at Al Musaymir
and elsewhere in the Pnitectorate.

Psammitic nicks interbanded with pelitic types show-

ing dynamothermal metamorphism include quartzo-

feldspathic schists and gneisses in which sericitization

is marked. Most of these are derived from quartzo-

feldspathic or arkosic sedimentary rocks; some may be

derived fnun altered granites. Other psammitic nicks

include widely occurring recrystallized quartzitc, quartz

schists, and garnet granulites of sedimentary origin.

A banded garnetifemus nuiscovite psammite from the

Xilsah area shows recumbent microfolds which indicate

that the banding results from pinched out similar folds.

Polymetaniorphism is again shown by contortion of a

previous schistosity.

Rocks of calcareous type, including those derived

from impure siliceous and magnesian limestone, are rep-

resented by tremolite schists, plagioclasc-diopside-

scapolite gneiss, phlogopite-tremolite marble, and widely

occurring crystalline limestone, many of which are dol<>-

mitic. Quartz-hornblende-epidote-chlorite schist fnun
Wadi Gharish, E.A.P. . represents metamorphosed im-

pure dolomite.

Amphibolitic schists and gneisses occur commonly
throughout the basement-nick areas and show a char-

acteristic hornblende-plagioclase assemblage, including

biotite and some garnet. These, together with horn-

blende schists, epidote-antinolite-hornblende schists,

and hrirnblende-chlorite-epidote schists, are considered

to result mainly fnun dynamothermal metamorphism
of malic intrusive and volcanic nicks, but some altered

calc-argilluceous sedimentary nicks may be represented.

Polymetamorphic effects, such as the breakdown <>f

hornblende under deformation, are shown in many of

the mcks examined. A diopsidc-plagioclase gneiss
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from the Kirsh area shows an assemblage indicating

an original mafic igneous rock, probably a banded

trabbro. A hornblende pyroxenite from Wadi Gharlsh,

E.A.P., is regarded as an altered ultramafic rock. This

nick shows deformation and hydro thermal alteration.

The basement rocks are subject to abrupt variation

in metainorphic grade; within short distances, in some
places within half a mile, rocks of the lowest greenschist

facies may be replaced by those of the almandine-

amphibolite facies. This variation might be accounted

for by the assumption that part of the Aden Meta-

inorphic Group is of later origin and was subjected to

metamorphism of epizonal type only; however, no

unconformities have as yet been recognized in the group

as at present defined. The observed variation could

alternatively be related to the incidence of syntectonic

granitic invasion, which, as noted, occurs at numerous
focal points.

Temperature elevation associated with gmnite inva-

sion is accepted as a major factor (if not the prime

cause) in metamorphism of higher grade, and in this

context it is immaterial whether emplacement is in the

form of magma or migma, or a combination of both.

There is evidence that metamorphism unaccompanied
by syntectonic granitization results in rocks showing

only a low (epizonal to lower mesozonal) grade of

alteration (see Read, 1957, p. 342-344).

FieJd observations show that syntectonic granites

form centers around which metosomatic alteration and

enhanced rnetatnorphic effects form approximately

radial zones. It is suggested that the observed varia-

tion in metamorphism of the basement rocks was

largely controlled by the incidence of granite invasion,

which caused elevation of the grade of initially low-grade

metamorphosed geosynclinal sedimentary rocks and

associated malic igneous rocks. Metacalcareous nicks

.ccur commonly in the Aden Metainorphic Group, and

these, with similarly widely occurring quartzites, form

resistant bands in many granitic areas. These rocks

may have formed barriers to metasomatism and

.'(unitization, thus contributing to the disparity in

metamorphic grade from one locality to another.

Polymetamorpbic and deformational effects seen in

<he rocks of the Aden Mctamorphic Group are probably

largely the result of a later period of dynamic meta-

morpliisni. There is, however, nothing to preclude such

dislocation metamorphism being in purt related to the

n:aui regional rnetamorphic phase, which would then

embrace both dynamothermal and dynamic effects, the

dominance of une or the other being related to the

incidence of granitic invasion.

There is some evidence of retrograde metamorphism;

for example, in certain pelitic rocks, it is suggested by

the breakdown of garnet that lacks crystal outlines and

is marginally altered to chlorite. Amphibolization of

diopside and other pyroxenes, epidotized pseudomorphs,

chloritized bio tile, and possibly some serpen Ionization

may also be attributed to this process.

DYNAMIC METAMORPHISM

In rocks of the Aden Metamorphic Group a later

phase of metamorphism is shown by contortion of

previous schistosity and in other effects of deformation.

Pctrographic study indicates that this later meta-

morphism was of epizonal type, of a grade appropriate

to the lower part of the greenschist facies.

By reference to the older metamorphic rocks alone,

it is possible to infer only that a renewal of stress oc-

curred, causing metamorphism mainly of dynamic type.

;

This might be attributed to a late phase of the main

I

regional metamorphic episode. The metamorphic state

i of later nicks suggests, however, that dynamic meta-

morphism occurred at a separate and later period.

Thus dioritic rock in the Mukayras district contains

inclusions of older metamorphic rock and is clearly of

later intrusive origin. As opposed to dioritic and gab-

broic derivatives in the Aden Metamorphic Group,

which are now represented by hornblende-plagiodusc

gneiss, hornblende schists, and similarly reconstituted

rocks, the later intrusive dioritcs and other intertectonic

rocks are characterized by deformation, cataclasis, and

shearing; they show no advanced regional metamor-

phism. It is clear that they were em placed after the

regional metamorphism but were affected by later dy-

namic metamorphism. The dynamic metamorphism

has also affected rocks of Wad I al Gliahar in K.A.P..

causing isoclinal folding, intense cleavage and fract uring.

but no mineral rcconstitution The Wad! al Glut ha r

rocks are considered to represent the uppermost base-

ment nicks of the Protectorate and to be of late Pro-

camhrian age. It seems clear that a phase of dynamic

metamorphism occurred toward the close of Precam-

hrian times

No evidence has yet been seen to support the assump-

tion of more than two main periods of folding. It is

possible therefore that the dynamic metamorphism

expressed in basement rocks over the whole area may
be attributed to a period of stress in late Precambrian

]

times. In this connection it is noted that age determi-

\
nations on metamorphic nicks of the Aden Metamor-

phic Group give no apparent ages greater than 620 m.y.

This may indicate a jK-riod of metamorphism at, or

shortly before, this date; that is. the apparent dating

may refer to the last main metamorphic phase.

Reference has already been made to the evidence of

dynamic metamorphism in rocks of the intertectonic
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intrusive group and in older volcanic rocks of E.A.P.

(sec under relevant .subsections of basement-rock units).

Table 3.— A/mn division* of the I

tin order to Hio.mi m»|ar plulornr lntrusl«-s. ilk.lin* rr»nil« of p«t Jur.M* ,.

Included P.«Uiir*«io«.,uu<ntl»ii«)ui nicks lire uml(t.-.ll

Thermal mctamorphism connected with the intru

sion nf granite plutons and dike rocks is demonstrated
j

in many areas. A noteworthy example is the result '

of post tectonic granite of the Burfltn area which

intrudes andesitic volcanic rocks. A thermal aureole,

some IS inches wide where examined, is marked by

andesitc hornsfels showing no directional fabric.

Thermal metamorphism of calcareous rocks is

illustrated by the occurrence of idocrase-wollastonitc

marble at Al'Anad. Calc-silicatc rocks and ophical-

cites are recorded from several areas, for example,

VVadl Milh southwest of Lawdar.

Thermal imposed upon dynamothermal metamor-

phism is indicated by such effects as biotite and other

porphyroblasts orientated across schistosity, as in

Wadi Abwar and Wad I Gharish, E.A.P

SYNOPSIS OF BABEMEMT-ROCK OEOIXK1Y

In the following account, rock groups are treated

as far as possible in chronological order; some inter-

pretation of the probable geological history is included.

The main divisions of basement rucks are summarized

in table 3. The area of basement rocks in the Pro-

tectorate is about 8,500 square mUes, excluding out-

crops of small extent at Ra's Sharwayn. By far the

greater part is exposed in VV.A.P. in two areas of

very unequal size. The main area is separated from

•' irassic and younger sedimentary rocks to the east

by a zone of faults that extend northwest from the

locality of Trqah. It is hounded on its northern

seririr by the Ramlat as Sab'atayn and the Yemen
border, and on the west by the Aden Trap Series,

from which it Is separated by a fault zone extending

northwest from a point in the coastal plain north of

Aden. The second and smaller area of basement rocks

lies to the northwest of Aden. It is Hanked to the east

and west by volcanic rocks and on the south by the

coastal plain; it extends northward across the border

into Yemen.

Apart from relatively narrow, elongate outcrops of

Jurassic and Cretaceous sedimentary-rock that occur

in die coastal region, the main basement outcrop is

corit-t>alcd over an extensive area by basalt flows

extending inland from the coast between Shuqrah and

Abwar.

In the Eastern Protectorate the main basement out-

crops occur in the Jibfil al Aswad to tlte northeast of

Mayfa'ah, and in the general coastal area between the

longitudes of Balbiif and Al Mukalla
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Orthogneiss of granitic composition exposed neiir

Thawr al Baha and in the Sa'Id and Xisiib areas is

thought to represent the oldest rock in the Protectorate

This older gneiss is apparently not associated with
surrounding rocks of the Aden Metamorphic Group,
and no inclusions of the latter have been found in tin-

gneiss. The older gneiss shows evidence of having
been invaded by later syntectonic granite. Evidence
as to the status of the gneiss is not sufficient to support

firm conclusions. It is tentatively suggested that the
gneiss represents a deeper thoroughly reconstituted

autochthonous gneissose granite, which formed n

massive block resistant to later tectonic stress,

Metamorphic mcks of the Aden Metamorphic Group
are the most extensive of the basement groups in

W.A.P. ; they also emp out in several areas of south-

western Hadhramut The group includes metamor-
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pbnsed sedimentary a"d mafic igneous rocks, some being

volcanic representatives.

Original sedimentary rocks were of arenaceous, argil-

laceous, and calcareous type and were of varying

purity. The sequence of depositional phases has not

been worked out, but alternations seem to have been

relatively rapid. Arenaceous rocks occur commonly

as belts and bands throughout the group. They are

represented by pure recrystallized quartzite, quartz-

sericite schists, quartzo-felspathic schists and gneisses

derived from arkosic sandstone, and schistose grit.

Phases of calcareous deposition are indicated by

widely occurring mctacalcareous rocks, including calcite

and dolomite marbles, ophicalcites and calc-silieate

rocks, and opidosites. Tremolite schists and plagio-

clase-diopside-scapolite gneisses are recorded. Crystal-

line limestone or marble bands may vary greatly in

thickness; thus, an aggregate thickness of several

hundred feet of this limestone at Jabal ath Thanlyah

may be contrasted with bands 4 feet thick in the

Nusah area. Metamorphism of impure siliceous and

magnesian limestone Is indicated.

Phases of argillaceous deposition are shown by the

widespread occurrence of pelitic rocks such as biotito

and muscovite-biotite schists. These commonly are

^ametifennis and may also contain staurolite, notably

in the eastern region.

Metamorphosed mafic igneous rocks, derived from

intrusions into the original sedimentary rocks, make
ip a large part of the basement complex. Amphib-

"lites. hornblende-plagioclase gneisses, and horn-

blende schista are widespread. Diopside, as well as

biotite and sparse garnet, is found in some of the

specimens examined. Metamorphism of gabbroic and

dioritic rocks is indicated. Altered ultramafic rocks

appear to be of very restricted occurrence; they are

represented bv hornblende pyroxenite of Wadi Gharlsh,

E.A.P.

Volcanic derivatives of mafic to intermediate compo-

sition are represented by epidote-actinolite-hornblcnde

schists, by hoiublendic. schists containing much epidote

and albitized plagioclase, and by chloritic green schists.

The altered volcanic nicks are apparently mainly of

andestic type, but altered spilites are also indicated.

Because distinction between metamorphosed mafic in-

trusives, volcanic derivatives, and impure calcareous

mcks is not often possible, the relative abundance of

;Kese components is in doubt.

The thickness of the Aden Metamorphic Group, as

estimated from the photogeological map, ranges

between 30,000 and 40,000 feet. This estimate is an

average of a number of sections, to which correction

for dip has been applied, but in view of uncertainties

as to the affects of folding and faulting it must be

regarded as little more than an informed guess.

Estimates for apparently comparable rock groups in

Saudi Arabia indicate thicknesses of as much as

37,000 (Bmwn and Jackson, 1960) or 50,000 meters

(Karpoff, 1960). For Egypt, Schurmann (1961) sug-

gested 7,000-12,000 meters (about 23,000-39,000 ft).

The metamorphic mcks are strongly folded, gen-

erally in Isoclinal folds of similar type. Planes of

schistosity and foliation dip generally but not invari-

ably at high angles between 30° and 60°. Belts of

very steep to vertical dip have been mapped, such as

between 'Ataq and As Sufal and parallel with Wadi
Dura in the region to the south of Khawrah. Com-
plicated fold structures, some involving overturning,

are present (these are referred to under "Structure").

Foliation commonly is parallel with the axial planes

of folds and with relic bedding, the latter being ex-

pressed by color banding or by mica- and garnet-rich

layers. In some places however, marked divergence

between relic bedding and foliation strike is seen, as in

Wadi Gharish and near Al Musaymir. The rocks

show clear evidence of polymetamorphLsm and were

evidently subjected to at least two metamorphic phases.

Of these, the main phase—of dynamothermal type

—

resulted in grades reaching that represented by the

almandine-amphibolite facies, as shown by |
>« -I i

:
j>

rocks with garnet and staurolite. Marked variation

in metamorphic grade is seen, however, and in some

areas metamorphic rocks of the group are represented

by quartz-chlorite-epidote rocks of the low greenschist

facies. This variation is attributed mainly to the

incidence of syntectonic granite invasion, a relation

between foci of invasion and elevation of metamorphic

grade being demonstrated in a number of areas. A

|

later period of metamorphism, of essentially dynamic

I type, resulted in rocks belonging to the lower greenschist

I facies. The main period of regional metamorphism is

! associated with Precainbriau orogenic moves whereas

I the later dislocation metamorphism is attributed to

directed stress in late Precambrian times, following

elevation and denudation.

Within the Aden Metamorphic Group as at present

defined, no unconformities have been recognized and

no great differences in overall composition are apparent

fnim one area to another. The variation in meta-

morphic grade possibly suggests the presence of a

younger upper division characterized by low-grade

(epiw.nali rocks. On the basis of present data no

major division of this kind could be upheld, however,

because variation in grade of metamorphism does not

provide a reliable criterion and is not necessarily related

to depth zoning.

The Aden Metamorphic Group is tentatively cor-
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related with the main part of the Medina Series of
i

Saudi Arabia (Karpoff, 1960).

Syntectonic granite is in aggregate outcrop area the :

most extensive of the Protectorate granites. It invaded i

mcks of tlie Aden Metamorphir Group, giving rise to

granitization and other metasomatic changes and affect-

ing the grade of metamorphism over extensive zones

centered on focal points of invasion. In summary, the

granite appears to be intermediate between para-

autochthonous and true intrusive rock, representing

purtly mobilized migma-magma bodies displaced up-

ward from katazonal levels. It is. in the main, foliated

or gneissose, but in part it is of homogeneous nonfoliate

type—the latter in the central zones. It is associated

with variably developed but generally relatively re-

stricted migmatitic areas. Extensive zones of feld-

spathization are a characteristic feature; these are

marked by feldspathic bands, which may show ptyg-

matic folding, and by feldspar porphyroblasts present

in country rock for considerable distances, commonly
several miles, from the center of invasion. Pegmatites,

hearing garnet and muscovite but apparently without

pneumatoly tic ore deposits, are found in the inner zones

;

quartz veins tend to occur mainly in the peripheral

zones.

Conclusions as to the origin of this granite are based '

on the sum total of field relations, textural character-

istics, and petrography. The granite is considered to

have been formed approximately coevally with the

culmination of the main period of regional metamor-
nhisni, to the effects of which the granitic invasion

materially contributed.

S>me major areas of this granite are S miles southeast

of A! Kirsh, 15 miles northwest of 'Irqah, 8 miles south-

we.-t f Lawdar, about 12 miles south of .\isab. and also

in Wruli Bana and Wadi Abwar.
Intertectonic igneous rocks are attributed to a phase

of igneous activity that occurred later than the main
period of regional metamorphism but prior to a period

of dynamic metamorphism which was probably of late

Precambrian date. The rocks are characterized by
(Htaclastic and other deformation effects but show
ii" evidence of higher grade dynamothermal
mciamorphism.

In W.A.P., intrusion of intermediate and mafic

plutunic rock was followed, probably after only a short

interval, by granitic intrusion.

Mafic igneous plutonic rocks Hre represented by

altered dioritic and gabbroic rocks, generally without

foliai ion but showing a partial development of schis-

tosity in some localities. In the Mukayras area

unfnliated diorite is intrusive into hornblende-phigio-

clase gneiss and amphiholite of the Aden Metamorphic
Group and contains inclusions of these older mcks.

The main outcrops occur in a broad belt between

Mukayras and Khawrah. More limited exposures

were recognized some 12 miles northeast of Bayhan
and in Wadi Milh, 14 miles southwest of Lawdar.

Granitic rocks of the intertectonic period form most of

the Mukayras granite area and include rocks described

as calc-alkaline granite and hornblende adamellite

(alkaline granite, probably of later date, has also been

found in the Mukayras area). That the intertectonic

granite of this area postdated mafic intrusions is shown
by the presence of dioritic inclusions in the granite,

and reaction between granitic material and somewhat
earlier mafic rock has resulted in contamination and
the production of hybrid rocks. On the southern

periphery of the Mukayras granite is some evidence

for progressive zonal changes, hornblende granite

passing through granodiorite to quartz diorite, or

tonalite. and finally to hornblende diorite. There is

also some indication that the central part of the granite

is more biotitic and less hornblendic than the peripheral

part. Further work is necessary to confirm this.

Intertectonic granitic rocks also occur in the Khawrah
district where nonfoliate hornblende granite contains

inclusions of dioritic rock, as at Mukayras. Deformed
syenite in this area is apparently intrusive through

diorites. Granodiorite cropping out near Jabal ath

Thanlyah is also thought to be of intertectonic type.

Both mafic and granitic intrusions of the intertectonic

period show the effect of dislocation metamorphism by
features such as deformed and bent crystals, deforma-
tion cracks, shattered and strained quartz, and shear

lines visible in thin section. Numerous zones of shear-

ing are seen in sections exposed in the locality of the

Mukayras pass.

Older volcanic rocks are exposed over extensive areas

in the Eastern Protectorate, notably at ?ulm Ba
Tha'lab, along the coast, and inland between Ra's nr

Rujaymah and BurQm. These consist of a thick series

of lavas including andesites, keratophyres, soda rhyo-

lites, and less commonly, trachytes. Pyroclastic rocks

are associated with the lavas. The rocks have been
intensely cleaved and fractured, and are serpentinized

and epidotized. They show little evidence of any
higher grade dynamothermal metamorphism and in

this respect contrast with volcanic derivatives in the

Aden Metamorphic Group which are reconstituted

schistose rocks. At least in part, the older volcanic

rocks predate the sedimentary rocks of Wadi Ghabar
and are intruded by later granites that show no defor-

mation (postteetonic granites). They are considered to

represent an extrusive phase approximately contempo-
raneous with the intertectonic intermediate mafic in-

trusions «,f the W A P. The absence of these volcanic

rocks in W A P. (as also of mctasedimentary rocks of

Digitized by Google



ADEN PROTECTORATE C37

Wadi Gbabar type) may be due to denudation in

earlier early Paleozoic times.

Lightly metamorphosed sedimentary rocks exposed in

E.A.P. in Wadl al Ghabar and in Wadl Minbamir and

Wadi Ba 'Aryat constitute the Ghabar Group of

Beydoun (1961). The composition of this group is

summarized on page 031. Salient features include

fa) the presence of volcanic derivatives in conglomerates

at or near the base of the group and in interbedded

tuffaceous horizons and (b) the presence of platy lime-

stones with gypsum indicating shallow evaporitic con-

ditions. Arenaceous rocks make up a large part of the

sedimentary assemblage. The presence of volcanic

derivatives which can be matched in older volcanic

rooks of the area supports the conclusion that the

Ghabar Group was derived by denudation of older

basement rocks of the region and was deposited in one

or more relatively restricted basin al depressions. No
organic remains have been identified within the group,

and shales tested palynologically proved barren.

The rocks of the Ghabar Group are strongly—com-

monly isoclinally—folded; over-folding and local thrust-

ing are recorded. Intense multidirectional cleavage is

present and arenaceous strata show marked fracturing,

but, with the possible exception of an isolated occurrence

of greenschists recorded by Beydoun in Wadl Ba 'Aryat

and attributed by him to small-scale thrusting (Bey-

doun, 1961), the rocks show no sign of mineral

reeonstitution.

The metasedimentary rocks of the Ghabar Group
appear to represent the uppermost basement rocks

of the region. On the evidence of age determinations

from undeformed and presumably later posttectonic

trranite occurring in Wadi al Ghabar and elsewhere in

the same general area, and on the absence of organic

remains, it is probable that the metasedimentary rocks

ore of latest Precambrian age. Their tentative cor-

relation with the Fatima Series of Saudi Arabia would

accord with this view. It also is probable that the

dislocation metamorphism undergone by the Ghabar

(Jmiip reflects a widespread phase of dynamic meta-

morphism which affected all the basement rocks of

t lie Protectorate toward the end of Precambrian times

and which accompanied the final orogenic moves in

the region. Subsequent moves were epeirogenic.

Posttectonic granite of calc-alkaline type occurs in

W.A.P. in the areas of Lawdar-Mudiyah, Jibalan

Jebel Nisiyfn, Sa'ld, NisSb, Bayhfin, and Wadl al

Kayfl (south-southwest of Al Musaymlr) ; and in E.A.P.

at BurQm, Zulm Ash Shaybah, and Wadl al Ghabar.

These granites show no significant deformation or

cutarlastic effects, and in a number of places form

discrete crosscutting intrusions with well-marked ther-

m*J metnmorphic aureoles, as at BurQm. These are

clearly high-level plutons. At BurQm, Wadi al Gha-
bar, and Modiyah the intrusions are composite, a

coarser gray granite preceding'a finer red type.

Determinations made on granite from Wadl al

Kayfl, Wadl al Ghabar, BurQm, and a locality some
10 miles northeast of Bayban indicate an early Pale-

ozoic age.

Intrusions of mafic plutonic rock, which do not ap-

pear to have undergone significant metamorphism, in-

clude uralitized gabbro of the 'Ataq area, and leuco-

gabbro of Jabal al Munlf, Al 'Anad. These rocks are

of uncertain age; they may perhaps be connected with

the phase of intrusive activity expressed mainly in

posttectonic granites. The rocks of this group are

referred to as later mafic intrusions.

Alkaline granite occurs at Jabal al Munlf (Al 'Anad)

and on the Mukayras plateau near Mukayras. At

Jabal al Munlf aegirine-riebeckite granite is intrusive

into the volcanic rocks of the Aden Trap Series, of

Late Cretaceous or Tertiary age. The riebeckite

granite of Mukayras cannot be dated in this way, but

on petrogenetical grounds it is tentatively equated in

age with the Jabal al Munlf intrusion.

Dikes of both silicic and mafic rocks cut rocks of

the Aden Metamorphic Group in many localities. The
dikes commonly show a moderate degree of metu

morphism in which effects of deformation are prom-

inent. Typical of such rocks is a 30-foot-wide dike

of altered dolerite which cuts garnet-staurolite schist

in Wadi Gharish, E.A.P. Pyroxene in this rock Is

largely uralitized and shows deformation, as do the

slightly bent feldspars.

In the Mukayras-Khawrah region dike rocks are very

common. They are of doleritic and andesitic composi-

tion, and occur with felsites and quartz-feldspar por-

phyries. The dike range in width from about 6 to 150

feet. An altered dolerite cutting granite some 2 miles

north-northeast of Mukayras has undergone incipient

greenschist metamorphism, and bent pyroxenes demon-

strate the effects of stress. A porphyritic granophyre

dike in the same area contains quartz full of shatter

cracks. Many of the dikes in the Mukayras area are

later than the dioritic and granitic intertectonic rocks

in which they occur, as shown by chilled margins

against the granite and by inclusions of dioritic rock in

andesite dikes of the Mukayras pass.

Dikes affected by moderate dynamic metamorphism

are considered to be of Precambrian age. They may
have been intruded at various periods, but the great

number of dikes associated with intertectonic rocks of

the Mukayras urea suggests a major phase of dike em-

placement connected with, and probably representing,

a late phase of intertectonic igneous activity.

Dikes of microgranite and aplite, associated with
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areas of granite throughout the Protectorate, are con-

nected with one or another of the granitic invasive

phases.

In addition to dikes showing some degree of meta-

morphism, there are those in which no sign of altera-

tion can he detected. Apart from dikes associated with

the vulcanicity of the Aden Trap Series in the west of

the Protectorate, none of these dikes is seen to cut

Jurassic or later rocks. The undefonned dike rocks

may thus he dated as pre-Jurassic, and probably of

later than Precambrian age. These may be connected

with lower Paleozoic granite intrusion. Dikes cutting

the metasedimentary rocks of Wadi td Ghabar would

fall into this category.

With regard to the history of the basement rocks the

following interpretation is tentatively advanced.

The metamorphosed sedimentary rocks of the Aden
Metamorphic Group represent geosynclinal deposits

folded and metamorphosed during a Precambrian

orogeny that was accompanied by broadly contempo-

raneous igneous activity. Interhedded metavolcanic I

rocks indicate extrusion of mafic to intermediate lavas,

including some of spilitic type, during the geosynclinal
|

phase of tectonism. Partly synchronous with this, and !

before the main period of regional metamorphism,

intrusion of mafic, and more rarely, of ultramafic

phi tonic rocks occurred. This was followed by syn-

tectonic granite invasion and granitization during the

culminating and late phases of the main metamorphism.

A later phase of mafic to intermediate igneous activity,
;

represented by intcrtectonic igneous rocks, probably 1

accompanied, and in part followed, elevation of the

compressed zone. Mafic intrusions of this phase were
soon followed by granitic intrusions, giving rise to ;

contaminated or hybrid nicks in some areas. Follow-

ing the phase of intertectonic igneous activity, renewed

elevation of the compressed and metamorphosed
geosynclinal rocks took place. This uplift was ap-

parently intermittent, with periods of stillstand and
concomitant local downwarping. Sediments of the type

represented by the Ghabar Group were deposited at

this time, probably in more than one basinal area of

fnirly restricted extent. No attempt can he made to

ileline the locale of basin development, hut it is likely

that sediments of the Wsldl al Ghabar type were also

deposited in W A P. (as in other regions of Arabia and
S< in ililand) and were subsequently removed by denu-

diiw' h. Stress accompanying the last Precambrian

orojiiMiic moves resulted in widespread metamorphism
of cpizoual type which affected all Precambrian base-

ment rocks.

The peneplaned basement rocks of the Protectorate

are unconformably overlain by Jurassic and younger

rocks, beneath which the basement rocks are weathered

to depths of at least, ti feet. Prior to the deposition of

the sedimentary cover, the basement rocks underwent

one or more periods of planation, and it is clear, from

the metamorphic state of the basement rocks and the

presence of exposed intrusive rocks, that a cover of

considerable thickness has been removed. Regarding

the nature of this cover, in relation to older meta-
morphic and intrusive rocks, there is no difficulty in

inferring a cover of Precambrian rocks. However,

other conditions must bo satisfied. The Ghabar Group
of metasedimentary mcks, representing the uppermost

basement rocks of the Protectorate and regarded as of

latest Precambrian age, are intruded by dike rocks.

This indicated the presence of a superincumbent cover,

since removed. Also, although in Aden Protectorate

post tectonic granites (dated as early Paleozoic by radio

active age determinations) do not cut the Ghabar
Group, in foimer Somaliland Protectorate granite of

similar ago (I^as Bar Granite) Is intrusive into the Inda

Ad Series, which is probably to be correlated with the

Ghabar Group. It is likely that in Aden Protectorate,

cover rocks younger than the presently outcropping

Ghabar Group were present at the time of early

Paleozoic granite intrusion. It is possible that an

additional thickness of latest Precambrian rocks pro-

vided this cover, but the conditions under which the

Ghabar Group sedimentary rocks appear to have been

deposited do not suggest that the original thickness of

this >:roup could have been sufficient. The possibility

of a cover of volcanic rocks must be considered. The
presence of Paleozoic sedimentary rocks in central

Arabia and Oman and the presence of presumed Cam-
brian sedimentary rocks upon the equivalent of the

Ghabar Group in Jordan (Saramuj Series), however

render it at least as likely that the Paleozoic sedi-

mentary strata extended over the Aden Protectorate.

This may be supported by some evidence from Yemen,
where Geukens records a small outcrop of apparently

Paleozoic metasedimentary rocks (Geukens, 1960,

p. 162). Epeirogenic elevation and tilting of the

Arabo-N'ubian shield, with which posttectonic igneous

activity may be connected, would result in the denuda-

tion of this lower Paleozoic cover. The date of the

planation(s) of the basement rocks remains, however,

conjectural.

RRUIONAl. CORRELATION OF BASEMENT ROCKS

A review of the data on regions surrounding the

Protectorate reveals significant similarities in the com-

position and history of development of basement rocks.

Basement rocks occurring in southeast Yemen, which

comprise granite gneiss, strongly folded mica schists.
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amphibolites, and quartzites, were referred to the Pro-

rambrian by Geukens (1960) and equated with Kar-

poff's (1957) Medina Series of Saudi Arabia. In

northern Yemen. Geukens recorded at least two groups

<<f folded rocks separated by an unconformity. The
I'lder more extensive group represents the Medina 1

Series, and the upper series, of folded conglomerates,

altered arkose, and quartzite, is the equivalent of ,

Karpoff's Fatima Series.

Geukens concluded that the Medina Series underwent

regional metamorphism during which important granite

massifs were emplaced, These massifs were peneplaned

and covered by equivalents of the Fatima Series.

Traces of these remain only in the northwest part of the

nvjntry. In contrast to the north strike of the older

basement, a less important east-striking folding was
imposed on these rocks.

Rocks of possible Paleozoic age were recorded by
Geukens in a locality east of Sa'da, where a limited

i.umber of outcrops of slightly graphitic phyllitic rocks

are distinguished by their metamorphic state from

"!der basement rocks and from Jurassic rocks. Geukens
considered it probable that the Paleozoic (Cambrian to

>ilurian?) transgression of Saudi Arabia extended into

Yemen.

Karrenberg (1956) recognized that many of the

granite and dioritic blocks of central and southern

Yemen are of younger intrusive origin, emplaced in

I pper Cretaceous to Tertiary volcanics. Most of these

are of alkalic type, although calc-alkaline rocks also

orcur. Karrenberg concluded that the granitic in-

'nisions are of Tertiary age, and being connected with

•i 2raben zone, they are not to be regarded as genuine

plntonic rocks; rather, their occurrence under the same
structural conditions as give rise to vulcanism lead to

their being termed "volcono-plutons." The granites

are said to be without mineral veins or zones, and were

ri'.t associated with tectonic movements. A causal

"innection between the sinking of the Red Sea graben

ami the development of silicic from initially mafic

magma is assumed, and it is thought that the granites

iimy have been formed at relatively shallow depths.

Alkaline granite of similar age occurs in WAP
SAUDI ARABIA

KarpofT (1957, I960) regarded the folded basement
•^oks of the Arabian Peninsula as being everywhere of

Atitecamhrian age and he considered peneplanation to

hue occurred well before a Cambrian transgression.

Basement rocks are divided into an older Medina
vrics and a younger Fatima Series; the existence of a

third more ancient group is suggested by the presence

f pebbles of gneiss and granite in the Medina Series.

The Medina Series includes dark lavas, mainly of

andesitic type, volcanic breccias, tuffs, and conglomer-

ates; original sedimentary rocks are represented by
various schists, amphibolites, marble, quartzite, and
conglomerate. Migmatite and gneiss were also re-

corded. Granites of various ages crop out in the series

;

diorites, gabbros, and serpentines are of relatively

restricted occurrence.

Between Riyadh and Jiddah the Medina Series was

said to be possibly more than 50 kilometers thick. It

has undergone varied degrees of metamorphism re-

sulting in rock types ranging from chlorite schist to

migmatite. The folding was said to be mainly simple,

with schistosity parallel to stratification. Dominant
strike directions approximate northwest and northeast,

and this is also the general orientation of fold axes

although some folding on north-south axes was recorded.

The Fatima Series consists of volcanic rocks, striped

slates or schists, limestones, and abundant arkose and

conglomerate. In the type area of Wodi Fatima a

partial thickness of at least 500 m was recorded. The
series is separated from the underlying Median Series

by a major unconformity and the two groups ore

further distinguished by a contrast in metamorphic
grade, which for the Fatima Series does not exceed

that appropriate to the lower groenschist facie- The
younger age of the Fatima Series is supported by the

presence of Stromatolitea at three horizons in slightly

altered limestones. Folding is orientated from north

to east-southeast; northwest fold directions are not

known. The "schistosity" present in some of these

slightly altered beds is in places oblique to stratifica-

tion. The age of the series was said to be certainly

pre-Maestrichtian, and probably Precambrian.

The following correlations were tentatively proposed

by Karpoff. The Medina Series was equated with

the Aqaba Granite Complex of Jordan, the Atalla-

Mitiq Series of Egypt-Sinai, and the Xafirdcib Series

of Sudan. The Fatima Series was correlated with the

Saramuj Series of Jordan, the Hammamat-Dokhan-
Ferani of Egypt-Sinai, and the Awat Series of Sudan.

The Saq Sandstone of northern Arabia was equated

with the t^uweira Sandstone of Jordan, and both

were said to be of Cambrian age. (With reference to

the age of the Saq Sandstone, Steineke, Bramkamp,
and Sander (195S) recorded that ( 'ru:iana-\\ko tracks

are present in the upper part, but no diagnostic fossils

have been found. They further stated that rocks of

Cambrian age occur in the Al'Aqabah-Dead Sea area,

dated by fossils, and that the Saq Sandstone has not

yet been traced laterally into fossiliferous Cambrian

rocks. The Saq Sandstone was. however, considered

to represent the approximate lateral equivalent of

CjuenueH's (1951) combined Quweira, Ram, and I'm

Sahm Series; these in turn were considered by Quennell
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to include beds equivalent to the fossiliferous Cumbrian

rocks.)

Brown and Jackson (1960), in describing the seg-

ment of the Arabian shield in the highlands of western

Saudi Arabia, noted gneissoid belts having no apparent

intrusive relations with adjoining beds, which may
represent the oldest rocks exposed (compare older

gneiss of W.A.P., p. C14). Most abundant of the

granitic rocks arc granodioritic and adamellitic types,

mainly in synkinernatic concordant batholiths. Age

determinations for synkinernatic granodiorites and re-

lated rocks indicated an apparent age of 1,000 m.y.

Batholiths and stocks of calc-alkaline granite showing

both concordant and discordant features were dated

at about 710-750 m.y., and quartz diorite was dated

at about 820 m.y. Injection granite about 600-640

m.y. in age was recorded. Soda-rich granitic, syenitic,

and rhyolitic rocks occur as plugs, stocks, and ring

dikes; these rocks are apparently unmetamorphosed

and undefonned ; a wide age span is suggested and

periods of vulcanism of middle Paleozoic and early

Tertian- date may possibly be represented. Small

intrusive rocks of younger diorite and gabbro were

reported in the foothills near the Red Sea rift zone

and were referred to as late mafic rocks. (Comments
on the age determination figures cited above are in-

cluded in the section on "Age determination results.")

The Hali Schist Series, considered by Brown and

Jackson to include the oldest metamorphic rocks, ap-

pear to be lithologically comparable with members of

the Aden Metamorphic Group. The Baish Green-

stone and Lith Complex, including greenstone, meta-

diorite, metagabbro, and amphibolite, may correspond

t» metamorphosed igneous rocks in the Aden Meta-
n.ui phic Group. The Halaban Andesite Group of the

cent nil and northern Arabian shield area consists of less

metamorphosed intermediate and silicic volcanic rocks

with intrusive intermediate and mafic rocks. These

appear to correspond to interlectonie igneous rocks of

Aden Protectorate. Broun and Jackson equaled their

Fatima and Abla Formations with KarpofPs Fatima

Series. These slightly metamorphosed beds, occurring

in isolated basins, were said to be gently folded, and

were referred to the Prccambriau. They are separated

fnmi underlying rocks by an obvious unconformity.

EOTTT

S. I.urmann (1961) considered the Precambrian rocks

of tip' Ked Sea region to belong to the youngest con-

solidated rim of the African cratonic shield. He com-

pared them with the Kiphcan of Russia (Sehatsky.

1960), which in the Ukraine is dated as about .

r>70 6.W

m.y and lies beneath unconformable fossiliferous

Lower Cambrian. Reviewing results of age deter-

minations, Schiirmann suggested that the rocks of the

Red Sea region are generally about 600 m.y. old and

thus contrast with the Precambrian (Archaean) of

the older parts of the African shield. He recognized in

western Saudi Arabia and the Eastern Desert of Egypt

two eugeosynclines, or two parts of one larger geosyn-

cline, in which intense folding in the center gives way
to block faidting on the shallower rim. Granitiza-

tion and migmatization of katazonal sedimentary rocks

in the center of the trough were recorded.

From Schiirmann 's account of the older rocks of

Egypt, a tentative correlation with the Aden Protecto-

rate rocks may be attempted. This is summarized in

table 4. The Shaitian (syntectonic) Granites of Egypt

appear to be the counterpart of Aden syntectonic gran-

ites; similarly the older Gattarian of Egypt, composed of

granites and dioritic rocks, may perhaps be equated

with inlertectonic intrusive rocks of the Protectorate.

The older Gattarian rocks are separated by an uncon-

formity from overlying Hammamat Series, which was
equated by Schiirmann with the Saramuj Series of

Jordan and with the Inda Ad Series of former Somali-

land Protectorate.

A general correspondence between the Precambrian

of Egypt and that of Aden Protectorate is also apparent

from Said's (1962) account of Egyptian rocks, from

which may be noted the statement that regional

metamorphism of original sedimentary rocks was ac-

companied by metamorphism and granitization, result-

ing in Shaitian granites.

EASTERN ADEN PROTECTORATE

Iii an account of the stratigraphy and structure of

Eastern Aden Protectorate, Beydoun (1961) described

basement rocks cropping out mainly in southwestern

Uadramawt and also at Jabal ath Thanlyah near the

Yemen border. A group of older volcanic rocks, named
by Beydoun the Tha'lab Group were considered by him
to represent the oldest exposed rocks in E.A.P. A
series of sedimentary rocks with some volcanic rocks,

which have undergone regional metamorphism to the

albite-epidote-amphibolite facies reaching grades with

garnet and staurolite as index minerals, occurs in the

Gharish-Madbi area of E.A.P. This series represents

Beydoun's Gharish Group, comprising various schists,

amphibolites. quartzites, and marbles. Beydoun sug-

gested that the Gharish Group may be equivalent to

virtually unmetamorphosed nicks of the Ghabar Group
that crop out some 40 km to the east. The transition

cannot be followed in the field but is attributed to in-

creasing metamorphism from east to west.
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Table 4.— Tentative correlation of basement and certain other rock units of Arabia and bordering region*

Aden Protectorate
Egypt Foerner^Trans-

Western Eastern
i'roctorate

Tertiary

Representtlves of

Late Alkallc Rocks

(Brown and Jack-

son. I860).

Granitic Intrusions

mainly of alkallc

type (Karrenberg.

1866)

Tertiary i'i plulo

num (lllg&iy and

F.l Honily. cited

by Schdrmann.
1961 1.

/Wt«f«me eair-attafme fremiti Pastteetonlc Oranltea

iKarpofT. 11X10).

Repraentatlvm of

Late Alkallc Rocks,

including granite.

Shammer Rhyolite

1 Brown and
Jackson, 1860)

Certain intrusive

Granites

(Gtukens. I860)

Posttcrtonic "Young-
er" Granites includ-

ing l.us Bar. Ariz,

and l*) Daimolrh

Younger Gattnrion

18611.

Cunbcian

San, Sandstone

(Stctnoke.

Brarnkamp, and
Sander, lS&s).

Pakwtoict?) phyl

lltle roe*

lOeukens. I860)

Quwelra Series,

mainly arena-

eeous and oon-

klomeratlc

(Quennell, 1861).

Crecamt.etan

Gliabar Group
(Beydoun. 1961).

Fatlma Sertra

(KarpolJ. 1867.

1*60). Fallma and
Abla Formations

Jackson. I860).

Fatlma Serins

aqoiTalentS

(Craukans. I860).

Inda Ad Sena liammamut Serves

iSchurmann.

19611

Aaramu] Ser#s

iQuennctl. lttf.1:

1

1

I

1

totkt

Intermediate

mafic Intra-

s»ns folkmed

by granitic In-

trusion* Ilr-

brld rocks of

Mukclras-

Khawrah-

/nlrrtedoalr l«n»iM

rocta

Older Toloanic roclu

(equal to

Tlialab Oroup
of Beydoun,

1961)

i

j 'pri pari hi rvif*<Jinii

Serins (Karpofl,

I860). Calc-alkallne

aranite Series and

CiirnpoDBUU of

Medina Sttrks

equivalent* as de-

scribed by

aeuken»(I860).

intrusions folloard

by itranile Intra

slons (Mason ami
Warden. 1W6.

Oellatly, 1860)

Hybrid granlte-

gabtaro; Sheikh

gabbro (Hunt.

Older Gattarian

—

eranlte and dlo-

rlllc rock.

Dokhan Series

1861)

(?jl*afjk trnnilr nf

A-i i!ia flntfiilc

iQueuivil. iwi i

Sfnltttentt gnntu
Ccsneordant granites and tranitucd

rocks, approximately coeval with the

main phase ol regional roetamor-

-

8yntectonic Granite

{Karpofl, 1*47).

<?)Syntectonic

granodloritke and
related rocks

Granite maaalls

emplaned during

regional meia-

rnorphum
iGeukens. 19W

Synorogcnlc Granite

iGellatly. I860)

Metasnmatir

granite < M*.«>u

ami Warden. 1««|.

Shattlan Granite

Granodiorlte. fo-

liated In part

iSchurmann.

1861). Mctaso-

maltsed Older

iShaitlan)

Granules iSaid,

1863)

Gray Or»nUr of

Agob* liranUx

1
t

r
- laen MrlamorpkK G'roup The nm)or part of Medina Serif* MeUmorpluc rncks

of the Basement

Cuni|.>lei-ineu<

morphosnl se.|l-

menlary, volcanic,

and nunc ici-nou-

rocks including

Kiilahs. HudiM<

SrrU-< illunt.

Old I'arosrhlsts

rank.* Alullii

Srrirs— iiM'tamor-

|*lnM<rl M^lUnen-

liiry :»nil vnlranira

j .

i'irni,,rri,

, . ,

Metamorplu>'

rocks oMIk-

Agaba Granite

i nil ;: V

iyu«it>ell. 1861 )-

.

tiiry iin.l malic igneous rocks, and

volrunk representative*, including

Hey.loun's il»li Gharlsh and
Tluuiiya Grouiw

l Kan»IT I8UI)

Hall Hchwt. and

Balsh Greenstone

and Lilh Complex
( Brown and

Jackson, ISM)

equivalents

Hieukens. WW)

.i/..«r

< >hler (incw '?jEv>dcnce of

Older ODCtn id

pcbhUa

Orthtignctss of Gm-iM
belts (Brown and

Jackson. llMHti

(ililrr Unum.
HueUs,

I)a.ir).M-li.'i :«r:- -,

mainly grnciwic

(Itiiniic Hunt,

!<»,;, .,

MM r-relran

ort!iinroiM»

fUrruirmana,

1861)
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Metarnorpliic rocks exposed in the area of Jabal titli 1

Thanlyah were named by Beydoun (HXil) t lie Thaniya
j

Group, He noted tluit Thaniya and Gharisli Gruup
j

rocks represent about the Mime grade of metainorphism

and suggested that the two may be lateral variants.

However, on the grounds that the thick-bedded cal-

careous rocks of Jabal ath Thaniyah arc absent in Wadl
Gharish, he l>elieved that the Thaniya (iroup may rep-

resent an older .sedimentation that marked the start of

a sedimentary evele later completed farther south in

E.A.P. and W A P.

Slightly metamorphosed sedimentary rocks occurring

in Wadl al Ghabar and elsewhere in this locality were

named the Ghabar Group. These are described on

pages (Ml-t \t2. At Wadl Minbamir a basal formation

of the group, consisting mainly of pyroclastie material,

rests unconformable- upon Tha'lab Group volcanic

rocks. Isoclinal folding of the sedimentary rocks is not

accompanied by any mineral rceonstitution.

Beydoun considered that formation of the volcanic

Tha'lab Group mainly predated deposition of the

Gharisli and Ghabar Groups, but suggested that

deposition of the Thaniya Group may have been initi-

ated before the extrusive activity and that deposition

and extrusion may have then proceeded concurrently.

Volcanic rocks in the upper part of the Thaniya Group
were thought possibly to relate to the same period of

vulcanicity as resulted in the Tha'lab Group of south-

western Ha<iramaut.

The exposed basement rocks of E.A.P. are assumed
|

to rest upon an older metarnorpliic series exposed to the i

west, which in turn overlies a more massive basement
|

assemblage that is not exposed. A tentative correlation I

of W.A.P. basement metarnorpliic rocks with the
|

Medina Series (of Saudi Arabia) was suggested by

Beydoun (1961 J.

The tentative conclusions reached by Beydoun are

supported by further observations too numerous to

recount here. Following the study of the W.A.P.
basement rocks made in the recent survey, however,

the present authors are led to suggest alternative rela-

tionships for the E.A.P. basement groups. Reference
to the Tha'lab Group volcanic rocks is made elsewhere

in this contribution (p. ( '40), where reasons are given for

disputing from the view that these rocks predated

regionally metamorphosed rocks of the area, and for

sii/_. ting their equivalence to the inlertectonic igneous

rock of W A P, The metarnorpliic rocks of Wadl
Ghan-li appear to be similar in all respects to those

expose. 1 over wide areas of W.A.P.; they are therefore

included in the Aden Metarnorpliic Group. Although
the last is to be tentatively correlated with the Medina
Series (as remarked by Beydoun). the metasedimentary
nicks of the Ghabar Group are thought to be of latest

Precambrian age and to be equivalent to the Fatima

Series of Saudi Arabia.

FORMER BOMALILAXD PROTECTORATE

During the last decade, much work has been done on

the basement rocks of this region, most of which is

recorded in published and unpublished reports of the

former Somaliland Protectorate Geological Survey. No
generalized account has been seen, but a review of the

work of various authors discloses several points on

which a fair measure of agreement exists. The follow-

ing synthesis results from interpretation of their

reports.

Pre-Jurussic rocks may be initially divided into two

major classes, namely, an extensive series of igneous and
metamorphic rocks and a more restricted series of

lightly metamorphosed sedimentary rocks typified by
the Inda Ad Series of the northeast coastal area.

Reference to basement rocks in the following discussion

does not include the Inda Ad Series unless specifically

stated.

Basement rocks of former Somaliland Protectorate

contain a large proportion of metamorphosed sedi-

mentary rocks including psammites, pelitic rocks, and
metacalcareous rocks. Psammites appear to be domi-

nant, and observations in several areas suggest that

these may be basal to the metasedimentary succession,

being followed by pelitic or semipclitie rocks. At least

in some areas, metacalcareous rocks are sufficiently

concentrated at higher levels to warrant, postulation of

an uppermost limestone series, for example, in the

Hargeisa District (.1. L. Daniels, unpub. data, 1959).

However, marble and other metacalcareous rocks are

distributed throughout the succession.

The widespread occurrence of plagioclase amphibn-
lites in metamorphosed sedimentary rocks, notably in

the pelitic series, is fairly generally agreed to indicate

altered mafic intrusive rocks, and these for the most
part were intruded prior to regional metamorphism
(J. E. Mason, unpub. data, 1954). Representatives of
metamorphosed mafic volcanic rocks have been re-

corded in the pelitic series, and in the Borama District

Mason suggested that certain chlorite schists and
aphanitic amphibolites may be the products of con-

temporaneous submarine vulcanism. Metamorphosed
rhyolites appear to occur near the top of the basement

succession. W. < \ White (unpub. data, 1955) recorded

sheared malic volcanic rocks and rhyolites in the pelitic

series of the Western Borama District.

Synorogenic granite emplacement is substantiated in

numerous areas and granitic invasion in a number of

stages is recognized. References to migmatization and
to the development of granite in situ are numerous.

The latter is variously attributed to anatexis, meta-
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somatism, or granitization, and is particularly associ-

ated with psammitic rocks. White (unpub. data,

1955) stated that many of the rocks of Western liorama

District are the product of the admixture of granitic

fluids with sedimentary or mafic igneous rocks, and lie

considered anatexis to mark a late stage of regional

metamorphism. Hunt (1958), reporting on the geology

of the Adadleh area, referred to granitized rocks of the

Daarhiiduq Series and granitized psammites of the

K alalia Series which are in places completely converted

to granite. A similar transition through granitoid

rocks to granite has been reported from many areas.

Feldspathization around granite centers has been re-

corded; for example. A. J. Warden (unpub. data,

1959, on basement rocks of areas in the Berbera Dis-

trict) referred to extensive feldspathization of metasedi-

mentary rocks surrounding a main granite mass. It

may be concluded that the development of granite or

granitic rock from metamorphosed sedimentary rocks

by the process generally described as granitization is a

major feature of the basement geology. The majority

of authors correlated the main phase of granite invasion

and granitization with the culminating or late stages of

regional metamorphism. Hunt (1958), however, rec-

ognized granitization at various stages in the history of

the basement rocks.

Mafic intrusions, including dioritc and gabbro, appear

u> have postdated the main syntectonic granites (see

Gellaty, 1960, p. .1.1, on the Las Dureh area). Mafic

rocks have been intruded by later granite, and marginal

hybridization or contamination has occurred, as re-

corded by Hunt (1958) near Sheikh; rock types so

produced include quartz diorite and syenodioritic rocks.

Posttectonie granites of clearly intrusive type are

known from a number of areas, for example the Las

Bar granite of the Elayu area (Greenwood, 1960).

Over much of the basement-rock area metamorphism
in the lowest subfacies of the almandino-amphibolite

fncies seems to be dominant, but there is evidence for

advance to the granulite facies in certain areas. Meta-

morphism in the greenschist facies is shown in some
rocks that are possibly younger, including the Inda Ad
.series. Evidence supports the assumption of at least

two periods of metamorphism and folding, and some
data suggest that the later episode was basically of

-tress metamorphism. Hunt (195S) suggested numer-
ous metamorphic phases.

Authors consulted generally referred the basement

rooks to the Archcan. but with the changing usage of

this term it is diffictdt to know what is implied. Sev-

eral authors, however, considered the Snm aliiand rocks

to be younger than the older basement rocks of central

and east Africa and this is supported by recent age

determinations on rocks of the former Somaliland Pro-

]ll-«7| n - «! • 4

tectorate (X. J. Snelling, written commun., 1964)

which suggest that these are to be regarded as later

Precambrian.

The necessarily generalized interpretation given here

discloses points of striking similarity between the base-

ment rocks of former Somaliland Protectorate and

those of Aden Protectorate. This similarity is rein-

forced by more specific observations.

Mason and Warden (1956) in their report on an

area in the Erigavo District recorded plagioclase am-
phibolitcs in the older basement rocks, indicating in-

trusion of mafic igneous rocks into sedimentary rocks

prior to metamorphism. Meiasomatic granite is re-

ported. Dioritic rocks containing xenoliths of metased-

imcntary rocks appear to have been intruded at a

later stage in the history of the older basement develop-

ment (sec intertectonic intrusions of W.A.P., p. C29).

In a report on the Las Dureh area of the Burao
District. Gellatly (1960 abstract) stated that basement

rocks consist of a series of psammitic, pelitic, and

calcareous sedimentary and associated volcanic rocks,

which have undergone metamorphism varying from

the greenschist facies to the granulite facies, with

accompanying folding, metasomatism, and synoro-

genic granite emplacement. Both plutouic and hypa-

byssal mafic intrusive rocks are present. At least two

periods of folding separated by a period of thrusting

arc recognized in the basement rocks.

Concerning the Inda Ad Series, Mason and Warden
(1956) suggested that this rest* unconformable* upon

the basement complex, and they referred to conglom-

erates at the base of the Inda Ad succession. The
presence of a strictly basal conglomerate has been

questioned by Greenwood (1960, 1961) who discusses

alternative relationships between the Inda Ad Series

and other basement rocks. Recent work on Somali-

land rocks by Snelling of the O.G.S. Age Determination

Unit tends to support a younger age for the Inda Ad
Series, relative to that for the basement complex. No
firm conclusions regarding the age relations of these

rock groups are reached by Snelling, and all that can

be said is that a simple interpretation of available re-

sults, leaving aside complicating factors, suggests

metamorphism of the basement complex before 602

m.y. and deposition and dynamic metamorphism of

the Inda Ad Series before "lO'i m.y. It cannot be

concluded that the dymunic metamorphism of the

Inda Ad Series was necessarily later than the most

recent phase of metamorphism of the basement complex.

Taking into account the absence of polymetumot-

phic effects in the Inda Ad Series and the similarity

of these rocks i,, hurst Precambrian rocks of the Ara-

,
bian Peninsula, the balance of recent evidence suggests
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that the Inda Ad Series is younger than the basement

complex of former Somaliland Protectorate.

The equivalence of the older basement rocks (base-

ment complex) of former Somaliland Protectorate to

the basement rocks of Aden Protectorate is indicated

in the preceding review. On the basis of lithology, type

and grade of metamorphism, and relation to other

(older) basement rocks, the Inda Ad Series is tentatively

correlated by the authors with the Ghabar Group of

E.A.P. A number of posttectonic granite intrusions in

both Somaliland and Aden Protectorate appear, on the

basis of age determination results, to have a comparable

early Paleozoic age. (See p. C93.)

The suggested correlation between basement and

certain other rock groups of regions of Arabia and

bordering territories is summarized in table 4. This has

been prepared from a review of relevant literature and

from personal observations in Aden and former Somali-

land Protectorate. The correlations shown are tenta-

tive and approximate only.

It is likely that basement rocks exposed in eastern

Egypt, Jordan, Saudi Arabia, Yemen, Aden Protector-

ate, and former Somaliland Protectorate, and possibly

also in Sudan and Eritrea, represent an upper Pre-

cambrian section of the African basement complex

formed on the margin of the greater African Shield.

The original sediments of the lesser Arabo-Nubian
Shield wore deposited in one or more extensive geo-

synclines. During later Precambrian times, events in

the region seem to have followed the usual sequence of

evolution of an orogenic belt. Sedimentation and
igneous activity including vulcanism were followed by
compression, regional metamorphism, granitization, and
migmatization. Uplift of the compressed zone alter-

nated with periods of stillstand during which igneous

intrusive activity in some regions coincided with ex-

trusive activity elsewhere. The history of sedimenta-

tion and extrusive activity indicates oscillations of level

throughout later Precambrian times.

Marked shallowing or emergence, which occurred at

some time near the end of the Precambrian, is indicated

by unconformities, associated with conglomerates or

boulder beds, beneath the Fatima Series of Saudi

Arabia and its equivalents elsewhere. Unconformities

arc not proved in all regions, and it is probable tlmt

P'lihMui Series and equivalents were deposited in rela-

tively local basins formed on the uplifted older basement
rock and that shallowing to the point of emergence was
attained in some regions but not in others. Sedimen-

tary rocks were derived from the exposed older basement

rocks.

A later phase of renewed orogenic compression, of

diminished severity, caused folding of the latest Pre-

cambrian rocks and imposed cleavage and a varying,

but generally slight, degree of metamorphism. This

phase marked the last incidence of orogenic folding

recorded in rocks of the region. There followed epeiro-

genic uplift which has continued, with alternating

periods of stability and rejuvenation, until Recent

times.

The term "Trap Series" is applied to volcanic rocks

occurring exclusively in the southwestern part of the

Protectorate, which are considered to be of Late

Cretaceous or early Tertiary age and are distinguished

from later rocks of the Aden Volcanic Series. The

Aden Trap Series corresponds, at least in part, to the

volcanic rocks in Yemen referred to by Geukens (1960)

as "Trappserie."

The Aden Trap Series crops out over a total area of

about 1 ,400 square miles, in two main regions, namely

:

1. To the north and northwest of Al 'Anad, extending

to the Yemen border (and beyond) between

Sanab (north of Ad Dfili' and Al Kirsh.

2. To the north and northwest of Jabal Kharaz, again

extending to the Yemen border.

Between these two regions of volcanic rocks, basement

rocks are exposed. The eastern area of volcanic rocks

is separated from basement rocks to the east by a zone

of faulting running roughly northwest to north-north-

west, east of a lino between Ad Pah' and Al 'Anad.

The rocks consist of a thick series of dominantly

basaltic lavas, with andesitic, trachytic, and rhyolitic

representatives. Interbedded with these are tuffs,

agglomeratic beds, and ash. The stratified series is

cut by numerous dikes of composition similar to that of

the lavas; many of these are porphyritic, and, in con-

trast with most dikes of basement-rock areas to the

cast, are unmetamorphosed. Dikes of granitic com-

position in the volcanic rocks are associated with in-

trusive granite. Sills of mainly doleritic composition

are common, and certain possible laccolitic bodies of

similar type are recorded, for example, on the Yemen
border, north-northwest of Ash Shalt- The dikes and
sills are of variable thickness; many of those seen were

between 6 and 9 feet thick. They cut not only volcanic

rocks but also Jurassic and Cretaceous strata.

The thickness of the volcanic series has been esti-

|
mated from aerial photographs by the use of a parallax

bar. At Ad Dubiyat some 7 miles south of Ah Dali',

quasi-horizontal volcanic strata exceed 2,600 feet in

I thickness; in the Ad Pali' area a thickness of more than

|
3,000 feet is estimated. These figures must be regardod
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as very approximate, and the maximum thickness of
the volcanic rocks may well exceed 3,500 feet. In
many areas thicknesses cannot be estimated because of
repetition by strike faults.

Where undisturbed by faulting the stratiform vol-

canic rocks are quasi-horizontal. The rocks are,

however, much affected by faults, mainly trending
approximately northwest, which produce tilted blocks
in which the rocks dip at moderate angles to the
northeast or southwest; the resulting terrain is in the
form of a series of subparallel ridges. This strike

faulting is indicated on aerial photographs by the fact

that flows of differing composition (and hence of differ-

ing weathering resistance) and of differing tone arc
thrown into juxtaposition. Numerous faultline scarps

are produced. Cross faults, generally minor, disrupt
the continuity of the ridges.

DISTRIBUTION OF ROCK TTPJE8

During the course of the survey, a general tendency
was noted for lavas of mafic type to underlie those of

more silicic composition. This also appears to be so in

comparable rocks of Ethiopia, where Latnare (1930)
cited Blanford as distinguishing a lower group of basalts

and dolerites and an upper group of trachytes(?), con-
sidered by Lam*re to be rbyolites. In Aden Protec-
torate this twofold division is confused by the presence
of mafic layers in the more silicic rocks. Many of the

mafic layers are thought to represent sills.

Volcanic rocks in the Al'Anad locality include olivine

basalts, rbyolites, tuffs, and agglomerate, with doleritic-

basaitic sills and dikes; porphyritic dike rocks occur.

A traverse by road from Al 'Anad to Ad Pali', and
northward to Sanah on the Yemen border, shows that

the volcanic rocks are predominantly of basaltic lavas,

in which olivine and amygdaloidal calcito are conspic-

uous. Lavas are interbedded with agglomerates and
red ash. The stratiform appearance is accentuated by
the presence of doleritic sills which forms resistant

layers in lava.

In the Al Musaymir area, basaltic rocks are again

predominant, but representatives of trachytic lava
occur.

In Wfidl Tinman, above Ash ShaU, olivine basalt is

interbedded with tuff and cut by dikes of silicic porphyry
and dolerite. Near the Yemen border, north-north-

west <»f Ash ShaU, banded rhyolites are common.
Aerial photographs of volcanic rocks exposed in Wadl

Tarbahah for some miles above Ghayl Barbar, in the

most western region of the Protectorate, indicate mainly
intermediate to silicic rocks, which form dissected ridges

in which fault- til ted flows strike northwest and north-

northwest and dip in a general southwest direction.

Field observations confirm this. A section immediately

to the west of the wadi at Ghayl Barbar shows, in

descending order:

</<*<)

Capping of massive dense red chcrty lava (rhyolitic) 90

Shaly-wcatheriiiK yellow-Rreen tuff 120

Rhyolite - 3
Vesicular basalt-andesite 20

Rhyolite _ 120

Yellow-green tuff 10
dray weathered trachytic lava S
Base of section not exposed.

The lavas have a stratiform appearance resulting from

flow layers generally 6-8 inches thick. Mafic and inter-

mediate dikes cut these rocks.

The dominance of silicic volcanic rocks in the Ghayl
Barbar area suggests that younger rocks of the series

are here exposed.

MORPHOLOGICAL EXPRESSION

The volcanic rocks form rough terrain dominated by

ridges trending northwest, formed from tilted elongate

fault blocks of relatively restricted width. This type

of terrain is interspersed with outcrops of nearly hori-

zontal stratiform rocks, the tabular expression of which

is emphasized by resistant layers of massive basaltic

lava or doleritic sills intcrlayered with more easily

weathering vesicular lava. Tuff and ash interbedded

with lavas form multicolored, shaly-wcathering horizons

which also add to the stratiform appearance of the

rocks. In several areas, striking tiered buttelike masses

consist mainly of massive basalt, many with well-

developed columnar jointing. Above and below Al

Musaymir, plateau terraces of boulders and clay, spread

with volcanic pebbles, are deeply dissected by the Wadl
Tuban and its tributaries. In several areas, such as

near Ad Pali', cultivable -soils are formed on the volcanic

rocks. Such flat areas are broken by dikes of the

volcanic series.

Dikes of mafic and silicic composition are very nu-

merous and impart a ribbed appearance to the country,

being generally more resistant than the extrusive and

pyroclastic rocks. This is well seen in the Al 'Anad

area. Most resistant are dikes of porphyritic type.

In the Cretaceous sandstone of the 'Awabil area, as

elsewhere, dolerite dikes form reduced negative features.

The rugged nature of the volcanic terrain is accen-

tuated by the occurrence of spinelike volcanic necks

and vents.

PETROGRAPHY

The petrographic characteristics of the Aden Trap
Series and associated dike rocks are illustrated in the

following examples.

Dominant among the lavas are basalts bearing olivine

and including calcite forming amygdaloidal fillings.
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These basalts may orrur as massive rocks or as strati-

form flows of little thickness. Specimen A20, from 4

miles north of Ad Dali', is an unmet amorphosed olivine

basalt with partly serpent inized microphenocrysts of

olivine in a granular groundmass of pyroxene, plagi-

oclase, and iron ore.

A dike rock of ophitic olivine microgabbro or basalt,

1 mile north of Ad Dali', shows plates of augite, 2-3 mm
in length, which enclose turbid plagioclase laths and are

associated with serpentinous pseudoniorphs after oli-

vine. Radiating aggregates of fibrous zeolite have
replaced part of the rock (Al9).

In the Al Anad area a dike of porphyritic basalt cuts

Cretaceous sandstone. This rock (A2) shows pheno-
crysts of labrudorite in a groundmass of calcic plagio-

clase, clinopyroxene, biotite, and iron oxide minerals.

Phenocrysts average 5 mm in diameter.

Andesitic rocks are represented by A47b, which is an
altered quartz-andesitc from a dike of Wadi Jadin,

north-northeast of Jabal Kharaz. Abundant plagio-

clase laths occur in a turpid groundmass of brow n glass,

quartz, iron oxide minerals, and flakes of mica. Plates

of a carbonate mineral and quartz appear to be second-

ary. Andesitic dike rock is also recorded from Ghayl
Barbar.

Trachyte from the roadcut 2!, miles southeast of Al
Musaymlr (A35) consists almost entirely of alkali

feldspar in small laths in parallel orientation. Scattered

patches of carbonate and minute ootahedra of magne-
tite occur. Elongate stringers of quartz lie parallel to

1 he flow direction.

A dike about 6 miles north-northeast of Al 'Anad is

composed of porphyritic flow-banded glassy trachyte,
in which rhombshaped phenocrysts of alkali feldspar,

2 nun in diameter, are commonly zoned and have cores
of altered plagioclase (A 12).

Dacito-porphyry dike rock from Wadi Jadin (A47a)
show s rhombshaped phenocrysts of albitized plagioclase

2-3 mm in diameter in a holocrystalline groundmass of

quartz and plagioclase.

Sphcrulitic rhyolite from Al 'Anad (Al) shows
spherulitic masses of epidotc and granophyric "fans,"
as much as 7 mm in diameter, in very fine grained
granophyric material.

Vitric tuff from the Ghayl Barbar section, noted
above, consists of crystals of quartz and feldspar, with
fnv.TMfnts of earlier pumice, in a pumiceous matrix
containing abundant glassy shards (A5G). A bedded
cry>tiil pumice-Tuff with inclusions of volcanic glass

(obsiiliim'.'i. is recorded 3 miles west of Diir KahbAn.

HJ5IM.TIONS WITH ADJOINING HOCKS

It has been noted that volcanic rocks of the Aden
Trap Series arc separated from relatively elevated

basement rocks to the east by a fault zone east of the

Ad Dali'-Al 'Anad line. Along this zone Jurassic and

Cretaceous sandstone is preserved in faulted blocks,

and the field relations indicate that the volcanic rocks

arc underlain by Cretaceous sandstone over the whole

region. This accords also with observations in Yemen
(Geukens, i960).

In several localities—for example, northeast of AJ

Kirsh and northwest of Ash ShaU—Cretaceous rocks

are associated with volcanic rocks over fairly limited

areas, and this appears to be due to faulting along

mainly northwest trends. In the west and southwest

of 'Awabil, Cretaceous sandstone resting on basement

, rocks is cut by doleritic dikes of the Trap Series, and

about S miles southwest of this center, volcanic rocks

are thrown down against sandstone by strike faults,

trending northwest, which result in complicated repe-

tition of the rock types. Similarly, about 2 miles

southeast of Al Musaymlr, a tilted block of Cretaceous

quartzitic sandstone, in which beds dip east-northeast,

is displaced against volcanic rocks by a northwest-

trending fault along the Al Musaymlr road. Volcanic

rocks on the northeast side of the road dip to the

west-southwest. Further to the west-southwest of Al

Musaymlr, volcanic rocks rest upon Cretaceous sand-

stone, and both sedimentary and volcanic rocks are

affected by faulting, resulting in tilted blocks in which

dip is to the southwest.

Owing to the prevalence of this faulted relationship

between Cretaceous sandstone and volcanic rocks,

evidence as to their original relation is difficult to obtain.

It is possible that volcanic rocks are interbedded with

latest Cretaceous rocks, but data on this point are

equivocal. Thus, about 12 miles southeast of Al Kirsh,

on the southeastern margin of the Wftdl al Kayfl

basement rocks, a small outcrop of Cretaceous sand-

stone provides a section about 20 feet thick. This

section shows an uppermost few feet of purple-white-

mottled and baked-Iooking rock containing vitreous

globules; this rock overlies a bed of red and white,

discolored, and baked-Iooking sandstone, below which
is volcanic rock, possibly trachytic. Similar sections

exposed in the wadi show apparently altered and dis-

colored sandstone bods between layers of volcanic rock.

There was opportunity for only a very brief inspection

of this occurrence, which may represent either Cre-
taceous sandstone altered by dikes of the Aden Trap
Series (the strata dip, so inclined dikes might give
rise to the section seen), or sandstone interbedded with
volcanic layers.

A rather similar relation between volcanic rocks and
Cretaceous sandstone was seen 8 miles north-northwest

of Ash Shalt, near the Yemen border. Here sandstone

and volcanic rocks form an apparently uniformly strati-
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fied series dipping 45° in a direction of 220°. Quart-
zitic sandstone grades downward into 3 feet of altered

purplish sandstone, which is followed by a 6-foot-thick

dike of silicic porphyry above a 20-foot-thick sandstone

horizon. Further unidentified volcanic rock underlies

the sandstone. Petrographic examination of speci-

mens of sandstone from near the contact with volcanic

rooks shows the sandstone to be partly rccrystallized.

It is clear that at least some of the alteration of the

sandstone is due to dike intrusion, but volcanic rock at

the bottom of the series may represent lava. Faulting

again largely obscures the stratigraphic relationships in

this locality.

Aerial photographs of the Ash ShaH area show
Cretaceous sandstone resting unconformably upon
basement rocks and dipping about 15° SW. Strike

faulting has resulted in a series of small cuestas with

volcanic rocks covering lower slopes and valley bottoms.

It appears that volcanic layers may be interbedded

with Cretaceous sedimentary rocks but it is difficult to

verify that this appearance does not result from repeated

faulting. Sandstone and volcanic rocks are cut by
numerous dikes which in this locality are steeply

inclined nearly at right angles to the dip of the sedi-

ments.

In summary, field observations show that volcanic

rocks are underlain by the greater part of the Cretaceous

sedimentary succession, but it is possible that volcanic

rocks ore interbedded with the uppermost Cretaceous

strata.

Some 5 miles to the north-northeast of Al 'Anad,

Jurassic fossiferous limestone is overlain by Cretaceous

sandstone, the beds striking northwest and dipping at

about 20° SW. The sedimentary rocks are separated

from dominantly basaltic downdropped volcanic rocks

to the northeast by a normal strike fault. To the

southwest, volcanic rocks overlie Cretaceous sand-

stones. In the locality of Jabal al Munlf intrusive

granite, at least in part of peralkaline riebeckitic type,

appears to postdate both sedimentary and volcanic

rocks. This conclusion is based on field observations

and the study of aerial photographs. To the south-

vjutheast of Jabal al Munlf, apophyses and bands of

granite are invasive into volcanic rocks, and numerous
granitic dikes extend into and cut the volcanic rocks.

The Jurassic limestone at a locality about \)i miles

north-northwest of Jabal al Munlf is similarly pene-

trated by a band of granitic rock, and contact meta-

morphic effects are recognized. In the area to the south

and southwest of Jabal al Munlf, granitic bands, be-

tween 15 and 00 feet thick, alternate with volcanic

rock. Many of the silicic bands are of light-colored

microgranite. The whole assemblage is cut by later

mafic and silicic dikes.

The alkaline granite of Jabal al Munlf is distinguished

from earlier granite exposed to the west of the Al

Musaymlr road some 2-3 miles northwest of Al 'Anad.

Here Cretaceous sandstone rests upon the granite.

AOK AND ORIGIN

On the evidence available from the W.A.P., it is clear

that volcanic rocks of the Trap Series are younger than

the bidk of the Cretaceous sedimentary rocks of Nubian

type. In Yemen, rocks of the basaltic trap series were

stated to form interbedded layers in Cretaceous strata

in the Southern (and Western) Highland rim (Rathjens

in Wissmann and others, 1942). It is possible, there-

fore, that this is also true in W.A.P., where numerous

dikes associated with the Aden Trap Series cut Creta-

ceous beds. In Yemen, Geukens (1960) recorded

deposits interst ratified with trap rocks, some of which

yield freshwater fossils of Tertiary age. No Tertiary

deposits other than late terrace deposits are known in

W.A.P., but it is very probable that the bulk of the

Aden Trap Series is of early Tertiary (Paleocene?) age.

In summary, the Aden Trap Series is tentatively re-

garded as of Late Cretaceous to early Tertiary age.

The alkaline granite of Jabal al Munlf, intrusive into

volcanic rocks, is considered to be of Tertiary »w.

Aerial photographs of the Aden Trap Series show a--h

cones and volcanic vents in several areas, for example,

between Al 'Anad and Ad Dull'. These have also been

seen in Yemen. In degree of weathering and reduction,

the vents and cones contrast with the fresher and more

clearly marked ash cones and craters of the later Aden

Volcanic Series. In Yemen Wissmann (in Wissmann

and others, 1942) recorded eruption fissures, many of

which are alined along directions parallel to the Red

Sea axis. In W.A.P., many of the dikes in the volcanic

rocks follow this direction, and some are apparently

intruded along fault planes. Thus, eruption fissures

may also have followed similar fracture planes.

GENEHA I, COMMENTARY

The Aden Trap Series exposed in the most western

region of the Aden Protectorate is part of an extensive

elongate outcrop of volcanic rocks associated with the

Red Sea and Abyssinian rifts. Evidence from the

Aden Protectorate and from neighboring regions sug-

gests that this mainly Tertiary vulcanism was initially

expressed in dominantly mafic basaltic lavas; sub-

sequently the effusives became more silicic; trachytic

and rhyolitic flows rcsidted, with obsidian and rhyo-

litic obsidian, and interbedded tuff, as exemplified in

the Ghayl Barbar area of Aden. Basaltic rocks are

not, however, entirely absent in this assemblage.

It is reasonable tu suppose that the alkaline granite

intrusive at Jabal al Munlf, Al 'Anad, which appears to
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cut dotninantly basaltic volcanic rocks, was emplaced
during this same phase of intermediate to silicic vul-

canism. As noted, granites of apparently comparable

ago (Eocene?) have been reported in Yemen (Geukcns,

1960); and in a postscript to his contribution Lamare
(1930) recorded that petrographic examination of rocks

from the area between Al Hudaydah and San'3',

Yemen, revealed sodic granite and sodic microgranite.

Following the phase of silicic effusion there occurred

a period of dike intrusion; the majority of the dikes

arc of dolcritic and basaltic composition. Dikes (of

this phase?) cut the alkali granite at Jabal al Munlf,

and it may be that they are of later Tertiary age.

Although the volcanic rocks of the later Aden Vol-

canic Series are in appearance and in topographical

relations clearly distinguishable from the trap series,

the)' seem to be magmatically part of a continuous

series. The rhyotitic and trachytic rocks exposed in

Aden Colony, which seem to have preceded the basaltic

flows, may represent a continuation of the phase of

silicic vulcanism of the trap scries. Thus there seems
to have occurred a cycle of effusions commencing and
ending with dominantly mafic magma.
The evidence from Aden Protectorate and neigh-

boring regions points to an alkalic olivine basalt

association. Olivine basalts with alkalic affinities are

known from continental areas, including the east

African rifts, but in Aden Protectorate phonolites have
not been recognized. The conditions which tend to

be characteristic of the alkalic olivine basalt association,

that is, crustal stability and faulting rather than fold-

ing or orogeny, are satisfied in the Aden region. But
tholeiitic basalts are also characteristically found in

a nonorogenic continental environment, and the quasi-

hot-i/.wntal extensive flows of Aden might well be identi-

fied with plateau or flood basalts. Against this,

however, it must be recalled that evidence for other

than fis^u-e eruptions has been found and that regional

flooding of alkalic basalt is known in Palestine and
SjTia.

In summary, such evidence as is available favors the

assumption of an alkalic olivine basalt association.

The dominance of olivine basalts in volcanic provinces

argues a magma of corresponding type as the parent of

derived rocks. This opinion may be said to be cur-

rent I v orthodox. A process of magmatie differentiation

invoking fractional crystallization is also strongly

supported.

Thf association of vulcanicity with the east African
rift • •

" -tii. with the west Arabian (Ked Sea) and
Levantine rifts, and with rifting in other regions is well

known. Although volcanic rocks are absent in certain

stretches, such as Lake Tanganyika, and the degree of

development is generally variable in other parts of the

rifts, the causal relationship is clear. The mechanism

of rifting, connected with the basin-and-swell structure

of Africa as a whole (Dixey, 1956a) is the subject of

much discussion, but there is a large measure of agree-

ment that the linear tectonic features involved (geo-

sutures) are of great (primordial) age and great depth.

These extensive fracture zones were subject to a re-

crudescence of activity at intervals throughout

geological time.

Activation of the Red Sea-Ethiopian rift zone may
have been accompanied in the early stages by eruption

of basalt of deep-seated simatic origin. This suggests

activity along the fracture zone in at least early Tertiary

times. This dominantly basaltic effusion preceded

further movement along the rift zone, for rocks of the

Aden Trap Series were affected by faulting mainly of

northwest trend. Girdler (1958), basing his opinions

on gravity data, suggested that the intrusion of basaltic

material into a crack along the present center line of

the Red Sea caused subsurface movements wbicb

originated rift faulting along the margins of the sea,

and that formation of the (present) wide fault trough is

a collapse effect ultimately due to movement of igneous

material into the fissure. He noted that stratigraphical

work in east Africa has shown that rift faulting has

repeatedly terminated periods of volcanic extrusion; he

included tensional effects in his account of possible

mechanisms.

It is possible that at a later date subsidence con-

tributory to the formation of the Red Sea trough

lowered crustal material to anatectic zones, and that

this, combined in some way with magmatie differentia-

tion, resulted in the eruption of alkali-rich volcanic and
granitic rock. Thus it may be that the alkali granite

exposed at Al 'Anad and elsewhere does not form part

of a continuous granite series, but may be derived from
a relatively shallow magma basin. Eruption of this

alkali-rich phase may be of later Tertiary (Oligocene?)

age.

DIKE BOCKS

Dike rocks of three main classes are recognized in
the Protectorate, namely:

1. Dikes cutting basement rocks up to and including

the intertectonic igneous rocks. Dikes of this
class show a moderate degree of metamorphisin
of mainly dynamic type. They were not involved

in the main period of regional (dynamothermal)
tnetamorphism. Their age is considered to be
later Precambrian.

2. Dikes showing no sign of deformation, which are
therefore considered to postdate the widespread
phase of dynamic metamorphism of late Pre-
cambrian dale. Dikes of this class cut mctascdi-
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mentary rocks of Wfidl al Ghabar and posttec-

tonic pi utonic intrusions, but they are not known
to cut Jurassic or later rocks. Their age is

tentatively regarded as early Paleozoic.

3. Dikes associated with the Aden Trap Series in the

southwest of the Protectorate. These are un-

raetaniorphosed. They may cut Jurassic and
Cretaceous sedimentary rocks, and lavas and
pyroclastic rocks of the trap series. They do not
cut postlower Miocene basalts. They are re-

ferred to as post-Jurassic dikes.

PRECAMBRIAN DIKES

Precambrian dikes cut rocks of the Aden Meta-
morphic Group and associated syntectonic granites in

many localities, for example, east of 'Awfibil and in

Wadl Raybfin, Wfidl Ahw ar, and Wfidl Gharish.

Dike* of this class are particularly numerous in the

Mukayrfts-Khawrah region where they mainly post-

date mafic and granitic intrusions of the intertectonic

group; in several places they show chilled margins
against the granite. Andesitic dikes of the Mukayrfis
pass contain inclusions of intertectonic dioritic rock.

The obvious association of numerous dikes with the

plutonic intrusions of the Mukayrfis-Khawrah area,

uhere both plutonic and hypabyssal rocks show
conspicuous deformation effects, suggests a marked
phase of dike formation following intertectonic plu-

tonic intrusion. The presence of partly digested an-

desitic dikelike bodies in the Mukayrfis granite, which
form interrupted traces along a uniform strike direction

in the granite, may suggest a phase of dike intrusion

that followed mafic plutonic intrusion but preceded

granite intrusion. In general, dike intrusion probably
occurred intermittently in Precambrian times. Only
those rocks subsequent to the main regional meta-
morphism were recognized as dike rocks in the authors'

rapid reconnaissance. Many of the aplitic and micro-

granite dikes are thought to be associated with phases
of granitic invasion.

Precambrian dikes comprise varied lithological types

including basalt, dolerite, andesite and andesite porphy-
ry, mafic lamprophyre, quartz porphyry, porphyritic

granophyre, and felsite.

The thickness of the dikes ranges from 3 to 150 feet;

a 150-foot-thick doleritic dike cuts granite some 12

miles north-northeast of Mukayrfis. Data on strike

trends are given under "Structure." Dikes of peg-

matite and feldspathic rocks are referred to under

Granitic rocks."

The petrography of representative dike rocks is

illustrated in the following examples.

A specimen of altered dolerite from the Mukayrfis
locality (A J 02) is composed of augite, calcic plagiociasc,

and large plates of iron oxide minerals. Augite is

partly replaced by green fibrous amphibole transitional

to chlorite, and plagioclase is epidotized. The ophitic

relationship between augite and plagioclase laths is

clearly seen. Evidence of stress is provided by bent

pyroxenes. The rock appears to have been subjected

to incipient greenschist metamorphism.

A dike of altered gabbro from Thirah (Lawdar)

similarly shows incipient transition to a greenschist

assemblage. The original ophitic texture is partly

preserved, but pyroxene is converted to actinolitic

amphibole, and plagioclase is albitized (A96).

A specimen of altered porphyritic granophyre from a

dike 3 miles north of Mukayrfis (A104) shows pheno-

crysts of perthitic potassic feldspar, as much as 5 mm
long, and phenocrysts of epidotized plagioclase in a

groundmass of feldspar, quartz, epidote, and chlorite.

Quartz is full of shatter cracks. The groundmass may
possibly be recrystallized.

In the Khawrah district siUcic and mafic dikes show-

ing moderate metamorphism include altered dolerite

and granophyric microadamellite.

A dike cutting schists of Wfidl Gharish is composed

of slightly deformed uralitized dolerite or microgabbro,

and contains basic plagioclase laths as much us 4 mm
long. Much of the pyroxene is converted to uralit-

showing deformation effects and passing marginally to

actinolite. Deformation Is also seen in slightly bent

feldspars.

LOWXR PALEOZOIC(r) DIKES

Dikes of dolerite, aplite, and microgranite which cut

metasedimentary rocks of Wfidl al Ghabar and post-

tectonic granites at Nisfib, Sa'ld, and BurQm show no

sign of deformation, and where sedimentary rocks over-

lie granites cut by these dikes, the dikes do not penetrate

the Jurassic and later rocks. Dikes of this class appear

to represent the last phase of intrusive igneous activity

in the eastern part of the Protectorate. They are

clearly pre-Jurassic and their probable connection with

the later phases of igneous intrusive activity leads to

the suggestion of an early Paleozoic age. Posttectonic

granites of several areas have been dated by radio-

activity methods as being of this age.

POST-JURASSIC DIKES

Post-Jurassic dikes associated with the Aden Trap

Series, are described on page C44. Dikes of this

class have been recognized cutting basement rocks

in Wfidl Dfir, southeast of Al Kirsh, where they trend

west-northwest across basement foliation strike. It is

possible that dikes of unmetamorphosed andesite and

dolerite cutting metamorphosed basement rocks at

Jabal nth Thanlyah may also be of this class. In
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general, however, post-Jurassic dikes appear to be

restricted to the southwestern part of the Protectorate,

where they are commonly seen to cut Cretaceous sand-

stone, as at 'Awiibil. Dikes of varied composition also

cut the alkaline granite of Jabal al Munlf, Al 'Anad,

which is considered to be of Tertiary age.

SEDIMENTARY ROCKS

In the Western Protectorate, sedimentary rocks are

mainly confined to an east-northeast- to east-trending

belt, averaging 20 miles wide, between lines running

northward from Aden and from Ahwar: faulted sedi-

mentary rocks mark the western margin of the main
basement block, and restricted outliers occur at Al

Mabfid and elsewhere in the basement-rock areas.

Sedimentary rocks are also exposed in salt domes of the

Ramlat as Sab'alayn.

JURASSIC

The oldest exposed sedimentary rocks are Jurassic in

age and rest with well-marked unconformity on the

weathered surface of the basement rocks. The se-

quence exposed includes the Upper Middle, and
possibly Lower Jurassic, and was first named by
Lamare (1930), as follows:

Upper Jurassic (Callovian to Ti-

tlionian Amran Group
Middle lo Lower Jurmwictt) Kohlan Formation

KOKLAM rOBMATION

Tho Kohlan Formation is lithologically rather uni-

form, comprising light-colored sands, sandstones, and
itinrls together with pebbly and conglomeratic basal

1>.\ > • s incorporating recognizable fragments of basement
rod,-. There is a gradationol contact with the Upper
Jurassic member, arenaceous beds passing through
sandy limestones and gritty marls to limestones of

Callovian to Oxfordian age. No fossils or plants have
been reported from the Kohlan Formation either in the

Yemen type section or in the Eastern Protectorate

where the formation is more extensively exposed.

AMRAN GROUP

The Amran Group has been subdivided (Beydoun.
1 !t>',m. as follows:

V.i .i Formation.... Naifa Formation
M;, l'"i Formation Snhatayn Formation

Ayaiih Mcmlver

Layadim Mfmhrr
Sliabwa Member

Sl.in. ra Format ion Shuqra Formation!?) nnexpos.-t

The Amran Group is of variable facies and thickness,

the latter due partly to erosion. In coastal areas it is

a marine succession of limestones and marls, the neritic,

I shallow-water facies of the Shuqra Formation passing

' upward into the more open sea deposits of the Madbi

I Formation and terminating again in shallow-water

|

sandy beds of the Naifa Formation.

Inland, among Jurassic strata exposed in the various

salt domes, the Shuqra is not seen but is presumed to be

present, the lowest visible beds being evaporites of the

Sabatayn Formation, which is considered to be equiva-

lent to the coastal Madbi Formation.

The Naifa Formation is of similar facies throughout,

in both coastal and inland sections, and represents the

northward spread of open-sea conditions.

A section of the Shuqra Formation capping the base-

ment rocks was examined at Al Masani', Abyau dis-

trict; it consisted of about 230 feet of well-bedded gray

limestones, veined with calcite, and thin marls.

Fossils identified by the British Museum (Natural

History) included the following: Oryphaea contellata

(Douville), Ceratomya sp. (possibly C. wimminensis

(Gillieron)), Modiolus imbricatus (J. Sowerby), Brachi-

donttx (Aramdilux) laitmairensix (de I^oriol), Lima

i
(Plagioxtoma) sp., Limatulax sp., Sphaeriolat sp. (pos-

sibly S. madridi (d'Archiac)), and Globularia cf. 0.

chauriniana (d'Orbigny). On the basis of Oryphaea

costellata, the most useful species for correlation, a

Bathonian or Callovian age is assigned to this assem-

blage.

Other specimens taken from Al Masani' included:

Dagkanirhynchia daghaniexix Muir-Wood and varieties,

Bikenithyris barringtoni Muir-Wood and varieties, and
Bihtntihyri* wvt'ri Muir-Wood. These species resemble

the fauna, described in 1935 by Muir-Wood, from the

former British Somaliland and are taken to be of

Callovian age.

At Bilh, near Al 'Anad, a 230-foot section of well-

bedded dark gray limestones and thin marls, capping a

south-dipping basement block, yielded specimens of

Imxtram sp. This is a well characterized species that

appears to be new and to be allied to /. kosodtenxix

Eguchi from the Upper Jurassic limestone of Japan.

According to the British Museum (Natural History)

no definite age can be assigned to it, for the range of the

genus is Middle Jurassic and Cretaceous, but a Late
Jurassic age is probable. A more complete fauna! as-

semblage from the Shuqra Formation has been described

by Hudson (1954), from a locality near the town of

Shuqra.

The Madbi Formation succeeds the Shuqra Forma-
tion and occurs in all Jurassic sections unaffected by
erosion. It consists of a series of marls, many of which
are gypsifemus, with scattered beds of gypsum, and
thin rubbly fossilifcrous limestones. Its lower contact

may be locally disconformable as in Wadl Gharlsh
! Beydoun, ItttiO) but the upper contact is conformable
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and locally gradational. From the fossil evidence, a

Kimeridgian age is indicated.

The Madbi Formation is considered to be equivalent
to the Sabatayn Formation, as seen in the inland salt

domes, on the basis of the evaporites, doubtful fossil

evidence, and the presence in both areas of the overlying

Naifa Formation; evidence from eastern Yemen also

supports this (Geukens, 1960).

The Sabatayn Formation consists of an evaporite

series with interbedded shales and gypseous marls, and,

from the top down, has been subdivided (Beydoun,
1960) into the Ayadh (M'qah), Layadim, and Shabwa
Members. The base is not exposed. Between 265
and 920 feet of the various members is exposed in the

salt domes which occur in the 'Iyadh area of Qayd al

Milb Oat 15°05' N., long 46°49' E.), in the Shabwah
area (lat 15°22' N., long 46°49' E.), at Shabwah itself,

Milb Kharwah, and Milb Maq'ah. In the Ramlat as

Sab'atayn about 40 miles northeast of Bayban is the

Layadim dome.

The Shabwa Member crops out in all the salt domes;
its base is not exposed and it reaches 100 feet in thick-

ness at 'Iyadh. It is composed of gray, laminated

shale, in places folded and contorted, with inclusions of

gypsum and marly materials. That it is conformable

with the overlying member demonstrates the deposi-

tional nature of the salt.

The Layadim Member consists of bituminous black

paper shales with bands and veins of marl and salt.

At the Layadim dome, massive salt is overlain by
varicolored shales, bituminous in part, and gypsiferous

beds. Toward the crest of the dome, salt is interbedded

with fragments and blocks of contorted gray paper
shales having thin lignite bands. Well-formed salt

crystals are found lining fractures in brecciated shale

and as stalactitic deposits under cliff faces, and in vugs.

In the Shabwa dome, abundant estheria and spongi-

stroma, together with the fish Anaethaelion, suggest a

Late Jurassic age for this member.
The Ayadh Member consists of marly and bituminous

limestone with limestone and interbedded gypsum. It

rests unconformably on the Layadim Member and is of

variable lithology and thickness, reaching 750 feet at
j

iyadh; it grades laterally into the M'qah Member, 1

which is developed at the Milb Maq'ah dome as about

500 feet of course green ripple-marked sandstone con-

taining plant remains, shaly limestone, and gypsum.

The Xaifa Formation, as seen in the 'Iyadh salt dome,

mnsists of thin-bedded porcellanous limestones with

platy dolomites and marly layers. It is apparently

conformable with the underlying Ayadh Member. At

'Iyadh one ammonite, BarritntUa sp., of probable

Tithonian uge has been recorded. At other salt domes

tbe Sni(a Formation has been removed by erosion.

I At Sfifir, on the eastern border of Yemen about 12

miles southwest of Jabal ath Thanlyah, a salt dome

has been described by Guekens (1960). As in the

Layadim dome, the salt is folded and contorted; it

is flanked by bituminous and marly shales which yielded

pollen and spores of Classopollix reclutnu (Theigart),

Ephadra strobilacta, Gleicheniidite* Jeronen«i« (Delcourt

and Sprumont), Monomdcites sp., and Inaperturo-

pollenitex sp., of Late Jurassic age. Those beds are

succeeded by about 160 feet of gypseous shales, sandy

shales, and limestones. The arenaceous aud gypseous

beds may be correlated with the M'qah Member; the

salt and bituminous shales correspond to the Shabwa

and Layadim Members of the Sabatayn Formation

This confirms the western extension of the basin in

which the evaporite rocks of the Sabatayn Formation

were deposited.

In Yemen, Geukens (1960) described an unfossi-

liferous fluviolacustrine and deltaic series, that occurs

between the eroded surface of the basement rocks and

the upper fossiliferous Jurassic beds, and correlated it

with the Kohlan Series as named and described by

Lamare (1930). Overlying the Kohlan Series or

resting directly on the basement rocks is a fossilifen

series of well-bedded limestone, with thin shales and

marls, whose faunal assemblage is of Callovian to

Oxfordian age; this series was mapped by Geukens

(1960) and was correlated with the Amran Group of

Lam are.

A series of transitional beds which are variable in

lithology and thickness overlie tho Amran Group,

as noted by Geukens. In some localities the beds are

absent, and Cretaceous sandstones rest directly on the

basement rocks. In southwest Yemen the transitional

beds are 500 feet thick, consist of shales and gypsum,

and elsewhere, as in the southeast, contain limestone

and marl. On the basis of the gypsum content, a

correlation was made by Beydoun (1960) with the

Sabatayn Formation of the Aden Protectorate. Out-

side this evaporite basin, limestones of more open sea

l

deposition were correlated with the Madbi Formation.

! No beds similar to the Naifa Formation are present in

Yemen; thus, dry-land conditions or emergence in

that area are indicated.

CHBTACBOCH

Cretaceous beds are not extensively exposed in the

Western Protectorate. In general, the beds vary in

thickness and lithology from west to east and show

several well-marked unconformities. They rest un-

conformably on Jurassic beds (fig. 17)—or directly

upon basement rocks—the contact being marked by
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Figure 17.—Cretaceous sauu*toDe overlying Jurassic limestone,

Wfidl RaybAn.

a zone of conglomerate. They fall into two litho-

stratigraphic groups, subdivided and named by Bey-

doun (I960), as follows:

A*e Western Province Eastern 1-rovlnw.

Haiumian (probably
Casnpanlan-
MiMtrlcktUm)

G.
9
£

Mukalla Futmatkm

1

Shnrwayn Formation

Mukalla Formation

CMMHBanlan to

Ubtan (probably
l-irllldliiK aoa*
Ttnoolan)

0
5

*
m

MarahtyaE Formation

1

Fw(»<l FormalIon

Harshiyat Fonnalton

(Jlahu Formation

Jurasflc bods or basement rock»

The Tawilah Group is predominantly clastic with

lenses of marl and limestone thickening eastward,

whereas the Mahra Group is mainly a limestone-marl

facies with sandstone intercalations.

In the area under description, the Tawilah Group is a

varicolored succession of ferruginous locally current-

bedded sandstone, siltstonc, marl, and shale, with much
conglomerate. Scattered lenses of limestone contain a

faunal assemblage of Barremiau to Maestrichtian age.

Tlio Qishn Formation is not distinguishable from

the ov erlying clastic deposits on the borders of Eastern

and Western Aden Protectorate, but is represented

farther east by fossiliferous limestones and marls.

The formation rests unconfonnably on various members

of the Jurassic sequence which was disturbed by ter-

minal Jurassic earth movements and eroded.

Overlying the Qishn conformably is the Harshiyat

Formation of Albian to Cenomanian age. It is a

clastic series with predominating current-bedded sand-

stones, as well as marls and shales. Two fossiliferous

marine limestone lenses occur in the east, the upper or

Sufla Member separating the Harshiyat from the over-

lying but lithologically similar Mukalla Formation.

The lower or Rays Member occurs within the basal

clastic strata. Both these limestone members pinch

out close to the 48° meridian.

The Mukalla Formation is of Senonian age and lies

conformably at the top of the Tawilah Group east of

48° longitude, and is a varicolored sequence of clastic

beds.

Regional correlation.—In Yemen the Taouilah Series

described by Lamare (1930, 1936) was divided by Geu-

kens into a lower or "Nubian" sandstone facies, of con-

tinental origin, and an upper Medj Zir Series, which

is neritic and contains a Paleocene to Eocene fauna.

In southwest Yemen the upper beds of the Taouilah

Series contain trap lava sheets, demonstrating the

commencement of volcanic activity contemporaneously

with marine sedimentation of the Medj Zir Series in

other areas.

TERTIARY

FALEOCEWZ TO MIDDIE EOCENE

The Paleocene epoch was marked by a widespread

transgression which covered the greater part of Eastern

Aden Protectorate and eastern Saudi Arabia while

volcanic activity continued in Yemen and parts of

Western Aden Protectorate.

A considerable thickness of calcarenites was laid

down during tliis period, which ended with general

uplift and emergence in the late Eocene time. This

group of rocks, which includes some evaporite and

clastic deposits has been named the Hadhramut Group

by Beydoun (1960), and is present as a narrow strip

west of the 48° meridian.

The group is subdivided as follows:

Emergence Upper Eocene

Hadhramut Group:

Habghiya Formation Middle Eocene

Rub Formation Lower Eocene

Jc«a Formation - Do.

Umm er Radhuma Formation - Paleocene

Transgression.

The Umm er Radhuma has been shown on fossil

evidence to rest discouforraably on the Cretaceous

beds (fig. 18). At the type locality in the Hadhramut

it consists of a basal dolomite overlain by paper shales

and nodular limestone, succeeded by a thick sequence of

massive dark-brown and gray commonly dolomi tic-

limestone which is distinctive in the field. Toward

the top of the formation a thick zone of nodular shaly

cavernuus limestone forms cliffs, and slumped sections

Digitized by Google



ADEN PROTECTORATE C53

Figube 18.—Palcocene limestone overlying Cretaceous sandstone, 0 miles north-northeast of Al Khabr.

are common. The formation thins out in a westerly

direction toward a shoreline which is presumed to lie

somewhere in the Western Protectorate. It is con-

sidered to be homotaxial with the trap lavas of Yemen
and the Western Protectorate border areas.

The Jeza Formation overlies the Umm er Radhuma
conformably and consists of paper shale, marl, and

limestone, with chert and gypsum layers present to-

ward the top.

The Rus Formation is typically developed in Saudi

Arabia, and in the Aden Protectorate consists of mas-

sive gypsum, with limestone bands and marls. These

cap many of the limestone plateaus and form a dis-

tinctive pattern on aerial photographs.

The Habshiya Formation is the top member of the

group and occupies a very limited urea north of Mayfa

'ah, in the region under description, and consists of

yellow to pink paper shale, marl, and limestone, with

a rich foraminiferal assemblage, as well as echinoids.

OLIQOCEME AMD MIOCKNE

The Shihr Group is a transgressive series laid down
in coastal embaymonts and tectonic depressions after

emergence of the land surface at the end of the Eocene

Epoch. The group consists of limestone, marl, shale,

and gypsum, and rests on a variety of older formations.

The group is not represented west of 48° longitude.

HMMOI
Post-Miocene deposits appear as raised beaches of

various elevations and ages, and occur extensively along

the coasts of the Arabian Peninsula; inland they com-

monly pass into the river terraces.

Other late Tertiary to Recent deposits include al-

luvium, loess deposits, and probably the sand deserts,

such as the Ramlat as Sab'atayn.

ADEN VOLCANIC SERIES

The term "Aden Volcanic Series" is derived from

Blanford's (1S69) description of the "Aden Series."

PREVIOUS WORK
McMahon (1883) gave petrological descriptions of

Volcanic rocks collected from Aden. These included

basalt.s, some vesicular, containing augite, porphyritic

feldspar, and altered olivine; also andesitcs, trachytes,

quartz trachytes, trachytic pitchstone, and pumice.

McMahon noted that the inside of the main Aden
crater presents an unbroken succession of lavas from

silicic pitchstones to basaltic rocks. Silicic rocks seem

to have predominated. McMahon was unable to

give tlte order of succession of the mafic intermediate,

and silicic lavas.

Raisin (15)02) described rock specimens from Perim

Island. All the specimens examined were volcanic.

Those found in place included basalts and tuffs.
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Lamare (1930), in his discussion of post-Cretaceous

vulcanism of the Rod Sea and neighboring countries,

proposed a division into eruption* anciennm, prior to

subsidence (of the rifts and fault troughs), and eruption*

recentts. The latter correspond to the Aden Volcanic

Series. Lamare noted that the grouping is not clear

cut and that overlapping of the two types occurs.

The following notes refer to the recent eruptions.

With reference to the northern border of the Gulf of

Aden, Lamare mentioned puys in the locality of Bfib al

Mandab; he also mentioned Jabal Kharaz, said to attain

a height of 839 m., Jabal Sunamma (168 m.), Jabal al

Birkah (229 m.) , and Jabal Marsa. No studies of these

"volcanoes" were recorded. The Aden Volcano was
considered to be older titan the just-mentioned basaltic

puys, on the evidence of more advanced denudation.

Petrographic studies by several workers between about

1874 and 1907, cited by Lamare (1930), indicated, from

Aden and Little Aden, lavas of quartz-trachyte (lipa-

rite), rhyolito approaching pantcllerite, comendite, and
trachyte passing to andesite (trachyandesite). Quartz
trachytes may contain riebeckite. Lamare remarked
that these alkaline rocks form the base of the Aden
Volcano and are succeeded by basaltic and doleritic

flows. Brief mention was made of volcanic rocks in the

Balbuf and Bi'r 'All areas of E.A.P., consisting of

olivine basalt with basaltic cones of undoubted Quater-

nary age. A volcano in the interior of rjadramawt,

Bir BarhQt, was referred to as being active at the end of

the 10th century.

Jaques (1954) gave a brief description of volcanic

rocks, believed to be of very recent age, occurring at

Aden Peninsula, between Shuqrah and Ahwar, and
near Bi'r 'Ali. He recorded thin bonds of lava cutting

sands of the coastal plains at Shuqrah and in the sea

off Little Aden. At Aden Colony the rocks were said

to be mainly of ash and tuff, and only a relatively small

amount of lava is of ondesitic or trachytic composition.

At Little Aden, lava was said to be more in evidence

and of very variable type. Jaques was unable to

determine the location of vents at Aden or Little Aden
and regarded the crater locality of Aden as an unlikely

spot for 1 ho center of volcanic activity.

Bcydiiun i l<J0(>) mentioned that volcanic cones and
basalt sheets are found along the coast from Aden into

southeast Hadramawt. and sporadically farther east.

They arc probably associated mainly with the Xeogene
to Recen: cestui faulting.

Irving ni il Tnrling (1901) gave some description of

the Y't'in:,-cr Yiilrimics of the Aden Peninsula which
were »;ini|il< 'i in n.nnection with paleomagnctic studies.

The AdfTi V..lcat!o is >aid to consist of lava flows and
pyroch. in i,,.k, intruded by trachyte plugs. The

main crater is in the eastern part of the peninsula, the

peak of Spion Kop being the central cone. The base

of the volcanic rocks is not exposed. Their age is

estimated as Pleistocene or Recent by reference to the

extent of erosion and preservation of land forms. An
earlier age is not excluded. In Holkat Bay (lat 12°46'

N., long 45°02' E.) and Khusaf Valley Oat 12°46' N.,

long 45°01' E.), massive trachytes were sampled at

eight sites. These may be plugs or possibly thick

flows. An evidently intrusive trachyte plug was
sampled in the Golden Mohur Bay area (lat 12°46' N.,

long 44°59' E.).

DISTRIBUTION

Rocks of the Aden Volcanic Series cover an aggregate

area of approximately 1,600 square miles in W.A.P.

and perhaps 120 square miles in E.A.P., to as far east

as the longitude of Al Mukalla.

In the Western Protectorate, outcrops have been

mapped as follows: At Perim Island in the Straits of

Bab al Mandab; in the locality of Jabal Kuwait, north-

east of Hi?n Murftd; in the area of Jabal Kharaz; as

small outcrops at Jabal al Birkah and Jabal Marsa;

at Ra's 'Imran; at Aden and Little Aden; between the

coastal centers of Shuqrah and Ahwar; and extending

inland as far north as As hurrah.

These outcrops are mostly coastal. More restricted

lava flows are distributed around volcanic centers

farther inland in W.A.P. Some of these are of very

small extent and are found in isolated remnant patches

in wadis. The main occurrences are about 18 miles

south of NisAb, where basaltic lava rests upon basement

rocks; in Wadi Abadan, 4 miles south of Al rjujayrah;

and northwest of 'Ataq, where isolated outcrops of

basalt, roughly elongated in a northwest-southeast

direction, extend about 25 miles. The well-developed

extinct crater of Al Kirsh ('Ataq) is included in this

group.

In E.A.P. the largest group occurs between the port

of Balbaf and Bi'r 'All, extending inland to a maximum
of about 12 miles. Further, smaller patches of basalt

occur at Karif Shawran, east of Bi'r 'All, and at Ra's

Majdabah and to the north of it. Basalt flows and
cobble spreads are seen in the lower reaches of Wfidl

Hajr, in Wadi Raymah, and also in Wadi al Ghabar.

Small outcrops have been identified to the north and
northwest of Jizwil. In the area of Ra's Qusay'ir,

some 85 miles cast-northeast of Al Mukalla, basalts

appear from aerial photographs to rest upon Oligoccne

and Miocene Shilir beds, and flows follow valleys cut

in these rocks. Aerial photographs show volcanic

rocks of the Aden Series between Musayni'ah and
Sharkhfit and inland from this coastal strip.
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Aden Peninsula.—In the Aden Peninsula the volcanic

rocks of Little Aden have not been examined other

than on aerial photographs, which in certain localities

show dark-toned (basaltic?) lava apparently overlying

lighter toned (silicic?) lava.

The main feature at Aden is the extinct crater,

breached (that is, denuded and reduced) on its eastern

and northeastern aide. The elevated rim on the

southern and western circumference appears, from
aerial photographs, to consist of thin beds of inter-

stratified tuff, ash, and breccia. The quaquaversal dip

of these beds, and of more peripheral lava flows which
reach to the sea in many places, serves to confirm the

identity of the crater. The center of the crater is

floored by a dissected plateau of lava which is of

trachytic typo at some places, for example, in the

locality of the ancient tanks, but which may possibly

have a central plug of basalt.

The variety of volcanic rock types found at Aden is

indicated by the data given in details of previous work.

In addition, specimens taken from the northern slopes

of Al Aineh include:

1. A fine-grained trachyte with phenocrysts of alkali

feldspar set in a fine groundmass of alkali feldspar

microlaths. Other feldspars show crosshatched

twinning suggestive of anorthoclase. Granules of

aegirine-augite and octahedra of magnetite are

abundant. Some interstitial quartz and a carbo-

nate mineral are present.

2. A silicic volcanic rock—trachyte(?) or rhyolitc. In

this rock raicrophenocrysts of alkali feldspar,

finely twinned sodic plagioclose, and aegirine

augite occur sporadically. The fine groundmass

is nearly indeterminate but includes colorless glass

with spherulitic texture, feldspar laths, and

abundant altered sodic (?) amphibole.

3. A highly vesicular porphyritic basalt. Red pseudo-

morphs of iddingsite suggest original olivine.

Clinopyroxene and plagioclase form the medium-
grained groundmass.

i A fine-grained basalt with plagioclase micropheno-

crysts. The groundmass is of calcic plagioclase,

pyroxene, and magnetite. Scattered crystals of

iron-strained olivine are rimmed by pyroxene.

Karif Shaicrdn.—The well-preserved extinct crater of

Karif Shawran is near the coast some 2^ miles east of

Bi'r 'All, E.A.P. The landward lip of this crater

reaches an elevation of about 300 feet above the general

ground level. A saline crater lake, with a species of

mangrove at the periphery, proved to have a water level

corresponding to sea level, and local information indi-

cated that tidal changes affect the lake, which must

therefore be in communication with the sea. The

crater walls show quaquaversal dips and are composed
of tuffaceous material and ash that have a calcareously

cemented crust, fractured to a mosaic pattern. The
inclination of the upper slopes was measured as 24°;

that of the lower slopes, as 13°. Ejected material

found on the side of the cone included pebbles of olivine

basalt, syenitic rock, silicic lava, gabbro, and dunite of

bottle-green glassy olivine. Other less well preserved

craters and cones are present in the area.

Gcntral.—Apart from the mixed rocks of the Aden
Peninsula, other exposures of the Aden Volcanic Series

consist of basaltic flows and pyroclastic material. The
lava appears to have erupted mainly, if not entirely,

from central vents, the evidence for which is well shown
in cones of ash and agglomerate, many of which appear
fresh and well preserved. These occur between Shuqrah
and Abwar, in the Balbaf-Bi'r 'All area, and elsewhere.

The largest extent of basaltic rock is that of the

Shuqrah-Ahwar outcrop, where flows rest upon base-

ment rocks or upon Jurassic and Cretaceous sedimen-

tary rocks. The character of the basalts, here and
elsewhere, varies from scoriaceous vesicular ropy lava,

mixed with pyroclastic material, to massive columnar-

jointed rocks. Olivine is a nearly ubiquitous mineral

component. At Jabal Kharaz massive dense bu-nlt i

interlayered with highly vesicular "thin-bedded" ili-w:-,

weathered to a honeycomb rock.

Between Balbaf and Bi'r 'All cones of red ash and

cinders produce striking scenery, standing above

plateau-forming lava flows (fig. 19). The flows in

many places form steep-sided ridges, as though con-

strained to flow in channels cut in pyroclastic material

or possibly alluvium, which has since been denuded.

The elevation of bedrock underlying basalt in this area

is not known, but it is probable that flows exceed 200

feet in thickness.
AliE

The comparatively recent age of the Aden Volcanic

Series is attested by its appearance both in the field and

on aerial photographs and by the topography. The
flows are seen filling recent water courses and upon

terraces. East of As SawSd on the Ar Kawdah road,

basalt caps terrace conglomerates that rest upon Cre-

taceous sandstone. The Wadl Ruffid, 11 miles north

of Jil'ah, E.A.P., an estimated 40 50 feet of columnar

basalt rests upon some 100 feet of terrace deposits con-

sisting of beds of calcareous silty clay, 1-4 feet thick,

inter-stratified with boulders (fig. 20). The state of

preservation of many of the ash cones also indicates a

very recent age for much of the basaltic rock, but aerial

photographs of the area between Shuqrah and Abwar,

as elsewhere, clearly show flows uf differing age (fig. 21).

Extrusion of lava was intermittent over a considerable

period. Further evidence that basaltic flows are of
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Fioube 10.—lfasnlt flows and volcanic cones of the Aden Votcanlc Series, north of Karlf Sbawran. Bfr 'All.

Fiacre 20.—Columnar hasalt restintc on terrace dciK>sit», 11

mill's north of Jll'nh,

tiilTerint; n,rc is the fact thul no raised beaches are seen

on the flows between Bi'r 'All and Bnlbaf, whereas

terraces ate cut in basalt in Wad I Uajr.

Aa noted above, basalts appear to pierce through

and res? up"ii Oli^ocetie and Miocene iShihr beds at

Ra's Qus!i\ ir; in former Sunaliland Protectorate

basalts of tin- Aden Volcanic Series re.st. upon Miocene

Dubar Series (Greenwood, 1960). These volcanic

rocks seem clearly to be post-early Miocene, and it is

concluded that the Aden Volcanic Series is of late

Miocene or Pliocene to Recent age.

There is reason to suggest that the more silicic

phases of eruption seen in the Aden Peninsula preceded

basaltic effusions. Further support for the later date

of the basalts stems from the fact that all lava flows

seen elsewhere in the Aden Volcanic Series, some of

which are clearly of very recent date, are of basalt.

REGIONAL. CORRELATION

Volcanic rocks equivalent to the Aden Volcanic

Series have been recorded in Yemen as flows of varying

age, and in the remains of extinct volcanoes (Geukens,

1960; Lamare, 1930). They have also been recorded

in Ethiopia (Lamare, 1930). In former Somaliland

Protectorate, the Somaliland Oil Exploration Company,
Ltd. (1954) noted these rocks in the Bulhar area and
in the western boundary region where basaltic flows

extend from the coast along the border between former

British and French Somaliland. The series is dom-
inant^- basaltic, but rhyolites and tuffs occur locally,

mostly near, or forming, volcanic vents.

STRUCTURE

The Protectorate is broadly divisible into three, parts

namely the sedimentary plateau of E.A.P., the tecton-
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Fiorw: 21.—Aden Volcanic Series, north of Sbuqrah. Ramltlc flows rent upon Juraamc limestone (1) or uiion basement rocks

<2). Flows of two stages are discernible (a and b). Itoyal Air Force photograph. Crown . ..j,> r K h> reserved.
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ically uplifted main basement block of W.A.P., and a

structurally depressed area in the southwest mainly

covered by volcanic rocks of the Aden Trap Series.

Basement rocks underwent at least two main periods

of stress, with concomitant folding, melamorphism, and

syntectonic granite invasion. Certainly since Mesozoic

times and probably since the Earl}' Cambrian, move-

ments in the Gulf of Aden region have been of epeiro-

genic type. The Jurassic and later history is one of

intermittent uplift and successive marine transgressions

from an easterly direction. In Late Cretaceous and

Paleocene times and again in late Miocene to Recent

times, vulcanicity accompanied uplift and faulting.

Eustatic movements from Pliocene times resulted in

raised beaches and downcutting by wadis through thick

terrace deposits.

BASEMENT 8TBUCTUBE

BASEMXNT STRIKE TRENDS

The photogeological map prepared by Overseas

Geological Surveys at a scale of 1 : 500,000 provided the

first plot of basement strike trends in Western Aden
Protectorate. These basement strike directions cannot

be shown on the Arabian Peninsula geological map at

the scale of 1 : 2,000,000, but they are indicated in a

somewhat generalized form on plate 1 . Some explana-

tion is required to clarify the significance of the striko

lines shown.

Fieldw ork in Aden Protectorate has proved that, over

a large part of the region, foliation (hero used in a gen-

eral sense to include schistosity and gneissose foliation)

and flow cleavage are parallel with the axial planes of

folds; as tight folding is very common, a general paral-

lelism between relic bedding and foliation exists. Relic

bedding can be clearly discerned in the field in many
areas, so this expected parallelism can be confirmed.

Numerous bands of resistant rock, such as crystalline

limestone and quartzite, commonly of small thickness,

facilitate the recognition of stratigraphic horizons from

aerial photographs, and such marker beds are seen to

strike concordantly with the foliation of other basement

rocks. Thus over most of the region the lineations

plotted from aerial photographs may fairly be regarded

as representing the strike of both bedding and foliation.

In places of significantly plunging structures, however,

where marker beds are absent, it is not possible to know

whether relic bedding or foliation is plotted. Also,

fieldwork has shown that in some localities relic liedding

is not i'..infi«!erit with foliation. In such places, it

appears that, wherever this has been checked, foliation

or cleavage i- reflected in aerial photographs (and has

therefore been plotted), nil her than relic liedding.

In "he s,.i,-.i,n-c-liTi> part of the Protectorate, the 1

overall -Hike wu<\ of tie li.i-ement rock- is upproxi- I

mately northeast, with a swing to north-northeast in

the area of the headwaters of Wadl Bana, west of

Mukayras. This north-northeast direction is continued

in the Bayhan area, changing to north on the southern

border of the Ramlat as Sab'atayn. In the main ridge

of Jabal ath Thantyah the strike is also within a few

degrees of north but changes to northwest in the north-

ern appendage of this range.

The northeast trend seen in the southwestern region

of the Protectorate continues through the Mukayras-

Lawdar area, where the escarpment of the Kawr al

'Awadhil forms a parallel feature, and extends along,

and to the west of, Wad! Dura to about the latitude of

Nisab.

To the northwest and east of Nisab, an abrupt change

of strike occurs, the trend here being northwest. This

break is marked by minor mapped faulU, but the

presence of a major fault running northwest through

Nisab and linking with faults on this trend in the south-

east sector of Jawl as Salab is suspected. The north-

west strike trend is clearly expressed in a belt of steeply

dipping rocks extending from near 'Ataq southeastward

through As Sufal to the 14 th parallel. The strike of

the basement rocks is here parallel with the major

fault zone that separates basement rocks from sedi-

mentary rocks to the east.

A strong east-west component is seen in the rather

variable strike trend of the region bounded by Mddiyah

to tho west, by Nisab to the north, and by Trqah to the

east. In the east and southeast of this region the

strike swings through northeast to reach parallelism

with tho northwest fault zone mentioned previously.

In E.A.P. the foliated rocks flanking granite and the

Jibal al Aswad range show a wesWtorthwest strike

parallel with the elongation of the range. The base-

ment rocks of the Wadl Gharlsh area, although variable

in detail, maintain an overall strike of about 10° west

of north. Metasedimentary rocks of Wadl al Ghabar

strike between north and about north-northwest. By
contrast, the elongate dome structure of Zulm Bii

Thaiab (older volcanic rocks), and also the basement

rocks at Jabal Jahnuim. Wtidi IJajr, trend roughly east-

northeast.

Attention is drawn to the parallelism between the

basement strike over extended areas and to the several

directions of the regmatic shear pattern.

Distortion of the strike of basement rocks by plu-

tonic intrusions is seen in the area to the south of

Nisab, in the southwestern part of the Jibal an Nisiyln

I block, and in the Bayhan area. In these localities

the foliation strike curves around the granite margin

and suggests the advent of granitic plutons as near-

1 solid musses. In some places the disruptive effect

i upon foliation strike was minimized, where the intru-
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>ions formed bodies elongated parallel with the base-

ment grain, as at Jibfil al Aswad, and on a smaller

scale to the south of 'Ataq, where mafic plutonic rook

caused slight divergence of basement strike. In con-

tradistinction to the distortion of basement strike by
Inter plutonic intrusions, the coincidence between folia-

tion of granitized rock and adjoining basement rock

i> well seen on aerial photographs.

Many of the dikes of varied composition and age,

which cut basement rocks, follow northwest and north-

east directions, as in the Mukayras-Khawrah area.

In volcanic rocks of the western part of the Protectorate

the northwest direction appears dominant. Although

definite evidence is not available in the absence of a

statistical analysis of a large number of dike directions,

h>ervations suggest that these are the preferred orien-

tations of the majority of dikes. The northeast

direction is also followed by many but not all dikes and
veins of pegmatite, quartz, and feldspar.

Other main directions followed by dikes include

north-northwest, north-northeast, and west-northwest.

Dikes trending north and east also occur, and it may
be significant that these appear to be the preferred

directions of dikes cutting later granites.

JOINT DIRECTIONS

Joint directions in granitic rocks are similar to those

noted for dike intrusion, with the additional east-

northeast trend seen in the Sa'Id granite. Major
north- and east-trending joints were seen in granitic

mcks of Mukayrfis, MQdiyah, Nisfib, Jibfil an

Nisiyln, and Jibfil al Aswad.

Apart from fracture cleavage, which affects basement

n>cks of all areas, more widely spaced fracture planes

approximately at right angles to foliation are also

Simmon.
MAJOR FOLD STRUCTURES

Hie study of aerial photographs of the basement

n eks of the Protectorate shows that these have under-

i-"tie intonse and complicated folding and contortion,

the unravelling of which would entail much detailed

work. In the reconnaissance of a large region this could

ti"t be done, and it is possible only to point out some
if the more obvious structural effects, and to note

the opportunity for further work in this territory.

A fold struct urc of considerable significance occurs

-« me 10 miles west of Yashbum near the eastern mar-

gin of the main basement-rock area, which is delimited

hy a major zone of faulting trending northwest. This

;» an asymmetrical synclinal fold or synclinorium in

which the rocks forming the limbs are involved in

-uhsidiary close folds. The structure has a curving

axis which, in the northern, more clearly defined part,

plunges to the south-southwest. The northern con-

tinuation of this structure is obliterated by the invasion

of granitic rock but the attitude of the exposed struc-

ture suggests that the axis of folding continued to

swing through a north direction to become parallel

with the fault zone to the east. Steeply dipping rocks

of the east flank strike parallel with the fault zone,

and the general disposition of the fold suggests re-

orientation of an original east strike by compressive

stress transmitted through sinistral transcurrent move-

ment along the fault zone referred to. This is sup-

ported by conditions to the south of the synclinal

area where, near Al Mahfid, basement strike, which is

mainly east farther to the west, similarly swings through

a northeast direction before becoming parallel with

the fault zone.

Folding occurs mainly on east axes in the basement

rocks over an area extending to about 65 miles north-

west and north-northwest of Ahwar. Synclinal folds

with eastward plunge are mapped in the area some 16

miles southeast of As Surrah, and 17 miles south-

southeast of Khawrah.

In the main basement block, west of a line between

Shuqrah and Mukayrfis, the photogeological mapping

shows large-scale folds, axes of which trend mainly

northeast. A large synclinal fold plunging to the south-

west is indicated about 15 miles southwest of Mukayrfis.

The zone of folding on northeast axes is continued to

the northeast of Lawdar along a line parallel with Wfidl

Dura. The complicated folding here may be the result

of large-scale drag effects connected with transcurrent

faulting along the line of the wadi, but this has not been

substantiated.

MINOR FOLD STRUCTURES

During the field reconnaissance there was little

opportunity for the study of minor fold structures.

Brief observations of some of these folds are recorded

here.

In the main Jabal ath Thanlyah range, several asym-

metric plunging folds were noted. In one of these,

developed in crystalline limestone, the axis trends

north-northeast and the fold plunges steeply to the

north-northeast. The axial plane dips steeply in a

direction of 120°. The fold shows a steeply dipping

eastern limb, whereas the western limb dips at a

moderate angle. Other folds in this range appear to

have the same orientation.

Basement rocks in Wfidl Ahwar show particularly

marked minor folding and plications about axes trending

:iW° and plunging southeastward at low angles (fig. 22).

In basement rocks to the northwest of 'Irqah, feld-

spathic bands show minor folds along axes trending
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Figure 22.—Folds in basement rocks. W«dl Abwar.

340°. At Ji'ar, in the Abyan district, basement rocks
Mow unconformable Jurassic beds show small-scale

folds with axes trending 310° and plunging as in Wfull

Ahwar.

The trend of the fold axes as observed at 'Irqah.

Ahunr. and Ji'ar, agrees with (he strike trends plotted
from aerial photographs, and thus confirms the relia-

bility of data from the photographs. Aerial photo-
graphs show great variation in the trends of small-scale

folds from one locality to another and this is attributed

to differential movement between faulted basement
blocks.

GENERAL

Over much of the basement-rock area, tight isoclinal

folds are seen in steeply dipping belts, such as that
running southeast from 'Ataq through As Suffd. and in

the belt parallel with Wfull Durfi in the Khuwrah
district. The dip of foliation and relic bedding planes
in the 'Ataq-As Suffd belt ranges between o.

r>° and
vertical; in Wad I Dura dips of <>0° to vertical were
measured. In many other area*, dips between 45° and

vertical occur. In belts of steep dip, the dip direction

may vary along the strike, indicating overturning.

The folding appears to be of similar, as opposed to

concentric, type.

In some areas, as between As Surrah and NQsah,

folds of open type were seen in which dips on the fold

limbs range from 15° to 30°. During the survey no
obvious variation in the distribution and thickness of

competent and incompetent strata was noted between
areas of tight and open folding, and no explanation for

variation in fold type can be given beyond the sugges-

tion that this may be related to stress differences con*

trolled by the alinemcnt of ancient shear directions now
marked by faults. Open folds tend to be associated

with faults of mainly east trend, whereas some tightly

folded belts are associated with, and run parallel to

major northwest- and northeast-trending faults.

Many basement rocks give evidence of at least two
major periods of stress, one associated with dynamo-
thermal metamorphistn and a later one associated with

metamorphism of mainly dynamic type. Some of the

evidence for two or more periods of stress is derived

from the fact that the strike of foliation and relic

bedding is opposed in several localities. In the Al
Musaymlr area, relic bedding in a quartz-bio tite schist

strikes at 320°; the foliation strike is about 50°. In
Wadl Gharlsh, E.A.P., clearly visible relic bedding in

garnet-staurolite-mica schist strikes at about 330°.

whereas foliation strike is about 10°. In these areas

the discrepancy does not appear to result from diver-

gence of axial-plane foliation from bedding in the nose
of a fold.

Further evidence for refolding occurs in tbe §a'fd

area where fine-grained quartz-biotite gneiss shows post-

crystalline deformation. The fold core shows quartz,

and biotite-rich layers, and in the latter biotitc flakes

follow the folding, showing some minor distortion in

the crest al part. This distortion is considered to be
due to refolding of a foliated rock rather than to

mimetic crystallization.

I'etrographic evidence for renewed stress following

initial development of foliation is shown in a number of

specimens by such effects as crumpling of an curlier

>chistosity and two generations of quartz and mica.
See also "Metarnorphism.")

The earlier stress period recognized seems to have
affected basement rocks at considerable depth where
temperature elevation enhanced by granitic invasion

reduced the rocks to a partly plastic condition. Ptyg:-

matically folded veins of granitic material, which occur
in Bones peripheral to syntectonic granite, are probably

Lssocutod with plastic deformation of the host rock,

which is also indicated by similar folding. Many
feldspathic bands and some pegmatites, folded cori-

Digitized by Google



ADEN PROTECTORATE C61

cordantly with intricately folded country rooks, provide

structural evidence for syntectonic granite invasion,

because the bands are associated with these granites.

Rocks showing evidence of polymetamorphism, which
have undergone at least two periods of stress, are those

classed as the Aden Metamorphic Group and the

associated syn tectonic granites. A second class of

rocks shows mainly the effect of dislocation metamorph-
ism. such as deformation of mineral components,
cataclasis, and shearing. This class comprises the

intertectonic igneous rocks of W.A.P. and the older

volcanic and Wadl al Ghabar metasedimentary rocks

of E.A.P. The later metamorphism which affected

these rocks operated at effectively higher levels, owing
probably to some denudation of cover rocks between
the time of the earlier mesozonal metamorphism and
the later epizonal effects. The latter resulted in the

imposition of strainslip cleavage upon basement rocks

over a wide region, extending from southwestern

Hadhramut to the western part of tho Protectorate.

An example of this is seen in an eastern tributary to

Wadl Gharlsh, where platy quartzitic rock is inter-

bedded with more argillaceous sandstone. Fracture

cleavage making a high angle with bedding planes is

strong in the less competent member. Shear zones

present in a number of areas are exemplified by that

seen in the Mukayras pass where dioritic rock of the

intertectonic igneous phase is cut by shear planes at

steep angles, along which is phyllonitic rock.

To summarize, the available evidence indicates at

least two important stress periods. The earlier period

affected basement rocks in a partly plastic state and
resulted mainly in close isoclinal folding of similar type.

Axial planar foliation was developed due to metamor-
phic recrystallizatiou. A later period of stress appears

t<> have caused some refolding of foliated basement rocks

and folding of the later Wadl al Ghabar metasedimen-

tary rocks. At this stage fracture cleavage was de-

veloped and is shown in the multidirectional cleavage

planes of the older volcanic rocks of E.A.P. and in many
of the W.A.P. basement rocks. This strainslip cleavage

does not appear to have progressed through recrystalli-

zatiou to the production of schistosity or gneissic

banding, and it does not obliterate older structures,

yime of which arc expressed as contortions of earlier

fhistositv. Shearing and cataclastic deformation also

resulted from the later stress phase. Granitic intru-

sion- nf presumed early Paleozoic age have not been

^Hilarly affected.

POSTBASBKEMT STRUCTURE

The structural
features associated with postbasement

Vis of the western part of the Protectorate must be

considered in relation to the Eastern Protectorate where

by far the greater proportion of .Jurassic and later rocks

are exposed. Beydoun (1961) gave a full account of

these rocks in E.A.P., from which data have been ex-

tracted and are included in the following discussions.

Reports of restricted occurrences of Paleozoic rocks in

W.A.P. (Jaques, unpublished data, 1952) have not been

confirmed in the recent survey.

Late Jurassic-Early Crttaceout atructure.—Beydoun
reported faulting and local folding associated with

faulting in E.A.P. in late Jurassic or Early Cretaceous

times. He adduced evidence for movements at the end

of deposition of the Shuqra Formation (Lower Ox-

fordian)
,
suggesting emergence and the rise of a barrier.

At the end of Shuqrah times this barrier was assumed to

have isolated an evaporitic inland basin in which the

Sabatayn Formation (correlated with the Medbi, over-

lying the Shuqra Formation) was deposited. Intra-

formational conglomerates in the Naifa Formation

[Upper Kimeridgian-Tithonian] indicate erosion of an

emergent barrier which was overcome to allow the

Naifa Formation to spread inland over the evaporitic

basin, and to overlie the Sabatayn Formation as it

overlies the Madbi Formation. The exact position of

the postulated Jurassic barrier is not known, but it may
have been alined westward to the south of the axial

region of the present south Hadramawt arch.

At the end of the Upper Jurassic, faulting took

place. According to Beydoun, this appears to have

been mainly block faulting, perhaps due to relaxation

from uplift. The fault direction is douiinantly north,

but some east-trending fractures are also present.

Beydoun noted that the terminal Jurassic movements

divided the territory into major north-south highs and

lows, which were differentially eroded before the Cre-

taceous cover was laid down. The north-south features

extend across tho whole territory and were thought to

be due to faulting along old trends in the basement

rocks. The most important uplift is the Mukalla high.

A subsidiary high was noted in the eastern part of

W.A.P.
Over the western part of the Protectorate little in-

formation concerning Jurassic structural conditions can

be obtained, as Jurassic rocks in this region are pre-

served as faulted blocks and strips of fairly restricted

extent. Jurassic strata are preserved along the faulted

escarpment extending southwestward from near 'Ataq

toward the coast and also in an area of complex faulting

to the south of Mayfa'ah, Al Wfthidl. From the

neighborhood of Al Mabfid west-southwestward to tho

longitude of Aden, Jurassic together with Cretaceous

rocks on the basement rocks are preserved in places by

faulting in mainly cast-northeast to east directions.
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Jurassic rocks also occur in an area of mainly northwest

faulting at and to the oust of Al 'Anad.

The salt domes of 'lyadh, Lai'adin (Ayadim) (about

38 miles N. 61° E. fmm An NuqQb, Bayban) and of

the Shabwah area are present in rocks of the Sabatayn
Formation. The Naifa Formation is represented in the

'Iyadh dome.

Cretaceous structure,— Beydoun recorded no important

faulting or folding in the Eastern Protectorate during

the Cretaceous, but epeirogenic subsidence and local

uplift was thought to have occurred. He noted that

in Aden Protectorate and in the former Sotnaliland

Protectorate the overall trend of facies lines is north,

indicating new easterly tilt of the land surface and
transgressions from the east.

In the west-central subcoastal areas of the Aden
Protectorate, Cretaceous beds resting upon Jurassic

strata are preserved in faulted strips. To the east of a

line between Ad Dali' and Al 'Anad, Cretaceous rocks

crop out at the margin of volcanic rocks of the Aden
Trap Series, which they appear to underlie in the south-

western areas of the Protectorate. Their relation to

the trap series is difficult to discern because in most
places the contact is one of faulting. The balance of

evidence suggests that volcanic rocks are later than

exposed Cretaceous strata. At 'Awabil and Al 'Anad,

Cretaceous sandstone rests directly upon basement
rocks. The evidence indicates marine transgressions

from a easterly direction, advancing up the slope of the

tilted Arabian shield and resulting in a diminishing

thickness of deposits from east to west. In the western-

most parts of the Protectorate, continental (and possibly

lagoonal) deposits replace the marine deposits of the

east.

Paleocene and Eocene structure — No faulting or

folding was recorded by Beydoun in the early (Paleo-

ceii-i stage of the Tertiary subsidence in E.A.P., but
in l alfDcene and middle Eocene times the progressive

development of the biaxial Hadramawt arch began.

This feuture attained its present form about the end of

the Eocene, but the collapsed south flank resulted

from faulting in the later Tertiary.

Beydoun noted that the structure is divided into

north and south arches by an intervening gentle

syucline, all the folds trending west-southwest in

Hadramawt, but swinging to the eust in Al Mahrah.
The south Hadramawt arch i.s intersected in the

\vc ! by a zone of west-northwest faulting across its

axial line, and the arch loses its identity toward the

WeMeni Protectorate border. The flanks of the folds

show very gentle dips amounting to about 1° overall,
,

but the southern flank of the south arch i.s in the form I

of a broken scarp owing to extensive faulting associ-
|

ated with the Gulf of Aden rifting. Beydoun regarded

the arching as due to warping rather than faulting.

Eocene sedimentary deposits are barely represented

in W.A.P., but the Eocene structural history of E.A.P.

is relevant to the study of the W.A.P. structure. The

Hadramawt folds discussed by Beydoun (1961) are

shown on plate 2. The fact that these die out in the

region of a major fault zone of northwest trend, which

throws strata to the east against western basement

rocks, reinforces stratigraphic evidence for thinning

of Eocene deposits to the west and suggests that the

fault zone referred to was active in Eocene times,

being associated with basement uplift and reduced

sedimentation. In view of the occurrence of Eocene

sedimentary rocks at Al Mahfid, west of the present-

day faulted escarpment, it cannot bo postulated that

the fault zone referred to limited the westward ex-

tension of Eocene deposition. Nevertheless, it would

seem that this zone of faulting lies on or near the eastern

border of a regional uplift that resulted in the present

exposure of the main mass of basement rocks in W.A.P.

To the west of this fault zone all strata of Jurassic and

later age are in faulted relationship to basement rocks,

as opposed to forming an extensive cover, as is true to

the east. The near-complete absence of down-faulted

remnants of Eocene rocks over the western area strongly

suggests that these were not deposited over most of the

region.

It may be inferred that the elevation of the basement

rocks in the western part of the Protectorate formed a

barrier to the westward advance of Eocene transgres-

sions. This elevation was of epeirogenic type. It

is reasonable to correlate this uplift with the incidence

of volcanic activity of Late Cretaceous or early Terti-

ary age that occurred in the southwest. The original

eastward limit to the spread of these volcanic rocks of

the Aden Trap Series is not known but they are sepa-

rated from uplifted basement rocks by faulting, a major

zone of which trends north-northwest to the east of

a line between Ad Hali' and Al 'Anad. The extension

of the eastern boundary of the volcanic rocks into

Yemen, as mapped by Geukens (1960), suggests that

the volcanic rocks are preserved in a depressed zone
flanked to the east by a tectonic ridge trending generally

north-northwest.

Oligocene and Miocene structure.—Beydoun stated

that subsidence and progressive marine ingression

from east to west occurred in the Gidf of Aden during

the Oligocene and Miocene times, and he considere<i

that during this phase of relaxation from compress-

sional uplift, associated with the development of the
Hadramawt arch, normal faulting parallel to the axis of
folding broke up the south flank of the (south) arch.

Coastal Oligocene and Miocene deposits (Shihr Group)
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hare been tilted by fault movements, which Beydoun
considered to predate Gulf of Aden faulting.

Xeogene and Recent structure.—Beydoun considered

Gulf of Aden faulting of east-northeast trend to be

fairly common; he noted long straight stretches of

coastline which follow this direction and which have un-

dergone relative elevation in Neogene to Recent times,

as shown by the fact that Oligocenc and Miocene
deposits are involved in the uplift. Evidence for

faulting of Oligocene and Miocene deposits is lacking

in W.A.P. where such deposits are not recorded.

Relative tiplift of the land is shown by terraces of

alluvial material standing at heights of 35-75 feet

above incised wadi course. In Wadi Ahwar a well-

developed oxbow isolated some 35 feet above the

present wadi bed indicates a period of stability followed

bv a very recent change of base level. Faulting in

basalt flows of the Aden Volcanic Series between

Shuqrah and Ahwar, alined in the Gulf of Aden trend,

indicates late epeirogenic movement, probably in

Recent times.

Summary.—The very extensive folded sedimentary

cover of Jurassic to middle Eocene rocks of E.A.P.

does not occur west of a northwest-trending fault zone

which extends from near 'Ataq to the coast a little

east of 'Irqah. This fault zone may continue to the

northwest, under the sands of the Ramlat as Sab'atayn,

to link with major faults of the same trend that are

mapped in Yemen.

To the west of this faidt zone, in the subcoastal

region of west-central Aden Protectorate, Jurassic and

Cretaceous strata are preserved in restricted elongate

outcrops faulted against the basement rocks by faults

of east-northeast to east trend. The Cretaceous rests

upon Jurassic and the latter upon peneplanod and

weathered basement rocks. Recorded Eocene in

W.A.P. is limited to an exposure in a small down-

faulted syncline at Al Mahfid.

In the southwest of the Protectorate, east of a line

between Ad Dab' and Al 'Anad, a second major fault

zone trending generally north-northwest, with north-

west components, marks the western edge of the main

basement block of the Protectorate. Jurassic and

Cretaceous beds are exposed in faulted strips along

this zone. At 'AwSbil, Al 'Anad, and elsewhere in

rhis western region, Cretaceous sandstone rests directly

upon basement rocks. West of the fault zone an

extensive urea of volcanic rocks of the Aden Trap

Series occurs. As suggested by Geukens in the case

«f Yemen (1960, p. 178), it is considered that these

volcanic rocks are underlain by Cretaceous sandstone

»! .Nubian type. The volcanic rocks are of Late

Cretaceous or more probably Tertiary age. They are

rut by faults which very generally trend northwest,

and this trend is also followed by many dikes of the

area.

It is considered that the Aden Trap Series and the

underlying Cretaceous sandstone, which is preserved

from denudation by the volcanic cover, occupy a

structurally depressed region flanking a tectonic high

to the east, The high was caused by epeirogenic

uplift associated with faulting. A causal relation

between uplift and volcanic activity is recognized and

it is likely that uplift occurred in latest Cretaceous or

early Tertiary times and formed a barrier to the west-

ward extension of the Eocene transgression of E.A.P.

The Aden Trap Series is regarded as roughly coeval

with Paleoccne of E.A.P. The fault zone east of the

Ad t>ftli'-Al 'Anad line lies along the western flank of

the uplift, and along an extension of this north-

northwest-south-southeast line into Yemen there is

evidence of erosion of Jurassic and Cretaceous deposits

and diminution of thickness of volcanic rocks (Geukens,

1960, p. 139, 153-154). Geuken's map of Yemen
completed the picture in Aden Protectorate of volcanic

and sediments thinning out against uplifted basement

rocks, although the fault zone which marks this uplift

in the Protectorate is not (yet) mapped in Yemen.

The eastward extension of the uplift barrier cannot

be exactly defined, but it is noted that the northwest -

trending fault zone passing near 'Ataq, and probably

linking with similar faults in Yemen, demarcates

the eastern extent of the main basement block in both

Aden Protectorate and Yemen, and may he along

the eastern flank of this basement uplift.

The assumption of an uplift in Late Cretaceous

to early Tertiary times, associated with faulting

along trends roughly parallel to that of the Red Sea

axis (with which direction many eruption fissures of

the trap series in Yemen arc coincident (Wissmann

and others, 1942, p. 290), suggests recognizable

manifestations of development of the Red Sea rift

dating from this time.

FAULTING

Main fault directions in the Gulf of Aden region

are classified as follows. The east African trend

ranges from north to north-northeast; the true Eryth-

rean or Red Sea trend is northwest, but faults following

a west-northwest direction may be included in tins

class; the Gulf of Aden trend is east-northeast and

in strict usage should be differentiated from the east

Somali trend; however, this distinction is not every-

where adhered to; the Aualitic trend is northeast.

The major faults of W.A.P. and southwestern

Uadramawt are shown on plate 1. The fault pattern
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over a wider region of southern Arabia and the former

Somaliland Protectorate is shown on plate 2.

FAULTING OF BAST AFRICAN TREND

Faults of east African trend are of somewhat re-

stricted and generally local occurrence. They are

mapped in the basement rocks of the Bayfcan area,

in the Jibal an Nislyln block, and to the northeast

of Abwar; also in other basement-rock areas. An
extensive fault following the line of Wadl Rayban,
to the southwest of Lawdar, maintains a north-north-

east trend along much of its length before swinging

to a northeast direction in the north. Although faults

of this class may follow basement strike direction,

this is not always true; southwest of Lawdar and

southeast of Khawrah, faults cut across foliation

strike at high angles.

In many places fault* of east African trend are

displaced by those of Gulf of Aden trend (s.l.). Thus

in E.A.P., faults bounding the Wadl al Ghabar
metasedimentary rocks are alined approximately along

the east African trend and terminate against and are

offset by east-trending faults. Faults of west-north-

west trend also appear to be of later date in this

locality.

FAULTING OF RED SEA TREND

Faults following the Red Sea trend, as loosely defined,

form nn important feature of the Protectorate fault

pattern.

The 'Ataq jault zone.~A major zone of faulting of

Red Sea trend extends for over 60 miles from near

Ataq to the locality of 'Irqah in the coastal plain.

The northwest-trending faults, dominant in this

zone, both offset and are offset by east-trending and

west-northwest-trending faults, and may swing to

the west-northwest direction. It is probable that

this zone of Red Sea faulting extends into Yemen
through the Ramlat as Sab'atayn.

The 'Ataq fault zone marks the ens tern border of the

main block of basement rocks of the Protectorate and

over much of its length is parallel with the strike of

basement rocks immediately to the west. Farther to

the west the basement strike trends roughly east but

swings into parallelism with the fault zone. A promi-

nent faultline scarp is formed by sedimentary rocks to

the east, which dip away from the basement junction

in a general northeasterly direction. The present sur-

far vpre^sion is of normal faulting, which has thrown

down Jurassic and later sedimentary rocks against

basement rocks (fig. 23 ) . Where observed near As Sufal,

the dip of the fault plane is steep and there is evidence of

variation of apparent vertical displacement along the
I

Fioi rk 23.—Jurassic limestone faulted against schist along part

of the 'AUQ fault tooe. As Sural.

fault strike. It is possible that transcurrent faulting

at depth, of ancient inception, is expressed by later

vertical movement at the surface, and this theory may
also be supported by the rectilinear trace of the main

faults.

The Dhaia fault zone—Bounding the main basement

block to the west is a second major zone of faults of

Red Sea trend (s.l.) in which the characteristics of a
fault zone are more clearly expressed by numerous

faults trending north-northwest and northwest. Faults

of the general Gulf of Aden trend that occur here appear

to be mainly of later date.

The Dhala fault zone, some 6-7 miles east of a line

between Ad Dfili' and Al 'Anad, separates basement

from volcanic rocks of the Aden Trap Series and along

the margin of the basement rocks, faulted blocks of

Jurassic and Cretaceous sedimentary rocks are pre-

served; these dip away from the basement rocks in a general

southwesterly direction. The faulting also preserved

the volcanic rocks—of Late Cretaceous or Paleocene

age—in the downthrown basinal region to the west

;

the inception of the faulting in Late Cretaceous or

Paleocene times is indicated by the absence of volcanic

rocks to the east of the fault zone. If the fault zone

postdated volcanic activity, preserved volcanic rem-

nants might be expected to occur over the basement

rocks to the east, as is true of Jurassic and Cretaceous

rocks. Alternative explanations for the absence of vol-

canic rocks east of the fault zone involve nondeposition

of these east of a fairly sharp line of demarcation, or

cessation of down faulting over the basement-rock area

subsequent to the Cretaceous Period. Both these

postulates are highly improbable.
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Faulting in the Aden Trap Series.—The Red Sea
trend (s.l.) is dominant in faults cutting the Aden Trap
Series in the southwest of the Protectorate and many
of these faults follow the true northwest-southeast Red
Sea direction. The volcanic rocks were originally dis-

posed in subhorizontal sheets, but over much of the

area they are tilted by strike faults and dip generally

to either the northeast or southwest. In several areas,

for example, southwest of Al Musaymlr and northwest

of Ghayl Barbar, Cretaceous sandstone is exposed in

the volcanic area by faults of Red Sea trend.

Tht 'Iy&dh JauU zone. In southwestern IJaradmawt
a zone of faults trending west-northwest to northwest,

expressed largely in Eocene sedimentary rocks, can be

followed from 'lySdh to the locality of Neifa on Wadl
Hajr. Here the clear expression of this trend is lost in

complex faults that follow several directions. Against

this zone of faults of Red Sea trend (s.l.), the southern

anticlinal fold of the Hadramawt arch fades out. To
the east, faulting in the sedimentary cover trends dom-
inant ly east or east-northeast. Although faulting on
west-northwest lines occurs in the Ra's Sharwayn-Ra's

Fartak area, it is likely that this differs from the 'Iytidh

zone of faulting in origin and time of initiation. Bey-

doun (1961) suggested that some of the faulting on

west-northwest lines may have developed during the

culmination of geanticlinal warping as a form of ad-

justment to differential crustal shortening, and he sus-

pected that some transciurent movements involving

the Gulf of Aden trend may be associated.

The zone of faults extending southeast from 'Iyfidh

is flanked at its southeastern end by an area of exposed

basement rock that extends eastward to Al Mukalla.

Beydoun (1961) recorded an old high of igneous base-

ment rocks in the Al Mukalla urea. He suggested that

this feature was formed by uplift during post-Jurassic

faulting but that this movement could have been one

of rejuvenation. These observations support the sug-

gestion that the 'Iyfidh fault zone is the expression of a

reactivated ancient fault trend connected with tho up-

lift of the Al Mukalla high and resulting in a comple-

mentary depressed area between this and the main

block of presently exposed W.A.P. basement rocks to

the west, the latter being also margined by the 'Ataq

fine faults of Red Sea trend. In this depressed zone,

basement exposures are limited, although the elongate

basement range of Jibfil al Aswad forms a prominent

feature flanked by west-northwest-trending faults paral-

W ritii the foliation strike. The expression of reju-

rtnated(?) Re<l Sea trend faulting (s.l.) in the sedi-

ment&rr cover of the depressed zone, as contrasted

rjfii the greatly reduced expression to the east, may-

be re/afed to the reduced thickness of Tertiary cover,

which is also reflected in the fading of the Hadramawt
arch to the west. It is noted that in former Somaliland

Protectorate, faults of Red Sea trend (as other faults),

that extend inland from the sunken coastland (base-

ment) region die out as they penetrate the sedimentary

plateau (Somaliland Oil Exploration Company, Ltd.,

1954, p. 33-34).

Apart from the zones mentioned above, faults of

Red Sea trend (s.l.) occur over much of the basement-

rock region; they may cut across foliation strike

directions as in the Wadl Bana area southwest of

Mukaynis, and in the Bayban area. These faults may
throw to northeast or southwest. In Wfidi Abwar a

small reverse fault, striking northwest, dips steeply to

the northeast and throws down to the southwest.

FAULTING OF AUAXiITIC TREND

Faults following the northeast Aualitic trend, parallel

with the main Ethiopian rift direction, occur in the

western part of the Protectorate, as in Yemen, but

they are comparatively few. In the E.A.P. significant

faulting on this trend is apparently not recorded.

In common with faults of other classes, faults of Aualitic

trend may swing to follow other trends.

A major fault of this trend runs for some 25 miles

parallel with the fault scarp of the Kawr al 'Aw-uUul

passing to the north of Lawdar. It is probable that

this fault, or a parallel fault, extends farther to the

northeast along the Wadl Dura. Tho fault follows

basement strike.

In the region to the east of the upper Wadl Banii,

faults of Aualitic trend are somewhat transverse to

basement-rock strike. The longest of these can bo

traced for 25 miles before it swings to an east-northeast

direction in the southwest. Other faults of the same

trend cut basement rocks and Jurassic and Cretaceous

rocks northwest of Ar Rawdah, to the north of Aden,

and in the area south and southeast of Bayban.

FAULTING OF GULF OF ADEN TRKND

As noted, the Gulf of Aden trend strictly refers to

faults trending east-northeast. Many faults that

follow tins direction over part of their course swing to

cast or even west-northwest trends. These are all

included under Gulf of Aden trend (s.l.).

The distribution of Gulf of Aden faults iti W.A.P. is

fairly uniform except that their expression is much
restricted in the Aden Trap Series in the southwest.

Few of the individual faults of this class are of great

length, but a nearly continuous line of faults some 28

miles long through Wfidi Habban and Yashbum is

noted. Further extensive faults on the same trend

occur south and southwest of Al Mabfid.
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Faulting of the Gulf of Aden trend is mainly re-

sponsible for the preservation of elongate strips of

Jurassic and Cretaceous sedimentary rocks in the

basemen t-rock area in the coastal zone between the

longitudes of Aden and 'Irqah. The width of these

faulted blocks generally does not exceed 4 miles and in

many places is less than 1 mile; in length a practically

continuous strip extends for some 80 miles. Traverses

inland in a north-south direction may cross four or

more of these faulted blocks with intervening basement

rock or basalts of the Aden Volcanic Scries, as between

Shuqrah and Lawdar. Tho characteristics of many of

theso faulted blocks is exemplified by that occurring

some 30 miles northwest of Abwar. Here Jurassic

limestone is preserved by normal faults striking parallel

with, and dipping northward in the same direction as,

basement strata—that is, parallel with basement

bedding planes. The Jurassic beds of the tilted block

dip southward in the opposite sense to basement

foliation (and relic bedding) and rest upon basement

rocks to the north. Similar fault blocks occur to the

northwest of Shuqrah and at the northern edge of the

coastal plain north of Aden; in these blocks tilted

sedimentary beds dip at about 25°-30° S. against

strike faults downthrown to the north. The dip of the

fault planes is about 50°. In some places the faults

throw sediments down against basement dip in the

opposite sense to basement foliation, as in the area

8 miles west of Xflsah, where faults are downthrown
to the south.

Wissmanu, Rathjens, and Kosamat (1942, p. 293)

recorded, near the foot of the Kawr al 'Awadhil,

narrow ridges of basement rocks bearing nappes of

Jurassic limestone dipping south-southeast. These
form narrow fault blocks bounded by faults that

strike east-northeast and dip north-northwest. The
distance from fault to fault is estimated at 2-3 km on
the horizontal, so that a "staircase" of narrow fault

blocks is formed. The fault planes dip in the opposite

direction to the faulting responsible for the main scarp.

With respect to this main fault, tho faulting of the

stepped blocks may bo described as antithetic. The
fault planes of these blocks run parallel with the

(relic) bedding planes of the basement rocks which

form preferred directions for the downthrow faults.

\Vi>smann suggested that the tilt direction of the

f:i: i <<l sedimentary blocks is inversely related to the

<l.f; of the basement strata.

Th.-N<< observations accord with the relations seen in

niQii\ of the faulted sedimentary blocks in basement-

rock jtri-as, but as noted above there appear* to be no

constant relation between the direction of throw of

the faults, and hence tilt of the blocks, and dip direction

of the basement rocks

Although faults ol Gulf of Aden trend in several

areas, and particularly in the west-central part of

the Protectorate, run parallel with basement strike,

this coincidence is not universal.

A few faults of Gulf of Aden trend occur in basalts of

the Aden Volcanic Scries, between Shuqrah and Abwar

In E.A.P., faults trending east and east-northeast

are numerous, particularly on the south flank of the

Hadhramut arch, as noted by Beydoun (1961).

GENERAL

Faults in tho Aden Protectorate are generally of

normal type, as expressed at the surface. Minor re-

verse faults occur in basement rocks, as in the Abwar
district, and a small thrust fault involving Cretaceous

and Jurassic beds is recorded in the lower Wfidl Hajr

of E.A.P.

In some places the normal fault probably represents

the latest increment of movement along ancient shear

directions in which earlier deeper movements were of

transcurrent or wrench faulting. This seems particu-

larly likely for northwest- and northeast-trending

faults, which show long and straight traces and in which

the dip of the fault plane is high. Faulting on these

trends may occur as a complex zone, which is again a

common expression of deep wrench faulting. Con-

siderable variation in throw along the strike of these

faults is seen.

Although shear planes in basement rocks are widely

seen, no conclusive evidence for transcurrent faulting

can be presented. However, aerial photoraphs of

folded basement rocks in an area south of Al Mabfid

show long and straight faults on Gulf of Aden trends,

in which displacement of steeply dipping beds may be

as much as 800 yards (fig. 24). In E.A.P., faulting in

a west-northwest direction was suspected by Beydoun

(1961) of being related to transcurrent movement, and

he suggested tangential stress, due to horizontal com-

ponents of fault movement, as a factor in the develop-

ment of salt diapirism.

In former Somaliland Protectorate, in a similar tec-

tonic setting, faults of Red Sea trend (a) show high-

angle to vertical dip of fault planes; (b) frequently

attain a large throw and then die out abruptly; (c) may
occur as scissor faults; (d) are frequently arranged en

echelon ; and (o) have generally straight courses. These

characteristics may be the surface expression of buried

wrench faults. It must be addod, however, that

mylonitized zones were not recorded by Somaliland

Oil Exploration Company, Ltd. (1954).

For the present it must be enough to recognize that

a number of the major faults of Aden Protectorate may
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Frame 24.—Kanlts nnd fold* In basement rooks, about 8 miles so out h southeast of Al Mahfld. The trace of n major fault extends

across the southern port of the urea in a direction nearly east-west. To the north, Jurassic beds (1) are faulted against

the basement. Royal Air Force photograph. Crown copyright reserved.
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be of ancient origin and originally of transcurrent type.

Rejuvenation of ancient trends is suggested and al-

though periods of marked vigor are recognized from

Late Jurassic onward, these probably represent phases

in a much longer succession of movements.

AGE OF THE FAUXTING

Observations on faulting over a wide region show
that the faulting of any one trend was not confined to

a single period. It is, however, possible to be more
specific with regard to the dating of certain mam
periods of faulting.

Evidence has been given to suggest that important

phases of faulting on Red Sea trends date from Late

Cretaceous or Palcoeene times. Along Ad Dali'-Al

'Anad fault zone Cretaceous beds rest directly upon

basement rocks in some localities. This may indicate

faulting and erosion prior to Cretaceous deposition,

because Jurassic strata are preserved upon basement

rocks elsewhere in the same general area. Northwest-

trending faults affect middle Eocene strata in the

Mayfa'ah district and elsewhere in E.A.P., but faulting

on this trend does not appear to cut Oligocene and
Miocene coastal deposits, at least to as far east as

long 50° E., which marks the limit of photogeological

mapping. Much faulting on west-northwest lines is

present in the Eocene of E.A.P., and Beydoun (1961)

suggested that this may have occurred at the culmin-

ation of geanticlinal warping, presumably in Late

Eocene times.

On the evidence available, it is suggested that faults

<>f Red Sea trend (s.l.) date from at least Late Cre-

taceous times, with a possible earlier inception in the

Late Jurassic. There are no data proving faulting in

this trend later than late Eocene.

In W.A.P., Gulf of Aden faulting in at least two
periods is shown by the fact that Red Sea faults both

offset and are offset by faults of Gulf of Aden trend.

A number of the latter faults, expressed in basement
rocks, terminate against northwest-trending faults of

the 'Ataq fault zone, and do not appear in Jurassic

and later sedimentary rocks to the cast. In former

Somaliland Protectorate, erosion and removal of Juras-

sic strata over large areas may indicate extensive

Jurassic, or Early Cretaceous, faulting, and Somaliland

Oil Exploration Company. Ltd. (1 954, p. 37} suggested

the possible existence of an early Somaliland plateau,

trending roughly east -northeast, in Early Cretaeous

times. This may result from Gulf of Aden faulting

dnlih'j from this period.

\<> direct evidence as to the date of initiation of a

more recent period of Gulf of Aden faulting is ob-

tainable from W.A.P., but in E.A.P. Oligocene and
Miocene deposits are banked against older strata in

the coastal areas east of Al Mukalla; these deposits

resulted from subsidence and marine transgression over

a coastline parallel with the Gulf of Aden axis. As in

Somaliland, their distribution indicates the existence of

a Gulf of Aden at this time. The deposits are tilted

by faults of Gulf of Aden trend.

It seems clear that a main phase of Gulf of Aden

faulting dates from Oligocene or early Miocene times.

Continuation of this faulting into Pliocene, or probably

Recent, times is shown by the following observations:

1. Long sections of coastline following the Gulf of

Aden direction were elevated in Xeogene to

Recent times, as indicated by reef deposits of

Miocene age involved in the uplift.

2. The final breakdown of the Red Sea-Indian Ocean

barrier has been referred, on fossil evidence, to

middle Pliocene times (Cox, 1931). This indi-

cates Gulf of Aden movements at this date.

3. East-trending faults have been mapped in basalts of

the Aden Volcanic Series between Shuqrah and

Ahwar. The basalts are considered to date from

late Miocene or Pliocene to Recent times. Many
of the flows in the Shuqrah area are of very

recent origin.

With regard to faults of east African trend, in the

basement rocks of W.A.P. these both offset and are

offset by faults of Gulf of Aden trend. That a number
of east African faults terminate against faults of Gulf

of Aden trend suggests that some faults of east African

trend are either contemporaneous or of later date.

As similar relations exist vis-a-vis faults of Red Sea

trend, east African faulting may be both older and

younger than faulting of other trends. It Is, however,

noticeable that no major faults of east African trend

are expressed in the sedimentary cover of E.A.P.

Movements at the end of the Jurassic in E.A.P. re-

sulting in major highs and lows, may have been due

to faulting on north-south lines, possibly along basement

strike directions. Rejuvenation of ancient faults

may be suspected.

Faulting of the northeast-southwest Aualitic trend

is seen in the W.A.P. basement rocks and to a lesser

extent in Upper Cretaceous and Paleocene volcanic

rocks in the southwest of the Protectorate, but it is

not recorded in the sedimentary cover of E.A.P. In

the region of the upper Wadi Banfi numerous faults

of Red Sea trend terminate against a major northeast-

i rending fault, which may suggest the prior origin

of the northeast-trending fault. To the southeast

of Nisiib, faulting of Aualitic trend is offset by Gulf

of Aden faulting. Thus faulting of northeast trend

is earlier than at least some of the faulting of other

trends, but definite evidence as to the age of this

faulting is lacking.
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ON STRUCTURE

Many workers have made reference to the structural
history of the Gulf of Aden and surrounding region,
which is of particular interest insofar as it includes
the confluence of the tectonic features of the Red
Sea, Gulf of Aden, and Ethiopian rifts. Mention
may be made of the work of Gregory (1921), Krenkel
(1925), Lamare (1936), Picard (1937), Cloos (1939),
Wi-ssmann, Rathjens, and Kossmat (1942), and Carey
(1958), although this by no means exhausts tho list,

There is considerable divergence in the views expressed,
centering mainly on the relative importance of tcn-
sional, compressional, and drifting mechanisms.

Hitherto few data have been available regarding
basement strike and faulting pattern in W.A.P. Of
the several main hypotheses that might be advanced
to explain the broad structural features of the region,
that based on the concept of the regmatic shear pattern
shows most promise of eventual reconciliation with
the facts. This concept has developed through the
work of Hobbs (1911), Vening Meinesz (1947), Moody
and Hill (1956), and others. The term "regmatic
shear pattern" was introduced by Sonder (1947).
According to this concept the earth's crust is inter-

sected by major shear lines of worldwide distribution,
those directed northwest and northeast being primary
<hear directions. The primary shear directions may
be associated with subsidiary directions trending north
and east, and in other directions oriontated sym-
metrically with regard to the major primary stress.
The actual expression of shearing may depart from
the directions derived from purely theoretical con-
siderations. These shear lines are considered to be
of ancient—primordial—origin but are subject to
reactivation at various periods following renewal of
stress, which may result in further transcurrent shear-
ing, or in tension or compression. Stress acting upon a
segmented crust may result in differential movement
along margins of basement blocks, in block jostling,

and in complex movement of basement blocks beneath
a sedimentary cover. As noted before, transcurrent
or wrench faulting at depth may be translated into
essentially vertical movement at the surface.

It is beyond the scope of this paper to consider in

detail the evidence for the existence of these ancient
shear zones, but it is noted that Precambrian effects

associated with, and alined along, Jurassic and Tertiary
east African rifts include thrusting, shear /.ones, my-
loniuzation, igneous intrusion, and migmatization.

docks' (1941) chart of the Gulf of Aden shows a

•cries of submarine ridges and channels in the eastern

part of the Gulf which trend northeast along a primary

*hw direction-

CM

Considered in terms of the regmatic shear pattern,

the fault pattern of the Protectorate may be resolved

into primary northwest and northeast shear directions

and subsidiary shear directions, among which the
Gulf of Aden east-northeast trend would be classed as

a second-order shear direction.

The major fold axes of the Protectorate basement
rocks trend in various directions, but this of itself

does not necessarily imply differing directions of

primary stress. Evidence on the earlier structural

history of the Protectorate clearly suggests a number
of major features trending generally north. In the
E.A.P. occurs the basement-rock high of Al Mukalla;
the main basement block of W.A.P. may represent a
swell trending generally north; terminal Jurassic

movements in E.A.P. are thought to have divided
the territory into major north-trending highs and lows.

Old north structural trends are known in several areas
in south Arabia and a system of meridional troughs
and swells may be suspected in this region. These
observations might suggest that stress affecting the

older rocks of the Protectorate involved a dominantly
east, rather than north, component, and this is sup-
ported by the fact that in the north part of the Pro-
tectorate, away from the influence of the Gulf of

Aden shear zone, the basement strike shows a sinnv.r

north component which is continued over much of

western Saudi Arabia and Yemen. (In Saudi Arabia
folds trend mainly north, northeast, and northwest.
In Yemen the older Wadi Medina Series strikes

generally north.)

It is probable, however, that most, if not all, of tho

highs referred to were due to, or accentuated by,
faulting following regmatic shear directions. The
question arises as to the nature and orientation of the
stress causing these faults. There is no direct answer
to this, but the mechanism of uplift may have been
controlled by faulting along northwest-southeast lines

resulting from primary compressional stress in an
cast-west sense. The main basement block is bounded
to the east and west by faulting on these lines; that

the elevation of Al Mukalla high is also due to such
faulting is to some extent supported by the fact that

the complementary depressed area to the west of Al
Mukalla is also bounded to the east by a fault zone
of Red Sea trend. That faulting of this trend was
originally of transcurrent type and was caused by
dominantly east-west stress is supported by evidence
from western Saudi Arabia. Here, Brown and Jackson
(1960) recorded a number of major northwest-trending
faults, of which the most prominent, the Nejd wrench
fault, apparently shows sinistral movement, as the
northern block, has moved westward with respect to

the southern block. Tho entire pattern was said to bo
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that of a regional force couple. It was also noted that

slight movement is seen in the Cambrian and Ordo-

virian sandstone where the Nejd fault disappears

beneath the Paleozoic basin to the north but no evidence

of movement was seen beneath Permian limestone at

the southeastern extension. Indications that major
northwest-trending faults in the Protectorate may
have originated as transcurrent movements havo been

noted elsewhere. In summary, it seems likely that

the general directon of stress causing these faults was
cast-west.

Tt has been stated that the basement strike direction

swings from being alined roughly parallel with the

Gulf of Aden to becoming parallel with the northwest-

trending 'Ataq-'Irqah fault zone. This could result

from transcurrent movement along this zone and the

consequent drag effect on deeply buried basement rocks,

but the observed structure of the wider basement-rock

region could not result from movement along faults of

Red Sea trend only. The structure observed is, how-
ever, commensurate with movements reflected from
major northwest-trending faidt zones (possibly repre-

sented by the 'Ataq zone and its extension into Yemen,
and a zone alined along the Red Sea axis) in combination

with similar movements along a zone parallel with the

Gidf of Aden. The overall trend of basement strike

in the southern more coastal region of W.A.P. is

approximately parallel with the geo-suture now marked
by the Gulf of Aden and provides an example of folding

and foliation parallel with the controlling fracture

belt, In the northern part of W.A.P., the influence

nf the Gidf of Aden gcosuture wanes as a controlling

factor in basement structure, and a more complicated

pattern results from the increased influence of shear

zones of other trends.

The preceding suggestions are necessarily specula-

tive, but it is considered that some such translation of

an east-west primary stress, transmitted through trans-

current movement along ancient shear zones, best fits

the observed structure. Relatively minor and local

variations in stress distribution is attributed to base-

ment block jostling.

The structure of the older basement rocks may, with
some confidence, be attributed to the interplay of

shearing movements along different trends and may be

ultimately related to a primary east-west stress. It is

^mt'what difficult to explain in the same context the

nm.v uniform approximately north strike of the Wad!
Gli.-ilv.r metosedimentary rocks and their suggested

equivalents in former Somaliland Protectorate, the

Inda A>! Series. There is evidence from the Arabian
shield ri'L'ion, as elsewhere, that shearing and trans-

current movements at depth are commonly not re-

flected along the same fault zones at higher levels.

where vertical movement is apparent. It is therefor©

possible that with reference to the latest (uppermost)

Precambriau rocks of WadI Ghabar and the Inda Ad
Series, no effective reorientation of the primary east-

west stress has occurred.

Postulation of east-west stress as the controlling

factor in basement tectonic rocks must be reconciled

with the later fold structures of E.A.P., where the folds

of the Hadramawt arch, expressed in Eocene sedimen-

tary strata, trend east-northeast to east. Beydoun

(1961) regarded this feature as due to warping and pos-

sibly resulting from regional compression connected

with some transcurrent movement, along the Gulf of

Aden. The dips on the flanks of this arch are very

low—generally about 1°. It seems equally possible

that the arching is due to faulting and flexuring con-

nected with the Gulf of Aden graben, essentially as

outlined by Wissmann, Rathjens, and Kossmat (1942).

Certainly much of the normal faulting on Gulf of Aden
lines in W.A.P., which has led to the preservation of

tilted blocks of Jurassic and Cretaceous strata in base-

ment-rock areas, is attributed to tension accompanying

the later phases of the formation of the Gulf of Aden.

It seems clear that although the Gulf of Aden rift is

here considered to be alined along a compressional

shear zone of ancient origin, the latest manifestations

of rift formation are of tensional type. Since Oligocene

and Miocene times, and probably since Late Jurassic

times, movements in the Gulf of Aden have been

epeirogenic. In this movement, the fault zone of the

Gulf of Aden appears to have become depressed relative

to the intermittently rising plateau areas on either side

of the Gulf.

SUMMARY OF GEOLOGICAL HISTORY

The following sequence of events is suggested for

tho western part of the Aden Protectorate:

1. Deposition of sediments, probably upon a planed

surface of older gneiss, accompanied by volcanic

activity.

2. Intrusion of mafic igneous rocks.

3. Folding and regional mctamorphism of sedimentary

and mafic igneous rocks to form the Aden Meta-

morphic Group, accompanied by syntectonic

granite invasion, granitization, and migmatiza-

tion. The metamorphism was mainly of meso-

zonal type, reaching grades appropriate to the

almandine-amphibolitc facies.

4. Intermittent uplift of the region.

.

r
>. Intrusion of intermediate to mafic plutotiic rocks,

mainly dioritic, followed after a short interval by

intrusion of calc-alkaline granite. Production of

contaminated rocks. (In E.A.P. approximately
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contemporaneous extrusion of andesitic volcanic

rocks occurred.)

6. Major phase of silicic and mafic dike intrusion.

7. Uplift and denudation of the region and deposition

of sediments so derived in fairly local basinal

areas. These deposits are represented by the

Ghabar Group of E.A.P., but apparently are

not preserved in W.A.P.
v Widespread epizonal metamorphism mainly charac-

terized by deformation, shearing, cleavage, and
cataclasis.

9. Planation of basement rocks, followed by deposition

of lower Paleozoic sediments. (This stage is

particularly conjectural and based on data from
adjoining regions.)

10. Intrusion of posttectonic calc-alkaline granites,

some of which are dated by radioactivity methods
as of Cambrian age. Certain mafic plutonic

intrusions may have been emplaced at this stage.

11. Phase of mainly mafic dike intrusion.

12. Widespread pre-Jurassic denudation and planation.

The time or times of this planation cannot be

closely defined.

13. Deposition of Jurassic and Cretaceous sediments,

which are separated by an unconformity or dis-

confonnity. Cretaceous rocks may rest directly

upon basement rocks.

14. Volcanic activity in the southwest of the region,

resulting in formation of the Aden Trap Scries of

Late Cretaceous to Tertiary age. Intrusion of

alkalic granite and of silicic and mafic dikes.

15. Deposition of Paleocene to lower Eocene sediments

in the east of the region. A disconformity sepa-

rates these from underlying Cretaceous rocks.

16. Volcanic activity resulting in the Aden Volcanic

Series, of late Miocene or Pliocene to Recent age.

17. Formation of superficial deposits, terraces, raised

beaches, and dune sands, from Pliocene and
Pleistocene times onward.

Certainly since Mesozoic time and probably since the

end of the Precambrian, the region has undergone

intermittent epeirogenic movements, which continued

until Recent time and were associated with faulting.

Faulting is probably of ancient origin with repeated

rejuvenation along old trends. A phase of faulting in

'he Red Sea trend dating from at least Late Cretaceous

until late Eocene time is recognized. A main phase of

faulting in the Gulf of Aden trend dates from early

Miocene time.

ECONOMIC GEOLOGY

Geochemical prospecting (as defined by Hawkes,

1957) is a method of mineral exploration based on

systematic measurement of one or more chemical pro-

perties of a naturally occurring material, the purpose

of which is to define areas where the chemical

pattern, known as a geochemical anomaly, indicates the

presence of ore minerals. The chemical property

normally measured is the trace content of various

metallic element-s and the naturally occurring material

may be rock, soil, wadi sediment or water.

Two kinds of geochemical anomalies are (a) primary,

of deep sealed origin, resulting either from local vari-

ations in original rock composition or from impregnation

of rocks by mineralizing fluids, and (b) secondary, of

superficial origin, resulting from weathering of rocks

and ores in situ and of material dispersed from its

original source by gravity or running water. Anomalies

of the secondary type were sought during the 1961-62

survey, which involved sampling the finer fractions of

transported wadi sediments.

In the Protectorate, mechanical disintegration is

predominant, causing oxidized ore to be released slowly

as the rock weathers. Slope wash carries the metals,

along with other soil materials, into nearby wadis

where they are incorporated in the alluvium and moved
downstream by occasional floods. Owing to the soft

nature of most oxidized ore minerals, they are siisivpt-

ible to abrasion; sampling of the finer fractions of wadi

sediments thus offers the best prospects of detecting

metal concentrations, but a rapid fall off in values away

from an ore body may be anticipated in view of the

lack of running water. In an investigation of an out-

cropping copper ore in an arid part of the United

States (Lovering and others, 1950), anomalous values

could be detected in alluvium more than 1 mile below

the ore body, although the copper decreased from

6,500 ppm (parts per million) over the ore body to

650 ppm only 500 feet downstream.

SAMPLING

During the course of the 1961-62 survey, 308 samples

of —80 fraction material were collected from drainage

channels at fairly regular intervals along the route,

depending on the availability of suitable sampling sites.

Where the road crossed small wadis, these were sampled

;

where it lay along the major wadis, as was frequent,

tributary wadis on cither side were sampled. The
sampled wadis had in common a small catchment area

of a few square miles —which could be defined on the

aerial photographs—where the effects of possible out-

crops of mineral veins or ore bodies would not become
to diluted by the addition of large volumes of alluvial

material.

RESULTS

Values generally were low, indicating a weak dis-

persion of the elements; no samples showed very liiirh
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values, but areas could lie delimited showing a relatively

higher content of certain metals. Of particular in-

terest were the following areas which showed relatively

high values for a combination of elements:

Copper, line . Al 'Anad area.

Copper, nickel, Miiiaril-San&b ana (north of Ad l)M> )

chrottiiuin.

Copper, tinr South of Al Kirsh.

tropper, lead. zinc. . . . 'AH 'Abd Allah area.

Nickel, chromium MimVli-Saiisb area, east of Mukayrfc,
and southeast of As Surr (near

Copper, line Southeast of 'AUiq.

Nickel Eastern branch of Wftdl Uuniybah
(K.A.P.); west of Uanbftn.

Copper, line Wftdl Himam (K.A.P.).

Zinc, nickel Wadi, 10 mile* west of 'Irqah.

Nickel, chromium WidI Payt,«h (Ahwar).

INTBKPHBTATION OF HB8UT.TH

One of the principal problems in interpreting the

data is to distinguish geochemical anomalies from dis-

persion patterns of no economic significance. Certain

empirical parameters can be applied which are helpful

in identifying and interpreting the anomalies. These

involve considerations of (a) the range of nonsignificant

variations in the background, (b) the threshold between

nonsignificant and anomalous values, and (c) the homo-
geneity of the anomalous pattern. Unfortunately,

little work has been done on dispersion patterns under

an arid weathering regime such as prevails in the Aden
Protectorate, and guidance cannot be obtained from

experience elsewhere. Normally, geochemical data ob-

1. ined in areas where the equilibrium has not been

up>et by the presence of a mineral deposit lie within

statistically well-defined limits; patterns of variations

may occur, but still lie within this background range.

In interpreting the geochemical pattern of an area

containing anomalies, it is usually possible to select a
|

certain limiting cutoff or threshold value below which
I

the variations represent background effects and above

which they may have significance in terms of possible

ore. No hard and fast rules concerning the threshold

value can he established, as the geochemical factors

may be different in each particular area. In the Aden
Protectorate, therefore, it is doubtful what values above

the average should be taken as being beyond the back-
-•>

i

:
r nl variations and of significance in terms of ore

b.ni<r- Cupper content, for example, was normally in

the i- a hire 5 25 ppm: at four localities values of 45

ppm v . ic obtained, at one locality a value of 50 ppm,
and iit a in. t her, 65 ppm. For nickel, normal values

were 15 :;5 ppm: one locality showed 05 ppm; two. 75

ppm ; and one. 175 ppm.
To set these figures in perspective, the copper content

of igneous rocks ranges between 10 anil about 90 ppm.
,

A workable copper ore would give values of about

10,000 ppm, which would be reduced to the order of a

few hundred parts per million in the soil cover. The
nickel content of igneous rocks ranges from about 4

ppm to more than 100 ppm; a nickel ore could give

values as high as 15,000 ppm, and typical values in the

soil cover might again be several hundred parts per

million, depending on the distance of the sampling

points from the source of the metal; in an arid environ-

ment, values generally would be expected to fall rapidly

with distance.

It was hoped that reconnaissance sampling might

give some indication of higher-than-avcrage values for

certain metals associated with particular rock types or

suites of rocks, which could bo interpreted as indicating

a metallogenic province. The results obtained did not

point to this, and where relatively high values were

obtained, it was not clear whether they were due to the

presence of a locally enriched metal facies or whether

an outcrop of small veins or ore bodies was responsible.

At this stage it is not possible to distinguish between

these possibilities with any certainty. Seventy-nine

selected samples were reanalyzed in an attempt to

discover whether the metal values represented free ions

or ions adsorbed onto clay minerals, or alternatively,

whether the bisulfate method employed was releasing

metal ions held in the lattices of silicate minerals. The
method used was to shake the sample with an aqueous

buffer and dithizone; the color of the dithizone layer

was then compared with standards to give "cold-

extractable" copper and zinc values.

The values in general were very low, and the back-

ground of less than 1 ppm. was not detectable. The
relatively higher values of 3 4 ppm actually obtained

generally endorsed the anomalies shown by the standard

method, which gave "total" metal. In one or two

samples, values for cold-extrac table metal were ob-

tained when the total content was given as zero. This

is explained by the different limits of detection of the

two methods: in the total-content method, less than

5 ppm was reported as zero.

Experience has shown that values obtained by the

cold-extractable method may be expected to be about

10 percent of the total content, but in view of the low-

overall total metal content, the fact that the cold-

extractable values are close to the limits of detection

renders any inference drawn from them a matter of

doubt. The cold-extractable results, however, repre-

sent free metal ions, or those adsorbed onto clays and

thus point to actual mineral outcrops in the vicinity.

The geochemical results can therefore be said to point

out certain areas of metal interest which should receive

further detailed exploration combined with more in-
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tensive geochemieal sampling, preferably on a grid

pattern.

WADI CONCENTRATES

Heavy-mineral concentrates were obtained from 111

samples of wadi sediment by panning, in water, approxi-

mately 1 cubic foot of material.

Under the climatic conditions obtaining in most of

the more humid parts of the world, a sorting action

occurs when rock debris is moved by running water,

and a separation of the particles takes place according

to their specific gravity. Heavier grain, which would
normally include minerals of economic interest, tend to

collect toward the base of the sedimentary column, in

pockets and stringers, close to the bedrock forming the

flihors of the water channels. These are known as the

pay gravel or pay streak. Under the weathering regime

in the Aden Protectorate, soil and rock debris are swept

from the higher ground by torrential flash floods and
carried down the wadis by currents of such velocity

that little sorting action is able to take place. Further-

more, owing to the high permeability of the wadi sedi-

ments, surface water penetrates rapidly, with the result

that such floods are checked quickly, limiting the dis-

tance of travel and the facility for sorting.

In the field, the wadi sediments generally consisted

of a melange ranging in size from boulders up to 5 feet

m diameter down to fine sand and silt sizes. No defined

pay streak appeared to be developed; but pitting and
angering in this typo of material presented practical

difficulties, and this point has not been thoroughly

investigated. Heavy minerals in the form of black sand

appeared to be associated with all grades of material,

but when concentrated in the sand-size fraction, this

was panned to provide a sample for laboratory exam-
ination.

The samples were examined in detail by the Mineral

Resources Division of Overseas Geological Surveys,

with the object of (a) ascertaining whether minerals of

economic value existed in the source area and (b)

iissisting in interpreting the geology of the area.

The field concentrates were separated in a heavy
liquid < tetrabromethane) to obtain a sink fraction free

from coarse quartz and feldspar, as minerals of economic

interest are normally confined to the higher ranges of

-pecific gravity. The heavy-mineral fraction was

•*>reerie«l through .'50, 60, and 120 British Standard sieves

to obtain a rough guide to the grain-size distribution

and to facilitate later examination with the binocular

microscope, The sized products were separated into

strongly, moderately, and weakly magnetic fractions to

aid mineral identification and to provide a basis for

-emiquantitative estimates of the heavy-mineral con-

tent. This was determined by estimating the per-
j

cent age of every mineral in each of the four magnetic

fractions and then combining the results to obtain an

overall value. The fine-sand size fraction was normally

used for this as it was found to give an average compo-

sition for the sample as a whole. Although the analyses

were mainly concerned with the heavy minerals, a few

notes were added on the light fractions which invariably

contained a high proportion of fresh feldspar grains;

this is to be expected in arid climatic conditions.

HEAVY-MISKRAL CONTENT

In general, the heavy-mineral fractions from the wadi

concentrates are silicate assemblages. Hornblende,

pyroxene, and magnetite are the principal constituents

and are usually accompanied by smaller amounts of

epidote and garnet, scarce sphene and apatite, and

traces of zircon, rutile, and tourmaline.

With the exception of samples from the Ad Pali' area

from Cretaceous volcanic rocks and samples from Wadi
Hajar and other wadis to the east which drain areas of

older volcanic and sedimentary terrain, hornblende is

common to abundant in almost all the concentrates.

In general, it is a dark-green variety and show s prismatic

faces, but a brown hornblende commonly is h»m,, i»t, >l

with the basaltic lavas. In some samples the horn-

blende is accompanied by palo-grecn to almost colorless

tremolile-actinolite, mostly in euhedral prismatic crys-

tals. The colorless type is most abundant southwest of

Lawdar, and smaller amounts occur north of Abwar ; it is

probably of metamorphic origin in most places, and, in

fact, occurs in samples with high contents of garnet.

Biotite occurs in many heavy-mineral fractions but

rarely in large amounts. Samples collected between

Lawdar and Al Mahfid and from Al Mahfid south to

I Ahwar contain the highest concentrations. Muscovite
' is noted in two samples only, and in both is associated

with kyanite; however, muscovite occurs widely in the

field. Pyroxene is common and is normally either

I olive-green to brown augitc or diopsidic augite, or

green to pale-green diopside. The augite commonly
occurs in fine-grained euhedral crystals, associated with

other materials from volcanic rocks, and is generally of

volcanic origin. Most of the diopside appears to be of

metamorphic origin but the optics of the two species

overlap. In the Al 'Anad-Ad Pali' area olive-

green to brown augite is as much as 60 percent of the

sample, and is present in the volcanic rocks around

Ghayl Barbar in the extreme west of the Western

Protectorate. It is scarce between Al Kirsb and Dar
Rahban and absent from the area east of Lawdar. In

the immediate vicinity of Mudiyah, just east of Lawdar,

however, a pale-preen to colorless diopside is the major

constituent. Pale- to dark-green augite is again fairly
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common in the Wfid I JJajr-Wadi al Cihabar area and
scarce around Al Mukalla. In the wadis west of

'Irqah, small amounts of pale-green to colorless diop-

side are present, and north of Ahwar augite is again

common. Aegirine i> present in samples from the Al

'Anad granite area. Orthopyroxene of about hyper-

sthene composition occurs in several samples, but only

in trace amounts except for two samples from near

Bayban; clinopyroxene is generally absent in these

concentrates.

Olivine occurs in samples containing a more mafic

mineral assemblage and is commonly accompanied by 1

particles of volcanic origin, for example, grains of
j

olivine basalt, anorthoelase. bipyramidal quart/, and
composite grains of augite and magnetite. Traces of !

colorless olivine are in samples from the Ad Dali'-

Al Musaymlr area, from Ghayl Barbar, and from the

Wild I ilajr area of older volcanic rocks; appreciable

amounts of augite are also present. Olivine is a major i

constituent of a sample collected near the basalt flow

north of Ahwar and is a minor constituent throughout

Wadi Ahwar.

Magnetite and ilmenite are widespread and remark-

ably fresh in appearance, although the magnetite in

places shows alteration to martite. Ilmenite is usually

a minor constituent, but in euhedral or rounded grains,

and the two minerals are often difficult to distinguish

by eye The magnetite commonly is titaniferous, and
the presence of hopper faces is a characteristic feature

of many of the grains.

Garnet occurs in most samples but commonly in

minor amounts It varies from pink to orange, even
m the same concentrate. All grains examined in oils

proved to be olmandine, index of refraction about 1.S0.

and most were weakly to moderately magnetic; all the

garnet is probably of met amorphic origin. The only

concentrates containing considerable amounts of the

mineral come from Wadl Uuraybah and its tributaries

and consist of a mixture of garnet and magnetite. A
few percent of garnet is recorded from Wadi rjasan.

between Mndiyah and Al Quiaytali, throughout the

Ataq-Bayhan area, and from t he Wadi Ahwar-'Irqah
area.

Epidote occurs in almost every sample and in

greatest amount in the eastern half of the area. West
of a line from Ad Dali' to Aden it is scarce or absent.

It is common to abundant between Wadi Uajr and :

Bui mi i north of Al Mukalla, and in Wadi Ahwar.
Kpi.ii.te is commonly well crystallized and in many

places ,,. c lir> i„ deep green transparent euhedral grains,

but in..-i samples contain pale-yellow to yellowish-

green trramilar particles which have the appearance of

epidoti/.ed feldspar. Some larger composite grains

represent cpidosite.

COMMON ACCESSORY MINERALS

Sphene and apatite are widespread, but usually in

scarce or trace amounts, and seldom comprise more
than 5 percent of the heavy-mineral concentrate.

There appears to be an antithetic relationship between

the two minerals and a sympathetic relationship with

the hornblende content.

The greatest concentration occurs in the Al Kirsh

area which contains a syenitie mineral assemblage.

Here, the sphene, which is generally the more abundant
of the two minerals, comprises as much as 15 percent

of the heavy-mineral concentrate. Samples from

the Al 'Anad area which contain an alkalic syenite

assemblage are notably rich in apatite, as are the

hornblende-rich samples from Wadl Hasan and Wadl
Rayban, and from Wadl Ahwar.

The sphene generally occurs in flattened grains which

contain a large number of small inclusions but com-
monly show crystal faces. It may vary appreciably

from pale yellow or colorless to deep orange brown.

Much of the sphene may be of metamorphie origin,

in particular from metamorphosed igneous rocks.

This origin coidd also be true for the apatite, but

apatite in many places occurs in perfect hexagonal

prisms which may even show terminations.

Sphene concentrates, separated from samples in

which this mineral appeared in different associations

and in slightly different shades of color, were all found

to contain minor and somwhat variable amounts of

niobium and yttrium when examined by X-ray fluo-

rescence methods. A brown sphene from near Al

Qulaytah contained the moat niobium and a yellow-

type from Al Kirsh contained rather less, but the

differences were probably not sufficiently pronounced

to be of practical significance.

Zircon, tourmaline, and rutile are common accessory

minerals but vary greatly in type and amount and
cannot be directly related to any specific rock types.

They generally occur in euhedral crystals, but in

samples from sedimentary areas the grains are well

rounded, abundant, and accompanied by appreciable

amounts of rounded polished grains of leucoxene.

The characteristic cubic grains of goethite pseudu-

morphs after pyritc are common everywhere but

seldom in more than trace amounts. Fresh grains

were found east of Mukayras.

OTHER MINERALS

Most of the staurolite, occurring in pale-yellow

atihedral grains with distinct pleochroism, was found

in a lielt trending west-northwest from Wadi Haraiba
to Kii's ar Kiijaymah. Neither staurolite nor kyanite

was found in sufficient quantity to suggest the occur-

rence of major kyanite or staurolite schists or gneisses.

(Staurolite schists were seen in the field.)
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Dolomite was found in samples from Wild I Dayqah,

north of Ahwar. and in trace amounts from a locality

14 miles east of As Surrah. The grains are well crys-

tallized and transparent and show a pronounced rhom-

bohedral cleavage.

Barite is present in some wadi concentrates. It is a

minor constituent in samples from Wfull al Ghabar
and, in larger amounts from north of Al Mukalla.

Celestite was found in four samples but is not likely to

he of economic interest. The mineral occurs in clusters

or radiating groups of fine needles or prismatic grains

which suggest either a product of subaerial weathering

or possibly low-temperature vein deposits.

Fluorite was identified in four concentrates from dif-

ferent areas. None of the more common accessory

minerals of fluorite-bearing veins was found: lepidolite,

topaz, amblygonite, and cassiterite were sought but

not detected.

Spinels (excluding magnetite) were present in several

samples, especially those containing olivine, but as a

very minor accessor}'. In four samples the mineral

proved to be chromite (see later discussion), and one

concentrate contained picotite or pleonaste.

The ilmenite in the wadi concentrates occurs in black

lustrous grains which are generally fresh and little

altered. Some samples, however, contain pale-yellow

to brown or buff-colored nonmagnetic grains which are

clearly alteration products of ilmenite and rich in

titanium. These have been reported as lcucoxenc, and

several grains examined with X-ray fluorescence show

u Ti/Fe ratio about 15 times higher than ordinary

ilmenite. The distinction may be significant as the

mineral occurs in rounded polished grains, generally

accompanying rounded grains of zircon, tourmaline,

and rtitile, and it is thought that these may have come
from the heavy-mineral residues of former sedimentary

or metasedimentary rocks.

MINIR4L8 OF POSSIBLE ECONOMIC INTEREST

With the exception of a few magnetite sands, of

negligible value in the localities recorded, the wadi

>atnples revealed little evidence of economic concen-

trations of minerals. In fact, under the climatic con-

ditions prevailing and those of the geologically recent

post, there has been little sorting action by the streams

and rivers, and it is unlikely that placer concentrations

will be found. Economic minerals released from rich

vein deposits are liable to be swamped by an influx of

barren material from neighboring rocks, or lost in the

.'eneral movement of waste down hill slopes and wadis.

Dispersion may be accelerated by wind action; also,

t he sand fraction of most wadi concentrates is fine

grained. These conditions may account for the fact

that, although a variety of rocks was collected from

outcrops throughout the area, the mineral assemblages

of samples collected from widely scattered localities

are remarkably similar; differentiating one sample from

another often depends on trace amounts of the less

common minerals. As an illustration of this, a con-

centrate was taken from a very small wadi at the foot

of a vein containing galena that cropped out in meta-

morphosed sedimentary rocks in the wadi side; the

mineral assemblage, however, consisted of the usual

fine-grained mixture including hornblende, magnetite,

epidote, pyroxene, sphene, and apatite, and no lead-

bearing minerals could be detected.

Minerals characteristic of mineralized granites are

practically absent and, with the possible exception of

fluorite, there seems to be no hydro thernial mineral

deposits. Barite, however, occurs in a number of

samples and appears to be widespread in the Wad! al

Ghabar area. Small amounts of pyrite are common-
place, but in the wadi concentrates these are com-

pletely altered to geothite.

The presence of fairly large grains of monazite at

Mudiyah and of radioactive zircon from the granite

between Mukayras and Marta'ah indicates that a

further search for radioactive minerals in these areas

might be worthwhile.

Traces of chromite were identified in a few samples,

notably just east of Dar Railban, and its presence was

reflected in a relatively high chromium content of a

sample taken for geochemical analysis.

Garnet constitutes a large portion of two samples

from Wild! Gharlsh and if found in quantity this min-

eral would be of economic interest.

West of Lawdar and east of Mudiyah, well-formed

crystals of titaniferous magnetite, with hopper faces,

were found in abundance. They wore probably de-

rived from metamorphic rocks and their source rocks

might prove of interest.

MINERAL RESOURCES

Apart from the minerals mentioned below, asbestos,

barite, kaolin, talc, and tourmaline were seen. That

none was of commercial interest is due to small extent

or poor quality. lignite in E.A.P. was described by

Little (1925), who also recorded bauxite in E.A.P.

Little's bauxite-bearing section at 'Arf ad Dlk was

examined, but no bauxite was recognized.

BEACH SANDS

Beach sands which on field tests appeared to be of

potential interest were sampled in two areas. Results

of laboratory analysis of a sample (A/B/8) from the

mouth of Wadi Ilajr, E.A.P., are shown in table 5
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Table 5.— Analytx* of hearh aand fampte A li S\ Wadi Ifajr,

ProUctoraU

British 61:UI'U/.I mrsli

4 90 .

- MH RJ
- KS+ 120
-120 4170
-170+MO

1 IVrcent lienvy-
i*creen Haul}*-

,
mtiirr.il mn-

»L\ m percvnt (ecu ojircific

gravity >;V6>

a J
K 0

47 4

Hi 0

; •

i

The composition of the total sample, based on grain

count, was:

Heavy mineral*: Peretnt

MsKtirliU- 35

Ilmenite 26

Zircon 19

Hutilc 4

Pyroxene M
Kptdote UJ
Monazite .8

Garnet. ,5

Olivine .2

Others 1.3

Total heavy
minerals 91. (I

URht mineral* -I. 0

Total. . UK). 0

The ilmenite and magnetite were not counted

separately, but the proportions of each were assessed

l>v an acid leaching test. This fraction also contained

u little hematite and secondary iron oxide or martite.

Tlif oilier heavy minerals not listed above consisted

mainly of brown to blue tourmaline, with traces of

sphene and hornblende and an occasional grain of

staurvlite.

The light fraction was mainly composed of about

equal amounts of calcite and quartz.

The composition of heavy-mineral fractions from the

total sample and from each screen size was shown in

table 6. The ilmenite content remains fairly constant,

and the magnetite content decreases with decreasing

grain size. The amount of +60 and —240 material

wns almost negligible, and no analysis of these fractions

\\ it-, attempted. It can be noted that zircon content

im reuses markedly in the finer sizes.

I 'i summary, this material may be described as a

licas v-minerul beach sand containing more than 90

por< < ur of heavy minerals, of which about SO percent

are the useful minerals ilmenite, zircon, rutile, and

rnonazite. It is well graded, the grains arc clean and

well rounded, and the content of ferromagnesian sili-

cate minerals is small. The intrinsic value of such a

Table 6. Composition of heavy-mineral fractions in beach tand,
\\ad\ Ifajr,

"

Heavy minerals

t:

3

10
4

Trace
l

I

-

72

12

4
8
2

I race

1

I

2

-120+1S0

a
Bi
i
1

i

I

a
Trace

I

I!

11
S

Trace
Trace

3

Traoe
Trace
Trace

Total

«

J. 7

1.4
II

.?

sand, however, is small, the principal salable constit-

uents being low-priced minerals. The contained

magnetite, which probably would not be salable, is

rather high, and the content of the more valuable

minerals, rutile and rnonazite, is low. Utilization of

such a sand could be considered only if large tonnages

(of the order of hundreds of thousands of tons) were

available.

A brief examination of the surrounding area did

not suggest that any such tonnage was present near

the Wadl Hajr mouth; however, the combined coastline

E.A.P. and W.A.P. approaches 700 miles in length,

and deposits of similar character but larger size may
well exist at other places. The coastal plain is of

varying width, and the winnowing effect of the monsoon

winds may have a significant effect in concentrating

the heavy-mineral fractions.

The second sample (A/B/10) was taken from a much
larger area of dune sands on the shore of Abyan at the

junction of the road from Zinjibar and the coast road

to Aden. It was a light-gray medium sand, with size

analysis as follows:
/Vrent
o/toiaJ

B,UU<\ Slaniui me* winpfc

-f 60 8. 5

- 60- 85 45.8

- 85-rl20 - 33.5

-120-rl50 9. 1

150 + 240 2.5

-240. •

Total 100.0

The content of heavy minerals having specific

gravity greater than 2.96 was 27 percent distributed as

follows:

Hornblende Abundant.

Clinopyroxene Common.
Pyroxi iu-mannetite (com- Fairly common

posite grains).

Kpidote Spam-.

Uiotite Scarce.

Gamut - .
Oo-

Sphenc Do.
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Apatite Scarce.

Olivine Trace.

Tnmolite Do.
Ma«tiet it e Do.
Basaltic hornblende Occasional grain.

Muscovite Do.

The light fraction consisted mainly of feldspar (mostly

piagiochise) with subordinate quartz and a little biotite,

calcite. and shell fragments. The grains were fresh

and showed little rounding. This sample, therefore,

contained only 27 percent of heavy minerals, and none
of any economic interest.

BUILDING STONE

Plentiful supplies of building stone are quarried from
the volcanic rock of Aden Colony. More decorative

types of building stone are available in the interior of

the Protectorate; some of these are of very pleasing

appearance, such as certain types of porphyritic

volcanic rocks, granitic rock, and blue, black, and
white marbles. The source nearest to Aden is north-

northwest of Lahj in the Al 'Anad area, where rocks of

the types mentioned, together with others such as

basalt and sandstone, are available. To the east of

Aden, limestone is quarried at Khanfar, Abyan.

Other major centers in the Protectorate are within

reach of a varied assemblage of building stone and
road metal.

Occurrences of copper minerals were recorded as

follows:

'Irqah.—At a locality 14 miles northwest of 'Irqah,

approached by a major but apparently unnamed wadi,

>mall patches of copper carbonate, (malachite) were

found in calcite veins cutting granite and schistose

basement rocks. The occurrence is of no commercial

importance.

Zu\m Ba Tha'lab.—In the northeast sector of

Zulm BA Tha'lab, some 8 miles west-northwest of

Ma'bar, Hajr, malachite was found as encrustations

atid small patches in serpentinized Precambrian volcanic

rocks. The copper mineral is associated with hematite.

Both copper and iron ore are in insignificant amounts.

.\/a'bar.—About 1 mile south-southeast of the road

and wadi crossing at Ma'bar, Uajr, copper associated

with hematite was found in serpentinized epidotic rock.

A sample submitted for analysis contained S percent of

ropper. The hematite (specularite) forms nearly con-

tinuous lenses, generally 3^4 inches in width, in altered

calcitic-limonitic veins, 2-3 feet wide. In an area of

about 50 square yards, 5 such veins were recorded, all

-iriking within a few degrees of northwest. The veins

run transversely to. and are exposed in, steep sided

irulleys to a depth of 3 4 feet; their continuation in

depth was not proved. The maximum exposed length

of the veins was 10 feet ; weathered overburden conceals

their probable further extension. A greenish-blue

copper mineral, considered in the field to be mainly

malachite, forms encrustations upon and thin ramifying

veinlets within the hematite. Further traces of copper

impregnating hematite were seen over the area upon
hill slopes and in wadi beds.

Laboratory examination showed the predominant

gangue minerals to be andradite garnet, calcite, feld-

spar, and quartz. Copper minerals include fine-

grained black sulfides, which X-ray examination showed
to be intergrowth of chalcocite, digenite, and covellite,

with green and blue oxidation products which include

malachite, brochantite, and chrysocolla. The identity

of the copper minerals was established by X-ray
powder analysis. The abundance of andradite suggests

that the rock is a contact metamorphic skarn. The
copper sulfides are probably supergene, as are the

malachite, brochantite, and chrysocolla, and there is

no evidence as to the nature of the primary mineral

which presumably gave rise to the secondary enrichment

copper.

A representative portion (1 lb) of the specimen was

crushed and assayed for copper, iron, and prenyl-

metals, with the following results:

Copper H.8C percent

Iron. 24.03 percent

Silver 6S ppm or 2.2 troy ounce*

per Ionic ton

Cold ,2 ppm or 0.1 penny-

weight per long ton

The copper content is comparatively high, but this

should not be overrated since the specimen is from a

narrow vein: more fieldwork is required to ascertain

whether this sample is representative of the overall

tenor; the silver content, at current prices, would add

about 4 percent to the gross value of the ore. Other

constituents indicated by X-ray fluorescence, but of no

economic significance, include traces of manganese,

barium, strontium, and iodine, and a slight trace of

molybdenum.
W&di al Ohabar.—At various localities in Wadi al

Ghabar, mainly within 3 miles north of the Wadi al

Ghabar-Mudhanlyah junction, malachite was found

encrusting pebbles in volcanic conglomerate and also

on quartz fragments. This locality is some 12 miles

southeast of Jabal ad Da'llyuh where Little (1925)

reported hematite with 5 percent of copper

Geochemical analysis proved relatively high values

for copper in samples from Wadi Uimam north of

Al Mukulla and from the WV-icrn Protectorate near

Sanfih. Al Kioh, ami Ali -\t,d Allah. With the

exception of the Mn'har n twice, which on results
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of chemical analysis merits further investigation, the

traces of copper mineralization are not important in

themselves. However, taken in conjunction with the

finds reported by Little (1925), they may suggest the

existence of worthwhile deposits, and copper would

appear to be one of the more interesting possibilities

in the Protectorate. Un the basis of the number of

known occurrences, the areas between and adjacent to

Wfidl Hajr and Wadi al Ghabar in the Eastern

Protectorate may be considered favorable for more

detailed examination, as possibly also the area between

Al Mukallfi and WAdl Himam.

OTHER MINERALS

Ftlihpar.—Many of the numerous pegmatites which

occur in basement rocks are composed mainly of feld-

spar, commonly in large crystals as much as S inches in

diameter. Feldspathic bands and pegmatites suffi-

ciently free of other minerals (such as quartz and
inuseovite) to be of economic interest occur in numerous
localities, but their extent is not such as to warrant

commercial exploitation.

Most of the coarser and more continuous outcrops are

of potassic feldspar. Fragments of amazonstone were

found in Wadi al Jahr, 15 miles east of As Surrah, but

their source could not be located.

Garnet.—Garnet is common in many of the meta-

morphic rocks and in feldspathic pegmatites. The
variety most frequently seen is almandine, but andra-

dite and grossularite are also recorded. Garnets of

L'em-stone quality were not found.

(lyjutum-anhydriU.— Extensive deposits of gypsum-
miliydrite of the lower and middle Eocene Rus Forma-
tion occur in the eastern parts of the Protectorate. Of
tli< c the most easily accessible is that exposed between
Mayfn 'ah and Rudhum on the west of Wfidl Mayfa'ah.
The f : iiiation consists of massive to bedded gypsum-
anhydrite interbedded with limestone. Earthy shaly

horizons and chert nodules occur. Thus, the deposit

is of variable quality.

Rocks of the Oligocene and Miocene Shihr Group,
outcropping near the coast to the east and west of Al

Mukallfi, also contain horizons of gypsum, gypseous

iruitK and dolomitic limestone, together with sandstone
find shales.

Kxporicnces in Somaliland, where one of the world's

lui;_< -t high-grade gypsum-anhydrite deposits remains
un\vo:-ki>d within 9 miles of Berbera port, do not en-

courage optimism concerning exploitation of material in

Aden It may be noted that the Rudhum deposit would
provide the small amount of gypsum required in any
production of portland cement.

Ihntnite.— h\ a tributary to Wadl Dayqah, about 5

miles west-southwest of N'Osah. small patches of nodules

of ilmenite were found in quartz veins cutting biotitc

schists and gneisses. The ilmenite was too dissemi-

nated and the aggregate quantity too small to be of

importance.

Iron minerals. Iron mineralization occurs at numer-
ous localities in quartz veins, feldspathic bands, and
pegmatite dikes cutting basement rocks. No large de-

posits of commercial interest were found. localities in

which the more significant occurrences were seen include

Al Majil, southwest of Lawdar (magnetite) ; 10 miles

miles east of As §urrah (hematite nodules in wadi)

;

12 miles south of Nisab (magnetite); and 2 miles east-

southeast of Jabal ath Thanlyah (specular hematite in

quartz veins). Iron pyrites reported in Al Wfibidl

State and Wadi Jirdan (iyadh) is of interest only as

suggesting the presence of sulfide ores.

Lead.- About 13 miles north of Ab.war, galena occurs

as impersistent veins, about 2 inches wide, in association

with partly breeciatcd quartz and calcite in a weat hered-

out fault plane cutting basement rocks. It is likely

that the galena originated from low-temperature hydro-

thermal solutions of magmatic origin.

The fault or shear zone, which is 8-12 inches wide,

strikes north across the trend of basement rocks, which

here is east. Much of the more easily accessible galena

has been excavated by local inhabitants, but traces of

the mineral were seen over a distance of about 100 feet

where the fault plane is exposed on a steep slope above
a wadi bed.

The Mineral Resources Division report on a sample
is as follows:

The sample consists of coarse-grained galena, apparently from
n veinlet or rib from }> to IJj inches in thickness, with only a

small proportion of gangue mineral, principally whit* calcite.

A representative portion (S oz in weight) was crushed for analysis

and by a qualitative X-ray fluorescence examination was found
to consist of lead, predominantly, with traces of Iron, silver,

copper, and line. Quantitative assays showed 70.8 percent of

lead and N.6 troy ounces of silver per ton of ore. These values

correspond to a galena content of approximately H2 percent and
12 ounces of silver per ton of lead. At current metal prices the

silver content adds only 7 percent to the gross value of the lead

in the ore.

A thin crust of alteration products on the surface of the galena,

largely cerussite and indeterminate ferruginous material, was
shown by X-ray fluorescence examination to contain the same
trace element suite as the assay sample and, in addition a trace

of molybdenum. The latter is presumably present as traces of

wulfenite and is probably an indication of molybdenum in the

country rock rather than a primary association of molybdenum
with lead.

In basement rocks of granite gneiss and schist 1 mile

south of Thirah, small quantities of galena have been

reported in quartz stringers and pods. These occur-

rences are too small to be of commercial importance.

Mica.—Muscovite is a ubiquitous constituent of the

pegmatites which occur in many areas of basement

Digitized by Google



ADEN PROTECTORATE C79

rucks. Books of muscovitc were noted in the following

localities.

VVadl Hasan: In Wild! Hasan about 11 miles west-

southwest of Ar Rawdah, thin books of muscovite

with inclusions of garnet occur with quartz and feld-

spar in pegmatites cutting biotite schists. The hooks

are about 1 % square inches in area.

\V:*idi Raybfin: About 7 miles southwest of Al Majil,

muscovite plates and thin books of about 1 square

inch in area are scattered abundantly through peg-

matities.

Mfidiyah area: Books of muscovite are abundant in

pegmatites cutting granite. The books are dispersed

and scattered through the dike rocks and the largest

seen were about 4 square inches in area.

Four miles west of N'flsah: Muscovite books as much as

6 square inches in area occur in a pegmatite with

quartz feldspar.

WadI 'Abadiin, Nisab: Five miles south of Nisub, thin

books of muscovite as much as 4 square inches in

area are scattered through pegmatite dikes cutting

granite. The pegmatites ore 3-6 feet wide and may
be as much as 30 yards long.

Sa'ld: Three miles west of §a'ld, muscovite books as

much us 6 square inches in area are abundant in

coarse pegmatites cutting biotite schist and gneiss.

Wad I Gharish: About 12 miles north of Balhuf, mus-

covite in books as much as 4 square inches in area,

DCCUr sporadically with quartz, feldspar, and red

garnet in impersistent pegmatites (fig. 25).

Northwest of 'Irqah: About 14 miles northwest of

'Irqah, muscovite occurs in pegmatite cutting biotite-

miiscovitc schists and granitic and fcldspathized

rocks. Plates as much as 10 square inches in area

were seen.

•>,-;. f'eirmatlte dike* In quartette. WaUi Gharish.

The most important occurrence of mica is the last

named, near 'Irqah. Here muscovite in books 4 inches

thick and as much as 10 square inches in area forms a

nearly continuous zone about 9 feet wide; it extends

the length of a feldspar-quartz pegmatitic body, some
12 feet wide and HO feet long, which is exposed in a

steep cliff face of biotite-quartz-feldspar schist, The
pegmatite trends in a direction of 230°. The zone of

muscovitc books extends in depth to about 9 feet and

may continue to greater depths. The books of mica

are arranged at all angles commonly mutually at right

angles, and the plates commonly are bent and buckled;

however, fiat plates could be obtained. The sample

submitted to the Mineral Resources Division is re-

ported to contain small rhombs of a carbonate mineral

(as inclusions in the mica plates).

In the f?a'Id occurrence the presence of numerous

pegmatite dikes containing abundant, though scattered,

muscovite suggests that further examination might

po>sibly disclose larger segregations of mica.

The occurrence 4 miles west of Nusah is close to the

Mudiyah-Niisah track. The mica was seen in a peg-

matite dike about 3 feet wide and 80 feet long, striking

cast. Again the books are arranged in a decussate

manner so that plates tend to be buckled and contorted,

The laboratory report states that the white muscoi i

plates include sporadic crystals of flattened pink

garnet.

The mica seen in the Aden Protectorate is not likely

to be of commercial interest, firstly because quantity is

too small to warrant exploitation, and secondly because

that seen in plates largo enough to be of interest is

generally bent or buckled and contains mineral in-

clusions.

Quartz.—Massive, opaque, and vitreous quartz is

common in the numerous pegmatites and veins of the

Protectorate. Well-crystallized forms were infrequent-

ly seen, and quartz gem stones were not recorded.

Commercial exploitation of this ubiquitous mineral

depends upon an advanced state of general industrial-

ization and is not likely to be worth consideration in

the Protectorate.

Rock nail.— Deposits of rock salt are known to occur

in salt domes at 'Iyadh (Hayd al Milb); Ayadim, about

33 miles west-northwest of 'lyildh; Lai'adin (Jabel at

Milb), about 38 miles N. 64° E. from an NuqQb,

Baybnn (some 50 miles by track from an NuqQb); Milb

Kharwah, about 24 miles N. 12° E. from 'Iyadh;

Milb Maq'ah, about 18 miles N. 10° E. from Shabwah;

Al Mintaq, about 5 miles N. 35° W. from §idaroh;

Siifir, about is miles southwest of Jabal ath Thanlyah,

on the Yemen border; Shuhwah; Siyal al Milb. about 12

miles w>rthwi'M of Sidiirah.
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The salt domes at 'Iyadh, Lai'adin, and Milb

Kharwah were examined and considered to be of

Jurassic age; there is little doubt that the remainder are

of the same age.

At Lai'adin massive rock salt is overlain by vari-

colored shales, bituminous in part, and gypsiferous beds.

Toward the surface of the dome, salt is intermixed with

fragments and blocks of contorted shale with thin

lignitic lenses and hands. The gray shale is in part a

paper-thin laminated variety. Well-formed salt crys-

tals line fracture planes in brecciated shale and form

stalactitic deposits under cliff faces. The bulk of the

deposit is pink to white massive salt.

At 'Iyfldh the elongated dome structure is very clear,

the peripheral slopes consisting of thin-bedded

4

(lagoonal) limestone interbedded with minor calcareous

shales, and evaporitic deposits of concretionary brecci-

ated gypsum overlie salt in the central areas.

At Milb Kharwah massive rock salt forms the center

of the dome and thin bands of salt are interlayered with

steeply dipping dark bituminous shales. Jurassic

limestone again forms the peripheral slopes.

At the time of the authors' visit salt was being worked

at Lai'adin and 'Iyadh for local consumption and also

for export to Yemen (fig. 26). Probably a number of

the other salt deposits are similarly worked, by local

labor using simple tools.

It is not thought that the present exploitation of salt

deposits can be significantly increased, in view of the

difficulty of access to the salt deposits, most of which
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lie in or near the Ramlat as Sab'atayn; the poor

communications to the coast; and the difficulties of

marketing exported salt.

POBTLAJTO AND OTHER CKMKNT8

The raw mix for portland-cement manufacture

usually consists of about ,\ parts of predominantly

calcareous material (chalk or limestone) and 1 part of

predominantly argillaceous material (clay, shale, or

river mud). The overriding factor is the bulk com-
position of the available raw materials, as it is essential

that these give a mix correctly balanced in terms of

Cat), SiOt , AliOj, and FejOj. An upper limit to the

MgO content is usually sot at 5 percent, as an excess

may cause the formation of periclase which may result

in the failure of the concrete, through slow hydration.

Gypsum is normally added to the clinker at the grinding

stage, to control setting time.

To make an initial assessment of the general availabil-

ity of raw materials for cement manufacture, three

localities, selected for easy accessibility, were sampled;

these were (a) Khanfar rock, near Ji'ar, Abyan district

t sample A58), (b) South-southeast of Dirjaj, compass
bearing 40° to Khanfar rock (sample A267), and (c) Al

Mukalla. near road to Al Khalaf police station (sample

A262).

Khanfar rock: The sample was taken from a quarry

in Jurassic rocks. The exposed section was of bedded

dark-brown to gray crystalline limestone and por-

cellanoiis limestone, cut by numerous thin calcitc

veins. The limestone was stained purple in part.

Interbedded with limestone were beds about 10 feet

thick of yellow-brown to gray paper shales, with

ironstone concretions atid much fibrous gypsum.

The rocks were fractured and jointed.

Dirjaj locality: The sample was taken from

Jurassic beds dipping 40° in a direction of 1G0°, and

estimated visually as about 250 feet thick. The
scries consists of fossiliferous beds of pink to brown

crystalline limestone, about 3 feet thick, intcrlayered

with rubbly, shaly limestone and with marly beds

about 1 foot thick. Joint and fracture planes are

iron stained and numerous iron carbonate concretions

are present. The base of the series is sandy lime-

stone and calcareous sandstone, resting upon a

conglomeratic quartzose sandstone some 8-12 feet

thick, which in turn rests unconformably upon base-

ment rocks. The Jurassic rocks are considered to .

be of the Kohlan Formation (Middle to Lower?

Jurassic i, with upper beds possibly of the Shuqra

Formation ( Upper Jurassic)

Al Mukalla: The sample was collected from

< retaceou.s rocks exposed in a cliff face adjoining (he

road from Al Mukalla to Ra's Al Mukalla, in the
.

vicinity of Al Khalaf police station. Cretaceous

rocks of the Qishn Formation (Barremian-Aptian)

here consist of variegated pink-red, yellow-brown,

and white, crystalline, porcellanous, and sandy lime-

stone. Field observation suggests that the limestone

is dolomitic, at least in part. The rock is iron

stained. The Cretaceous beds unconformably upon

basement rocks and are overlain by Paleoeene lime-

stones.

Results of chemical analysis of the samples from the

three localities are shown in table 7.

Table 7.— Compotilion of limestone*, in percrnl
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The average composition of portland-cement clinker

shows a CaO : MgO ratio of 44 . When the raw material

is particularly low in MgO the ratio may exceed 100-

The ratio's lower limit is 14, at which point the MgO
content of the clinker approaches the specified maxi-

mum (say 5 percent).

Samples A58 and A262 have CaO: MgO ratios of

about 2}i and 1 % respectively. They arc therefore com-

pletely unsuitable for portland-cement manufacture.

It is not possible to calculate a satisfactory clinker

analysis from any mixture of these limestones with (a)

an orthodox argillaceous material or (b) the argillaceous

limestone, sample A267. In both, the MgO content

would still be too high.

Sample A267 has a CaO: MgO ratio of about 14. On
a loss-free basis, its composition is as follows:

Percent

CaO »*<>S

Mr<> 3-51

mO,.... 3J 06

A!.<>, 7 2.1

Fn,0, 3.42

This composition shows a deficiency of CaO and a

corresponding excess of SiO. \ Al»0,-t-Fe}0, It could

be balanced to provide a reasonable portland-cement

clinker composition by adding a material low in MgO
and ranging from pure limestone to moderately
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argillaceous limestone. By adding 120 parts CaCOi I

(pure limestone) to 200 parts of sample A267 the

CaO:M^.O ratio increases lo 27. The silica modulus

(derived from the ratio of SiO, to combined A1,0,
|

and Fe;0,) is .T.I, which is rather high, the normal

range being from 2.4 to 2.7. It could easily be reduced

by adding iron ore to the raw mix.

The dolomitic limestones ASS and A202 could be

used for making magnesian lime, which is acceptable

for certain building purposes; being low in silica and

alumina, the lime would have negligible hydraulic

properties.

The argillaceous limestone A267 would probably

give a cementitious product after burning. However,

further work would be necessary to determine the

performance of such a product.

It is apparent from the foregoing that in the pro-

duction of portland cement considerable limitations

are imposed as to the quality of materials. Economic
(

considerations limit the distance over which raw 1

materials may be carried, and cement works arc us-

ually sited accordingly. Thus the production of cement
to specified standards, such as would be required to

found an export trade or to use in structures of any
importance, depends upon finding suitable limestone

in an accessible place in juxtaposition with siliceous-

aluminous material such as clay, shale, or mud.
The easily accessible limestones sampled are not

suitable. It may be added that in calcareous sedi-

mentary rocks of Jurassic to Oligocene and Miocene

age. important dolomitic beds are known to exist;

i his suggests that the magnesia content of other

Protectorate limestones is likely to be high. Crystal-

line limestones associated with the basement rocks

arc also dolomitic in many of the known outcrops,

fl'iui'ver, especially in the Eastern Protectorate,

lime tone is present in huge quantities, and it is not

impn lmble that appropriate cement-making materials

could he found reasonably close together. The ques-

tion of transportation would then arise.

The search for appropriate raw material is not made
easier by the fact that dolomite and dolomitic lime-

stone are not easily recognized in the field and chemical

analysis is therefore essential from the first stages of

exploration. From the point of view of competitive

eoinmercial production the prospects do not appear
j

to he good.

NUMMARY

Neither during the HJfil f>2 survey nor in the course

of previ.ni> work have mineral deposits been found
worthy of further commercial exploitation under the

conditions obtaining. In this connection the prevalence

of syntcctonic granites and graniti/.ed rock may be i

relevant, and few minerals characteristic of miner-

alized granites have been recorded. Clearly intrusive

granite does, however, occur in several areas, and in

former Somaliland Protectorate cassiterite deposits

have been found in quartz veins, probably associated

with intrusive granite of comparable age. Of the

minerals found in the Protectorate, perhaps most

interest attaches to copper. In view of the large area

involved and the comparatively little exploration done,

it would be premature to draw firm conclusions as to

the presence or absence of important mineral deposits.

WATER RESOURCES

The Aden Protectorate lies in the so-called arid

zone, which stretches from the Atlantic seaboard to

the North African coast to Sind in Pakistan, with a

discontinuous extension as far east as China. It

cannot be properly defined on a climatic basis, but its

problems are climatic in origin and stem from the im-

balance between water supply and water need. The
zone as a whole is characterized by wide fluctuations

in precipitation, temperature, and aridity. Rainfall

is infrequent, localized, irregidar, and often of high in-

tensity; it ranges from less than 1 inch to as much as

20 inches in some years. Temperatures range from

freezing to above 130°F, with low relative humidity.

Such factors require a high degree of specialization in

plants and animals, and set the pattern of land use.

Water is the limiting factor in agriculture, on which

permanent or semipermanent settlement must depend;

since the time when these arid areas were first colonized

the chief preoccupation has been to conserve and to

put to use as much of the limited natural precipitation

as possible. Archeological research has shown that

many of the now-dead cities of Arabia, formerly thought

to have depended entirely on the caravan trade, in

fact possessed a highly developed agriculture and
even evolved methods for turning the destructive forces

of floods to constructive use. The decline of many of

these earlier civilizations is now ascribed to political

and other factors, and there is no evidence either

historical, archeological. or botanical (based on the

study of tree rings) to show that the climate has
become significantly more arid during the historic

period. Such research has proved the occurrence of

drought periods, often of many years' duration, but

these have not been confined to the arid zone and
probably resulted from long-term climatic cycles

caused by, for example, sunspot activity. It may
well be that no one factor has been responsible for

decline of civilizations in the arid zone. The delicacy

of the balance between such societies and their environ-

ment was precarious and easily upset, and there was
far lcs> latitude of action than under other conditions;
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any factor causing unbalance could be disastrous.
A program of research into arid-zone problems should
therefore be a detailed and integrated product of
scientific research rather than a limited assemblage of
facts, and the collection of data should be extended
over a period broader than the known climatic cycles,
that is 20-30 years. Empirical solutions baaed on
short-term investigations may prove to be costly
failures.

In the arid zone, runoff is excessive, owing to the
high intensity of the rainfall, and flash floods (seil) are
the result. The immediate effect of these is to sweep
off the soil cover from the interfluves into the wadis
and flood plains, where it is deposited or can be arti-
ficially induced to collect. Being unloached detritus
formed largely by the mechanical breakdown of bedrock,
it can, depending on the parent material, provide a
very fertile soil when suitably irrigated. Rainfall from
a large catchment area, when concentrated in the wadis,
is equivalent to precipitation increased several hundred-
fold and is more than adequate for most farm crops.
From the earliest times, therefore, the object of or-
ganized agriculture has been to create fields in the wadis
and on the flood plains, with a controlled supply of
water. Recent plans for agriculture in the Negev
desert (Goldschmidt, 1961) based on spate irrigation
have shown that the designs of the necessary earth-
works, calculated by specialists with the latest technical
aids, coincide almost exactly with those evolved in
earlier times by methods of trial and error. Such
designs call for the overland gravity flow of water from
higher ground down to the farmland, if necessary by
an elaborate system of interceptors and conveyors
with regulators.

IRRIGATION PRACTICE

Agricultural techniques and the utilization of rain-
water and floodwater vary according to position along
a given watercourse and have a pattern with many
""nmon features in countries throughout the arid zone.
In tributary wadis, many of which are steep and narrow,
the water must be brought under control from the
watershed down. This is done by means of dams of
*tone or of bushes held in position by large stones,
which are built right across the wadi; where the rush of
water is severe, bush dams are favored, being more
pbant. The dams reduce the velocity of the water and
• ause deposition of soil particles, which gradually build
up into flat terraces across which the water spreads
and infiltrates (fig. 27).

Lower down from the watershed where the gradient
Hatteas, these terraced fields may hold considerable

amounts of water in storage and it is common in the

Western Protectorate to see wells built into the stone

Florae 27.—Terracing with

A<> rjftii'

up to the watershed,

terrace walls midway across the wadis, many incor-
porating a system for that particular field, or irrigation
canals which are bucket fed by camel-operated lifting

devices.

In main wadis where the force of floodwater is

extremely strong, it cannot be stopped abruptly; here
it is brought under control by diversions or deflectors.

Stone dikes are built out on the contour into the wadis
but not completely across them. A gap of several

yards is left on one side in which a broad sloping stone
spillway is constructed. The next dam downstream
has its spillway on the opposite side, the effect of

which is to divert the floodwater into a zigzag course
which slows it down, enhancing percolation and
reducing erosion.

Many of the larger wadis are dissected by stony
watercourses from which only part of the floodwater
can be utilized. Short stone or bush dams (replaced

yearly) are built out from one or both sides into the

watercourses to deflect water obliquely into artificial

channels along which it is led, through regulators, to

terraced fields downstream on the wadi flanks at a
slightly lower level than the point of water intake
(fig. 28). The height of the interceptor dams is deter-

mined by the maximum amount of water that tho
channels will take, and the surplus floodwater flows

over the top. Water is conducted for great distances

along these channels, which are built narrow and deep
to reduce evaporation.

Isolated fields or interconnected groups of fields are

also found on flood plains and on shallow pediment.*

at the foot of high ground. In these places low walls
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Fioube 28.—Walled fields flanking large wadi, Ad Pali' area.

of boulders are built obliquely up the pediments to a

I>oint on the debris slope above where the gradient is

considerable (in several localities in the Western

Protectorate slopes of 20° were measured). These

serve to collect and channel surface runoff onto the

artificial or natural fields. To supply enough water

for a season's crop growth, large collecting grounds

are clearly necessary; Goldschmidt (1961) gave an

average ratio of 20:1 for catchment area to irrigated

land.

It is only in wadis and flood plains with more than

about 10 feet of alluvium that permanent or semi-

permanent supplies of reasonably fresh water are to

be expected, since they provide the only aquifers with

possibilities of regular recharge. In the summer
months when most wadis are completely dry, supplies

of underground water may be found in sand bodies

wliicli are generally lenticular— isolated or inter-

connected through which there may be slow down-
stream seepage. Such supplies are located by moans
of trial borings, the experience and intuition of the

local people providing an important subjective factor.

Where water regularly occurs near the surface, settle-

ments have been established, linked by camel tracks.

Dry wadis thus become important travel routes.

SUGGESTED METHODS FOB LOCATION AND
8TORAOE OF WATER SUPPLIES

In the larger wadis particularly, geophysical (re-

sistivity) methods could successfully be applied to

locate water, and small portable instruments are now-

available which are suitable for this purpose. Other

limited supplies of water for domestic purposes and
also possibly for irrigation might be obtained as required

by sinking additional wells in the wadis, subject to

the factors of low reserves of extractable water, mutual
interference with neighboring wells, and the fact that

the quality of ground water may vary considerably

over short distances. Adjacent wells, in fact, often

show great differences in total salinity (see "Well data"

section) owing to variable wadi sediments through

which the underground flow passes, and to differential

rates of evaporation and concentration. Where the

pattern of variability is on a large scale, geophysical

( resistivity) methods could in many places be applied

to define the bodies and channels of better quality

water.

An obvious method of trapping and storing this

subsurface water would be by means of dams based
on tbe wadi floors. In practice difficidty arises in

finding sites where the wadi floor and sides are suffici-
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ently impermeable and in providing low-cost material !

and methods of construction in isolated areas. It

would appear that there is scope for research in the

matter, since this type of reservoir, being underground,

would substantially reduce the loss by evaporation,

which under the prevailing climatic conditions may
reach, if not exceed, 50 inches a year. Another very

important factor is that the increase in salinity, which

results from a high rate of evaporation, is reduced.

Such subsurface cutoff dams can be formed by grouting

with cement or benlonite directly into the ground, or

by excavating and constructing, with shuttering, a

wall of cement-stabilized sandy gravel or bitumen-

stabilized sand. According to the Soil Mechanics

Division of the United Kingdom Tropical Building

Research Station the local soils and wadi sediments

would probably be suitable, and it was felt that slight

losses by seepage through the wadi sides and floor

could be accepted. With both these methods, how-

ever, special equipment is required and a further

difficulty arises in the Protectorate in that wood for

shuttering is not locally grown.

In addition to geophysical work, a study of the

vegetation as seen on aerial photographs may be of

great assistance in locating water and estimating its

quality. Such interpretation is based on the simple

premises that deep-rooting phreatophytes are in contact

with a permanent supply of ground water of reasonable

quality within 50-60 feet of the surface, and that the

size of the vegetated area is a measure of the amount of

water available. Mann (1957) gave a figure of 1 million

gallons per annum as the water requirement for a 1-acre

patch of phreatophytes (in his paper, the mesquite bush

Prosopms)) . lanes of tamarisk trees and camel-thorn

shrubs are common in the wadis of the Protectorate

and mark the course of surface or underground water

channels; they could be used as direct indicators for

locating subsurface supplies of water (fig. 29). In

north-central Arabia the running gourd vine, Citrullus

coiocynthui (L) Schrad, is used by the local people as an
,

indicator of ground water and with its aid they have

been said to locate wells more than 200 feet deep (J. H.
|

Whitney, in Dixey and Shaw, 1961). Patches of ;

shallow-rooted xerophtes grow in silty flats in areas of

pure desert, for example the Ramlat as Sab'atayn; these

must subsist on near-surface moisture that probably is

unconnected with the ground-water table and probably

is derived from condensed atmospheric moisture.

Remarkably heavy dews were noted even in this area
,

and their effects on plant and animal life are clearly

significant, if largely unknown. In such areas, the

infrequent heavy rain which falls in storms appears to

have a very long lasting effect on the vegetation, and is

said by the Bedouin to be noticeable for a period of
;

years. The land surface dries out quickly after such

rains and the portion of the rainfall that has penetrated

the ground deeply is sealed in by the dry surface layer.

It would appear that water can only pass through

this layer in the vapor phase by a process of gaseous

diffusion, which is extremely slow. Measurements
taken with a thermistor in the Randal as Sab'atayn

showed that about 3 feet below the sand surface,

temperatures were remarkably constant, with no

diurnal fluctuations, and were relatively low—a further

factor contributing to small water losses.

In the desert areas proper, newly percolated rain-

water may accumulate as lenses resting on denser saline

water. During the military campaigns in the Western

Libyan Desert, relatively fresh water was found over-

lying water having a salinity of about 5,000-6,000 ppm,
that is, impotable (Shotton, in Dixey, 1956b). Such

bodies of fresh water, with salinities varying from 900

to 2,000 ppm, are normally spasmodic in occurrence,

only a few feet in depth, and limited in extent. When
pumped, increasing salinity points to the impending

exhaustion of tho supply; in general, the overpumping

of ground-water supplies in arid lands gives rise to

increasing salinity. A few exceptions to tru~ occur

where the extracted water is replaced by newly prv, .;

tated rainfall from local or possibly distant sources.

Fresh-water bodies are known from other territories,

for example the Kalahari Desert, where the underground

water does not seem to be replenished, and their

presonce has been attributed to the fact that the water

is "fossil," that it. accumidated in a past humid climatic

period. An alternative possibility is that the water is

perched; this occurs where strata such as impermeable

clay beds hold water above and separate from the main

water table.

WELL DATA

Along the coast between Al Mukallft and Aden a

number of fishing villages are supplied by wells within

half a mile of the shore. The water levels arc a few

feet above mean sea level and probably represent

wedges of fresh water floating on sea water (Ghyben-

Herzberg principle i. The fresh water has probably

originated partly from the higher ground behind the

coastal plain by slow seaward movement, and partly

from natural precipitation. Typical salinities measured

were as follows:
Tat»X

nM
(ppm)

Ir<|«l. 1,300

Hi r Alt -- 1,600

yuju Hal id fort 1. *"«
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Fioure 20.— Vegetation outlining the drainage pattern, Nlgab area.

Water of least salinity is found in wells in wadi beds;

for example, water in Wadl Merwall contains 800 ppm.
Many wad is fade out in the sand dunes with a mile or

so of the sea, but a flow of water continues in under-

ground channels, the courses of which can be plotted

on aerial photographs by the rough alinement of trees

and shrubs.

The quality of available water is often a critical

factor, major characteristics that define quality being

the total concentration of soluble salts, the percentage

of bicarbonates, particularly sodium, and the presence

of minor elements, such as boron, which may have
toxic effects. Water containing .'{,000 ppm total dis-

solved solids can be used regularly for domestic pur-

poses; even 5,000 ppm is acceptable for short periods.

Cattle can thrive on much more saline supplies, to a

maximum of about 9,500 ppm. Very high concen-

trations of 15,600 ppm are reportly used for sheep in

Australia (Dixey, 195Gb).

For irrigation the safe upper limit is considered to be

about 700 ppm, although higher concentrations of cer-

tain sidts could be accepted for particular crops. The

suitability may thus depend as much on the proportions

of the constituent ions as on their total concentration;

a limiting factor is the presence of alkaline carbonates

or bicarbonates, which give rise to an unfavorable soil

condition (the so-called black alkali soil). At least

partial chemical analyses to determine the CI, SO*, and
H( '(.)] anions should be made to show the main char-

acteristics of the ground water, and, particularly when
the water is used continuously for irrigation, such
analyses should be done as a routine practice to detect

any progressive changes in chemical composition. Bo-
cause the proportion of solutes increases in the soil by
evaporation and may cause precipitation within the
solum, efficient drainage must be combined with irri-

gation schemes or saline soils will result, with un-
favorable crop response.

In general, ground water in the Western Protectorate

was not found to be excessively saline. Domestic water
from shallow, wells 30-60 feet deep was normally in the
range 900 ppm (Lawdar) to 400 ppm (ad Dali'; AX
Fajarah). Wells in the larger wadis often showed sur-
prisingly low salinities. On theoretical grounds the
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mineralization of water would bo expected to increase

with distance from Its source by the passage through

progressively larger volumes of alluvium and by con-

centration through evaporation. In Wadi Bayhan,
hi»ue\er, at the town of BuyhAn a salinity of only 230

ppni whs recorded; other figures were 5.50 pptn ut

Said and !»()() ppm at Mayfa'ah. The quality of the

«ater, particularly in the major wadis, is often variable,

however, owing to ihe fact that several bodies or

channels of water exist. Two wells in Wadi Dura,

which is almost 3 miles wide west of the town of

Xi$ab, gave readings of 800 ppm (old fort) and 1,700

pptn (political officer's house); the wells were ab>ut 400

yards apart. A sample from the latter well was

titrated with silver nitrate and gave a figure of 550 ppm
sodium chloride equivalent. It may be noted here that

in the Abyan delta salinities also vary widely within

short distances.

Some 24 miles west of Niijftb, water from an 18-foot

well in the fort at Khawrah had a salinity of only 500

ppm. Between the watershed east of Khawrah and

Nisab is tt large area (covering 25-35 sq mi) of appar-

ently good agricultural land that could be very satis-

factorily irrigated with water of this quality. Similarly,

it was clear from the aerial photographs that Wadi
Markhah, which runs parallel with Wadi Dura some 15

miles to the north, forms a very much larger area of

comparable geologic background and, consequently,

similar parent soil material; it also has a much greater

volume of ground water owing to its greater length and

catchment area. Wftdl Markhah was closed for security

reasons and was not visited by the authors.

At 'Ataq, on the edge of the sand desert, three wadis

converge and the depth of alluvium is about 100 feet.

The yield of water is generally low and has fallen over

the last few years, but its quality is good, ranging from

W0 to 850 ppm in the four wells at 'Ataq and nearby.

A certain amount of drilling was done here by Service

units to locate wells for supplying the military base,

but although sited in the wadis or close to them, these

boreholes failed to locate fresh supplies. As there are

no surface geologic features to indicate where the under-

trround water channels may lie, resort must be had to

L'eophysical methods, and it has already been shown that

resistivity can be used successfully under similar condi-

tions in Wiidf Hadramawt ($_ JJ Shaw, unpub. data,

1952). Twenty-five miles north of 'Iyfldh, on the

-"uthern fringe of the Ramlat as Sab'atayn, the ground

water was found to be of even higher quality, namely

100 ppm. Highly mineralized water might have been

expected instead, because the 'lySdh well lies in Wadi

Jird'ui which draws its water from the limestone jol to

the cast, where gypseous beds are numerous.

C87

PROSPECTS

Presumably, possibilities exist for finding water in

the area of desert to the west, in the Jaww Kudayf and
the Ramlat as Sab'atayn, because many wadi courses

extend for several miles into them from the Ni?ab-

BayhSn mountains on the south and the limestone jol

in the east. The most outstanding example observed

is Wadt Bayhan, which can be traced at least 45 miles

into the desert, as far as Al 'Ubaylat. It is well marked
on the ground, although the wadi floor is not level and
is obstructed at many points by sand dunes. No
record of data of the last flood to reach Al 'Ubaylat

could be obtained, but to the west of the present wadi,

broken lines of trees now partly submerged in sand

indicated that the course of the wadi had moved pro-

gressively to the east with the prevailing wind. Sepa-

rating the hill known as Farldah from the southern end

of the main ridge of Jabal ath Thanlyah is a wide,

shallow wadi containing gravel banks and small boulders

of quartzite. This is reputed to be Wadi al Abrad
which, according to Philby (1938), rises in the Yemen
mountains more than 50 miles to the west, the ancient

city of Ma'rib being on one of its tributaries.

Flood water which percolates below the level of

ground affected by evaporation would presumul l\ i.'-

main available, although at considerable depths, prob-

ably in excess of 1 50 feet. Well-defined permanent wadis

would l>e expected to carry a slow underground flow past

the point where they cease to be recognizable as wadis at

the surface. This water may even add to a permanent

ground-water table at depth beneath the desert, al-

though if such exists it is probably saline as a result of

concentration by slow upward diffusion of water vapor.

If geophysical work is undertaken in the 'Ataq area,

the hydrologic conditions at the mouths of the larger

nearby wadis should be investigated. Here out wash

fans of various types are common, parts of which consist

of silt or silty sand. These could be walled and used

for agriculture if water were available.

GAZETTEER

Degrees of latitude and longitude are given to the

nearest minute. The coordinates given for wadis in-

dicate the general location of the principal references

in the text.

i.V.) (t.)

Ativan flr-lui 1 3*07' 4.Y
!22'

Atf L>ali' I.TM2' 44*44'

Aden 12*4G' 45*02'

Abwnr - 13°32' 46'43'

Al'Annd 13°16' 44M.V

\l I : i
;

1

1 li ... .... 12 •'>'.' 44" I

'.>'

Al Hujavrah 14°2.V 40 JS"

Al \\r.-i:u, 14*42' 4(1 Hit'

Al Kl.al.r 14 '06' 47 U.V
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<*->

Al Kireh 13°22' 44*30'

Al Mftjil 13-50' 45°47'

AlMabhd.. 14-02' 46°55'

Al Maaani' 13-20' 45°1S'

Al MukallB. I4°32' 49°07'

Al Musaymtr 13-26* 44-37'

AlQulaytah ---- 13-58' 46°43'

AlTbavlat 15W 46-23'

'All'AtHl Allah 12*46* 44=02'

An Nn?r. 15*29' 47-00'

An NnqQb. .

-

14*58' 45°48'

Aravn 15*36' 46°44'

'Arf ad Dlk (jetx-l) 14
c22' 48°3r

Ar Rawdah - 13
c 29' 45*30'

Aa Snwad 13°29' 45 c 34*

Ash ShaU

---

»2'54' 44°01'

AsSufal 14-18' 47°02'

AsSurrah. -- 13-57' 46=14'

'Ataq. 14-31' 46*46'

'AwSbil... 13-50' 44 c 52'

Balbaf 13-58' 48° 10'

BavbaMBaybftnalQa^ab).... 14-49' 45*44'

Bi'r'AH 14-01' 48*21'

Burum 14-21' 48*57'

l)ar Rahbftn 12*52' 44*03'

Dirjftj 13-16' 45-21'

Ghayl Barhar 12°50' 43°57'

Habban 14-19' 47*07'

Ui?n Bal'ld 13*33' 46*58'

Hian Murtd 12-40' 43*30'

'Irqah - 13*38' 47°20'

'Iyadh 14°58' 46*48'

Jabal ad IVUyuh. 14*26' 48°36'

Jabal al Birkah 12»42' 44°22*

Jabal al Munlf 13*17' 44*51'

Jabal ath Tbaniyah.. 15°48' 46°19'

i vdJahmum 14*12' 48*35'

Jabal Jtbaf 13*45' 44*41'

Jabal Kharai 12*44' 44*10*

Ji.l,:,i Kuwah 12*42' 43*30'

Jal. . Marsa 12*40' 44*25'

Jabal S.mamma 12*42' 44*20'

Jabal Si wayqah.. 14*09' 48°14'

Jabal Zulm Ash Shaybah. . 14*10' 48°50'

Jawl A9 S-ilnb 14*23' 46*40'

Ji'ar 13*13' 45*19'

Jibal al Afiwad 14*26' 47*44'

Jibal an Nislyin 14*48' 46*08'

Jilla (JiTah). 14*00' 48*07'

JUwil 14*23' 48*22'

KarlfShawr&n 14*01' 48*22'

Kawral 'Awadl.il (area). 13*58' 45*52'

Khanfar 13-13' 45*19'

Klmwrah 14*27' 46*08'

Lab] - - 13*03' 44*53'

I - 13*53' 45*53'

Ma'har 14*15' 48*33'

Martaah 14*08' 45°55'
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t f HP
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•i ij - > „
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*5 Vmrlf It At i *i
ghQ'

i i 0,>i

'

•4.1 "t J.

1 fi i*- r~ 1 i \ 'i m ! i

'

14 1 fS
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WtiHl nl K*vfT 11°17' 44
Wfldl Rft'Arvfth 14°09' 4fi0jo/

Wildl Bana A to 1 ft'Id ID
Warll riflr 44

e3*v

1 I 9AT*

WnHi rin Hi i A°*y(i r
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Wfldl Raybftn-.- 13*37' 45*39'
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46°56'

45°23'

4ft°23'
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AGE DETERMINATION RESULTS

By N. J. Snbllino'

Recent work in Aden Protectorate and Somalia

(former Somaliland Protectorate) has revealed marked
similarities in the Precambrian geology of these terrains.

In both regions the basement rocks have been sub-

jected to two episodes of metamorphism, the first of

which was the more intense, conditions reaching those

of the amphibolite facies, and in parte of Somalia,

the granulite facies. For convenience this episode

is referred to as katametamorphism. The second

metamorphism was generally of much lower grade,

only locally reaching the conditions appropriate to

the amphibolite facies, and with mainly dynamic

effect* much in evidence. This episode is referred

to as epimetamorphism. Present in both regions

are low-grade metasedimentary rocks comprising the

Ghabar Group of the E.A.P. (Beydoun, 1960) and

the Inda Ad Series of Somalia. The relationship

of these formations to the crystalline basement rocks

is obscure, although the evidence favors an uncon-

formable relationship between the Somalia basement

rocks and the Inda Ad Series.

Several phases of plutonic igneous activity can be

distinguished. In both regions the katametamorphism

was accompanied by the development of autochthonous

and parautochthonous granites (the syntectonic gran-

ites of Greenwood in Aden Protectorate and the

synkinematic granites of Warden in Somalia), and

the later epimetamorphism was followed by the in-

trusion of posttectonic granites that have sharp

crosscut ting contacts and well-defined thermal aureoles.

In Aden Protectorate, Greenwood has distinguished

a group of granites which are later than the kata-

metamorphism but earlier than the epimetamorphism,

which he terms the intertcctonic granites; in Somalia,

Daniels, Skiba, and Sutton (1963) have described

a group of layered gabbroic intrusions which also

postdate the katametamorphism and predate the

epimetamorphism. These layered mafic intrusions

are of particular importance in that they indicate

a longtime interval between the two metamorphisms

in Somalia. Thus in some localities well-defined

thermal aureoles have been observed adjacent to the

gabbros. indicating that the country rocks had time

to cool after the early katametamorphism, whereas

• Of MM Oversea* Ocoloflcal Surrey*.

the banded nature of these mafic rocks indicates the

slow accumulation of crystals by gravity differentia-

tion, which could only occur during a long period of

Table 8.—.Age determination* from former Britith
and Aden Protectorate

K- Ar aftns the (o)lowlnn constant* i

•K\il-4.7?X10-''yr-i
U- 0 SMXllH- yr-'

Potas-
Determination sium

No (per-

cent)
ratio <m.y.)

OOS.D2.J0 i.n 0. (031 404±2S

11

Knrtv. 10'W X , Ion (t
42*02' E.

Muscovite from raraet-muscorlto 7 » .Mil <m±»

19

(tnelss NearBawn. UtlO-U'N.,
lon« 43UV K,

Blollte from blotitc-adameiutc intru- 7 47 .03)7 100*11
sive into basement rock* »od the
Inda A-l Series, N'ear Malt. I .at

lo-isce x.. ion« \r\r r..

H Hlotlte from l-a* Bar granite, pott-
Inda Ad Series.

8 Its OtWfl 5IS±2J

« Whole rock "metamorphosed argilla-

ceous tand-stone" i,\i>.\, inda Ad
2.80 0SM soo±w

Series. Map sheet 1.

Whole rock "mudstoive" 1 AS.47. Inda
Ad Series Map sheet <l.

49 l.OS 0243

Aden Praueloeale

83.12

«?.M

<I3.II

(12.43.

(13 13'

»!.»

Bkotlte from the Ra's HurQm crantte.
sample A 297.

Biotlte from Wldl Ohahar granite.

sample 24».

lltotite fro-n WMl al Jiriyah rramte.
sample 201.

BKitlte from Wadl Kayfl granite, sam-
ple A.M.

Bloili,' from Motile-quarts shlst,
Wa:tl Hayhan. sample A.70.

ntotuc from ilaurollte caroet-niics
sclint, Willi OharLsh. sample A .228.

Muscovite from miarti-muscnvlte
dike, Isolated, baseniriit outcrop,

7 47

0 Si

7.73

n ;,-

: oi

0 W
US*

0.0OKI

:n7.-

.0337

.0429

0310

51 Si. 25

479±20

905*24

ratio of 0.0804

i m.y. and a"Ar/»K

New age determinations on rocks from Somalia and

the Aden Protectorate are given in table 8. Most of

the determinations were made on samples submitted

by geologists of the former Geological Survey of Somali-

land Protectorate and of the Overseas Geological

Surveys. Determinations were all made by the

potassium-argon method which, on the basis of past

experience, has proved of greatest value to recon-

naissance studies of geologically little known areas.

Argon was determined by the isotope-dilution method,

by usinj: a bakcable all-jilass vacuum system and a

Reynolds-type glass moss spectrometer. Potassium
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was determined by means of an Eel flame photometer

by direct comparison with standard solutions.

Probably the most important of these new ape de-

terminations are those on the Las Bar. Ra's Burum,
and Mail granites. These are all clearly posttectonic

bodies having crosscutting contacts and thermal au-

reoles. The similarity of the determinations strongly

suggests that they date the time of intrusion. In

terms of current estimates of the geological time scale

these granites are of Late Cambrian age. In E.A.P.

the Ra's Burum granite intrudes older volcanic rocks

(see Greenwood, 1961, pi. 1); in Somalia the Las Bar
granite intrudes metasedimentary rocks of the Inda

Ad .Series, and the Mait granite cuts both regionally

metamorphosed basement rocks and members of the

Inda Ad Series. Thus in Somalia the basement gneisses

and apparently overlying Inda Ad Scries are Cambrian
or older, as are the two mctamorphic episodes recog-

nized in the region. Little more can be said about the

actual ages of these melamorphisms, but it is reasonable

to suggest that the epimetamorphism in the base-

ment rocks and the dynamic melamorphism which

has Hffected the Inda Ad Series are one and the same
event. Attempts to date this event by making whole-

rock potassium-argon determinations on the argilla-

ceous metasedimentary rocks of the Inda Ad Series

were unsuccessful. Both determinations shown in

table 8 give ages younger than those given by cross-

cutting granites, and obviously the metasedimentary

rocks have lost argon.

The Ra's Burum granite of E.A.P. is unaffected by
i he movements that deformed metasedimentary rocks

of WadI al Ghobar, movements which can probably

l)i correlated with the epimetamorphism of the older

I' i. I'tnent assemblage. Thus the crystalline basement
rock- and the metasedimentary and older volcanic

rock if E.A.P. are also Cambrian or older.

In Aden Protectorate an earlier intrusive phase

appears to be represented by the WadI al Ghabar and

W«di d Jif'iynh (IkyhSn) granites, dated at 560

and 550 m.y., that is, of Middle Cambrian age. These

tire also posttectonic granites anil us such set a younger

limit to the epimetamorphism. An even later intru-

sive episode may be represented by determinations

< )< ;S.f)l.:t9 and OGS.fi:}. 1 1; these ages are Ordovician.

Three determinations on micas from basement rocks

lr m Somalia and Aden Protectorate give ages ranging

fn rn ,

r>05 to 620 m.y. From the geochrormlogical point

of view it can be postulated that two types of mica are

pre.-crit in the metamorphosed basement rocks; those

formed during the earlier katametamorphism, and those

formed during the subsequent epimetamorphism.

However, as it is known that micas, and particularly

biotites, lose argon fairly readily when metamorphosed,

the ages as determined on the earlier micas can be

expected to have been affected by the epimetamorphism.

Their apparent ages are likely to be significantly lower

than their true age that is, the time of the epimeta-

morphism. The best estimate of the time of the

katametamorphism is given by the greatest apparent

age, which is about 600 m.y., in both Somalia and Aden
Protectorate. The katametamorphism is thus older

than 600 m.y.

Age determinations on the later micas ideally give

the age of the epimetamorphism, which on the basis

of the determinations made on the posttectonic granites,

must be older than 515 m.y. and is probably older than

560 m.y.

Unfortunately this simple pattern can be complicated

by natural argon leakage. Such argon loss does not

normally appear to exceed about 10 percent, but even

this would result in an apparent age some 50 m.y. too

young. This may explain the apparently anomalous

results of 505 m.y. given by the biotite from the WadI
Raybftn mica schist, OGS.62.53.

Definite conclusions are not justified on the basis of

the few age determinations so far made from the base-

ment rocks of these areas, but as already suggested,

the katametamorphism is almost certainly older than

600 m.y., whereas the epimetamorphism probably

occurred between 560 m.y. and 600 m.y.

Table 9.— Age determinations on biotitet from the Eottern Detert,
United Arab Republic

(All eicept determination 11.3*11 are from (lliellh (1951). I >etermlnatlon B 3811 Is

Iron) Hurley and other* i I9A*, n 97). Monaxlte from what appears In be the tame
selves discordant 1 Pb aires as follows: _Pb»"'V«».Ju7 m y.: TV"/ 1-""IT .i.

m y : Ph""Th!B . MS m.y. See Schurmann and utters (IBM. p. 100 )

I ^termination
No

Nature and location

3711.

373

:<r:

3719

Pota*
slum

I
<PW-

1

cent)

Pink urantte, late Oatlartan Intrusive

rock. rust we»t of debel Nutrus
Lat HHV N.. Ion* J4-3J' K

Pink jranlte. late ilatlartan Intnulve
rock. WadI Easel, south of yu*ttr.

Ut 24*55' N . Ion* M'\r K .

flray oltrnclase granite, believed to be
the earliest phase of the UaUartaii
granites. 7 km south of Opbel
Maetlhar. I.at I't'SO' N',. Ion*
S4"ur K

Same nature as for H.3711, WadI Abu
Hart. I.at -4'33' N

, lonftM'SV E.

.

Orantte rnciss, HalafU Milne area
Lot Jt°HJ' N

. .
lon« *4"30" K. From

tin- cure of a itomal structure be-
lieved to be early Protarcliean In

HMiw ewlss, llafaflt mine area
I .at X'M- N . lon« M'30- E. Thb

a series of hornblendeM^n overlie, the

3 «J

3.00

S.s.0

ratio

ur:

Aye
(my.)

rr» k overlies a i

Unfa granite from
6 «
S.H

IKK

8IO

AS
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Table 10.

—

Age determination* on micas from Arabia

ISampJe numbers air! locations (Itni by Aldrlch and othrrj (HISS, lahlr It, flu »>.

I>cterinlna»lon» also shown by Brown and Jackson (1K60. ft*-. D]

Sample No Location Rb-Sr i K-Ar

torn
WD
un

;to
715
fi«l

a =
' These ssr th* am obtained 1/ a half life of J.0X1O" >r la assumed for the decay of
Kb To obtain lbs a«* oil the ban. of a half life of 4 7X10" yr. multiply by CM.

Regarding comparison with other regions, age de-

terminations from Egypt and other parts of the Arabian

shield are given in tables 9 and 10. As described by
Brown and Jackson (1960) the main mass of the Arabian

shield in western Saudi Arabia appears to have much
in common with Aden Protectorate and Somalia.

Brown and Jackson recognized at least two major

gncissic belts which intersect at right angles beneath

the Sahl Kakbah. According to these authors, one belt,

which extends northeastward from the Red Sea rift,

has features of injection and migmatization and is

flanked by a retrogressively metamorphosed group of

mafic igneous rocks, slate, and quartzitc, which they

considered to be near the base of the Arabian geologic

column. The other belt extends northeastward and

has the characteristics of orthogneiss.

Determinations on micas from synkinematic grano-

diorites and related rocks give Rb-Sr ages of about

1,000 m.y., whereas determinations on micas from

somewhat younger batholiths and stocks of calc-alkalic

granites and quartz diorites, which display both con-

cordant and discordant features, give Rb-Sr ages of 750

and SHO m.y. Still younger ages of 600 and 530 m.y.

were also reported, the former on a mica from a "younger

red intrusive" rock and the latter on a mica from an

unmetamorphosed granite ring dike east of A\ Tfi'if.

If these last two ages are recalculated using the Rb*7

half life of 4.7 X 1010 yr (the value preferred by the

writer), one gets ages of 565 and 500 m.y.

Probably the most important feature of these de-

terminations, and one which was not mentioned by

Brown and Jackson (1960), is that where both Rb-Sr

and K-Ar ages have been determined the results arc

discordant (see table 10). Such discordance is gen-

t-rally accepted as being indicative of a metamorphism

after initial crystallization. This later metamorphism

probably is approximately the same age as the youngest

K-Ar apparent age, which is 600 m.y., particularly as

there occurs in the same area the unmetamorphosed

granite ring dike east of At Tfi'if which gives an age

about 500 m y. (depending on the decay constant used

in the age calculation). It thus appears that the

crystalline gneisses and granitic rocks in regions stretch-

ing southwestward from Jiddah on the coast toward the

border of Saudi Arabia and Yemen were subjected to

two metamorphic episodes: the first, at about 1,000

m.y., was followed by the intrusion of granites which

in turn were followed by a second and probably milder

metamorphism between 600 and 500 m.y. By analogy

with results from the Aden Protectorate, where post-

tectonic granite has been dated at 560 m.y., it may be

suspected that the later metamorphism occurred in

earliest Cambrian or latest Precambrian times.

Although Brown and Jackson made no reference to

features in the basement gneisses and granites which

could be indicative of polymetamorphism, the fact that

the various low-grade metasedimentary and mota-

volcanic rocks, such as the Fatima Formation, have

been subjected to mild mainly dynamic metamorphism
and rest disconformably on basement gneisses and

schists, implies more than one diastrophism; it is un-

likely that the basement rocks, on which the low-grade

metamorphic formations rest, would be unaffected by

the later diastrophism. In fact, the huc dot terminations

indicate that these rocks were affected.

Age determinations from Egypt and the nor! -m
Sudan are given in table 9. The ages are quite remi-

niscent of the dates determined from Somalia and

Aden Protectorate. It is difficult to correlate these

ages with the geologic succession proposed by Hume
and Schurmann; the Gattarian granites give apparent

ages ranging from 630 to 460 m.y. whereas gneisses

from what were considered to be the oldest of the

crystalline basement nicks give Paleozoic ages well

within the apparent age span of the Gattarian granites.
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FOREWORD
This volume, "The Geology of the Arabian Peninsula," is a logical consequence of the

geographic and geologic mapping project of the Arabian Peninsula, a cooperative venture

between the Kingdom of Saudi Arabia and the Government of the United States. The Arabian-

American Oil Co. and the U.S. Geological Survey did the fieldwork within the Kingdom of

Saudi Arabia, and, with the approval of the governments of neighboring countries, a number of

other oil companies contributed additional mapping to complete the coverage of the whole of

the Arabian Peninsula. So far as we are aware, this is a unique experiment in geological

cooperation among several governments, petroleum companies, and individuals.

The plan for a cooperative mapping project was originally conceived in July 1953 by the

late William E. Wrather, then Director of the U.S. Geological Survey, the late James Terry

Duce, then Vice President of Aramco, and the late E. L. deGolyer. George Wadsworth, then

U.S. Ambassador to Saudi Arabia, and Sheikh Abdullah Sulaiman, then Minister of Finance

of the Government of Saudi Arabia, lent their support to the plan. In November of the follow-

ing year, 1954, Director Wrather approved the U.S. Geological Survey's participation and

designated G. F. Brown responsible for the western Arabian shield region in which he had

previously worked under U.S. foreign-aid programs. In January 1955 F. A. Davies, Chairman,

Board of Directors, Arabian-American Oil Co., approved Aramco's participation and appointed

the late R. A. Bramkamp, chief geologist, responsible for compilation of the area within the

Kingdom where the sediments crop out. This responsibility fell to L. F. Ramirez following

the death of R. A. Bramkamp in September 1958.

R. A. Bramkamp and G. F. Brown met in New York in February 1955 and planned the

program, including scales of maps, areas of responsibility, types of terrain representation,

and bilingual names. Thus there was established a cooperative agreement between the King-

dom of Saudi Arabia, the U.S. Department of State, and the Arabian-American Oil Co. to

make available the basic areal geology as mapped by Aramco and the U.S. Geological Survey.

The agreement specified publication of a series of 21 maps on a scale of 1:500,000, each

map covering an area 3° of longitude and 4° of latitude. Separate geologic and geographic

versions were to be printed for each of the quadrangles; both versions were to be bilingual—in

Arabic and Enblish. A peninsular geologic map on a scale of 1:2,000,000 was to conclude the

project. 4
High-altitude photography, on a scale of 1:60,000, of the Kingdom of Saudi Arabia was

initiated during 1949 by the Aero Service Corp. and completed in 1959. Both third-order

vertical and horizontal control and shoran were utilized in compiling the photography. This

controlled photography resulted in highly accurate geographic maps at the publication scale

which then served as a base for the geologic overlay. The topography of the sedimentary

areas waa depicted by hachuring and that of the shield region by shaded relief utilizing the

airbrush technique.

The first geographic quadrangle was published in July 1956 and the last in September

1962. While preparation of the geographic sheets was in progress, a need arose for early

publication of a l:2,000,000-8cale peninsular geographic map. Consequently, a preliminary

edition was compiled and published in both English and Arabic in 1958. The second edition,

containing additional photography and considerable new topographic and cultural data, was

published in 1963. The first of the geologic map series was published in July 1956 and the

final sheet in early 1964. The cooperative map project was completed in October 1963 with
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the publication of the l:2,0O0,00O-scale "Geologic Map of the Arabian Peninsula" (Miscel-

laneous Geologic Investigations Map 1-270 A).

As work on the quadrangles progressed, geologist, companies, and governments working

in areas adjacent to the Kingdom of Saudi Arabia were consulted by Aramco and invited

to participate in the mapping project. The number of cooperating participants wa9 expanded

to 11, which included the operating oil companies in the peninsula and which arc identified

elsewhere in this text; the Overseas Geological Surveys, London; the Government of Jordan;

F. Geukens, who had worked in Yemen; and Z. R. Beydoun, who had studied the Eastern

Aden Protectorate. With the close cooperation of the authors, the new data were added to

data already plotted on the base map of the Arabian Peninsula.

As the geological coverage of the peninsular map grew, the need for a text to accompany

the map became apparent to both the I'.S. Geological Survey and the Aramco geologists.

Exploratory conversations were begun by Aramco with companies working in the other countries

of the Arabian Peninsula for their participation in the preparation of a monograph on the

geology of the Arabian Peninsula. Each author prepared a description of the geology of the

area for which he was responsible, as shown in the sources of geologic compilation diagram

on the peninsular map. The U.S. Geological Survey undertook the publishing of the volume

as a professional paper, and the Government of Saudi Arabia was to finance its printing.

It was early agreed that there would be no effort to confine the contributions to a standard

format and that no attempt would be made to work out an overall correlation chart other

than Bhown on the "Geologic Map of the Arabian Peninsula." Thus, the individual style

of authors of several nationalities is preserved.

Cooperation and relations have been of the highest order in all phases of the work. The

project would not have been possible without the full support of the U.S. Department of State,

the Kingdom of Saudi Arabia, and all contributors. In fact, the funds which made publi-

cation of this volume possible were contributed the Saudi Arabian Government.

The data provided by the maps and in the professional paper provide information for

an orderly scientific and economic development of a subcontinent.

0. A. Seagbr,

Arabian American OU Co. (Retired).

t > W. D. Johnston, Jr.,

Former Chief, Foreign Geology Branch,

U.S. Geological Survey.
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GEOLOGY OF THE ARABIAN PENINSULA

SEDIMENTARY GEOLOGY OF SAUDI ARABIA

By K. W. Powers, L. F. Ramirez, C. D. Redmond, and E. L. Elbero, Jr. 1

.Systematic mapping of tile sedimentary geology of Saudi

Arabia by Arabian-American Oil Co. (Aramco) began in 1933.

By 1959, exploration parties of one type or another had surveyed

more than 1 ,300,000 square kilometers (500,000 square miles) of

«cdimcntary outcrop.

The foundation for ai-dimejuary degoeitiauJa^lbi.- Arabian
Shield avast 1'recambrian complex of igneous and metamorphie
rocks that occupies roughly one-third of the Arabian Peninsula

i-i the west and crops out sporadically along the southern coast.

Sine* the outset of the Paleozoic Era the shield has been amaz-
ingly stable, subject only to gentle, cpeirogenic movement. On
ttis rigid land mass was deposited an aggregate total of nearly

5,500 mi ters (18,000 feet) of Bcdimentary rocks ranging in age
from presumed Cambrian to Plioccrie(?).

Paleozoic, Mcsozoic, and lower Tertiary strata are magnifi-

cently exposed in central Arabia where they crop out in a great

curved belt bordering the shield. Here the landscape is domi-
nated by a series of essentially parallel west-facing escarpments,
"ach supported by a resistant limestone cap. Exposure* are
unusually good, and many rock units can be traced without
•imificant interruption for 500 to nearly 1,000 km. Beds
•rlecting buried basement configuration dip gently and uniformly
away from the escarpment region into the Persian Gulf anil

Hub' »] Khali basins.

East of the escarpment belt is a broad expanse of relatively

low-relief terrain in which Tertiary and younger deposits effec-

tively mask older unite. Clues to the character of pre-Tcrtiary

roelw in this Urge area, which includes the Rub' al Khalt desert
»r>d most of northeastern Arabia, are afforded only by widely
Tattered bore holes and oil wells.

In extreme northwestern Arabia, largely lower Paleozoic

vdimentary rocks are exposed, although a basinal area bordering
the Paleozoic rocks on the north is characterized by thick Upper
O'taceous to Tertiary strata. Tertiary to Recent volcanic rocks
cover substantial parts of the area.

In general the older sedimentary rocks are exposed in north-

c'titral and northwestern Arabia near the Precambrian basement
where at much as 2,000 m of lower Paleozoic rocks are present.

Although unfossilifcrous, the lower 600 n> can be equated, at

•*»t in part, to rocks of certain Cambrian age in Jordan.
Higher beds contain Intervals confidently dated as Lower
Onlovician, Silurian, and Lower Devonian. Lower Palcoioic
rock, are chiefly coarse-grained sandstone of terrestrial origin,

though marine shale occurs at several levels and the upper
"•'»' m is mainly shale with thin beds of limestone.

Lower Paleozoic strata are succeeded in the central escarpment
'•(ion bv a thick sequence (about 1,000 tn) of Upper Permian

' Or the Arabian-American Oil Co.

and Triaasio sedimentary rocks. The initial deposit, the Khuff

Formation, is mostly shallow-water limestone; overlying beds

are nonmarino elastics except for thick carbonate units in the

middle part of the section.

Above the Triassic System is some 200 to 500 m of Lower and

Middle Jurassic rocks which, near the middle of the escarpment

region, arc intorbedded marine shale and shelf limestone. These

grade to sandstone, in |>art continental, in the northern and

southern areas of outcrop. The Middle Jurassic is overlain by

a great sequenceof nearly pure carbonate rocks, highly fossil if-

erous and accurately dated as Upper Jurassic and early Lower

Cretaceous.

The Jurassic System is spectacularly displayed in central

Arabia where it forms the backbone of the escarpment region-

thc Tuwayq Mountains. Carbonate sedimentation was inter-

rupted several times in the closing stages of the Jurassic by tho

onset of evaporite conditions which gave rise to cyclic deposits

of anhydrite and calcarenite. The resulting sequence—the

Arab Formation—is of prime importance for its porous car-

bonate members contain billions of barrels of proved oil reserves.

The carbonate sequence is succeeded by a thick body of late

Lower and Middle Cretaceous sandstone. (The Middle Creta-

ceous Series and Epoch, as defined by European geologists, are

used in this report.) Late Lower Cretaceous rocks are non-

marine and appear only in the middle and southern parts of the

escarpment region. Middle Cretaceous rocks, nonmarine in the

south, become progressively more marine in the north where

they follow a transgressive path northwest across older beds as

far as Jordan.

Upper Cretaceous and Eocene rocks, almost exclusively in

limestone and dolomite facies, arc extensively exposed along the

eastern edge of the escarpment belt and continue northwest into

Iraq. The sequence, with an average thickness of about 500 m,

includes rocks of Upper Cretaceous, Paleocene, lower Eocene,

and middle Eocene ages.

The stratigraphic sequence above the Eocene consists of 200

to 600 m of Miocene and Pliocene rocks, mostly of nonmarine

origin. These deposits—a heterogeneous assemblage of marly

sandstone, sandy marl, and sandy limestone—blanket the Rub'

al Khali and northeastern Arabia.

Above the Miocene and Pliocene rocks are unconsolidated

Quaternary deposits which comprise great sand deserts and

widespread gravel sheets. Sand of the Rub* al Khali Desert

alone covers about 600,000 sq km (230,000 sq mi) or most of

southern Arabia.

Two major structural provinces are recognized within the

AraHianPeninsula and adjacent areas One is the comparatively

stable interior region whose rigHity is controlled by the Pre-

cambrian basement. The other is the great mobile belt of

Taurus, Zagros, and Oman Mountains, bordering the stable

Dl
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D2 GEOLOGY OF THE ARABIAN PENINSULA

region on thp north and east. Saudi Arabia falls entirely within

the stable region.

Th<^interior stable region contains the Arabian shield as well

as the Arabian Shelf—an extension of the basement thinly

veneered with little-disturbed sedimentary rocks. Widespread

structural events, presumably related to cpcirogcnlc movement
within the basement, have divided the Arabian Shelf into several

distinct and significant structural elements—the Interior

llomocline, the Interior Platform, and several basinal areas.

Bordering the shield is a great belt of sedimentary rocks whose

dip basinward is so slight and uniform as to bo impreceptible to

the eye. This Interior Homocline has an average width of

about 400 km and a |H-n«i»tent dip varying from slightly more
than l

o00- in older units to leas than 0°30' in the youngest.

One structural feature of the homocline the central Arabian

arch—has greatly influenced the present surface distribution

of sedimentary rocks in the interior escarpment region. The
arch, which affects all rocks from the basement up, marks the

area of maximum curvature of the homocline in central Arabia.

Although the arch has a varied history, it is apparently a

residual high between the periodically sinking Persian Gulf and

Hub' al Khali basins rather than a true independent positive

feature. Support for this concept cornea from the presence of

a great arc of tensional structures—the central Arabian graben

and trough system—near the crest of the arch and along the

hinge line between the Persian Gulf basin and the stable western

block.

Bordering the homocline is the Interior Platform, a remarkably

flat area of varying width in which systematic dip off the crystal-

line core no longer prevails. Superimposed on the platform arc

several major north-eouth anticlinal trends which include the

great oil fields of Arabia.

Adjacent to the platform are several basinal areas that have

from time to time received thick sedimentary deposits. Such
basinal sags have developed on the shelf in the northeastern

Rub' al Khali, northern Persian Gulf, Dibdibah and Sirhin-

Turayf areas.

INTRODUCTION

An impressive amount of geological information on

Saudi Arabia has been collected during Arabian-

American Oil Co. (Aramco) operations, in the last 30

years. Most of the data are included in company
reports; much of what appears in this paper has

largely been anticipated in articles by Steineke and

Bramkamp (1952 a, b), Thralls and Hasson (1956),

Steineke and others (1958), Bramkamp and Powers

(1958), and Powers (1962).

The objective of this report is twofold: (1) To
bring together in a single document a comprehensive

summary of what U now known of the sedimentary

rocks exposed in Saudi Arabia and (2) to describe the

sedimentary geology of Saudi Arabia as depicted on

the recently published 1 : 2,000,000-scale map of the

Arabian Peninsula (U.S. Geological Survey—Arabian-

American Oil Co., 1963). Much of the text is devoted

to a systematic account of the stratigraphic and

paleontologic record in the Kingdom. Within indi-

vidual stratigraphic units, local rock sequences are

described in considerable detail. These local sections

are related to each other and to equivalent rock se-

quences outside Saudi Arabia to depict the distri-

bution, lateral change, age, and gaps in the stratigraphic

record, somewhat tedious but necessary prerequisites

to unraveling the geologic history of the subcontinent.

Much less space is devoted to structure, and only the

major tectonic elements of Saudi Arabia and adjacent

areas are considered in any detail.

This report is fundamentally a compilation and, as

such, presents the findings of the Aramco geologic

group as a whole. A few of the ideas and basic data

are new; most are not, although a number of the rela-

tively broad generalizations have been reached but

recently. Many of the concepts presented here origi-

nated with individuals, particularly the late Max
Steineke and the late R. A. Bramkamp, former Aramco

chief geologists. Still other fundamental ideas origi-

nated spontaneously with the group rather than with

individuals. The writers, of course, take responsibility

for the manner in which the concepts are presented

and supported here.

HISTORY OF EXPLORATION IN SAUDI ARABIA

References to the geology of Saudi Arabia prior to

the start of oil search in 1933 are scarce. Camel

trips across the interior escarpment by Philby, during

World War I and later years, provided the first con-

crete evidence that marine rocks are extensively

exposed in central Arabia, (Philby, 1922, 1928, 1933,

1939). Collections made on these early travels in-

dicated the presence of lower Kimmeridgian (Newton,

1921) and Callovian (Cox in Philby, 1933) carbonates.

Little else specific was known of the geology of this

vast region.

On May 29, 1933, the Saudi Arabian Government

granted an oil concession to Standard Oil Co. of

California. I^ess than four months after the concession

agreement was signed, the first geologists, R. P. Miller

and S. B. Henry, arrived at the seaport of Al Jubayl,

and systematic surface mapping of the coastal area

started. Soon these geologists were followed by others,

including Max Steineke (Sidney Powers Memorial

Medalist, 1951). By 1935, two-man reconnaissance

parties had penetrated south as far as Yabrln (lat

23°15' N., long 49°00' E.), northwest to Hafar al

Bfitin (lat 28°26' N., long 45°58' E.), and west across

Ad Dahna' to the Precambrian basement.

Structure drilling began late in 1936 in the Al

Qatlf-Al 'Alah area; seismograph was first used at

Abfl Hadrlyah early in 1937. By this time the initial

objective of getting a general picture of the concession

had been achieved—the succession of geologic strata

had largely been worked out, the broad geologic

pattern of the area deciphered, the major uncon-
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formities recognized, and most of the rock units

named.

Dammam Dome, a salt dome, was the first prospect

to be tested by deep drilling. Dammam well 1 was
spudded on April 30, 1935. Results were disappoint-

ing, and the well was abandoned after reaching the

Middle Cretaceous. Nine more wells were later drilled

at Dammam; although some of these were promising,

none proved out on sustained testing. Thus, the Mid-
dle Cretaceous zones, productive at nearby Bahrain
Island, had proved a disappointment in ten wells.

Dammam well 7 was the first well programmed to test

deeper strata. Drilling of well 7, suspended while the

Middle Cretaceous was tested, was resumed in late

1937. This well encountered first gas and then large

quantities of oil in the Arab Formation (late Upper
Jurassic) . The first test to yield oil was made on March
4, 1938, and Dammam 7 was completed in the C
Member of the Arab Formation later the same month.

Geological exploration was carried forward steadily,

and by the fall of 1937 nine field parties were working
in the concession. Surface mapping, seismograph stud-

ies, and structure drilling continued, and in 1939 a

grtovimeter-magnetometer survey was started in the

coastal area. This same general level of activity con-

tinued until 1940 when work was gradually curtailed

with the advent of World War II. When the war forced

a general suspension of operations, Aramco geologists

had mapped in detail some 50,000 square miles and had
completed reconnaissance surveys over an additional

175,000 sq mi. They had penetrated into the northern

portions of the Rub' al Khali, southwest as far as

Wfidl ad Daw&sir, west across the Tuwayq Mountains
in several areas, and northwest to WfidI as Suhftn adja-

cent to the Jordan border. During this period oil was
discovered at Abu Hadrfyah in 1938 and Abqaiq in

1940, unsuccessful wildcats were drilled at Al 'Alfih in

1937 and Ma'qalfi' in 1940, and a triangulation network
was started to provide accurate control for the various

surveys then under way.

Exploratory work was sharply limited during the war
years, although surface mapping and structure drilling

continued on a small scale until 1942. An unsuccessful

wildcat well was started at Jauf (Al Ju'Qf) in 1943, and
from late 1944 to mid-1945, two surface-mapping parties

were in the field.

After the war, exploration once again increased nearly

to its former level, and eight field parties of various

kinds were in operation. Two of these were surface-

mapping parties which, by the end of 1954, had sur-

veyed much of the concession, in part by reconnaissance

traverses but mostly in considerable detail. Only
limited investigations of special outcrop problems have

been carried out since that time. High-altitude photog-

raphy was of particular help in this phase. Between

1949 and 1958, 1 : 60,000-scale photographs of all

Aramco's concession and much of the remaining parts

of the Arabian Peninsula became available.

By 1959, subsurface geological exploration of one

kind or another had reached even the remotest parts

of the remaining concession, including the offshore area,

and party strength was reduced accordingly. Full

gravimeter-magnetometer coverage had been achieved

in 1958. Two land seismic crews, supplemented for a

short period by a marine unit, were in operation until

early 1963; three land parties have been active since

that time.

An especially interesting feature of the seismic

program is that in 1958 Aramco embarked on a refrac-

tion survey which was to eventually result in a network

blanketing the entire concession. The fortuitous

arrangement of a nearly concession-wide, competent,

anhydrite refractor immediately above the main
producing interval in the Arab Formation made this

method of structural mapping highly effective.

The relatively expensive and shallow-penetration

structure drills were gradually phased out, and the

last hole of this type was completed in 1961. Deep
stratigraphic drilling was substituted. Wells 5,000 to

10,000 feet deep were spaced uniformly around the

margin of the concession and scattered through the

interior of the operating area. Information provided

by these wells has proved invaluable, bearing heavily

on regional correlation, presence and amount of

truncation of unconformities, fades changes, and

distribution of favorable reservoir rocks. In addition

the deep holes provide critical velocity control for the

seismic refraction network. Two such stratigraphic

drills were active until mid-1963; one was still in

operation in 1965.

During the early postwar period, wildcat drilling

discovered oil at Qatif (Al Qatlf) in 1945, at Ain Dar
('Ayn Dar) in 1948, and at Haradh (Harad) and

Fadhili (Al Fadill) in 1949. Aramco's first offshore

discovery came in 1951 with the drilling of the Safaniya

(As Saffflnlyah) structure in the northwestern Persian

Gulf. Further discoveries in 1951, 1952, and 1953 at

'Uthmaniyah (Al 'Uthmfinlyah)
,
Shedgum (Shadqam),

I and Hawiyah (Al Hawlyah) established Ghawar (Al

GhawSr) field, a single anticline oil-filled from Haradh

to Ain Dar and Fazran, a distance of nearly 250

kilometers. Other wells on untested structures and

major exploratory wells in known fields followed in

quick succession and resulted in commercially im-

portant finds at Khureaniyah (Al Khursfinlyah) in

1956, Khurais (Khurays) in 1957, Manifa (Manlfah)

in 1957-58), Abu Hadriya (Aba Hadrlyah) in 1959,

Fadhili in 1962, Abu Sa'fah in 1963, and Qatif in 1963.
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Wildcats not finding commercial oil wore drilled at

Al 'Ubaylah in the central Rub' al Khali in 1953-55
and El Haba (Al LihSbah) in 1963.

At the end of 1963, Aramco had discovered productive
oil in eleven widely scattered fields and sixteen dif-

ferent reservoirs. Total estimated remaining proved
reserves of crude oil were about 55 billion barrels at

the close of 1963.

HISTORY OF ARABIAN MAP PROJECT

Aramco's exploration entered a particularly inter-

esting phase in 1954 when the U.S. Geological Survey
and Aramco began work on a series of geologic-

geographic maps covering all the concession and most
of the Peninsula. The cooperative effort was spon-
sored jointly by the Kingdom of Saudi Arabia and the

U.S. Department of State. The purpose of the

program was to make readily available for scientific

and economic application the geologic data collected

by Aramco and U.S. Geological Survey during the

course of their many years' work in the Kingdom.
Saudi Arabia is one of the few countries in the world

that has been completely covered by high-altitude

aerial photography. Aerial mapping began in 1949,

and 250,000 sq mi of eastern Arabia had been photo-
graphed by 1951. Remaining parts of the Kingdom
involving some 550,000 sq mi were covered from 1954

to 1959. All photography was flown under strict

photogrammetric specifications with the necessary

forward and sidelap to give complete stereoscopic

coverage.

While aerial mapping was in progress, Aramco
was busy ou an extensive survey network to provide

accurate horizontal and vertical control. A third-

order triangulation net and a second-order level net

were extended over most of the Eastern Province and
southward into the central Rub'al Khali. Elsewhere,

high-order astronomical observations using meridian

transit stars, recording chronograph, and chronometer
were established. Over much of the central outcrop

area this work was augmented with stadia and ba-

rometer traverses; control developed over a 15-year

period to accurately tie down the extensive geologic

field work. All previously established control points

and geologic field stations were identified on photo-

graphs. The points thus recovered provided the basic

topographic and geologic control needed to map the

Najd-Tuwayq area. A shoran trilatcration net ex-

tending southward from the Saudi Arabia-Jordan

border through northwestern Arabia and into the

western Arabian Shield provided control over this

area. Photography of the eastern Rub'al Khali was
also shoran controlled.

The first step in the preparation of the 1 : 500,000-

scale maps was compilation of a topographic base.

Each base was later to be overprinted with the geology.

Basic control was provided over most of the area of

Aramco responsibility by the slotted-template method
of laydown firmly tied to horizontal control points

identified on photographs. In the eastern Rub'al

Khali, control was established by computing geographic

coordinates from shoran readings. Prior to trans-

ferring the data to the geographic base, topographic

features were outlined on individual photographs.

In marking the photographs, maximum detail was
preserved to show relief, escarpments, drainage, culture,

and other features. Sand-covered areas were defined,

and dune crestlines were delineated. This material

was then transferred by sketchmaster to the laydown
base. Hachures were used to represent relief in areas

of outcrop, and bodies of sand were shown by stippling

to depict trends and different types of sand terrain.

Throughout the many years of exploration, an
important function of the field parties was to gather

place names. Aramco's Arabian Affairs Division,

Government Relations Organization, played a major
role in evaluation of the data collected and in the

selection and proper placement of names used in the

map series. Saudi Arabians from all parts of the

Kingdom were consulted by Aramco's Arabists to

assure accuracy of transliteration and to evaluate

old names and obtain new ones. All names were

reviewed by the Board on Geographic Names in

Washington, D.C. for conformance with the BGN/
PCGN system of transliteration.

The geologic map series was compiled in almost the

same manner as the geographic series. The great

amount of field data collected over the years had to be

compiled, and in the process plane-table traverses,

car traverses, and geologic stations had to be identified

on photographs and adjusted to the new map base.

Elevations were reviewed, adjusted, and tied to later

level lines. Stratigraphic contacts were identified

and traced on photographs across areas not covered

by ground traverses.

After completion of the 1 :500,000-«cale geologic

sheets and the revised 1 :2,000,000-scale geographic

map, Aramco personnel began work on their portion

of a l:2,000,()00-8cale geologic map of the Arabian

Peninsula. Contributor geology was generalized on

the geographic base in close collaboration with the

authors. In addition, hand-colored proof was returned

to each contributor for review and comments before

publication. Concurrently, members of the U.S.

Geological Survey were moving ahead with compilation

of the geology of the western Arabian Shield.

Digitized by Google



SEDIMENTARY GEOLOGY OF SAUDI ARABIA D5

ACKNOWLEDGMENTS

As stated before, this paper basically represents a

compilation of many geologists' work over a period

of 30 years. During that time 77 individuals studied

the Arabian outcrop sequence and were involved in

the collection and processing of the data and the formu-
lation of the ideas expressed here. Each of these

Aramco geologists is cited individually. Other mem-
bers of Aramco'B geologic stuff made significant con-

tribution in the form of palenntologic determinations,

photogeologic mapping, and other work. It is not

possible to acknowledge separately each contribution

but it should be noted that the following Aramco
specialists have added to our knowledge of Arabian

geology: P. R. Aswerus, G. R. Ball, T. C. Barger,

H. S. Bennett, Jr.. E. L. Berg, S. Bevan, B. Beverly, Jr.,

G. W. Blakslee, H. W. Blodget, L. E. Bogle, F.

Bourgeois, S. D. Bowers, R. A. Bramkamp, A. B.

Brown, C. W. Brown, H. L. Burchfiel, R. B. Carr,

A. E. Clements, M. C. Coffield, J. S. Cruse, W.
Dell'Oro, W. C. Dimmock, J. J. Donohue, D. B.

Eicher, C. R. Farquhar, O. B. Fenner, F. J. Frank-
ovich, W. M. Furnish, R. D. Gierhart, T. F. Harriss,

D. O. Hemer, S. B. Henry, B. B. Hill, W. H. Hoag, Jr.,

D. A. Holm, R. W. Holt, J. W. Hoover, B. R. Hudson,
R. C. Kerr, H. A. Kimball, T. W. Koch, R. P. Kopp,
N. M. Layne, Jr., R. L. Mabv, Jr., R. D. MacDougall,

H. L. McAlistcr, H. A. McClure, L. B. Milam, R. P.

Miller. C S. Morse, R. L. Myers, O. W. Nine, J. W.
Northrup, L. D. Owens, K. R. Parsons, A. F. Pocock,

R. W. Powers, L. F. Ramirez, C. D. Redmond, D. O.

Reese, W. H. Reiss, S. J. Roach, C. W. Rock, N. J.

Sander, R. M. Sandford, H. W. Schneider, J. R.

Schultz, J. B. Sheehan, A. M. Short, W. T. Short,

Max Steineke, J. W. Thomas, F. R. Waldron, J. C.

Wells, A. A. Weymouth, J. S. Williams, and M. P.

Yackel.

Two of the Aramco geologists—Max Steineke and
R. A. Bramkamp—should be singled out for special

mention. Both were pioneers in the study of the

geology of Saudi Arabia. Steineke arrived in the

field September 20, 1934, almost one year after oil

exploration had commenced. Bramkamp arrived in

mid-September of 1936. Most of the work on which

this report is based was either done by them personally

or under their guidance, for Steineke and Bramkamp
were Aramco's chief geologists respectively from

1936 to 1947 and 1947 to 1958. Both men were true

scientists and outstanding geologists, and it was during

their tenure that the framework of the stratigraphy

and structural geology of Arabia evolved in much
its present form. A large amount of new work, much
of it detailed, has done little to modify their basic I

concepts; indeed, such data have usually served to

strengthen their predictions.

This acknowledgment would be incomplete without

mention of S. D. Bowers who read much of the man-
uscript and offered many useful suggestions and

cr ticisms. Thanks are also due James P. Mandaville,

Jr., Geographical Analyst, Aramco's Arabian Affairs

Division, for his painstaking research and reading and

correcting of all Arabic place names appearing in this

paper. The manuscript was typed by Mary E. Archer

who, in addition, thoroughly edited the manuscript

for place names and technical errors. For all her

help the writers are most grateful. The manuscript

is published by permission of Aramco.

STRATIGRAPHY

OUTLINE OF MAJOR BTBATTOBAFHIC DIVISIONS
GENERAL FEATVHm

The foundation for sedimentary deposition in Saudi

Arabia can readily be generalized into two positive

structural elements—on the west, the western Arabian

Shield, a vast dominantly Precambrian complex of

igneous and metamorpbic rocks; on the south, the

Arabian part of a cr.vstalline massif extending northeast

from the horn of Africa.

The western Arabian Shield must be regarded as a

continuation of the adjacent African shield and is

now separated from it by the Red Sea rift. The time

of initial separation is still controversial; however, the

Red Sea appears to be primarily a late Tertiary feature.

Western shield rocks can be clearly dated as Pre-

cambrian by their unconformable position beneath

unaltered sediments which in Jordan have furnished

Cambrian fossils. The oldest identifiable fossils so far

discovered in Saudi Arabia proper arc Early Ordo-

vician. but a substantial sequence of rocks correlative

with the Cambrian units in Jordan intervene between
^

these and the basement. Age of the southern Arabian
\

complex in Yemen, the Aden Protectorates, and
|

Dhufar also appears to be Precambrian for the most

part, although the presence of some early Paleozoic i

elements has been determined by radioactive dating.;

Since Precambrian time the massifs have been

amdtingly stable, subject only to gentle, epeirogenic

movement. On these rigid peneplaned land masses

was deposited a thick sequence of continental and

shallow-water shelf sediments that dip gently into the

Mediterranean, Persian Gulf, and Rub' al Khali basins.

The opposite flank of the Mediterranean-Persian Gulf

geosyncline is formed by the Russian Platform far to

the northeast. Presumably the Rub' al Khali basin is

a reflection of the broad northeast-plunging syncline

connecting the western Arabian and southern Arabian

Shields.
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Field work in Saudi Arabia in connection with oil

search has now been in progress for 30 years. During

this time, Aramco geologists have identified, measured,

and mapped in considerable detail an aggregate total of

nearly 5,500 meters (18,000 ft) of sedimentary rocks

ranging in age from presumed Cambrian to Pliocene(?)

(table 1, pi. 1). The main rock units have been blocked

out, and their limits have been tested widely enough to

assume that they will stand in essentially their present

form. As always, much work remains to be done

—

particularly so far as paleogeography, regional litho-

facies, and more precise dating of some parts of the

section are concerned. It is expected, however, that

additional work will affect only the detail and that the

major framework as now defined will survive.

Paleozoic, Mesozoic, and lower Tertiary sedimentary

rocks are magnificently exposed in central Arabia.

Here, rocks crop out in a great curved belt flanking the

eastern margin of the shield. Beds certainly reflecting

buried basement configuration dip gently and uniformly

northeast, east, and southeast. Kate of dip changes

progressively from slightly more than 1°00' in older

units to less than 0°30' in the Upper Cretaceous and

Eocene. Low dip of such remarkable constancy girds

rise to one of the fundamental structural provinces of

the Arabian Peninsula—a wide Interior Homocline

bordering the Arabian Shield (pi. 2). Dominating the

exposed part of the homocline is a scries of essentially

parallel, west-facing, strike escarpments, each supported

by a resistant limestone cap. Sandstone and shale, less

resistant at least so far as arid weathering is concerned,

floor intervening valleys and plains. The west-facing

scarps offer fine opportunity for studying the sequence

in that exposures are unusually good and some rock

units can be traced without significant interruption over

a distance of 500 to nearly 1,000 km. As the softer

formations between cuestas are very often only partially

masked by late gravels and sands, even these units are

fairly well known.

East of the homocline is a broad expanse of relatively

low-relief terrain in which older rocks are buried by
Tertiary and other late deposits. Paleozoic and Mes-
ozoic strata do not reappear at the surface until the

Oman Mountains in the easternmost part of the penin-

sula and Iran on the far side of the Persian Gulf are

reached. In this broad area, which includes the Rub'
al Khali desert and much of northeastern Arabia,

specific information on pre-Tertiary rocks is available

only from a few widely scattered stratigraphic holes

and fields where oil wells have been concentrated

—

sparse control when the size of the area involved is

considered.

In extreme northwestern Saudi Arabia, largely lower

Paleozoic sedimentary rocks are exposed. Gentle dip

of Paleozoic units off the Arabian Shield to the east,

northeast, and north outlines the continuation of the

Interior Homocline west of An NafQd. A basinal area

bordering the homocline on the north is characterized

by a thickened Upper Cretaceous to Tertiary sedimen-

tary section. In addition, Tertiary to Recent volcanic

rocks cover substantial parts of the area.

The sedimentary section exposed above the Pre-

cambrian in Saudi Arabia falls naturally into eight

major divisions. Dominated by a characteristic lithol-

ogy and separated by significant breaks in the geologic

record, the divisions are:

1. Lower Paleozoic clastic rocks—Cambrian (?) through

Lower Devonian; dominantly coarse clastic rocks

but with some thin, carbonate beds in uppermost

part.

2. Permian and Triassic clastic rocks—Upper Permian
through Upper Triassic; alternating nonmarine-

marine units, dominantly clastic but with thick

calcareous sections at base and in middle.

3. Lower and Middle Jurassic clastic and carbonate

rocks—Toarcian to Callovian(?) ; in central Arabia

marine shale interbedded with carbonate grades to

sandstone in northern and southern areas of

outcrop.

4. Upper Jurassic and early Lower Cretaceous car-

bonate rocks—Callovian through Valanginian

;

mostly carbonate but with alternating evaporite-

normal marine cyclic deposits near end of Jurassic.

5. Late Lower Cretaceous clastic rocks—Hauterivian

through Aptian; dominantly coarse clastic rocks

with thin basal carbonate unit.

6. Middle Cretaceous clastic rocks—Cenomanian to

Turonian(?)
;
dominantly coarse clastic rocks.

I 7. Upper Cretaceous to Eocene carbonate rocks—Cam-
panian through Lutetian; carbonate units but in

subsurface lower Eocene includes evaporite section.

8. Miocene and Pliocene clastic rocks—dominantly

sandy limestone and sandstone.

LOWER PALEOZOIC CLASTIC ROCKN
OOCmUUMCl AID CXABACTia

In northwestern Saudi Arabia at least 1,900 m of

Lower Devonian and older Paleozoic rocks are exposed

.

Exposures extend southeast from the Jordan border,

form a gently curving arc parallel to the northern mar-

gin of the shield, and disappear eastward under the

blanket sands of An NafQd. Shallow dips progressively

shift from northeast to north and northwest to outline

a separate embayment of Paleozoic platform sedimen-

tary rocks west of the Ha'il arch Gong 41°30' E.).

Equivalent sedimentary rocks again crop out south of

An NafQd. Here they are gradually overlapped by
Permian beds and wedge out completely near lat
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24°20' N. Intervals within this sequence have been

dated by graptolites and brachiopods as Lower Ordo-

vician (Arenig), Silurian, and Lower Devonian. Cam-
brian fossils have not been found, although recent photo-

geological work shows the lower part of the section to

be equivalent to Jordanian units of certain Cambrian

age. Major internal unconformities have not been

detected, but their absence cannot be assumed on the

basis of sparse field work so far done.

Silicate clastic rocks dominate the entire lower Paleo-

|

zoic succession. The lower one-third is almost exclu-

sively white, buff, and red, medium- to coarse-grained,

crossbedded sandstone. A thick section of graptolite-

bearing shale alternating with light-colored, micaceous,

commonly crossbedded sandstone follows. Capping

the sequence is nearly 300 m of shale with subordinate

stringers of sandstone and carbonate.

In southwestern Arabia a thick sandstone intervenes

between basement and Upper Permian carbonate rocks.

Unfortunately, this unit has proved barren, and com-

plete or even partial equivalency to Paleozoic clastic

rocks in the northwest has not been established. Flora

from adjacent bore holes does suggest, however, that

Lower Permian as well as Carboniferous and even

Devonian may be represented. The possible presence

of still older Paleozoic rocks is not disproved. Exposed

in northern Yemen as outliers on the eroded Precam-

brian surface, the massive sandstone, in Saudi Arabia,

forms a wedge of nearly continuous outcrop as far north

as Wad! ad Dawfisir (lat 20°30' N.). At this point

the sandstone pinches out between basement and over-

lapping Permian limestone. Calculated to be more

than 900 m thick, the postbasement wedge is mainly

coarse-grained sandstone including common gravel beds

and some zones of basement erratics.

itLATioraiP to ADJAcnrr uwrrs

Precambrian elements of the Arabian Shield were

buckled, firmly stabilized, and had undergone at least

one and possibly several periods of erosion and pene-

planation before the first Paleozoic sediments were

deposited. Marked nonconformity is everywhere evi-

dent between basement and overlying sediments.

The lower Paleozoic sequence is terminated at the top

by definite unconformity. South from An Nafud, pre-

Permian erosion progressively eliminates Devonian,

Silurian, Ordovician, and Cambrian(?) beds, eventually

bringing Permian rocks into contact with basement near

the latitude of Ad Dawfidiml (lat 24°29' N.). From
here the erosion surface can be traced south across the

basement arch of central Arabia and again effects the

southern wedge of Paleozoic clastic rocks.

Beneath An NafQd other unconformities come in.

First, pre-Middle Cretaceous erosion eliminated the

Permian, probably north of Hfi'il, and cut into Lower
Devonian. West of Al Jawf, the Middle Cretaceous is,

in turn, truncated by pre-Upper Cretaceous erosion

that eventually cut deep enough to completely remove

the Ix>wer Devonian.

Time represented between basement stabilization and
the beginning of presumed Cambrian sedimentation is

unknown. However, fair dating of units bracketing

the upper unconformity shows approximately Middle

Devonian through middle Permian time unrecorded in

outcrop. Until recently, rocks of these ages had not

knowingly been found anywhere in Saudi Arabia. Now,
however, spore and pollen analyses show that one well

in northern Arabia (near lat 29°50' N., long 41°50' E.)

penetrated shale of Mississippian and Pennsylvania^

age (Visean to Westphalian). Other wells contain

Upper Devonian, Carboniferous, and Lower and middle

Permian rocks, thus filling out the Paleozoic record.

OOCDBtnCt AID CBllACTO

Nearly 1,000 m of Permian and Triassic sedimentary

rocks are exposed in a wide belt that curves around the

eastern margin of the Arabian Shield. The sequence

falls naturally into four subequal units which apparently

represent alternating marine and nonmarine deposition.

At the base limestone and dolomite alternate with red

and green gypsiferous shale. Next above is unfossil-

iferous brick-red and green shale, presumably non-

marine. A thick section of limestone interbedded with

light-colored sand and some gypsiferous shale follows.

At the top are highly colored clastic beds containing

petrified wood as the only recognizable organic con-

stituents, characteristics that suggest the unit is mainly

continental. As a whole, the Permian and Triassic

appear to be mixed marine and continental elastics, the

latter predominating.

Only the sketchiest time framework has been supplied

to the outcrop by marine fossils. The lower carbonate

unit contains molluscs which have been assigned a

probable Late Permian age. Higher carbonate stringers

contain fragments of ammonites considered to be
Middle Triassic. Fortunately, nearby bore holes have
yielded rich suites of diagnostic spore and pollen from
equivalent beds. On the basis of these, it is safe to say

that the outcrop contains an almost complete Upper
Permian tlirough Upper Triassic (Keuper) sequence.

MLATIOBrSHIP TO ADJACOT ITBITS

Regionally important unconformities above and be-

low set the Permian and Triassic strata off from bracket-

ing units. The lower contact is marked by Upper
Permian beds discordantly on rocks as widely varied in

age as: Precambrian (across the central Arabian arch)

;

Cambrian through Early Devonian (north of the arch);
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and middle Permian and older (in the south). At the

top, Upper Triassic is overlain by beds of Toarcian age

(upper Liassic), and lower Liassic is missing over the

length of outcrop. In the extremo southern part of the

outcrop, upper Liassic rocks are overlapped and Middle

Jurassic rests directly on Triassic.

LOWKR AND MIDDIJC JURAtHMC CLAHTIC AND CARBONATE
ROCKS

occtnutnci a»d chaiacti*

The Lower and Middle Jurassic are typically repre-

sented in central Arabia by about 500 m of shallow-water

shale and carbonate. In the Riyadh-Durma area, a

thin unfossiliferous basal sandstone is followed by alter-

nating limestone and shale— all highly fossiliferous.

The lowermost carbonate bears Toarcian ammonites
(uppermost Lower Jurassic) and above it, definite

Bajocian and Bathonian and possible Callovian beds

have been identified.

Thin members of clean, current-washed carbonate

occur at various levels, often as units of high lateral

persistence that are useful in setting up a framework
of correlation. Lithologic changes to the south along

outcrop consist primarily of gradual replacement of

shale and carbonate by sandstone. The transition

first takes place in the lower beds just south of lat 24°

N. and progressively affects higher units so that at

lat 21° N. sandstone, apparently continental, makes up
the entire sequence. Hints of similar replacement can

be seen to the north before interbedded sandstone

and shale disappear beneath Recent cover. Although
the trend toward a continental envirornent in this

direction is obvious, it is likely that a considerable

part of the unit is marine where last seen in the vicinity

of Az Zilfl (lat 26°18' N.), and the actual strand line

must have been even further north.

Beds of definite Toarcian age rest disconformably on

Upper Triassic nonmarine sandstone throughout the

length of outcrop. Although unconformity at this

level cannot be proved by surface relationships, bore

holes show extensive truncation immediately downdip

and, in some places, the entire Upper Triassic is miss-

ing only a short distance basinward. South of lat

22° N. the Toarcian itself pinches out in response to

progressive Middle Jurassic overlap.

The transition from Middle to Upper Jurassic, long

considered to be unconformable, now is thought to

take place without interruption or at the most involves

only slight disconfonnity. Misleading was the fact

that basal Upper Jurassic rocks do indeed rest with

definite discordance on older units around the southern

margin of the Rub' al Kliall basin. Now,

good faunal control shows that uppermost Middle

Jurassic beds are laterally persistent and are without

evidence of truncation. Rather than elimination at

the top by erosion, it seems more likely that the Middle

Jurassic pinches nut to the south by progressive onlap

and loss of successively younger beds at the base.

Eventually, elimination is effected by complete Upper
Jurassic marine overlap.

OCCUUUCI A BID CHARACTER

Upper Jurassic and early Lower Cretaceous rocks,

almost entirely in shallow-water limestone facies, are

spectacularly exposed in central Arabia where they

stand up as a series of scarps subparallel to the eastern

edge of the shield. More than 850 m of section has

been measured near the latitude of Riyadh. Calcar-

enitic limestone (lime sand admixed with lime-mud

matrix) predominates, although thick, often laterally

persistent beds of calcarenite (clean-washed lime sand

and gravel) are common at many levels. Lime sands

are of various origins, but skeletal debris and aggregate

pellets are most common.
The basal 200 m of Upper Jurassic section, composed

of abundantly coralliferous and stromatoporoidal litho-

graphic limestone, is a massive cliff former. This unit

stands up in sharp relief for more than 1,000 km to

form the dominant scarp of Jabal Tuwayq, one of

the major topographic features of the Arabian Penin-

sula. Exposed at the base of the cliff-forming unit

is a zone rich in fossils considered to be middle Callo-

vian. Strata representing remaining Upper Jurassic

stages and tho early i/owcr Cretaceous through Val-

anginian are deposited above without apparent

interruption. The only significant change in deposi-

tional environment throughout is reflected by the

exposure of massive Kimmeridgian Tithonian anhy-

drite in a solution sink, Dafcl Hit (lat 24°39'18" N.J

long 47°00'06" E ). Laterally, little is known of the

true evaporite rock sequence owing to extensive

removal by solution. Most of the area in which these

beds would be expected to crop out is a nearly hopeless

jumble of low hills representing complexly settled rocks.

The collapse breccia can be traced from lat 20°45'

N. to nearly lat 26° N., a distance of about 550 km.

Only in the southern part of the solution-collapse zone

is anhydrite present and then only in small amount.

Equivalent rocks are extensively known in the sub-

surface where they comprise the Hith-Arab evaporite-

carbonate complex.

Some lithologic differentiation is apparent in the

southern part of the lower Kimmeridgian outcrop,

including the appearance of a large marine sandstone
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lens in the middle part of the sequence. The sand

grades to limestone north of lat 22° N. and south of

lat 20° N. Limited exposures in a downdip direction,

that is, to the southeast, also show sandstone giving

Way to carbonate. In this same general area, much
of the lower Kimmeridgian above the sandstone is

replaced by thickly bedded dolomite. Below the sand-

stone Upper Jurassic carbonates show a marked buildup

of clean, current-washed, shelf calcarenite. Progres-

sive increase in calcarenite continues to the south until,

between lat 18° X. and 19° N., Callovian through

lower Kimmeridgian rocks are dominantly lime sand

and lime gravel; presumably all mud-size particles were

removed from the scene by turbulent water.

ULAtionnr to adjacut urn*

The contact between Upper Jurassic and older beds,

apparently conformable north of about lat 19° X., becomes

unconformable to the south. In this direction, Callo-

vian limestone first laps over Lower Triassic and then

successively transgresses older Paleozoic units.

The contact between the Upper Juraasic-early Lower
Cretaceous carbonate succession and overlying strata

involves two unconformities. Maximum section is

preserved near lat 24° X. South of this parallel, pre-

Hauterivian erosion uniformly cuts successively older

beds until, at the southern limit of exposure near lat

18° X., lower Kimmeridgian is affected. Xorth of lat

24° N., only a limited amount of section was removed

by this unconformity before pre-Cenomanian trunca-

tion took over and rapidly eliminated remaining Lower
Cretaceous to Upper Jurassic beds. The last vestige

of the T"w&yq escarpment (Callovian limestone) passes

under Cenomanian sandstone near lat 28° X.

LATE LOWER CRETACEOUS CLASTIC ROCKS
occuuxvez Airo chaiactu

Except for a thin, albeit persistent, basal limestone,

late Lower Cretaceous rocks in central Arabia are

mainly continental sandstone. The basal carbonate

unit with a measured thickness nowhere greater than

20 m, crops out as a discontinuous scarp from lat

25°30' X. nearly to the southern limit of exposure

(lat 20°35' X.); elastics overlying the basal unit form

a broad, flat, alluvium (gravel) -covered plain. The
surface of the plain is commonly broken by hills of

coarsely crossbedded sandstone elevated slightly above

the alluvium floor. The belt of sandstone, a feather-

edge near lat 26° X., rapidly widens to the south and

then maintains a uniform width from lat 24° X. to

20°30' X., where it passes under Xeogene and Recent

cover. Further south, it appears again in windows at

Al Jaladah and Ash Sharawrah. Incomplete exposure

prohibited accurate measurement of a full section,

although compositing of several sections indicates maxi-

mum sandstone thickness to be about 700 m.

Recently an intense search and sampling of the

basal carbonate unit resulted in a fine collection of

rock samples, larger fossils, and foraminifera. The
characteristic lithology is calcarenite and calcarenitic

limestone, the sand- and gravel-size grains mostly

being molluscan debris. Fine-grained sandstone is

interbedded with carbonate in the upper part, and the

unit shows gradational contact with the overlying

continental series.

Although the megafossils have not yet been studied,

relationships established by means of Forminifera

indicate that the limestone is probably Hauterivian.

It is undated on outcrop, but comparison with equiva-

lent subsurface strata shows the sandstone to be mostly

if not entirely Barremian and Aptian (fig. 1).

Both the upper and lower surfaces of late Lower
Cretaceous strata are demonstrable unconformities.

Pre-Hauterivian erosion removed a small section in the

north but southward cut progressively deeper until

lower Kimmeridgian was involved. The upper sand-

stone limit was effected by pre-Cenomanian truncation.

Accordingly, Albian strata are apparently not present

on outcrop (as they are a short distance downdip),

and between lat 24° X. and 26° N. the entire Hau-

terivian to Aptian section is cut out.

The Middle Cretaceous Series and Epoch, as defined

by European geologists, are used in this report. In

central Arabia the Middle Cretaceous is represented

by a thin but highly persistent unit, mainly sandstone.

Shale is commonly interbedded, and thin dolomite

and limestone layers are present locally. Most of the

sandstone is brown, and crossbedded; interbedded shale

and siltstone is varicolored-—red, purple, and green

being most common.
The sandstone forms a narrow curved band exposed

with few breaks from Wfidl ad Dawfisir north to the

eastern edge of An XafQd, a distance of nearly 1,100

km. Large patches of undifferentiated Middle and

Lower Cretaceous clastic rocks have been mapped in

the southwestern Rub' al Khali at Al Jaladah and Ash

Sharawrah. These exposures are the southernmost

in Saudi Arabia proper. In the north, bore holes

show that the sandstone continues under An Naiad and

again crops out around Sak&kah. Relatively small

outliers also occur southwest of Sak&kah. Until

recently, age of the clastic section exposed in the north-

west was the subject of considerable controversy.
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Now, however, lateral relationships established by
wells show the sequence to be, with little doubt,

equivalent to Middle Cretaceous rocks of Najd.

Thickness of the Middle Cretaceous rocks south of

lat 26° N. is remarkably uniform averaging about 40 m.
The unit thickens gradually to the northwest, and at

Sakfikah incomplete measurement suggests as much as

250 to 300 m of section.

So far as age of the sandstone-shale sequence is con-

cerned, few fossils have been found on outcrop and these

only in central Najd where thin limestone lenses occur.

Here, rare ammonites have been dated as Cenomanian.
Downdip in well sections, where more faunal control is

available, equivalent beds are mainly Cenomanian. A
thin scum of Turonian may reach the surface as well, al-

though proof of this possibility is lacking.

RILATIOBSHIP TO ADJACIKT BRITS

Middle Cretaceous relationship to adjacent unite, so

far as outcrop is concerned, is fairly well understood;

downdip the situation is less clear. The lower contact

on outcrop is one of marked unconformity. South of

about lat 25° N. Cenomanian sandstone rests on what is

believed to be Aptian sand. North of this latitude,

rapid truncation—at least in Saudi Arabia where region-

al unconformities commonly eliminate beds at the rate

of less than 1 m per km—superimposes Middle Creta-

ceous on all older units down to and including Lower
Devonian. At the top, Cenomanian or Turonian (?) is

apparently in disconformable contact over most of the

length of outcrop with Campanian(?) limestone.

Relationship to the subsurface sequence is still incom-

pletely understood. There is considerable evidence

that surface type sections of Middle and Lower (Creta-

ceous sandstone formations do not properly match sub-

surface units bearing the same names (fig. 1 ) . Difficulty

of detecting uncomformities and lack of fossils

within the sandstone sequence play a major role in the

uncertainty and inability to resolve the problem. Basi-

cally, the difficulty revolves around the "pre-Cenoman-

ian" unconformity, so evident on Arabian outcrop, and

its accurate identification in coastal wells. So far this

unconformity has not been pinpointed in the subsur-

face, although it certainly falls much higher in the

section than the upper surface of Aptian carbonate

rocks with which it was previously equated. As is so

often the case, recognition of a problem is one thing; its

solution is another. The unconformity separating Mid-
dle and Lower Cretaceous (each a single formation) on
outcrop cannot be identified in the subsurface. By the

same token, the boundary as now designated between

subsurface formations cannot be located in terms of the

surface sequence.

OCCUMDCI AID CKAKACTO

Upper Cretaceous to Eocene rocks are widely exposed

in Saudi Arabia. In the south where its width is rela-

tively constant, the belt of outcrop follows the trend of

older unite. North of lat 24° N. it almost exactly paral-

lels the Middle Cretaceous transgressive sandstone

which cute diagonally across the strike of older unite.

The shift in strike is accompanied by a gradual widening

of the outcrop belt and introduction of progressively

younger beds at the top. For example, south of Wadl
as Sahba', Campanian(?) to Thanetian rocks are ex-

posed across a width of 85 km. A short distance north,

width of outcrop has expanded to 1 10 km as Ypresian and
Lutetian rocks are introduced. Still further north, pro-

gressive reduction in rate of dip is reflected in continued

widening of outcrop until, at Sakfikah, Upper Creta-

ceous rocks alone are exposed across 160 km, and
younger units lap over into Iraq.

Although the Cretaceous rocks are not exposed east

of the main outcrop belt, the Paleocene and (or) Eocene
rocks surface again near Abqaiq, at Dammam Dome,
south of Qatar, and in the southeastern Rub' al Khali.

Upper Cretaceous to Eocene rocks exposed in Saudi

Arabia are, for the most part, limestone and dolomite

with a few very thin interbeds of marl and shale. Sev-

eral of these clay-bearing unite show remarkable lateral

persistence both on outcrop and in the subsurface, and
a few have been traced without appreciable change over

northeastern Arabia and large parte of the Rub' al

Khali.

South from lat 24° N., the Upper Cretaceous section

is progressively replaced from the bottom up by sand-

stone; complete replacement is effected just north of

lat 22° N. A similar relationship exists in the extreme

northwest near Sakakah where sandstone appears at

the base.
ULATioran* to ariacxst ram

The Upper Cretaceous to Eocene carbonate succes-

sion is separated from beds above and below by hiatus.

At the base, Campanian(?) is in disconformable contact

with Cenomanian and Turonian(?) elastics throughout

almost the entire length of outcrop. Near Sakakah, the

unconformity becomes angular; Cenomanian beds are

eliminated near long 39° E., and to the west Upper
Cretaceous beds rest on Ixwer Devonian.

Although lower Upper Cretaceous stages (Coniaciau

and Santonian) are not present on outcrop, they are

extensive in the coastal area. Even here, however,

pre-Upper Cretaceous unconformity manifests itself,

primarily by truncation of beds on the crests of indi-

vidual folds. While strong angular discordance is

present on some structures, others show no sign of a
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break at this level. It is likely that no important time

i;ap is involved in off-structure areas, and the uncon-

formity fades to a time line possibly falling near or on

the Turonian-Coniacian boundary.

The upper limit of the Upper Cretaceous through

Eocene sequence involves widespread and persistent

unconformity. On outcrop and in wells drilled basin-

irard, Miocene and Pliocene sand and sandy limestone

rest on lower middle Eocene or older rocks. Extensive

drilling throughout Saudi Arabia has failed to detect

upper Eocene or Oligocene strata except possibly in the

Sirhan-Turayf basin near Jordan.

MIOCENE AND PLIOCENE CLASTIC ROCKS
OCCUUDCB AID CHARACTER

In northeastern Arabia, the stratigraphic sequence

shore the Eocene consists of a relatively thin succession

1200-300 m) of Miocene and Pliocene rocks, mostly of

nonmarine origin. These deposits—a heterogeneous

assemblage of sandy limestone, calcareous sandstone,

-<andy cla}', and sandstone—blanket the Eastern Pro-

vince. Much of the section contains only sparse

fresh-water fossils that are of no use in dating. In

limited parts of the coastal area, however, marine

molluscs and echinoids have been found through the

middle part of the sequence. The fauna indicates

approximate correlation with I^ower Fars of Iraq-

Kuwait and is presumably middle Miocene. Because
of apparent continuity and stratigraphic position, the

closing succession of Arabian Tertiary deposits is

considered to be early Miocene to Pliocene(?).

A lithologically similar, although much thicker,

Miocene and Pliocene sequence covers the Rub' al

Khflll. Here, as much as 600 m of sandstone, sandy
marl and sandy limestone filled and leveled the Rub'
al Khali depression. Only rare nonmarine fossils have
so far been recovered from this clastic section in spite

of a relatively uniform network of bore holes through

the area.

RILATIOXSHIP TO ADJACUT TOTITS

Miocene and Pliocene rocks everywhere rest un-

<onformably on Eocene or older beds; Oligocene de-

posits are unknown. Unconsolidated sand and gravel,

presumably for the most part Quaternary and Recent,

are erratically superimposed on the Miocene and

Pliocene sequence.

PALKOGEOGRAPHY
EARLY PALEOZOIC

Data on Middle East Cambrian to Devonian rocks

are too incomplete to furnish any satisfactory* picture

of the paleogeography of those times. The problem is

further complicated by the fact that occurrences of

these systems are largely inadequately dated and hence

equivalencies are usually uncertain.

CAMBRIAN

Rocks of proved or presumed Cambrian age occur

only sparsely in areas immediately adjacent to Saudi

Arabia. Cambrian strata have been described from

southwestern Jordan where they are exposed in a thin

belt bordering the Dead Sea rift. Much of this section

is sandstone and gravel, although, opposite to the Dead
Sea, it includes a thin shale-carbonate unit contain-

ing Middle Cambrian trilobites. Almost certainly,

the Jordan sequence is a continuation of the chiefly

continental, but also in part littoral, sandstone exposed

in Saudi Arabia.

A complex of strongly folded sediments including

conglomerate, sandstone, shale, tuffoceous rocks, and

two well-defined carbonate units with some gypsum
occurs in southwest HacJramawt. The sequence is

believed to pass westward into metamorphic rocks;

eastward, the complex has been tentatively equated to

a thick series of contorted elastics (including graywacke)

in Dhufar and questionable Ijower Cambrian elastics

and dolomites in Al Huqf area of south Oman.

North of Al Huqf, in the featureless Oman Desert,

are several salt domes with salt of presumed Cambrian
age. These domes expose a varied assortment of rock

types, including some igneous debris, which suggest

correlation with the Middle and Upper Cambrian
Hormuz Series of southern Iran-Persian Gulf-Trucial

coast salt domes.

Cambrian rocks ore widely known in southwestern

Iran; many of the occurrences are associated with

intrusive salt masses. The salt intrusions and re-

lated rocks of the Hormuz Complex contain frag-

ments ranging in age from Lower Cambrian to Jurassic.

Cambrian rocks have also been found in normal outcrop

along the northeastern margin of the Zagros Mountains

as well as within the area of salt plugs. Red shale

and sandstone accompanied by subsidiary gypsum and

traces of salt represent the Lower and Middle Cambrian

in the northeast, and mainly salt prevails in the south.

In both areas, Upper Cambrian rocks are red and green

shale and sandstone with thin limestone and dolomite

beds.

References to the main occurrences of Cambrian salt

have been given in the preceding discussion. Roughly,

the area involved is southwestern Iran, islands of the

Persian Gulf north of the Trucial coast, the Trucial

coast, and southern Oman. A possible outlier is found

in Jabal Sanam in southern Iraq where rocks of Hormuz

type are associated with a strong negative gravity

anomaly. In Saudi Arabia itself, one structural feature,

Dammam Dome, offers strong evidence of salt pierce-

ment origin. Other features, although salt movements

may have been involved in their formation, do not
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show sufficiently clear evidences of this origin to use

them to outline the extent of underlying salt.

Outcrop sections in central Arabia are of little aid in

outlining the original extent of the saline basin. As
the dated portion of the Paleozoic is Ordovician to

Lower Devonian and no slumping has been reported

below this level, it is likely that saline deposits were

not originally present. Thus, the limit of the area

underlain by salt probably lies between Damniam
Dome and the Paleozoic rocks exposed in the interior,

the latter probably representing a marginal nonmarine
and littoral clastic facics bordering the evaporite basin.

The Lower(?) Cambrian clastic and carbonate beds

(with some gypsum) exposed along the southern fringe

of the Arabian Peninsula may also be marginal to and
represent the opening phase of the Cambrian evaporite

cycle so well recorded to the north.

outoncuK. mrou*. a>d divoyiak

So far as the Ordovician in Saudi Arabia is concerned,

about 400 m of elastics has been assigned to this system.

Units of purple, olive-green, and gray graptolitic Bhale

alternate with massive beds of reddish-brown to gray,

in part crossbedded, and commonly micaceous sand-

stone. Cntziana tracks, none of which have been col-

lected from the Ordovician, are found in abundance
both above and below. The Arabian sequence extends

without significant lithologic change into southern

Jordan.

Nearly identical sandstone and shale containing

Cntziana constitute the reported Ordovician lithologic

units exposed in northern Iraq and Oman. In addition,

one well in Oman near Wfidl al Ghabah (lat 21°20' N.,

long 57°19' E.) drilled about 2,000 m of Lower Ordovi-

cian clastic rocks containing graptolites and Cntziana;

other deep wells in Syria penetrated graptolite-bearing

clastic rocks defined only as lower Paleozoic.

Described Ordovician lithologic units certainly reflect

extensive shallow-water conditions in which several

marine transgressions are recorded by graptolite-bearing

shales, trilobites reported from Jordan, and occurrences

of (hihoceraa sp. in Saudi Arabia and Iraq. Nonfos-

siliferous crossbedded sandstone and other massive

sands containing abundant pelecypod molds record

intermittent emergence and near-shore conditions.

Silurian and Devonian rocks in Saudi Arabia are

dominantly clastic and include some thin beds of lime-

stone in the Lower Devonian. Graptolites and brachio-

pods attest to the marine nature of some of the section;

other parts are certainly continental and transitional.

With the exception of Jordan, equivalent or partially

equivalent rocks are not exposed elsewhere. In most
other areas immediately adjacent to Saudi Arabia such

as Iraq, Yemen, the Aden Protectorates, and Oman,

the time interval is represented on outcrop by uncon-

formity. Even in southwestern Iran, middle Paleozoic

time is poorly represented by sediments, although

Afonograptus, a genus usually considered to be Silurian,

has been reported from this area.

PKRMIAN AND TRIAJtSIC

Permian and Triassic time is fairly well represented

in outcrop and bore-hole sections of the Middle East.

Actually, it is within these periods that clues to the

outline of the major Mesozoic (Tethys) basin to the

north and east of the Arabian massif begin to emerge.

Roughly, the center of the Tethys trough (marked by
subsidence, thickest sedimentation, and

deeper water deposition) forms a great arc around

the Arabian Shield. It passes east through Lebanon,

Syria, and Turkey; southeast across Iraq; and then,

in southwestern Iran, parallels the modern Persian

Gulf trend. Older Paleozoic rocks may also have been

deposited, possibly in considerable thicknesses, in an
ancestral basin of similar position and configuration,

although evidence for this deposition is now lacking.

Late Permian time marks a significant change in

sedimentation from dominantly clastic to mostly

carbonate. During this epoch, the sea spread over

much of the Arabian foreland and there deposited a

sheet of shallow-water limestone that extends from

northern Iraq and Turkey to Oman. In each area, the

relationship to underlying units is unconformable, and
the transgression initiates a period of gradual subsi-

dence which continued with periodic interruptions

into the Cenozoic.

In central and northern Najd, the Permian is domi-

nantly limestone interbedded with shale and dolomite.

The carbonate units are gradually replaced by sand-

stone and shale in southern Najd, most of the change

taking place between lat 22° N. and 21° N. Through-

out the length of outcrop a thin unit of massive brick-

red and rarely green shale caps the carbonate-sand-

stone part of the Permian.

The subcrop of apparent-strand-line and near-

strand-line clastic beds seen on outcrop between lat

18° N. and 21° N. has been traced eastward under the

Rub' al Khali by deep drilling. Roughly north of lat

21°15' N., from the Arabian Shield to Oman and south-

western Iran, Upper Permian sediments are almost

exclusively carbonate; to the south clastic beds pre-

dominate. Contrary to this generalization, a well

near lat 30° N., long 42° E. found the Upper Permian

in full shale facies, certainly marginal to limestone

deposition to the northeast.

Dolomite, replacing shallow-water clastic limestone,

dominates many of the well sections of central and
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coastal Arabia and the central Rub' al Khali and also

is exposed in significant amounts in sections in the

Oman Mountains. Included evaporite deposits in

northern Iraq and Saudi Arabia attest to the periodic

existence of barred-basin conditions.

TKIA88IC

Ixwer and Upper Triassic rocks exposed in Saudi

Arabia are respectively red and green, and commonly
consist of gypsiferous shale and sandstone with vari-

colored shale. Fossil wood is present at several levels

in the Upper Triassic, and presumably the series is

mainly, if not entirely, continental. Systematic lat-

eral variation in lithology is recognized only in the

Middle Triassic. Southernmost exposures are mainly

sandstone, probably in large part nonmarine. The
proportion of limestone steadily increases northward

(from lat 23°30' N), and carbonate rocks dominate the

sequence near lat 27° N. This regional pattern is

interrupted near lat 26° N. by the appearance of a

major lens of bedded gypsum in the upper part.

Therefore, in Arabia, rocks of continental and near-

shore facies dominate the Triassic, although at least

one more or less persistent marine transgression is

recorded by Middle Triassic limestone.

Marginal clastic deposits also prevail in Jordan

where Triassic rocks crop out near the Dead Sea,

although here also thin limestone and evaporite beds

aLs<> occur sporadically through the section. The Jorda-

nian-Arabian exposures almost certainly block out in

rough form the southwestern and western edges of the

Triassic sea.

With recent palynological correlations, it now seems

safe to extend Triassic units from outcrop into the

coastal and Rub' al Khali areas of Arabia. Similarities

in lithology and stratigraphic relations offer strong sup-

port for this usage. Some reservations should be held

on the age of sediments just below the pre-Jurassic

unconformity because we cannot bo certain that beds

equivalent to the Upper Triassic on outcrop are fully

represented to the east. In fact, there is some evidence

that Upper Triassic rocks are entirely removed at least

over the southern half of the Rub' al Khali basin and

much of the coastal province as well.

In all coastal and Rub' al Khali wells so far drilled,

the lithologic composition of the Triassic is dolomite

complexly interbedded with anhydrite, limestone, shale,

and some sandstone. Similar conditions must have

persisted over much of the Arabian foreland for, even

though details of the sequence vary, like rocks are found

in the Oman Mountains, southwestern Iran, and north-

ern Iraq. Wells drilled intermediately between the

Arabian coast and the outcrop belt penetrated the same
complex of rock types, although shale predominates in

the south, and anhydrite, in the north.

There is little doubt that the limestone, now abun-

dantly dolomitized, is of shallow-water origin. Original

clastic textures are commonly preserved even though

dolomite replacement is complete. The common oc-

currence of thin evaporite units throughout, as well as

fetid dolomite and dark shale, attests to the fact that

restricted conditions prevailed or constantly threatened.

It is believed that throughout the period the basin of

deposition occupied a relatively constant area with sills

cutting circulation from time to time between certain

parte.
KARI.Y AND MIDDLE JURASSIC

iaily jmussic

So far as known, the passage from Triassic to Jurassic

is everywhere represented either by unconformity or

nonmarine sedimentation. Around the margins of the

Arabian Shield, dated marine Jurassic bods are sepa-

rated from undoubtedly Triassic or older units by
generally unfossiliferous sandstone. These nonmarine

elastics tentatively assigned to the Liassic(?) or the

Liassic and Middle(?) Jurassic occur in Jordan east of

the Dead Sea and on the opposite side of the rift valley,

in Yemen and in Che Aden Protectorates.

Although pre-Toarcian Liassic marine strata have

been reported in Iraq, Kuwait, southwestern Iran, and

Oman, it is with the Toarcian that widespread Jurassic

transgression begins. The relative position of non-

marine Liassic(?) and marine Toarcian rocks indicates

that an expanded Tethys sea covered the northern tip

of Sinai, northwestern Jordan, I^ebanon, much of north-

ern Syria and eastern Iraq, and eastern Arabia (as far

south as lat 22° N.) and extended eastward into Iran

and across northern Oman.
Some lithologic differences between Lower and Mid-

dle Jurassic are retained over much of the basin be-

cause the Toarcian is partly sandstone and shale in

Rub' al Khali and Eastern Province wells and contains

significant anhydrite in Kuwait-Iraq. Included lime-

stones, commonly finely fragmental and oolitic, further

attest to the neritic and lagoonal conditions in which

Toarcian deposition took place.

uddu nraianc

Bajocian and Bathonian time witnessed further

expansion of the Tethys sea. This expansion is par-

ticularly evident in southern Arabia where the basal

contact of the Middle Jurassic and succeeding Upper

Jurassic carbonate units is markedly transgressive.

Successively younger horizons rest on older rocks as

the distance from the deeper part of the basin of

deposition increases. Data from outcrops around the

shield areas also show a landward shift of the mid-

Jurassic shoreline relative to that defined by Toarcian

sediments.
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Tw o fades of the Middle Jurassic are recognizable in

the coastal area of Saudi Arabia. From Abu Hadrlya

south, aphanitir limestone, in part dark and argil-

laceous, dominates. Variable amounts of lime sand,

usually having lime-mud matrix, are interbedded.

Northward, at Jauf and Safaniya, darker, more argil-

laceous, presumably deeper water limestone and gray-

black shale occur. In this area, few lime-sand beds are

present, and these beds are admixed with dark impure

mud matrix. These basinal, argillaceous limestones

and gray-black shales can be traced north into north-

eastern Iraq and across the Persian Gulf into south-

western Iran.

Updip, the darker sediments rapidly give way to

lighter colored, commonly coarsely clastic, clean-

washed shelf limestone. This neritic facies has been

recognized in northwestern Jordan and central Iraq;

it probably passes under the Saudi Arabia-Iraq Neutral

Zone, includes Khurais, extends south into the western

Rub' al Khali, and then swings east across the Oman
Mountains.

A somewhat thinned group of partly impure lime-

stones with some interbedded calcarenite represents

the Middle Jurassic in a central Rub' al Kh&ll well.

Although of relatively shallow-water deposition, the

facies represents somewhat deeper water deposition

than that of central Najd.

As indicated earlier, Middle Jurassic units are conti-

nental elastics in southwestern Arabia, Yemen, and the

Aden Protectorates. Wells along the southern margin

of the Rub' al Khali show Upper Jurassic directly on

Permian or older strata. Presumably, Lower and

Middle Jurassic rocks in marginal facies are overlapped

a short distance north.

LATE JURAMSIC AND LOWER EARLY C HKTAC EOl'H

Marine Upper Jurassic and early Lower Cretaceous

rocks, dominantly in shallow-water carbonate facies,

are extensively exposed in the Middle East. The
carbonate succession cropping out in central Arabia is

only a small part of a great belt of limestone that

extends from north Africa across northern Sinai and

|

Lebanon, covers large parts of Syria, Iraq, Iran, Oman,

I
Yemen, and the Aden Protectorates, and continues

into east Africa.
LATX J0&A2KC

The episode of subsidence, expansion, and infilling

of the Tethys trough that began in the Early Jurassic

continued without apparent interruption into the Late

Jurassic. Low-relief landmasses adjacent to the shelf

contributed almost no terrestrial debris. Lime sand,

derived from local sources, served as a hydraulic sub-

stitute for quartz grains, and as a result calcarenite

was concentrated along the beach, piled up to form

offshore bars, and spread out in sheets over high parts

of the bottom lands of the Arabian foreland. Lime

mud, substituting for clay particles, came to rest in

sheltered areas or below effective wave base and there

formed tight, aphanitic limestone or the matrix of

calcarenitic carbonate rock.

During Callovian to early Kimmeridgian time, the

Tethys was a broad shallow sea depositing clastic

limestone from central Arabia east to Iran and Oman
and south across Yemen and the Aden Protectorates.

Similar neritic limestone extends north through central

Iraq. In these areas extensive calcarenite formation

and abundant remains of shallow-water organisms
'

attest to the fact that shoaling of the sea floor wafr

widespread and persistent.

Perhaps the most significant facies change occurs in

central Iraq where the upper part of the Callovian(?)

is represented by massive anhydrite. This change is

of particular importance for it marks the beginning

of evaporite conditions that were eventually to spread

over much of the basin of deposition. It is assumed

that conditions essential to the precipitation of calcium

sulphate—restricted basin where evaporation exceeds

precipitation and runoff—obtained first over central

Iraq and then spread progressively south to include

Kuwait. Here, massive salt is interbedded with sub-

ordinate amounts of anhydrite. Deposition of evap-

orite in Saudi Arabia did not begin until near the end
of early Kimmeridgian time.

With the approach of evaporite conditions, the

Tethys shoaled, and widespread deposition of cal-

carenite began. In addition to covering much of

Saudi Arabia, calcarenite deposited at this time has

also been recognized in southwestern Iran, Qatar.and
Oman. Essentially equivalent current-washed deposits

may occur elsewhere (for example Yemen and the

Aden Protectorates), but available descriptions are too
vague to be certain. The clastic limestone represents

the transition from continuous carbonate deposition to

precipitation of nearly pure anhydrite. It also initiated

widespread cyclic sedimentation which resulted in four
main cycles, each starting at the base with normal
marine limestone and closing with an evaporite member.
The sequence culminated with the deposition of a
massive Tithonian(?) anhydrite over much of the area.

Recognized iti most wells so far drilled in Arabia and
also present at Qatar and Bahrain, each anhydrite may
represent separate expansions along a similar route from
the north where a more-or-less permanent evaporite

basin persisted.

Conditions sufficiently restricted to bring about
precipitation of calcium sulphate occurred first over a
broad lagoon generally including the area of outcrop
and extending east over southern Ghawar. The evap-
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orite basin continued to expand, eventually blanketing

the Arabian coastal area and extending at least as far

east as southwest Iran. Presumably one or more of

trie incursions reached Oman where a limestone breccia-

conglomerate occupies an equivalent stratigraphic

interval. The breccia probably represents residual

carbonate after removal of interbedded anhydrite.

Major exposures of Upper Jurassic gypsurn-anhydrite
in northeastern Yemen and adjacent parts of the Aden
Protectorates show that an arm of the saline basin(s)

extended southwest into this area as well. Thicknesses

<'f the evaporite-limestone sequence deposited here are

similar to those found in wells near the Saudi Arabian
outcrop.

In Saudi Arabia and Qatar, carbonate members
introducing the four evaporite cycles are, of course,

of prime importance because of their oil content. The
lowest of these is by far the most important reservoir;

it contains productive oil in eight widely scattered

fields.

Owing to intense interest prompted by oil search,

enough data are now available to reconstruct, on a

regional scale, conditions associated with the deposition
i if the lower limestone member. The general picture
io emerge is that of sedimentation on a broad shelf.

On the west, bordering the present area of Upper
Jurassic outcrop, mainly clean-washed calcarenite and
talcirudite accumulated. Presumably these mud-free
deposits record littoral and near-littoral deposition

around the edges of a carbonate-covered platform.

Presence of wide belt of generally finer calcareous

sediment immediately to the east suggests lagoonal

conditions. The lagoonal sediments are in turn limited

by a relatively unbroken sheet of clean calcarenite

that blankets northern Ghawar-southern Abqaiq and
extends north probably as far as Manifa.

These lime sands are interpreted here as representing
an offshore bar, or more likely, a group of offshore

bare. The absence of reefs cannot be assumed from
the present widely scattered data, although the marked
lateral continuity of individual beds, uniform thickness
of the unit, and uniform sorting of the component
grains suggest that large features of this type are not
iikely to be found. Calcarenitea here, as well as those
near outcrop, contain abundant dasycladaceous algae

which certainly mark widespread and persistent

shoaling of the sea floor into the zone of vigorous

photosynthetic activity. The more muddy limestone
of the Dammam-Qatif-Bahrain area is presumed to

have been deposited in water of deeper but unknown
depth. It is tempting to think that this area lay slightly

east of the mud line of the time; however, regional

considerations indicate that these sediments collected

in a rather localized depression.

Carbonate deposition closed earher in the west

where precipitation of anhydrite first began. Saline

conditions moved progressively east and eventually

terminated carbonate sedimentation over most of the

Persian Gulf area.

The same general carbonate-evaporite cycle was to

be repeated at least three more times before the close

of the Jurassic and open marine conditions again

prevailed.
LOWIa 1AILY CUTACXOUS

With the influx of fresher water and termination of

anhydrite deposition, shallow-water clastic limestones

were once again deposited limestones which are

generally indistinguishable from those laid down
during the Late Jurassic. These early Lower Creta-

ceous rocks maintain a high degree of uniformity over

much of the foreland area. Particularly noteworthy

is the lateral extent of some of the calcarenite units

which must have been deposited literally as great

sheets of lime sand. One such Berriasian lime sand

can be traced from Khurais to the Persian Gulf and
from the southern end of Ghawar into Kuwait and

Iraq. Even though continuity over the entire area

is not proved, concentration of sand on this scale must
assuredly reflect a huge, remarkably flat, submarine

platform only just below sea level. Although cal-

carenite is the most striking lithologic component, the

larger part of the Berriasian and Valanginian section

is aphanitic limestone and calcarenitic limestone.

Similar neritic carbonates occur in the central

Rub' al Khali, Qatar, Oman, coastal Iran, Kuwait,

and central Iraq. More basinal calcareous mudstone
and radiolarian shale, marl, and limestone cover

eastern Iraq. Presumably these indicate approach

to the deeper part of the basin. The axis of the

Tethyan trough at this time apparently fell near

the northeast border of Iraq and extended southeast

into Iran along the Zagros Mountains.

Early Lower Cretaceous rocks do not occur along

the southern margin of the Arabian Peninsula. The
limitation may, however, be the result of truncation

rather than nondeposition. Berriasian and Valangin-

ian rocks arc, for all practical purposes, eliminated

south of lat. 20° N. by pre-Hauterivian erosion. What
is probably an equivalent and still active surface of

unconformity is recognizable far to the south.

UPPER EARLY CRETACEOUS

The upper Early Cretaceous shows rather marked

paleogeographic differentiation. The thin basal lime-

stone so persistent on outcrop gives way to shale

only a short distance downdip, and this facies prevails

over much of the coastal area. The overlying conti-

nental, deltaic, and lagoonal sandstones grade east-
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ward into limestone. Sandstone occurs in western

Jordan, western Iraq, Yemen and the western part of

the Aden Protectorates, as well as in Saudi Arabia.

The eastern boundary of the area where sandstone

is dominant follows approximately the Tigris River

north of Baghdad, passes close to Basra, just east

of Kuwait, west of Safaniya and Abu Hadriya, across

northern Ghawar, and thence trends south toward

Al Mukalla on the Arabian Sea. To the east, across

Oman and the Persian Gulf, neritic, and possibly some

deeper water, limestone dominates. Shale, commonly
dark, is dominant and transitional between sandstone

and limestone in a thin band, in general including

northern Ghawar, Fadhili, Abu Hadriya, Khursaniyah,

Manifa, Safaniya, Basra, and probably some parte

of eastern Iraq. Kadiolarian marl, shale, and limestone

occur along the eastern border of Iraq and suggest

basinal conditions prevailed in the area. Other

radiolarian limestones of this age are known in northern

Oman. The axis of the Hauterivian to Aptian basin

reproduces that of the lower Early Cretaceous, the

deeper part falling near or just beyond the north-

eastern Iraq boundary and along the Zagros Mountains

of Iran.

In summary, deposition of a thin Hauterivian

carbonate-shale was followed by widespread emergence.

Continental and transitional continental-marine con-

ditions obtained in the west over a belt almost 200 to

300 km. wide that extends from Yemen to northern

Iraq. To the east, normal marine limestones and

shales were deposited on a shelf gently sloping into

the deeper part of the basin. Maximum subsidence,

along a northwest-southeast trend, occurred in south-

western Iran and near northeastern Iraq. There is

some indication that subsidiary but large depressions

existed west of the main basin.

MIDDI.K CRRTACBOl'N

As seen on outcrop, Middle Cretaceous rocks are

mainly sandstone with interbedded shale, at least in

part marine in the central and northern area, and

probably nonmarine in the south. The iron content

of the rocks gives relatively strong colors in contrast to

the unoxidized drab colors that prevail in coastal well

sections, where the series falls naturally into two
lithogenotic units.

The upper unit of the coastal sequence, probably

the time equivalent of the thin marine-nonmarine

beds cropping out in the interior, is usually shale and

limestone with little sandstone. The lower unit,

primarily sandstone with subordinate shale, is a thick,

widespread complex of deltaic, littoral, and other

shallow-water deposits. Similar alternating sandstone

and shale reflecting a fluctuating shoreline also occur

in Qatar and Bahrain. Shale begins to predominate

over sandstone in an easterly and northerly direction.

The elastics extend north into Kuwait, where sand is

still dominant, and on into southern Iraq where shale

is the major constituent. Sand is entirely replaced

by limestone, anhydrite, and shale in northern Iraq.

Beds of probable Albian age, equivalent to the lower

unit of the coastal Middle Cretaceous, apparently are

not exposed in central Arabia.

From such data it can be inferred that Cenomanian
seas transgressed older beds and onto areas that were

emergent during Albian time. Continued subsidence

and oscillation of the shoreline led to deposition of

thin marine stringers far up on the foreland. Greatest

subsidence occurred from the latitude of Riyadh
northward, bringing Middle Cretaceous across the

beveled edges of progressively older units to eventually

cap Lower Devonian strata in the vicinity of Sakakah.

During this submergence, littoral and shelf sand, with

rare thin carbonate intertongues, was spread over the

northern area of Arabian outcrop; coarse elastics of

probable marine origin continued downdip far enough

to blanket Ma'qala' and Khurais and extended across

the southern tip of Jordan and the southwest border

of Iraq.

South of Riyadh, the marine sand grades laterally

into continental deposits, still mainly sandstone.

Presumably, the continental beds originally extended

north to border the marine sands on the west. The
nonmarine facies persists to the southern limit of

exposures near Wadl ad Dawfcir. Even further

south, in Yemen, it is quite likely that a thick conti-

nental-type Cretaceous sandstone includes equivalent

beds, although this has not definitely been established.

East of the nonmarine beds and near-shore elastics,

progressively more lagoonal and neritic section was
introduced at the expense of the sandstone. Shale is

the main rock type over a large area including the Rub'
al Khali and much of central and northeastern Arabia.

Similar pelitic rocks probably extended into south-

western Iraq and southern Jordan. Further basin-

ward, neritic limestone, in part in rudistid reef facies

and commonly OrWfo/zna-bearing, becomes dominant.

Such shelf carbonates were deposited in a broad belt

extending from southern Arabia to Jordan. More
precisely, slow subsidence during Cenomanian and
Turonian time permitted accumulation of shallow-

water carbonate deposits over southern Arabia generally

east of Al Mukalla and south of the Rub' al Khali.

The limestone belt continues north across the Oman
Mountains, flares out to cover the Trucial coast,

Qatar, Persian Gulf, and southwestern Iran, and then

swings inland to include Kuwait, southwestern Iraq,

and most of Jordan. Even deeper water globigerinal
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marls were being deposited at the same time in north-

eastern and eastern Iraq. Presumably these continue

into Iran, but proof of this is lacking.

In summary, widespread emergence of the Arabian
foreland during the upper Early Cretaceous was
followed by renewed subsidence in Cenomanian time.

Northern Arabia was particularly active in tliis respect

Continued subsidence of the area between the central

Arabian and Hfi'il arches permitted widespread

Cenomanian transgression over the beveled edges of

older units.
WPB!R (RET CBO

When viewed only in terms of Saudi Arabia, Upper
Cretaceous paleogeography is relatively simple. Domi-
nantly shallow-water carbonates blanket the area of

outcrop, and deeper water shale and limestone come in

as distance from the basin margin increases. Placed

in the framework of adjacent areas, the picture becomes
significantly more variable.

Emergence, possibly beginning in the Turonian,

mainly affected coastal parts of the basin and isolated

interior structures. Renewed transgression began in

the Campanian and reached a maximum during Mae-
strichtian time. Marginal areas of the basin are defined

by sandstones in southwestern Arabia, the Aden Pro-

tectorates, and Yemen. Presumably those sandstones

in Yemen are exclusively continental, passing east and
northeast through deltaic and shallow-water facies.

Similar sandstones occur in northwestern Arabia near

Sakakah and southern Jordan.

Along the southern fringes of the Rub' al Khftll,

shale is the major lithologic component almost to the

exclusion of all other rock types. Shale persists into

the central Rub' al Khali and coastal Arabia but is

there confined mainly to the lower part of the Upper
Cretaceous. The upper part (Campanian and Mae-
strichtian) is dominantly shallow-water limestone of

the blanket type. Locally, rudistids as well as other

heavy-shelled molluscs are abundant. The limestone

sheet covers the central Rub' al Khali, northern out-

crop area, coastal Arabia and Qatar, Kuwait, south-

western Iraq, and Jordan. In Jordan, large amounts
of chert are interbedded. In northeastern Iraq, and

presumably southwestern Iran as well, more basinal

conditions are reflected by the deposition of a thick

succession of globigerinal marls.

Tectonic development during upper Late Cretaceous

time also played a significant role in basin architecture

and sediment patterns. Major uplift, generally along

the northeastern side of the Zagros Mountains, con-

tributed great volumes of flysch-like detritus to a long,

linear trough rapidly developing on the southwest.

Flysch-type sediments continued to pour in and gradu- I

ally displaced the area of globigerinal marl sedimenta-

tion to the southwest.

In the Oman mountains, deposition of a thick radio-

larite-chert series was followed by large-scale extrusions

of ophiolite. Orogenic movements, initiating the for-

mation of the now complex Oman geanticline, began

during this time. Concurrently, volcanic activity ap-

parently commenced in Yemen and the Western Aden
Protectorate.

Definite disconformity between Cretaceous and

Paleocene can be demonstrated in several areas ad-

jacent to Saudi Arabia. Work with planktonic Fo-

raminifera suggests equivalent hiatus in Arabia as well,

although this has not been definitely proved. In any

event, Paleocene transgression was widespread and

resulted in a thick succession of neritic limestone and

more basinal marls. Marginal sandstones of this epoch

are unknown, carbonates alone being exposed along the

landward edges of outcrop. Abundantly fossiliferous

limestone documents Paleocene submergence of the

southern half of the Arabian Peninsula generally east

of long 47° E. One exception to this is the Oman
Mountains where Paleocene and Eocene limestone

overlaps both flanks of the range but does not reach

the crest. Al Huqf itself was also incompletely covered

although the remainder of the Oman-Dhufar foreland

apparently was submerged.

North of lat 24° N., the belt of carbonate rocks,

extending from Arabian outcrop to southwestern Iran,

swings northwest and continues into Iraq. Most of

Iraq was covered by globigerinal marl except near the

northeast border. Here, flysch-type deposits accumu-

lated in considerable thickness in a trough slightly

offset southwest relative to the Late Cretaceous fore-

deep. Paleocene carbonate rocks also covered much
of Jordan.

The Ypresian Age of the early Eocene witnessed the

introduction of persistent and widespread evaporite

precipitation. Anhydrite in considerable thickness was

deposited over the Eastern Aden Protectorate and

Dhufar, in the Rub' al Khfill basin, across Qatar, the

western Persian Gulf, and northeastern Arabia and

continued on into Kuwait and southern Iraq. Normal

marine conditions prevailed in nearby areas except for

red-bed deposition along the northeastern flank of the

still subsiding Iraq-Iran trough.

Invasion of fresher sea water in the middle Eocene

again brought about widespread deposition of carbon-

ates, both nummulitic and globigerinal. For the most

part, pre-anhydrite sedimentation patterns and overall

distribution of carbonate were reestablished. In north-

eastern Iraq, however, clastic deposition ceased, and a

carbonate-depositing sea once again covered the area.
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Widespread emergence of the Arabian platform in

the middle Eocene reduced the Tethys to a relic sea,

probably much as it is now. Sine* then emergence has

persisted, and continental conditions have obtained

over Saudi Arabia, with the exception of minor inter-

mittent flooding of the present coastal area in middle

Miocene time. The fauna of these marine beds indi-

cate approximate correlation with the Lower Fare For-

mation of Kuwait, Iraq, and Iran. The Miocene

sequence in Arabia probably represents in effect a thin

wedge of lacustrine, fluvial, and coastal plain deposits

peripheral to the main area of subsidence in Iran and

Iraq where evaporite-forming conditions prevailed.

Marine sedimentation persisted in Iraq and Iran for

a brief period following the I>ower Fars evaporitic

phase, but this was brought to a close with the start

of large-scale deformation northeast of the main trough.

Rising mountain folds shed great volumes of clastic

debris into adjacent synclines—first red-bed (Upper

Fars) material and then, with accelerated deformation,

coarse sand and conglomerate (Bakhtiari). Combined
thickness of these two units in some places reached as

much as 4,000 m.

In spite of the intensity of diastrophism across the

Persian Gulf, little trace of tectonic activity has been

found in Arabia. In fact, rocks of presumed Pliocene

(Bakhtiari) age have a low average dip of 1 to 2 m per

km toward the Persian Gulf. How much of this is the

result of tilting and how much is to be regarded as

initial dip is unknown. Vast lava fields in the shield

areas and in northwestern Arabia do attest, however,

to considerable volcanic activity at this and later

times.

With the Quaternary formation of great sand deserts

and sheet gravels, the landscape of Saudi Arabia took

on its present aspect,

CAMBRIAN AMD ORDOVTCIAN SYSTEMS

NAQ SANDSTONE AND EQUIVALENT tINITH HIQ. QUWEZRA
UMM NAHM . AND RAM HANDSTONKM

DirUITlOB

The Saq Sandstone was named by II. L. Burchfiel

and J. W. Hoover in 1935 for Jabal Saq (lat 26°16'02"

N., long 43°18'37" E.) where the upper part of the

formation is exposed. As originally defined, the Saq
was the lower member of the now obsolete Uyun
Formation. R. A. Bramkamp raised the Saq to for-

mational status in 1952; formal recognition followed

in 1956 (Thralls atid Hasson), and type section details

were published in 1958 (Steineke and others). Out-
crop suitable for detailed continuous measurement
is lacking, and, as a result, only the upper part of the

formation has been adequately described.

The type locality of the Saq Sandstone occurs along

a traverse from the base of Jabal al Hanadir (lat

26°27'24" N., long 43°30'11" E.) to Jabal Saq (lat

26°16'02" N., long 43°18'37" E.) and then southwest

to the Precambrian basement (lat 26°15'14" N.,

long 43°06'21" E.). Calculations indicate that more

than 600 m of sandstone is exposed here.

So far as equivalent units in northwestern Arabia

are concerned, the Siq Sandstone was first described

and assigned formational status during preparation

of U.S. Geological Survey Miscellaneous Geologic

Investigations Map 1-200 A (Bramkamp and others,

1963). The type section, just northwest of lat 28°00'

N., long 36°o6' E., is about 25 km east of Sha'Ib as

Siq, from which the formational name is derived.

The lower limit of the Siq is marked by obvious

contact between Precambrian basement and sandstone;

the upper boundary is not clearly defined. Much
additional work needs to be done to properly define

the vertical and lateral extent of this formation and

to determine its relationship to overlying sandstone

units.

Type localities of Quweira, and Umm Sahm, Ram
Sandstones are in southwestern Jordan where they

were measured and described by Quennell (1951).

These formations were reliably traced southward

into Saudi Arabia and mapped there by photogeologic

interpretation. Although the Umm Sahm and Ram
Sandstones could have been accurately separated,

the two massive sandstone units were grouped for

convenience and then traced on photographs into

Arabia.

The base of the Saq and equivalent sandstones is

at the sharply defined unconformity with the under-

lying crystalline complex. The top is at the contact

between massive sandstone and overlying graptolitic

shale (basal member of the Tabuk Formation).

The Saq Formation and equivalent units crop out

in a narrow band along the northern margin of the

Arabian Shield. Except for a short sand-covered

interval west of Ha'il, exposures are continuous from

the latitude of Riyadh to the Jordan border, a distance

of nearly 1,200 km. Width of the outcrop belt expands

from a few kilometers at its southern limit to more

than 100 km near the 39th meridian. The outcrop

belt again narrows to the northwest and is only 30 km
wide where it passes into Jordan.

The outcrop surface is a rough, hummocky plain

which rises imperceptibly toward the basement com-

plex. The plain is covered with erratic, wind-scooped

basins and wind-sculptured hills, usually with low

relief, although a few isolated, precipitous hills rise
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abruptly from the plain. Jabal Sfiq, 152 m high, and
Jildlyah, 330 m high, are two of the more prominent
features.

Thickness of the Saq, only a few meters near lat

24°22' N., uniformly increases to the northwest. At
the type section thickness of more than 600 m is in-

dicated by calculation. As fieldwork south and west

of the Great Nefud is sparse, section thicknesses in

that area are unknown. Quennell (L951) gives a com-
posite thickness of 850 m for the Quweira, Umm Sahm,
and Ram Sandstones at the type locality in south-

western Jordan.

Saq lithology is strikingly uniform both vertically

and laterally. The dominant rock type is buff to

gray and white, commonly crossbedded, poorly to

well-sorted quartz sandstone that is often friable and
commonly case hardened to a black, ferruginous

quartzite surface. Color varies locally to mustard

yellow or a pale brick red. In places a few thin part-

ings of sericitic siltstone are present. Concentrations

of iron along a well-developed set of north-south joints

and a slightly less prominent set of east-west joints

frequently produce low, spinelike ridges which stand

a foot or two above the main rock surface.

At Jildlyah, 68 m of upper Saq is exposed. The
section here is mainly off-white to purple, fine- to

medium-grained, poorly indurated, subrounded, well-

sorted quartz sandstone with streaks of quartz pebbles.

Some intervals weather brown to black to red black,

and many are casehardened. The sandstone is strongly

crossbedded throughout and extensively jointed in two
directions approximately at right angles to each other.

A clean contact between the Saq Sandstone and over-

lying Hanadir member of the Tabuk Formation is

exposed at Jildlyah. At Jibfil a( Tawftl, to the north-

west, about 120 m of Saq is exposed; it is chiefly white

to purple to yellow, fine-grained, semifriable, massively

crossbedded sandstone and is capped by beds of the

Tabuk Formation. Sandstone with the same charac-

teristics of crossbedding and peculiar weathering per-

sists southward to the featheredge of Saq outcrop.

West of JibSl at TawSl, Saq outcrop is obscured for

a short distance by NafQd sand cover. As a result,

direct outcrop connection between Saq and equivalent

units to the west has not been observed. However,
there is little doubt regarding equivalency for Saq,

and overlying Tabuk units can be traced without

break around the sharpest part of the Hft'il arch. In

addition, there is substantial evidence that the Q&'il

arch is a relatively recent feature and apparently does

not affect Paleozoic sedimentation patterns.

West of An NafQd the upper part of the Umm Sahm
and Ram is buff, light-gray, red, and brown, weathering

to dark-brown and purple, crossbedded sandstone with

common quartz pebble zones and locally interbedded

red, ferruginous, sandy shale. The lower part consists

of buff, tan, purple, massive quartz sandstone. Pre-

sumably continental in the lower part, thin lenses of

purple shale with (Miziana indicate that the upper
part is at least partly marine. Further west, near

Harrat al 'Uwayrid, lenses and nodules of secondary

chert, hydrated iron, and manganese oxide are common.
In this area, the upper sandstone weathers to pinnacles

and spires (Umm Sahm terrain). Below, a cliff-

forming, eolian crossbedded sandstone (Ram terrain)

is intricately jointed and on weathering forms bosses

and stacks having vertical and overhanging walls.

KATTJU Or COITACT WITH ADJACXIT roiHATIOM

The Saq Sandstone lies with marked unconformity

on a mature surface of Precambrian crystalline rocks.

The contact has been observed at several localities,

although it is usually obscured by a cover of white

quartz gravel. Where the contact can be seen, the

basal Saq is conglomeratic, containing boulders, cobbles,

and pebbles derived from underlying basement rock.

The conglomeratic bed shows steep dip in several places,

but whether the dip is a result of initial depositions!

processes or subsequent basement tilting is unknown.

The basement surface on which sedimentation first

began is remarkably flat—a peneplain in the strictest

sense of the word. East and southeast of H&'il, ero-

sional relief seldom exceeds 10 m. Here the surface

dips uniformly northeast under the sedimentary blanket

at a rate of approximately 1.5°. The few observations

that have been made west of Ha'il indicate that the

peneplain extends across this area and on into Jordan

as well.

Throughout almost the entire length of outcrop, the

upper Saq limit coincides with a sharp lithologic and

topographic break between massive cliff-forming sand-

stone below and soft, easily eroded shale above. The
contact, apparently gradational, persists from Jordan

to just south of lat 26°00' N., where pre-Permian erosion

eliminates the overlying shale and brings Upper Per-

mian limestone into unconformable contact with the

Saq. Southward, pre-Permian truncation cuts pro-

gressively deeper into the Saq and, near lat 24°22' N.,

has completely eliminated the formation.

PALIOHTOlOeT AID A61

Age of the Saq Sandstone, previously published as

Cambrian(?), has been revised to Cambrian and Ordo-

vician. The unit, in Saudi Arabia, is essentially barren

although tracks of questionable trilobite origin were

discovered at Safrft' Haqll as early as 1947. They
were also observed on the slopes of Jabal Saq and in

other localities northwest. Later, similar molds and
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casts were collected from the Umm Sahm-Ram se-

quence. The tracks, apparently confined to the upper

part of the Saq and Umm Sahm-Ram sequence, occur

in local thin lenses of red-purple shale. Some of these

forms were forwarded to Preston E. Cloud, Jr., for

identification. He referred the specimens (written

commun, Oct. 6, 1960) to the genus (Yuziana (con-

sidered to be tracks of arthropods) and identified

Cruziana cf. C, furcijera d'Orbigny and U. huberi

(Meunier) of probable Early Ordovician age (about

Arenig of the British standard succession).

The lower part of the sandstone sequence (Siq and
Quweira) can be assigned to the Cambrian with con-

fidence. Near the Dead Sea in Jordan, a limestone-

shale unit well up in the section contains Middle

Cambrian trilobites. Thus, the Saq (Siq, Quweira,

Umm Sahm and Ram equivalent) may well record

Early Cambrian to Early Ordovician sedimentation.

COK0MXG ASMCTS

OBOUND WATER

Throughout the vast outcrop area of combined Saq
and Umm Sahm, Ram, Quweira, and Siq Sandstones

only one significant concentration of population occurs;

that is in the district of Al Qaslm near lat 26°00' N.

Here a number of wells withdraw water from the Saq
aquifer.

Outside the area of outcrop, several settlements use

water derived from the Saq. At Tabuk, an estimated

20 to 30 flowing artesian wells have been completed in

the Saq within the last two years. Average depth of

these wells is about 245 m, and water quality is re-

ported as good. At Tayma', three wells, ranging in

depth from 107 to 122 m, produce from the Saq. The
static water level is 4.5 m, quality being about 1,300

parts per million of total dissolved solids. Elsewhere,

there are a few widely separated, shallow, hand-dug
wells whose productivity varies directly with the annual

rainfall. These wells produce from Quaternary allu-

vium, and the water level fluctuates with the local rise

and fall of the water table.

ORDOVICIAN, SILURIAN, AND DEVONIAN SYSTEMS
TABUK FORMATION—LOWER ORDOVICIAN TO IX>WKR

R. A. Bramkamp and others (unpub. data) in 1954

proposed the name Tabuk Formation to include the

thick sequence of sandstone, siltstone, and shale crop-

ping out in the vicinity of Tabuk (lat 28°23' N., long
36°34' E ). The Tabuk at that time included all beds

between the Saq Sandstone and the coarse, crossbedded

sandstone of the Tawil Formation. Following formal

definition of the Tabuk and Tawil Formations by
Steineke and others (1958), new field work resulted in

an increase in Tabuk Formation thickness and inclusion

of the overlying Tawil Sandstone as a member within

the Tabuk Formation.

The name Tawil Sandstone was originally proposed

in 1944 by E. L. Berg and others to include the more
than 200 m of section exposed in the north-facing

escarpment of At Tawil (lat 29°29' N., long 39°30' E.).

Unfortunately, neither the upper nor lower parte of the

unit are exposed at the type section. The lower contact

was designated concurrently with establishment of the

Tabuk type section, nearly 250 km west of At Tawil.

The upper limit was defined by work in the vicinity of

Al Jawf (about 60 km northeast of At Tawil) where the

Tawil-Jauf contact is clearly exposed. When aerial

photography became available in 1958, the Tawil out-

crop was photogeologically mapped where possible, and,

in recognition of type section shortcomings, a more
complete sequence at Ash Shfi'ib (lat 28°59'28" N.,

long 37°06'42" E.) was designated a reference section.

At the same time, the Tawil was reduced to member
status, for both field and photogeologic work indicated

accurate separation from older beds of similar lithology

was possible in only a few places.

The basal 104.9 m of the Tabuk type section as now
defined (pi. 3) was measured on a traverse between lat

28°33'12" N., long 36°03'17" E. and lat 28°34'10" N.,

long 36°14'33" E. To the east, an estimated 212.7 m
of section is concealed by gravel cover. An equivalent

interval was studied in a supplemental section southeast

of Tabuk near lat 28°19'30" N., long 37°04'03" E.

A minor structural disturbance prevents completely

filling the gap, although there is good reason to believe

that only a few meters at the top remain unmeasured.

The succeeding 159.8 m was composited from exposures

at two locations—namely, lat 28°2r00" N., long 37°07'-

00" E. and lat 28°21'12" N., long 37°05'24" E.

Another 314.3 m was measured at lat 28°44'54" N.,

long 36°34'39" E., and the remaining 102.8 m of pre-

Tawil beds was described in the vicinity of Ash Shft'ib

at lat28°59'39" N., long 37°02'36" E. A supplemental

measurement for the upper 177 m (Tawil Member
reference section) was obtained at lat 28°59'39" N.,

long 37°02'36" E. (31.0 m) and lat 28°59'28" N., long
37°06'42" E. (146.0 m).

The base of the Tabuk Formation is at the sharp con-

tact between FHdymograpivs-btejwg shale and under-

lying, coarse grained, crossbedded Saq Sandstone. The
top is the apparently conformable contact of massive

Tawil Sandstone Member with shale and limestone of

the Jauf Formation.

occtnutuci asd monai
The Tabuk Formation crops out in four main areas

separated from each other by the Great Nefud sand
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belt. The first area, extending southeast from An
NafOd, discontinuous)? exposes Tabuk beds from Baq'a'

to Buraydah, a distance of 280 km. Available thick-

ness data is limited to two sections, each composited

from several measured increments. At Baq'S', the

formation is slightly more than 700 m thick. So far

as known, the thickness remains nearly constant to

lat 27°00' N. Near this parallel the pre-Permian

erosion surface intersects the Tabuk and, southward,

progressively cuts deeper into the formation. At
Buraydah, the remaining Tabuk passes under the

Nafad ash Shuqayyiqah, and final Tabuk truncation

takes place somewhere under these sands, probably

near the southern edge.

Tabuk exposures, southeast of the Great Nefud,

form a complex topography consisting of alluvium-

filled basins and intervening plains. Topographic

expression is controlled largely by extensive duricrust

formation and gravels concentrated during a post-

Eocene eromonal cycle.

The second and most extensive Tabuk outcrop area,

roughly rectangular in shape, extends from the western

edge of the Great Nefud to the southern Jordan bound-

ary. In this area (about 340 km long and 240 km
wide) the Tabuk is for all practical purposes unmapped.
Two sections, pieced together from isolated measure-

ments, indicate that average formation thickness is

between 1,000 and 1,100 m. These figures are in

doubt, however, as the monotonous nature of the

sediments often obscures exact correlation between

individual sections. The picture is further complicated

by some faulting and the fact that unconformities, not

yet recognized, probably occur at several levels.

The Tawil Sandstone Member is exposed in a wide

band along the northeastern margin of the area.

Contact between Tawil and pre-Tawil beds is clearly

marked along the southern edge of the Al Hufrah
plain by a rough, irregular escarpment. West of long

38°00' E., the contact scarp breaks down and loses its

sharp topographic expression. As a result, the Tawil
exposed between Wadl Fajr and At Tubayq cannot

readily be separated from underlying strata. This

area is indicated on the "Geologic map of the Arabian

Peninsula" (U.S. Geological Survey—Arabian-American

Oil Co., 1963) by fractional symbol and approximate
contact.

The extensive Tabuk exposure west of the Great
Nefud forms a broad planar surface, in places broken

by northwest-southwest structural ridges and drainage

channels. Differential relief averages about 50 m,
individual hills rising somewhat higher above the

general ground level. In some areas, flaUying, well-

bedded sandstone is intricately dissected into mesa and
butte topography, channels being controlled by local

structural trends. Alternating hard and soft elastics

of the pre-Tawil part of the Tabuk weather to a

relatively smooth surface in comparison with the rough,

hummocky surfaces formed by the strongly crossbedded

sandstones of the Saq below and Tawil Member above.

The third main Tabuk outcrop occurs at At Tawil

where the upper part of the formation (Tawil Member)
is exposed in a precipitous range of black sandstone

hills, some more than 200 m high. West of At Tawil,

the upper Tabuk is exposed in a sharply dissected

area fringing the southern edge of the Al Busayta'

gravel plain.

The smallest area of Tabuk outcrop is a few

kilometers northwest of Al Jawf where the Tawil

Sandstone Member is exposed in the slopes of hills

and scarps. Here the massive sandstone is protected

by caps of resistant Cretaceous and Eocene limestone.

The pre-Tawil part of the Tabuk Formation con-

sists essentially of two major types of cyclic deposits.

The first is thin-bedded (less than 1 to 2 inches thick)

sandstone, shaly sandstone, sandy shale, siltstone, and
shale. Ironstone, hematite, and gypsum occur locally,

usually representing authigenic mineralization along

bedding planes. Color ranges from off white to light

purple, buff, brown, and brick red. Vertical tubular

structures, Scolithvs, and worm trails (7) parallel to

bedding planes are extremely common. The second

type of cyclic deposit consists of relatively thick

bedded, (usually more than 5 to 10 ft thick), variably

cemented, massive sandstone that locally is normally

crossbedded or gradationally bedded. Streaks of gravel-

size grains (4 mm and larger), usually rounded quartz

fragments, occur locally. Some units host Seolithu-i.

Because of the cyclical nature of the pre-Tawil,

outcrop characteristics may be expressed in terms of

thin-bedded and massive units only or with reference

to thin-bedded, slope-forming units capped, underlain,

or sandwiched by massive, ledge-forming sandstone

units. Additionally, surface exposures of the massive

sandstone units can be described in terms of weathering

characteristics—that is, "pinnacle" or rounded "sugar

loaf," mainly controlled by degree of induration and

cementation (iron or silica) and high-angle fracture

system.

The Tawil Member, on the other hand, is char-

acterized by medium- to coarse-grained sandstone

with common gravel and conspicuous large-scale

crossbedding.

The type section of the Tabuk Formation affords

one of the most complete and representative descrip-

tions of Tabuk rocks (pi. 4, section 1, p. 110). The

entire interval was pieced together from several sec-
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tions within an 85 km radius of Tabuk. A complete

Tabuk section was measured and computed between

Taynifi' and Al Hflj approximately along long 38° 30' E.

Poor exposures and complexly interbedded lithologic

units make meaningful subdivisions difficult; however,

five major rock divisions can be recognized (section 2,

p. 112).

The most complete exposure of Tabuk beds south

of the Great Nefud occurs in the Qusaybfi* section

approximately along lat 26° 55' N. (section 3, p. 113).

The dominant lithology is crossbedded sandstone,

shale, siltstone and complexly interbedded sandstone

and shale. Occurrence of graptolites is widespread;

and vertical tubular casts, Scolithus, are common.
Three shale members within the section form roughly

parallel escarpments near the top, middle, and at the

base. Using these shales as dividers, the Qusayba'

section can be separated into six informal units.

Although the middle and upper shales cannot be traced

laterally with any degree of certainty, the basal shale

(Hanadir member) can be recognized along the entire

length of Tabuk outcrop.

A. F. Pocock and R. P. Kopp in 1949 measured a

second set of sections across the Tabuk just south of

the Great Nefud. The line of traverse ran generally

between Jildlyah and Ash Shu'ayboh (section 4, p.

113). At this latitude four main subdivisions were

recognized, including an upper sandstone unit that

may be equivalent to the Tawil Member further

northwest.

What is possibly an igneous plug intruding Tabuk
strata was observed during the photogeologic delinea-

tion of formation contacts. Although the "plug"

(near lat 27°30' X., long 37°00' E.) has not been

visited on outcrop, the central, presumably igneous

core, is characteristically weathered and fractured.

Radial drainage is well developed on beds dipping

sharply away from the "intrusive" mass. If this

feature is, in fact, an igneous plug, it is the only such

occurrence known within the sedimentary area of

Saudi Arabia.

An experimental study to determine the usefulness

of heavy minerals for correlation within the Saq-Tabuk
complex was completed in 1961. The survey indicated

that index minerals were present in sufficient number
and variety to permit some regional correlation. As
the study was concerned mainly with Tabuk zonation,

the results are summarized here. The more important

generalizations include:

t. Abundant heavy minerals having distinctive charac-

ter and frequency were recorded for each formation

sampled.

2. Type and frequency of heavy minerals alternate in

direct response to changes in sediment texture-

that is, with cyclic deposition of thin-bedded,

fine-grained sandstone-ail tetone and thick-bedded,

coarser grained sandstone-gravel.

3. A "stable" heavy-mineral suite consisting of zircon,

rutile, B-tourmaline, G-tourmaline, and indicolite

is common to all samples analyzed.

4. With the exception of certain authigenic index miner-

als, all heavy-mineral suites were derived from
preexisting, sedimentary deposits. Accordingly,

the provenance of these sandstones consisted of

yet older sandstones and(or) unconsolidated

sediments.

5. The sandstones sampled yielded fractions of very

fine sand and silt. These provided most of the

usable heavy minerals.

Penological descriptions summarizing the analytical

results for each formation studied follow.

Aruma Formation (sandstone fades)

.

—In the eastern

part of At Tubayq, Upper Cretaceous Aruma sandstone

unconformably overlies the Tawil Member of the Tabuk
Formation. Essential Aruma minerals include quartz

with an accessory heavy-mineral suite consisting of

apatite, biotite, chlorite, rutile, titanite, tourmaline,

zircon, black opaques, brown resinous opaques, and the

index mineral apatite-H. Frequent occurrence of

apatite-H characterizes the Aruma Formation.

Apatite-H is colorless and euhedral, having extremely

well developed hexagonal bipyraminds and basal pina-

coid or thin hexagonal prism plates. Because basal

hexagonal sections are optically isotropic, an exact

mineral species identification has not been made.

Tawil Member.—Essential minerals include well-

rounded quartz grains and an accessory heavy-mineral

suite consisting of apatite, biotite, muscovito, chlorite,

rutile, titanite, tourmaline, indicolite, zircon, leucoxene,

black opaque authigenic aggregates, D-anatase-X, and
D-anatase-Y. High-frequency presence of D-anatase-X

and D-anatase-Y is characteristic of the Tawil Member.
D-anatase-X is green or brown, thick, tabular, worn

euhedral crystal fragments of anatase.

D-anatase-Y is light-yellow and brown, thick,

tabular, worn, euhedral crystal fragments of anatase.

D-anatase-Y exhibits a striking geometric patterning

significantly different from that of D-anatase-X.

Tabuk Formation (pre-Tavril) —The essential miner-

als include fine-grained and silt-sized quartz particles

with possible presence of several clay minerals. The
pre-Tawil part of the Tabuk hosts a clearly identifiable

mineral suite consisting of apatite, biotite, chlorite,

muscovite, rutile, tourmaline, indicolite, zircon, leuco-

xene, authigenic aggregates, and A-anatase. High-fre-

quency presence of extremely well developed A-anatase
serves as an index mineral for the thin-bedded Tabuk
sandstone unite. Locally there is a high frequency
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occurrence of sericite. Tawil-type sandstone (massively

crossbedded) is intercalated with thin-bedded sandstone

in certain parts of the pre-Tawil section. Where this

occurs, proportion of A-anatase to D-anatase-X in-

creases with descending stratigraphic position.

A-anatase is colorless, light-green or light-brown,

authigenically zoned, thin, tabular euhedral crystal frag-

ments predominantly restricted to the 0.062- and

0.031-millimeter fractions. A-anatase also occurs as

crystal composites associated with authigenic aggregate

material.

Saq Sandstone and equivalent units - The essential

minerals include medium- to coarse-grained quarts par-

ticles and an accessory heavy-mineral suite consisting

of biotite, muscovite, rutile, tourmaline, zircon, leuco-

xene, A-tourmaline and D-anatase-Z. These heavy

minerals separate the Saq Sandstone from the overlying

Tabuk by a relatively improverished heavy-mineral

content, and a high-frequency ratio of zircon with the

presence of D-anatase-Z and A-tourmaline.

D-anatase-Z is yellow, reddish-brown, corroded, worn,

sometimes euhedral fragments of octahedral crystals.

D-anatase-Z exhibits a persistently worn, octahedral

form which distinguishes it from D-anatase-X and
D-anatase-Y.

A-tourmaline is light- to dark-green, highly rounded

to subhedral crystal grains of tourmaline exhibiting

extremely well developed to fairly well developed authi-

genic terminations. The .fragility of the authigenic

terminations precludes any development other than Saq
in situ.

Throughout the length of Tabuk exposure, the base

of the formation is marked by sharp but apparently

conformable contact between graptolitic shale above

and massive, crossbedded Saq Sandstone below.

Tabuk relationship to overlying units is considerably

more complex. In two areas west of the Great NefQd-

Al Hflj and Al Jawf—the contact is conformable and

upper Tabuk is directly overlain by Jauf Formation

shale. Elsewhere, upper Tabuk beds are missing or

covered. In southern Jordan and along the northern

edge of At Tawil, Cretaceous and Tertiary units cut

across strike to overlap the entire Tabuk sequence.

However, a down-dropped block near Umm Nukhaylah

has preserved a small patch of Jauf and Tawil, possibly

in conformable sequence.

Southeast of the Great NefQd, Tabuk is in apparently

conformable contact with Jauf limestone as far south

as lat 27°40' N. At lat 27°10' N. the Jauf has been

removed, presumably by pre-Permian erosion, and

khuff Formation limestone (Upper Permian) rests

directly on Tabuk. The Tabuk itself is cut out some-

where under the NafQd ash Shuqayyiqah.

PAUOVTOLOST AID A81

Steineke and others (1958) considered the age of the

Tabuk Formation to be Ordovician and Silurian.

Fossils discovered since that time indicate the upper

part is Lower Devonian. A summary of the criteria

upon which present dating is based follows.

Ordovician.—The lowermost part of the Tabuk For-

mation (Hanadir member) is characterized by the com-

mon occurrence of graptolites. Graptolites collected in

1947 were identified by A. A. Weymouth as Didymo-

graptus cf. D. bifidus Hall. In 1960 Reuben J. Rosa,

Jr., U.S. Geological Survey, reidentified the same speci-

mens as Didymograptus protobifidus Elles. Wide lateral

persistence of this fossil serves to date the lower part of

the Tabuk Formation as Lower Ordovician (Arenig).

Diplograptus? sp. and Climacograptus cf. C. brevis Elles

and Wood, of Upper Ordovician age, occur near the

middle of the formation.

Silurian.—Several samples collected from the Tabuk,
but without specific locality information, were iden-

tified by Reuben J. Ross, Jr. (written commun., 1961),

as definitely Silurian on the basis of contained Mono-
graptus. Other graptolites and some pelecypods also

suggest a Silurian age although, in this case, other

periods are not precluded.

Devonian.—A single collection from about 500 m
above the Tabuk base consisted of molds of brachiopods,

pelecypods, and gastropods. With regard to the gas-

tropods, Ellis L. Tochelson, U.S. Geological Survey

(written commun., 1961) states, "The seven gastropod

specimens are all referred to the genus Plectonotus. To
the best of my knowledge, Plectonotus is limited to the

Devonian * * V The pelecypods and brachiopods

also tend to give a general impression of Devonian

according to J. T. Dutro, Jr., and Ellis L. Yochelson

(written commun., 1961).

As brachiopods from the upper part of the overlying

Jauf Formation have been tentatively determined as

Lower Devonian by G. A. Cooper, U.S. National

Museum, it is likely that the upper one-half of the

Tabuk can be assigned to this epoch.

A comprehensive listing of Tabuk Formation fossils

includes: Bollia sp., "Camarotoechia", Coelospira?,

Levenea?, Lingula, Machaeraria (cf. "Rhynchonella"

jormosa Hall), AmpUxograptus?, Climacograptus cf. C.

brevis Elles and Wood, Climacograptus sp., Didymo-

graptus protobifidus Elles, Diplograptus, Olyptograptus

sp., Monograptus, Orthograptus afif. 0. calcaratus Lap-

worth var. priscus, RastriUs, Colpomya?, Endoceras?,

Goniopkora?, Modiomorpha?
,

Orthocenu, Paleoneilol,
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Plaesiomya?, Plectonotus, tracks and burrows [Scolithtt*

(= TigiUHe«), Arthrophycw, (>uziana\.

coiomc aspects

GROUND WATW

West of the Great Nefud, ground-water potential of

the thick Tabuk elastics is virtually unexplored. Con-

sidering its wide lateral extent, comparatively few

watering spots exist, although there are shallow,

hand-dug wells at Bi'r Fajr, Al Qallbah, and Taymft'.

Some local water has been developed in the "Tabuk
Valley" along the route of the abandoned Al Hijftz

railroad. Agricultural development is notably lacking

except for limited areas in and near the city of TabQk.
Population concentration in the Al Qaslm region

(near lat 26°00' N., long 44°00' E.) has resulted in

extensive water search. An estimated 300 flowing

artesian wells produce appreciable quantities of water

from Tabuk aquifers. Similar agricultural sites are

found at Qusayba', Al 'Uyun, Baq Al Ouwftrah and
Ash Shu'aybah. The prime water source in these

areas is local hand-dug and shallow drilled wells, all

producing from alluvial fill. Water accumulation in

alluvium of larger channels and depressions varies

with annual rain fall. At Buraydah and 'Unayzah,

increased rain and consequent flow through Wadl ar

Kimah is immediately reflected by higher water levels

in the local wells. The water in this area, although

plentiful, is extremely variable in quality and is com-
monly restricted to agricultural use because of high

ion concentration.

DEVONIAN SYSTEM
JAUF FORMATION—LOWKR DEVONIAN

DiruiiTioa

The Jauf Formation was named by E. L. Berg and
others (unpub. data) in 1944 for the town of Al Jawf
(lat 29°49' N., long 39°52' E.) near where the entire

formation is exposed. The formation was originally

defined by generalized section measurements in the

vicinity of Al 'Abd syncline, 15 km northwest of Al
Jawf, but detailed plane-table mapping by A. F.

Pocock and others in 1950 resulted in a substantially

improved measurement and description. To obtain

a complete succession these geologists pieced together

10 isolated measurements within a 30-km radius north
and west of Al Jawf. The resulting composite (pi. 4)

was adopted as the type section by Steineke and
others (1958). The type locality remains as published

except for addition of 27.1 m of calcareous shale and
sandstone at the top. Previously these beds were
considered to be of Wasia (Middle Cretaceous) age;

but Devonian fossils were recently discovered, and
the unit is now included with the Jauf.

ARABIAN PENIN8ULA

The base of the Jauf Formation is at the contact

between lower Jauf shale and silty limestone and

underlying croasbedded sandstone of the Tabuk For-

mation (Tawil Member). The top is at the uncon-

formity between fossiliferous Jauf limestone and

overlying siltstone and sandstone of the Sakaka

Sandstone (Wasia Formation).

In comparison with other Arabian unite, Jauf ex-

posures are small. Significant outcrops occur only in

three areas. The first is around Al Jawf where the

complete sequence is cleanly laid out. Here, the

formation forms a series of northwest-southeast es-

carpments, each with a scree-covered face of soft,

silty shale capped by a thin bed of flat-lying limestone.

The scarps are generally less than 50 m high al-

though some are as much as 100 m high. The few

sandstone units present commonly form moderate
ledges in the scarp faces, but are not sufficiently

resistant to support large mesas. Structural events

have seriously disrupted areas of Al Jawf exposures,

and fault and flexure scarps are everywhere conspicuous.

In the region of Al Haj (lat 29°00' N., long 38°30'E.)

,

Jauf exposures form a northwest-trending rectangle

roughly 40 by 80 km. Here, flat-lying beds form
conspicuous scarp and bench topography and a few
isolated hills. At places the beds are disrupted by
tensions! faulting and isolated down-dropped blocks.

Main Jauf exposures in Najd (east of long 42°)

form two parallel escarpments, J&l al Haylft' and Jftl

ash Shu'aybah. Each scarp, capped by a thin bed of

resistant dolomitic limestone, has an average relief of

less than 20 m along the entire 50 km of outcrop. Jauf
exposures, in the bottom of channels, can be traced

south from the escarpments almost to lat 27°25' N.
where Quaternary duricrust completely covers the
formation.

Formational thickness ranges from 185 m in Najd to
about 300 m at the type locality. A 206-m section was
measured at Al Halwflt in the Al Hoj region. Reduced
thicknesses occur in other areas where pre-Cretaceous

and younger erosion cycles have removed upper Jauf
beds.

UTBOLOOIC CHAIACTI*

The lithologic character of the Jauf Formation
changes little throughout the area of outcrop. The
few complete sections that have been measured indicate

t hat the unit is mainly varicolored silty shale. Numer-
ous thin beds of limestone and dolomite occur in the
upper one-third of the formation, and a few carbonate
stringers are present near the base. Very thin beds of
fine-grained sandstone occur at several levels. Data
from the three complete sections so far measured indi-
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cate that, on the average, about 50 percent of the

formation is silty shale, 25 percent is sandstone, and
the remainder, carbonate. Significant variations in

shale to sand ratio between sections do occur, and

these are, no doubt, related to lensing and complex

int«rbedding.

One of the most accessible and best known sections

of the Jauf Formation is that pieced together in the

vicinity of Al Jawf (pi. 4). As this section was measured

in detail and later designated as the type locality, a

complete description is given in section 5 (p. 113).

A complete Jauf sequence (section 6, p. 115) was
measured in the vicinity of Al Qalwfit (lat 28°50' N.,

long 38°42' E.). The so-called transition beds of the

type section as well as the upper part of the Ham-
mamiyat member are apparently missing, owing to

pre-Wasia erosion. Although some facies changes are

evident, lower units are still recognizable.

Cursory examination of Jauf Formation exposures

in the At Tubayq-At Tawll plateau region suggests that

the gross lithologic features of the type locality extend

into this area as well. Some variations within members
were observed; however, on the basis of the limited data

available they do not seem significant enough to warrant

separate description.

A. F. Pocock and R. P. Kopp were the first to recog-

nize Jauf exposures southeast of the Great Xefud.

Although 185 m of section was measured near Ash Shu'-

aybah, the sequence is incompletely known, for NafQd
sand and other late sediments mask the upper and

middle parte. Described lithologic components include

red-brown, impure dolomitic limestone and gray-green,

gypsiferous, silty shale in the lower 30 m and white to

gray, fine-grained, crossbedded sandstone with a 1-m

cap in the upper 85 m.

In all outcrop areas so far studied the Jauf Formation

directly overlies Tabuk elastics. Definite evidence of

discordance between the two units is lacking, although

shift from continental (Tabuk) to marine (Jauf)

sedimentation would presumably involve hiatus.

At the top, the Jauf is in unconformable contact with

overlying unite. Middle Cretaceous Wasia (Sakaka)

sandstone caps Jauf exposures in the eastern part of the

Al Jawf area, along the northwestern margin of the

At Tawll plateau, and in isolated Al Hoj hilis. In other

areas, such as the western part of the Al Jawf exposures,

and north and west of At Tawll, pre-Late Cretaceous

erosion brings Aruma Formation sandstone in contact

with the Jauf.

Southeast of the Great Nefud, a single small exposure

shows Upper Permian limestone resting on Jauf.

• it •

i Jauf beds are overlain by relatively

recent duricrust and eolian sand.

PALIOKTOLOOY and aqx

Meager faunas have been collected from various levels

in the Jauf Formation. Brachiopods in the upper part,

including Anathyria and Rensseloeria, have been tenta-

tively determined as Lower Devonian by G. A. Cooper.

Uppermost beds have yielded ostracods and fish

remains. Knoxiella and fish dermal scutes were con-

sidered in 1960 by R. W. Morris, Aramco, to be

definitely Devonian and probably Lower or Middle

Devonian.

The lower part of the Jauf Formation was originally

suspected to be Silurian. However, the discovery of

Devonian (probably Lower Devonian) forms in the

underlying Tabuk Formation precludes a Silurian age

for any part of the Jauf. Thus the Jauf can be assigned

a Devonian age with confidence and probably is Lower

Devonian. A comprehensive fossil list includes:

"Bythoeypris" sp., KnozUUa sp., Anathyris, Lingula,

PUctambonitea? sp., cf. PUwothyria, Ren&HtUieria,

Schizophoria spp., SchucherteUa spp., SchveherUlla?

spp., Spirifer spp., indeterminate strophomenid brachi-

opod, Oyathophyllum? sp., FavotiUa (s.l.) sp., FavoaiUa?

cf. Orthoceros, TentocvliUa sp., Valvaia, crinoid stem

fragments, spongiostromatids, crustacean and arachnid

fragmente, fish dermal scutes.

GROUND WATCH

Jauf water potential is for all practical purposes

unknown. Several wells have been drilled in the Al

Jawf area, but information on these is lacking.

PERMIAN AND OLDER(F) SYSTEMS

WAJTD HANDflTONH—IXJWKR PERMIAN AND OU>EB(T)

The Wajid Sandstone was named in 1948 by R. D.

Gierhart and L. D. Owens for Jib&l al Wajid. Here, the

lower part of the type section (Steineke and others,

1958) was measured in a series of hills and mesas

generally along lat 19°51' N. and between long 44°25'

E. and 44°35' E. The upper part of the type section is

exposed in the vicinity of BanI Rubayyah (lat 19°50'

N., long 44°46' E.).

The base of the Wajid is at the nonconformable

contact of sandstone with igneous and metamorphic

rocks of the basement complex. The upper limit is

placed at the disconformable contact between sandstone

below and basal Khuff (Upper Permian) carbonate

above.
OCCOUMCE AID TDCOTSS

Wajid Sandstone is continuously exposed from Wftdl

ad Dawasir (lat 20°30' N.) south almost to Najr&n
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(lat 17°35' N.), a distance of more than 300 km. The
eastern edge of outcrop closely follows long 44°45' E.;

the western margin is convex against Precainbrian

basement. Maximum outcrop width of 100 km is

reached near the 19th parallel.

Smaller isolate remnants capping Pretambrian

basement occur to the southwest and extend into

Yemen. In addition, part of the upper Wajid crops

out at the base of the Ban! Kha(mah escarpment

(lat 1H°10' X., long45°23' E.).

The main area of Wajid outcrop south of Wild I ad

Dawasir forms a rather extensive pediment which

maintains nearlj' the same gradient as gravel cover to

the east. Isolated sandstone hills and dissected

sandstone plateaus and mesas rise about 150 m above

the pediment level. Spectacular hills occur at Ban!

Musayqirah, BanI Sanamab, Jibfil id Wajid, and

Banl Khurb.

Thickness of the Wajid for sometime was considered

to be in excess of 300 m (Steineke and others, 1958).

Calculations based on new data indicate maximum
outcrop thickness may be as great as 950 m.

unoLoaic cHAiAcna

The intricately dissected Wajid plateau results from
erosion of a remarkably homogeneous continental

sandstone. Detailed measurement and description

of the sequence has not been possible because of

limited field work and lack of correlative marker beds.

Lithologies characteristic of various parts of the section

have been described from isolated localities, however,

and a discussion of them follows.

The basal unit of the Wajid, a conglomerate im-

mediately above Precambrian basement, has boen

studied near lat 19°30' N„ long 44°00' E., where a

typical sequence is clearly exposed. Here, the unit is

1 1 m of crossbedded sandstone and poorly consolidated,

quartz gravel conglomerate.

In 1949, R. D. Gierhart and L. F. Ramirez moasured
150 m of lower Wajid at Bani San&mah (near lat 20° 15'

N., long 44°1S' E ). The interval is mainly lightgray,

poorly to moderately sorted, crossbedded sandstone

grading upward into a well-sorted, friable sandstone

with some limonitc and hematite concretions and
a few dolomite fragments. Erratic bands of quartz-

pebble conglomerate occur near the bottom, and thin

quart zitic hematite bands are present throughout.

A thin bed of white to tan sugary dolomite occurs near
the top.

A 365-m section, representing middle Wajid, was
pieced together in the south-facing scarp at Banf Khurb
(lat 19°43' X., long 44°41' E.). The section is almost

entirely sandstone, mainly poorly sorted, subangular,

crossbedded, and friable. Many red and purple

hematitic bands and some thin quartzitic layers are

included. Conglomeratic beds, some containing lime-

stone pebbles, occur in the middle part

In 1950, S. B. Henry and R. A. Bramkamp measured
120 m of Wajid at Khashm Khatmah Oat 18°10' X.,

long 45°23' E.) where the uppermost part of the forma-

tion is exposed. The upper 50 m is dominantly gray-

green to red silty shale with subordinate, interbedded,

tan to purple, fine-grained sandstone. White, poorly ce-

mented, medium-grained sandstone with pink and
white quartz pebbles occurs near the top. The lower 70
m is chiefly off-white to yellow, coarse-grained, poorly

cemented, crossbedded sandstone. Erratics derived

from granitic and metatnorphic rocks occur in two
zones—the lower, 30 m above the base, and the upper,

about 70 m above. The boulders of basement rocks,

commonly less than 1 ft in diameter, may be as much
as 5 ft across. Continuous sand and gravel cover

separates Banl Khatmah (upper Wajid) and Banl
Khurb (middle Wajid) exposures. As a result, strati-

graphic relationship between the two areas is uncertain,

although lithologic similarity and position relative to

overlying beds suggest at least partial equivalency.

satoai or contact wrri adjacmt foamatiom

Observations along the western margin of Wajid
outcrop indicate that the Wajid Sandstone was depos-

ited on a gently undulating basement surface. Invari-

ably, a basal quartz conglomerate fills low areas and
depressions; basement highs are covered by coarse-

grained crossbedded sandstone.

Outliers of Wajid occur west and southwest of the

main sediment-basement contact. The largest of these

cap high mountains in the vicinity of Xajran and
extend into Yemen. Few such Isolated remnants have

been visited, and, as a result, they are little known.
Conversely, inhere of igneous rock have been observed

as much as 10 to 15 km east of the main basement

mass. At several places granite pedestals protrude

through Wajid cover and rise several tens of meters

above the surrounding sandstone. These inhere, in

each instance capped by Wajid, are believed to repre-

sent presedimentation monadnocks. A striking ex-

ample of such an isolated hill occurs at Hima (lat

18°14' N., long 44°27' E.) where a large outcrop of

pink granite protrudes from the w&dl floor and reaches

the height of flanking sandstone valley walls.

Contact between Wajid Sandstone and overlying

units is visible in only two areas. In the first, near lat

20°00' X., long 44°45' E., small patches of Khuff Forma-
tion (Upper Permian) limestone rest directly on Wajid.

Although contact is certainly uncomformable, it is

not possible to determine whether angular discordance

is involved. The second area of upper Wajid exposure
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us in the west-facing escarpment at BanI Khatmah.
Along most of the scarp, Khuff sandstone disconform-
ably overlies Wajid shale. At Jabal al Qasbah,
however, Tuwaiq Mountain Limestone (Upper Jurassic)

has overlapped the Khuff and lies unconformably on
Wajid. Alluvial cover prohibits tracing the contact
much beyond Jabal al Qasbah, but bore holes far

to the southeast still show Tuwaiq Mountain resting
on Wajid.

PAIIOHTOLOOT AID AQI

For many years, stratigraphic position afforded the
only cJue to the age of the Wajid Sandstone—that is,

pre-Khuff and postbasement, Recently, a bore hole
at Ash Sharawrah (lat 17°30' N., long 47°06' E.)
recovered Lower Permian spores from beds probably
equivalent to the upper Wajid of outcrop. Other
southern Arabian wells have penetrated Lower Devoni-
an through Carboniferous spore zones in strata that
are probably, at least in part, equivalent to outcrop
Wajid. Age of the Wajid Sandstone is therefore

considered to be Lower Permian and older(?).

(coaoxic Asracro

OBOCNP WATKK

Subsurface water potential is virtually unexplored
except for a single penetration at Ash Sharawrah. The
well at this locality was bottomed in the Wajid and
now produces potable water from these sands.

PERMIAN SYSTEM

The Khuff Formation was named for Khuff ('Ayn
Khuff) (lat 24°55' N., long 44°43' E.) near the Riyadh-
Jiddah road. As defined by Max Steineke in 1937, the

formation included the lowermost carbonate sequence
cropping out in central Arabia and was the basal unit

within the Mustawi Group—a now discarded subdivi-

sion. Although the Khuff was first recognized in publi-

cation by Steineke and Bramkamp (1952b), it was not

until later that the succession exposed near Khuff was
formally designated as type section (Steineke and
others, 1958).

The type Khuff was measured along a traverse south-

west from lat 24°58'36" N., long 44°41'48" E. to lat

24°53'12" N., long 44°32'48" E. The base is at the

unconformable contact between a lower sandy phase of

the Khuff and the underlying massive sandstone of the

Saq. The top is placed at the level where Khuff lime-

stone and dolomite are in sharp contact with red and
green gypsiferous shale of the overlying Sudair Shale.

OCCUMMCI AMD THICKSZ&S

Khuff exposures can be traced from BanI Khatmah
(lat 18°00' N.) north to the Great Nefud (lat 28°10'

N.), a distance of more than 1200 km. Between the

Great Nefud and QuaaybS' (lat 27°00' N.), only small

outliers of Khuff are exposed. These are isolated

from the main outcrop area to the south by duricrust

cover. From Qusaybft' south to lat 21°30' N., the

Khuff crops out in a nearly continuous band. Width
of the outcrop belt throughout this distance (about 650
km) is amazingly uniform, averaging about 25 km.
South of lat 2I°30' X., the Khuff is exposed in patches

isolated by Quaternary sand and gravel. In this area,

the best and most persistent exposures occur in the Al

'Arid and BanI Khatmah escarpments.

Thickness of the Khuff Formation shows little vari-

ation when length of outcrop is taken into consideration.

Five measurements between lat 27°00' N. and 24°00'

N. recorded a minimum thickness of 235 m and a maxi-

mum of 292 m. South to Wadl ad Dawfislr (lat 20°00'

N.), some thinning is evident and the unit ranges in

thickness from 195 to 230 m. The southernmost ex-

posure of a full Khuff sequence (154 m) occurs in the Al

'Arid scarp near lat 19°00' N. The reduced sections

(100 to 0 m) measured further south at BanI Khatmah
represent truncated rather than true depositional thick-

UTHOLOOIC CHA1ACTXI

The lithology of the Khuff Formation changes gradu-

ally along strike. Generally north of lat 24*00' N., the

section is characterized by a natural tripartite subdi-

vision, the lower and upper parts being mostly lime-

stone and the middle dominantly shale. South of the

24th parallel, distinction between the three units be-

comes less clear as the shale is largely replaced by lime-

stone and much of the section is dolomitized. The
Khuff, mostly limestone at lat 23°00' N., becomes pro-

gressive! v more clastic to the south. At the southern

end of the Al 'Arid escarpment, the formation is almost

exclusively in sandstone fades.

In 1945, R. A. Bramkamp and others measured and
described in detail the Khuff section near Ar Rayn (lat

23°33' N".). Exposures are much more complete than

at the type locality, and, as a result, the Ar Rayn meas-

urement has been designated Khuff reference section

(fig. 2). A complete description of the Ar Rayn se-

quence is given in section 7 (p. 115).

A three-fold division of the Khuff Formation was rec-

ognized (section 8, p. 116) at the type locality itself

(near lat 24°56' N.) in the vicinity of Wfidl Maghlb.
During 1948 and 1949, the Khuff was mapped north-

ward from the type locality. At lat 26°30' N. the

Khuff is partly obscured by duricrust, and no complete

outcrop occurs north of this point. A. F. Pocock and
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Location:

23'32'4S" „, 23'43'0O"
45* 34-30" to

45*42'0O"

Covered

(4) APHANITIC-CALCARENITIC LIMESTONE:
Yellow and white commonly marly and
fossiliferous (recrystallized molluscan debris)

aphanltic and calcarenitic limestone: occa-
sional thin beds ot sandy limestone and
pelecypod-bearing limestone. Brown crys-

talline dolomite grading to oolite calcarenite

caps sequence and forms strong bench.
Brownish-gray brachiopodai calcarenitic

limestone occurs at bottom of section.

(28.2 m)

(3) APHANITIC LIMESTONE: Alternating beds
of gray, white and brown, rubbly weathering
aphenitic limestone: occasional stringers of

finely crystalline dolomite. Prominent bed
of white, soft, marly limestone occurs in lower

part. Tan marly poorly exposed shale
occurs near the middle and gray-green and
olive-green shale with thin beds of white
marly fine-grained limestone makes up basal

part of unit. (71.1 m)

(2) DOLOMITE AND LIMESTONE: Cream im-

pure finely crystalline dolomite: subordinate
interbeds of fine-grained limestone and fine-

grained well-cemented oolite and coquina.
Grey porous partially recrystallized coquina
with abundant small indeterminant fossils

caps unit. Gray tight fine-grained to micro-

crystalline limestone with brachiopods and
some strongly cemented, shelly and oolitic

limestone occur in lower part. Basal bed is

poorly exposed, white, rubbly weathering
limestone with foraminiferal oolite near the

top. (33.7 m)1
(1) DOLOMITE AND SHALE: Dominantly tan

to white, rubbly weathering dolomite: sub-
ordinate tan to gray fine-grained limestone.
Poorly exposed unit of olive-green, partially

gypsiferous shale occurs in upper part.

Basal part is covered, but probably tan
gypsiferous clay-shale with thin bed of pink

and white poorly sorted angular granitic sand
and fine conglomerate at bottom. (3B.4 m)
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R. P. Kopp pieced together a section as far north as

Qusayba?; but much of the sequence is covered, and

many of the interval thicknesses were calculated. The
composite section indicated 255 m of Khuff with 76 m
of Khartam limestone, 63 m of Midhnab shale, and

116 m of lower Khuff limestone.

Northern area Khuff is best characterized by the

section exposed about 30 km north of Buraydah near

lat 26°30' N. Here, Pocock and Kopp described an

almost complete succession (section 9, p. 117).

South of the Riyadh-Jiddah road, the Midhnab shale

passes laterally into carbonate. With loss of the shale

separator, the three-fold subdivision can no longer be

recognized at the Ar Rayn reference section. About
100 km south of Ar Rayn, other significant changes in

Khuff lithology can be observed. Near Al Mulayb
(lat 22°36' N.), sand and shale intertonguing with car-

bonate give the first hint of the complete replacement

by sandstone that occurs farther south. R. D. Gier-

hart and others in 1949 traversed and composited the

poor Khuff plains exposures in the Al Mulayb area; a

summary of their description is given in section 10

(p. 117).

From Al Mulayb south to the Al 'Arig! escarpment, a

distance of about 350 km, the Khuff is largely obscured

by surficial sand and gravel. Because of its low relief

in this area, the Khuff probably is mostly shale and

sandstone. Investigation of partial exposures west of

Al Hadd&r (lat 22°00' N.) tends to confirm this assump-

tion, and further support is offered by outcrops of basal

Khuff elastics near lat 20°00' N., long 44°50' N.

At Al 'Arid, the Khuff sequence is not fully exposed

at any one locality because of partial scree cover, but

a complete section has been obtained by moving later-

ally along the scarp. In 1950, S. B. Henry and R. A.

Bramkamp measured the upper and middle parte of the

formation respectively 11 and 22 km south of Khaahm
Sudayr (lat 19°12' N.) ; the lower part was described by
R. D. Gierhart and L. D. Owens in 1948 at Jabal Umm
Ghlran (near lat 18°42' N.). A summary of this de-

scription is given in section 11 (p. 117).

A recent reconnaissance traverse near 'Unayzah

(just south of Buraydah), revealed discrete evaporite

units within the Khuff. The lowest unit, consisting of

6 in of gypsum, is 28 m above the base of the formation.

A second bed of gypsum (4 m thick) is exposed some
90 m above the base. Two other thin beds of gypsum
were also observed further south in the area of the type

section.

The three major lithologic units identifiable north of

the Riyadh-Jiddah road strongly influence Khuff topog-

raphy. The lower Khuff limestone forms a prominent

20- to 40-m-high wesUfacing scarp, the back slope of

which has been weathered to a series of well-developed

strike ridges. This feature—the Khuff escarpment—is
the first of several distinctive benches to be seen in the

region. The upper limestone supports a somewhat less

prominent ridge—the Khartam escarpment. Between
the Khuff (Safra' as Sark) and Khartam escarpments,

the surface of the Midhnab member is characterized by
a number of small, shinglelike benches. Each bench is

supported by a thin carbonate bed in an otherwise

comparatively soft gypsum-shale sequence. Taken as

a whole, the Midhnab has been eroded into a broad

asymmetric valley sandwiched between the two larger

scarps. The valley is the site of numerous date gardens

from Khuff to Buraydah. Sandstone and shale occur

in the truncated Khuff section at BanI Khatmah.

XATVBI Or OOVTACT WITH ASJACXR FOEMATIOn

Geometric relationships between the Khuff and

underlying unite suggest that epeirogenic uplift and
massive erosion preceded Khuff deposition. Region-

ally, it can be demonstrated that the lower Khuff

contact is everywhere unconformable. From north to

Bouth the Khuff (1) rests successively on Lower Devonian

through Cambrian(?), (2) is in nonconformable contact

with Precambrian basement between lat 24°20' N.

and 20°30' N., and (3) disconformably(?) overlies

Wajid south of lat 20°30' N. The contact between

Khuff and older sedimentary unite is most commonly
limestone on sandstone. In the general area where

Saq Sandstone is overlain, however, the basal Khuff

is a clastic usually sandstone—facie*. South of the

19th parallel the contact is also sandstone on sandstone.

The top of the Khuff is sharply defined along most of

the outcrop belt by conformable contact between

limestone below and red and green Sudair Shale above.

South of lat 19°00' N., Sudair is cut out and Tuwaiq

Mountain Limestone (Upper Jurassic) rests unconfor-

mably on Khuff Sandstone. The pre-Tuwaiq Moun-
tain erosion surface cute progressively deeper into the

Khuff until the formation is removed entirely near the

south end of BanI Khatmah (lat 18°00' N.). There

is little doubt that elimination of Khuff in northern

Arabia is brought about by pre-Wasia truncation,

although sands of the Great Nefud cover the area where

this occurs.
fauoitoiqot avd aob

The Khuff Formation was considered by Steineke

and others (1958) to be of probable Late Permian age.

As the only diagnostic fossils found on outcrop had

been a few poorly preserved nautiloids and brachiopods,

some uncertainty was attached to this age assignment.

Other fossils are not uncommon, but most are nondes-

cript pelecypods and gastropods.

Microfossils derived from recently drilled wells sup-

port a Late Permian age for the Khuff. L. G. Henbeet

Digitized by Google



D32 GEOLOGY OF THE ARABIAN PENINSULA

in 1957 (written commun.) examined a Khuff core

from Dammam well 43 (lat 26°20' X., long 50°10' E.).

Several Foraminifera including ColanieUa parva? (Co-

lani) were identified. Henbest states "Permian is

indicated with fair assurance. According to the

present, rather meager knowledge of the range of

ColanieUa parva? (Colani) the lower part of the Upper
Permian is indicated, but question even of Permian
versus Pennsylvanian age must remain until this

evidence is verified with other information."

Additional core material from well 43 was sent to

Richard Rezak for study. He reported (1959) "Algal

assemblage dates the Khuff Formation as late middle

Permian or late Permian."

A shallow hole drilled in 1961 at the base of the

Khuff escarpment (near lat 22°00' N.) yielded Upper
Permian spores and pollen. Another Upper Permian
(Thuringian) spore and pollen suite was collected in

1962 from a deep bore hole drillled near lat. 21°50' X.,

long 48°00' E,

On outcrop, the lower Khuff fossils (shown on fig. 2)

were collected between 40 and 72 m above the base of

the formation. Those listed in the upper Khuff were

collected from 2 to 28 m below the formation top.

Although the faunas of the lower and upper Khuff
differ somewhat in species, the two assemblages are

essentially similar generically. Both collections in-

clude genera that are not known to occur above the

Paleozoic. A comprehensive listing of fossils collected

from Khuff outcrop includes: Crurithyris? sp., Derbyia

cf. D. cymbula, Derbyia spp., Derbyia?', MctkeUa? sp.

cf. Orihottits, cf. Rhipidomella, SchucherteUa? sp.,

Antalis, Antalis?, Aviculopecten spp., BeUerophon spp.,

BelUrophon?, Botulus? sp., Cardinia? sp., Cireulopeeten

sp., Coelogastrocerai aff. C. mexicanum (Girty), Oym-
polia, "Dentalium" sp., Dimyopsis sp., Dimyopsis?
sp., Foordiceral transitroium (Waagen)?, Hyolithes sp.,

NaviUu* spp., Oxyioma? sp., Pleuromya? sp., Pleuro-

tomaria? sp., Taenioceras? sp., indeterminate pectinids,

cerithids, and loxonemids, Dadoxylon indicum, iApido-

dendron sp., indeterminate amphineuran impressions,

bryozoa, echinoid fragments, and ostracodes.

GROUND WATER

Shallow hand-dug water wells occur only sporadically

through the area of Khuff outcrop. Villages in the

northern area are concentrated along the Midhnab
shale trough where surface runoff from the lower

Khuff limestone collects.

HYDROCARBONS

Few deep wells have penetrated the Khuff Forma-
tion, and petroleum potential of this unit has not

been fully evaluated. Some promise is indicated by
the fact that gas has been found at several localities.

Dirnrmoa

The Sudair Shale is named for Khashm SudayT
(lat 19°12' X., long 45°06' E.) where the lower part

of the unit is well exposed. A complete discussion of

the development of present-day Permian and Triassic

nomenclature is included in the definition of the Jilh

Formation (p. 35).

The Sudair was first separated out as a discrete

unit in 1945 by R. A. Bramkamp. who designated it

the lower member of the now obsolete Es Sirr Forma-
tion. In 1951, R. D. Gierhart and R. A. Bramkamp
raised the rank of the Sudair to formation and estab-

lished the Al 'Arid escarpment as the type locality.

Formal publication followed in 1952 (Steineke and
Bramkamp, 1952b), and the type section was described

by Steineke and others (1958). The total type section

(116 m) was pieced together from three measured

sequences: the lower 27.1 m is exposed at Khashm
Ghudayy (lat 19°17'42" X., long 45°06'27" E.),

another 23.1 m was picked up 12 km further north

(lat 19°23'23" X., long 45°08'00" E.), and the upper

65.8 m occurs at Khashm Abu Ramadah (lat 19°36'09"

X.,long45 o07'21" E.).

The base of the Sudair is placed at the top of a platy

sandstone unit believed to be equivalent to the top

of the Khuff Formation in its type section. The upper
limit is at the contact between red Sudair shale below
and Middle Jurassic sandstone above.

occnaaci aid raicnas

There are few good exposures of the Sudair. How-
ever, original extent of the formation can be inferred

from isolated outcrops and, in areas of cover, from the

Sud air's characteristically depressed topographic ex-

pression. Using these criteria, the Sudair can be
traced from lat 27°10' X. almost to lat 19°00' X., a
distance of 850 km. Along most of its length, the

erosional valley is flanked by more resistant units

—

the upper Khuff (Khartam) limestone on the west and
lower Jilh sandstone and limestone on the east.

Trapped Quaternary sand and gravel now fill much of

the trough.

The northernmost outcrop of Sudair is in a small

mud flat, Mudarraj (lat 27°10' X., long 43°43' E.).

To the south, isolated remnants of lower Sudair occur
in a thin band between the XafQd as Sirr and Khuff
limestone. Xear the south tip of XafQd as Sirr (lat

24°20' X.) the pattern shifts and only upper Sudair
is exposed, protected in this case by the overlying Jilh
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as far south as lat 23°45' N. Between lat 23°45' N.

and 19°45' N., a distance of nearly 450 km, Sudair

rocks are exposed only in small windows in Quaternary

cover. Outliers of this type occur near Al Juwayfah.

Al Haddaar, Khashm Mishlah, Khashm Taryam and
Khashm Kumdah. The most southerly and best

exposures of the Sudair are in the northern part of the

Al '.Arid escarpment.

Poor exposure has permitted accurate measurement
of Sudair thickness only in two places—near Buraydah
and at Al 'Arid. Some idea of regional changes can

be obtained, however, by supplementing these figures

with calculated data. Generally speaking, the for-

mation thins southward. A maximum thickness of

19S in was pieced together from exposures north of Buray-

dah; a minimum (116 m) was obtained at the type

section near lat 19°30' N. An anomalous interval

of about 180 m occurs between lat 22W N. and
23°00' N. Whether this represents actual reversal

in the regional trend or results from error in calculation

and measurement is uncertain.

Sudair lithology is dominantly brick-red and green

•ihale with subordinate red siltstone, sandstone and
gypsum. Several thin lenses of carbonate are inter-

bedded in the extreme northern and southern parte

of the outcrop.

The type Sudair section, composited from several

measurements at Al 'Arid, is the most complete sequence

available (fig. 3). The upper part of the formation

(65.S m) was measured by R. D. Gierhart and
L. D. Owens in 1948; the remainder, by Gierhart

and R. A. Bramkamp in 1950. Their description of

the Sudair is given in section 12 (p. 117).

Because of poor exposures, the Sudair north of the

type locality has not been described in detail. Partial

measurements and limited field observations do suggest,

however, that the lithology of the formation is re-

in .irkably uniform. In most areas, dark-brick-red

shale predominates. Siltstone, sandstone, and gypsum
"ccur in all sections, but substantial amounts are

present only in the north.

D. A. Holm, A. F. Pocock, and L. F. Ramirez in

1948 pieced together numerous poor exposures south

"f Wadl ar Rimah. The composite measurement
gives some idea of lower Sudair rock types in this

area. A white to tan, friable, poorly sorted, silty,

and very fine to medium-grained sandstone directly

overlies the Khuff. Weathered outcrops of this unit

are often permeated with a white, gypsiferous powder,

and slabs of satin spar litter the scree surface. Erosion

commonly cuts the sandstone into a complex of narrow

gullies and sharp, low-relief hills reminiscent of badlands

topography. Dark-brick-red gypsiferous shale is the

main component above the basal sandstone. Some
gray-green shale is present, and three thin, isolated

beds of light-gray, finely crystalline dolomite (with

some evaporite laminations) are included within the

brick-red sequence. N. M. Layne, Jr., and H. L.

McAlister in 1957 studied several short intervals of

Sudair in the same general area. Beds of massive

gysum from 8 to 13 m thick were observed within the

succession of red and purple gypsiferous shale.

Outcrops north of Buraydah were investigated by

A. F. Pocock and R. P. Kopp in 1949. A combination

of measured sections and calculated intervals indicates

a thickness of 198 m of Sudair in this area. Most

exposures are gray, rarely j'ellow, red, and green,

friable, in part crossbeddod, moderately sorted, fine-

to medium-grained sandstone with common thin

interbeds of red and gray-green shale and gypsiferous

siltstone. Several thick beds of red and green shale

and thin beds of red, impure limestone are present in

the middle part of the formation.

Surface relationships, supported by subsurface data,

indicate that the Sudair Shale conformably overlies

the Khuff Formation along the entire length of outcrop.

North of lat 22*00' N., the contact is usually shale

on limestone. To the south, Sudair shale rests on

sandstone.

Between lat 28°10' N. and 22°00' N. the Sudair

is conformably overlain by the Jilh Formation (Middle

Triassic). The contact is commonly marked by

gradation upward from red and gray silty shale

through ferruginous siltstone to mottled, fine-grained

sandstone. Quaternary gravel masks events south

of lat 22°00' N., but regional geometrical interpretation

shows that, the Jilh should be completely overlapped

by Dhruma Formation (Middle Jurassic) in the vicinity

of lat 21°00' N. At Khashm Kumdah Gat 20°17' N.)

and in the northern part of Al 'Arid, Dhruma can be

seen directly on Sudair.

Exposures in the face of the Al 'Arid escarpment

show the unconformable Sudair-Dhruma contact rising

uniformly to the south at a rate of 00°08' to 00°10'.

At this rate, the Dhruma is cut out and the Sudair

is intersected by the overlapping Tuwaiq Mountain

Limestone (Upper Jurassic) just north of Khashm az

Zifr (lat 19°30' N.). Continued pre-Tuwaiq Moun-

tain truncation eliminates the Sudair a few kilometers

south of Khashm Sudayr.

PALIOHTOLOOT AID A91

No fossils have been found in Sudair outcrops.

Solely on the basis of stratigraphic position, the Sudair
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Location:

19°36'09"-45*07'21"

19*23'23"-45 , 08'00"

19*17 ,42"-45*06'27"

SHALE: Poorly exposed brick- to dark-red
massive shale, occasional sllty layers. A
thin calcareous siltstone and Impure lime-

stone unit occurs approximately SO meters
above the base. Lower part includes thin

beds of friable fine-grained sandstone

Surface exposures barren. Spores and pollen

in equivalent subsurface section identified

as Upper Permian and Lower Triassic
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SANDSTONE:
sandstone.

Pink, white and red fine-grained Section composited from 3 locations

After R A Bramkamp, R D Gierhart.

and L. D. Owens. 1948 and 1950

scale 11000
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was originally presumed to be of Permian age (Steineke

and Bramkamp, 1952b) and later, Permian or Triassic

(Steineke and others, 1958).

Recent examination of Sudair floras recovered from

wells has yielded new evidence indicating a Permian-

Triassic contact within the formation. In wells where

the lower Sudair is fossiliferous, an Upper Permian

(Thuringian) flora is found. (D. O. Hemer, Aramco,

unpub. data, 1962). Such bisaccate pollen as Hojf-

mrxAUrittH microdem Wilson and various forms of

LueckisporiUs have been identified. The hystricho-

sphaerid Wilsoiuwtrum, closely associated with the

Permian and Triassic contact, is also common.
Striated bisaccate pollen, so pronounced in the

Jilh (Middle Triassic), also occurs in the upper part

of the Sudair. The range of these bisaccate pollen

grains begins immediately above rocks that contain

Upper Permian pollen. As there is little variation in

the Jilh and Sudair forms, the contact between Middle

and Lower Triassic cannot be definitely determined.

However, the development of striated bisaccate pollen

is so closely related to the Early Triassic that there is
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little doubt that the upper Sudair is assignable to this

epoch.

For all practical purposes, the ground-water potential

of the Sudair Shale is unknown. A number of shallow,

hand-dug wells do exist in the Sudair outcrop belt,

but nothing is known of their quality, productivity, or

actual water source.

TBJA88IC aYSTEM

JIUI FORMATION—MIDDLE AND UI-PFH(T) TRIASSIC

The Jilh Formation is named for Jilh al 'Ish&r, a low

escarpment across which the type section was meas-

ured. Beds now assigned to the Jilh were first de-

scribed by Max Steineke in 1937 (unpub. data) but

were then included as part of a much larger sequence

—

the Es Sirr Member. At that time the Es Sirr and

KhufT Members combined formed the Mustawi Forma-

tion. Later, in 1945, R. A. Bramkamp raised the Es

Sirr and Khuff to formational status, separated the

Jilh limestone from bracketing Btrata, and designated

the Jilh the middle of three members within the Es

Sirr. From top to bottom the three members were:

(1) Upper Es Sirr Sandstone (now Minjur Sandstone),

(2) Jilh Limestone (now Jilh Formation), and (3)

Lower Es Sirr Member (now Sudair Shale). Con-

currently, Mustawi was raised to group rank. In 1951

R. D. Gierhart and Bramkamp changed the three Es
Sirr Members to formations and, at that point, allowed

the terms Es Sirr and Mustawi to lapse.

A list of the Permian and Triassic formational names

now in use was published by Steineke and Bramkamp
(1952b). Formal publication of Jilh and other type

section particulars followed in 1958 (Steineke and

others). The type Jilh section was measured and

described on a nearly straight-line traverse from lat

24°03'48" N., long 45°46'00" E., northeast to lat

24°H'06" N., long 45o51'30" E.

The base of the formation is covered at the type

locality, but the contact can be seen 3 km northwest

where friable sandstone and green shale of the Jilh rests

conformably on red shale of the Sudair. The top is at

the contact between yellow-brown, slabby-weathering,

fine-grained limestone below and tan, massive, com-

monly crossbedded sandstone of the overlying Minjur.

Outcrops of the Jilh Formation form a narrow,

arcuate band from Al Haddar (lat 22°00' N.) to the

northern edge of Shfimat al Akbfid (lat 28°10' N ), a

distance of about 770 km. For all practical purposes

the Jilh is exposed continuously between Wfidl Birk

(lat 22°15' N.) and *Irq al MashOr (lat 26*20' N.). To

the north and south however, surficial deposits cover

all but a few, thin, isolated patches. Throughout most

of its outcrop, width of the Jilh ranges from 8 to 20 km.

The Jilh landscape, for some 70 to 80 km north of

Wfidl Birk, is dominated by a pair of steep, west-facing

scarps. Near lat 24°00' N. these scarps break down

and merge imperceptibly into a broad belt of low,

multiple benches with a persistent regional strike of

N. 29° W. This series of ragged, sand-drifted benches

persists north to the Riyadh-Jiddah road and then

gradually rises to a bold scarp whose steplike outer

profile reaches a relief of 100 m at Ad Duwaybirah

(lat 26°13' N.). The scarp continues north in bold

relief until breached by the wide sand-filled channel of

Wfidl ar Rimah. North of the wfidl, it becomes pro-

gressively less precipitous and all but looses its topo-

graphic identity before passing under sands of 'Irq al

Mashnr. Jilh rocks can be picked up within the 'Irq

where they appear as low benches of slumped oolite in

a broad sand-free area—Sh&mat al Akbfid.

Regional change in thickness of the Jilh is fairly well

established by sections uniformly spaced along the out-

crop. From the 26th parallel north there is little

variation from an average thickness of about 240 m.

The formation gradually thickens southward to a maxi-

mum of 326 m at the type section (near lat 24°00' N.).

About 35 m of thinning occurs between the type local-

ity and a section measured north of Wfidl Birk. South

of the wfidl, the Jilh thins abruptly, and at the southern-

most outcrop near Al Haddar, calculations show only

130 m of strata sandwiched between the Sudair Shale

and Minjur Sandstone.

A characteristic feature of the Jilh Formation is

marked vertical and lateral change in lithology. The

picture is further complicated by the fact that softer

units are often obscured by blocky talus derived from

limestones capping individual benches. This is par-

ticularly true in the central area where differential

relief between individual benches is seldom more than

a few meters and the absence of crosscutting channels

makes it difiicult to get a true idea of the rock sequence.

At the type locality, near lat 24°00' N., the Ji b. is

chiefly a sandstone and shale unit with prominently

exposed, but nonetheless subordinate, limestone. Con-

centration of the carbonate beds at the top and just

below the middle of the section do help to subdivide

the Jilh into smaller, more natural units (pi. 5).

South of the type locality the formation grades

rapidly to sandstone. The isolated outcrop at lat

22°05' N. is the last one in which the Jilh can be sep-
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arated with some certainty from the overlying sandstone

of the Minjur.

Proportions of shale, sandstone, and limestone remain

relatively constant from the type section north to Ad
Duwaybirah, although some increase in calcareous con-

tent is evident. The succession does not, however, fall

into any rough grouping similar to the type section, as

various rock types are intimately interbeddcd through-

out.

Significant change in Jilh lithology takes place north

of Wfidl ar Rimah as shale and sandstone in the lower

two-thirds of the formation are progressively replaced

by limestone. In connection with this, the sequence

near the north end of Safra' al Asyab appears to be

mostly carbonate. Of particular interest are thick

gypsum beds found in the upper one-third of the unit

near 'Ayn Ibn Fuhayd (lat 26°46' N.) . Beds of gypsum
as much as 13 m thick are intercalated with rubbly marl

and shale through an interval of 70 m. Lack of ex-

posures does not permit tracing of the gypsum to the

northwest
;
however, the fact that the interval is occu-

pied by a string of silt flats is, in itself, suggestive that

evaporites and(or) other soft beds do extend along the

northeastern edge of Safra' al Asyab.

There is little doubt that Jilh deposits are, for the

most part, continental, with limestones representing

individual marine incursions. The general pattern in-

dicates that the succession becomes increasingly cal-

careous and more marine to the north. This gradation

is exaggerated by the surficial appearance of the out-

crop itself. Black iron staining tends to emphasize the

sandstone in the south at the expense of other rock

components. Conversely, sandstone from Wftdl ar

Rimah north seldom weathers dark, and this, coupled

with the blocky limestone talus from numerous low-

relief benches, accents the carbonate content.

A section measured across the Jilh al 'Ishar by Max
Steineko and others in 1946 was, later the same year,

selected by R. A. Bramkamp to serve as the type Jilh.

As this sequence (pi. 5) remains the most complete and

best description of the Jilh Formation available, a

detailed description is given in section 13 (p. 1 IS).

In 1949, Bramkamp and S. B. Henry traversed the

Jilh Formation west of Khashin al Manjur (lat 23°

31' N.). Their work, coupled with limited reconnais-

sance mapping south of Wadl Birk, shows that south

of the type locality the Jilh is mainly in sandstone

facies. A summary of their description is given in

section 14 (p. 119).

The cleanest exposures of the Jilh Formation, other

than at the type locality, occur in Al Qaslm (near lat

26° 15' N.) and Safra' al Asyab. Rock types exposed

in the Qaslm closely resemble those at the type section.

On the other hand, a distinctive facies shift to increased

carbonate can be seen along Safrfi' al Asyftb. A meas-

urement and description of the Al Qaslm sequence was

made near Ad Duwaybirah by A. F. Pocock and

R. P. Kopp in 1949. The same year, they also compiled

other representative Jilh sections near 'Ayn Ibn Fuhayd
and Pldah (lat 27°06' N ). Generalized descriptions

for these measurements are given consecutively in

sections 15, 16, and 17 (p. 119-120).

Surface-subsurface relationships show the Jilh For-

mation to be conformable with Sudair Shale below and
Minjur Sandstone above. Uppermost Sudair is visible

on outcrop at only a few localities, and, as a conse-

quence, the base of the Jilh is commonly taken at the

lowest Jilh limestone bed. In this case, the contact

falls within a gradational zone of sandstone, shale, and
a few thin layers of red marly limestone. As the zone

usually does not exceed 15 m in thickness, the accuracy

of the pick probably varies no more than a few meters

from the precise contact.

The upper Jilh contact is most often marked by a

strong topographic break between sandy, commonly
oolitic, cliff-forming limestone (Jilh) and medium- to

coarse-grained, plains-forming sandstone (Minjur). In

some areas, a thin, poorly exposed interval of platy

marl, gypsiferous shale, and gypsiferous siltstone is

sandwiched between the uppermost Jilh bench and the

coarse sandstone of the Minjur.

The Jilh is the lowest of a series of formations that

thin to the south and transgressively overlap each other

onto the Sudair Shale. This transgressive relationship

can still be seen in beds well up in the Jurassic. The
decrease in Jilh thickness may be due to thinning against

the margins of the basin, truncation by succeeding

strata, or a combination of both. The absence of

obvious unconformity adjacent to or within the Jilh

is puzzling; however, conditions of deposition near the

shield were remarkably constant, so that breaks within

the stratigraphic section would be difficult to detect.

PALBOKTOIOOT AID AO!

Fossils collected from Jilh exposures, mostly poorly

preserved, include Cardinial, Myopk(-ria spp., Pseudo-

monotvi 8p., fragments and nuclei of ammonites, a few

amphibian(?) bone fragments, and indeterminate pelec-

ypods. Fossil wood has been observed at several levels,

but the material has not been positively identified.

About 40 fragments and nuclei of ammonites (col-

lected between 45 and 55 m below the top of the Jilh

and near the Marah-Buraydah road) were referred by
Arkell (1952) to the Paraceratites fauna of Middle Tri-

assic age. The same specimens were later examined
in 1961 by X. J. Silberling (written commun.); he
recognized most of them as clionititids and clydonitida
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mtd their age as I.ate Triassic. Silberling states his

'•best guess as to a more refined Btratigraphic assign-

ment is Norian ((upper Upper Triassic) based on the

resemblance of some of the fragments to such genera as

Clydvnites, Sandlingites, SteinmannUes, and Allocliontfes.

However, assignment to an older part of the Upper
Triassic is not precluded."

Other evidence on the age of the Jilh comes from bore

holes where spores and pollens have been recovered

from equivalent strata. The flora of the upper part

of the Jilh contains such forms as Cuneatispontes

radialis Leschik, Pitysporites neomundanm I/eschik,

Unattxttispontes mohri, I^eschik, EUipsovelatispontes

pHeatu* Klaus, Oealipollis lunzensis Klaus, Enzonala-
sporUe* sp., t hordasponies sinallichorda Klaus, and
Taeniae*pontes sp. In the lower part of the Jilh

striated bisaccate pollen grains become dominant and
include Striatites jacobii Jansonius, Striate* richteri

iKlaus) Jansonius, Platysaccus sp., Venjhacium sp.,

I.ueckisporiies spp., and Taeniae*pontes intermptus

Jansonius. According to D. O. Hemer, Aramco, (writ-

ten commun., February 10, 1963), the bisaccate pollens

found in the Jilh equivalent in bore holes have pub-
lished ranges from middle Keuper through Early Tri-

assic (Scythian). Logical interpretation places the

varied flora in the Middle Triassic.

Although the Jilh is considered here to be Middle
Triassic, it is possible that at leASt part of the unit is

Lpper Triassic.

ROUND WATER

Aside from a few scattered shallow, hand-dug wells

there has been no development of Jilh ground water.

The Minjur Sandstone is named for Khashm al

ManjOr (lat 23°31' X.) where the upper part of the

formation is exposed. Max Steineke (unpub. data,

1937) did nor originally set the Minjur apart from other

Triassic units but included it, along with beds now
assigned to the Jilh and Sudair, in the Es Sirr Member
fobsolete). Subsequent subdivision of the Es Sirr and
evolution of Triassic nomenclature is described in de-

tail under the definition of the Jilh Formation (p. 35).

The type section of the Minjur extends from the

eastern edge of the dip slope formed by the top bed of

the Jilh Formation (lat 23°34'33" X., long 46°07'15"

E.) up to the base of the Marrat Formation in the

face of Khashm al Khaltfi' Oat 23°35'24" N., long

46° 10'36" E.).

The base of the Minjur is at the contact between

brown, sandy, oolite calcarenite with marine fossils

below (Jilh) and tan, commonly crossbedded, non-

marine sandstone above. The upper limit is the un-

conformable contact of this sandstone with red shale

of the Marrat.

OCCUUUICI AHD mCKSESS

Outcrops of Minjur Sandstone have been identified

over a distance of 820 km; that is, between lat 21°32'

N. and 28°07' X. The southernmost, occurrence is an
isolated patch in front of the Tuwayq escarpment near

AJ Ji'lfin (lat 21°30' X.). From Al Haddar flat 22°00'

N.) north to Trq al Ma^hQr (lat 27°14' N.) the Minjur
is continuously exposed except for breaks at Wadl
Birk and Wadl ar Rimah. Minjur rocks again appear

in an outlier north of 'Irq al Majhur between lat

27°56' N. and 28°07' X.

The Minjur outcrop measures some 33 km across

at its widest point near lat 24°30' X. Xarrowing to

the north and south, the last complete sections an
less than 10 km wide.

Xorth of the latitude of Khashm adh Dhtb! (lat

24°13' X.) the Minjur typically weathers to a broad

gravel plain with scattered black hills and low discon-

tinuous benches. Relief is somewhat more pronounced

toward the northern end of Safrfi' al Mustawl where

Jibal Ar Rukhman flat 26° 15' X.; long 44°29' E.) and

Burmah flat 26°19' X., long 44°27' E.) rise 30 m above

the surrounding gravel-covered surface. Wadl ar

Rimah marks the northern limit of the Safra' al Mus-
tawf plain, and beyond, the Minjur forms a broad

trough rilled with silt flats. From Khashm adh Dhlbl

south the band of Minjur narrows; the upper part is

exposed in a steep slope at the foot of Jabal Tuwayq,
and the lower part mostly obscured by gravel cover.

The Minjur Formation is 315 m thick at Khashm
al Khalta, the type locality. There is little change in

thickness as far south as Khashm Maw&n (lat 22°50'

X.) where 326 m were measured. South of Khashm
M 5wan some thinning is apparent, presumably owing

to truncation and overlap by Lower and Middle Juras-

sic unite. Thicknesses and relationships in this area

are obscured, however, because of strong lithologic

similarity of Minjur with bracketing strata.

The Minjur Formation shows definite thinning north

of the type locality. About 290 m of section was

measured at Khashm adh Dhlbl, 195 m was measured

and computed near Ar Rukhman and 185 m was cal-

culated north of Wadl ar Rimah.

LITHOLOOIC CIAJACTIB

The Minjur Formation is essentially a littoral-

continental sandstone with small amounts of conglom-

erate and shale. The lithologic character of the

unit as a whole is remarkably persistent along strike.
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It is typically a white to tan to brown, medium-grained,

poorly sorted, crossbedded quartz sandstone that

weathering commonly alters to jet-black quartzite

masses. The sand is often friable, crushing readily

in the hand. Lenses of conglomeratic sandstone occur

at a number of levels, and some thin beds of red, purple,

and green shale are intercalated. Ripple marks, mud
cracks, and sandbar structures are common, and fossil

dunes occur in the upper part of the section. No
marine fossils have been found, but several forms of

fossil plant material are present throughout. These

include crude stem impressions and molds of limbs and
trunks of trees as well as sihcified wood.

The most detailed description and measurement of

the Minjur is that made at Khashm al Khaltft' in 1951

by R. A. Bramkamp and others (pi. 6). This section,

now designated as the type Minjur, is given in section

18 (p. 120).

The lower and upper parts of a complete Minjur

section (327 m) were measured in the face of Khashm
Mawftn (near lat 22°50' N.) respectively by R. D.

Oierhart and L. D. Owens in 1947 and R. A. Bramkamp
and H. A. Kimball in 1950. The lithology at this

latitude, as well as in the localities studied further

south, is mainly sandstone with subordinate shale.

The sandstone is off-white to tan to brown, red and

black weathering, generally crossbedded, medium to

coarse grained, and commonly friable. The shale,

occurring as thin interbeds throughout the sequence,

is gray, purple and red, and commonly silty or sandy.

Maximum thickness of any individual shale bed seldom

exceeds 5 m. Several thick beds of quartz-pebble

conglomerate occur, one at the top of the Minjur and

others near the base.

Traverses north of the type locality also show little

variation in lithology. A. F. Pocock and R. P. Kopp
in 1949 pieced together a typical section from intervals

measured and computed near lat 26°15' N. Most
outcrops, through the 196-m succession, are light-

colored, in part black-weathering, fine- to coarse-

grained, poorly sorted, crossbedded sandstone. Thin
beds of varicolored gypsiferous shale are scattered

through the section, and two weak benches of thin-

bedded, platy marl occur in the middle part of the

formation.

In summary, Minjur lithology—both vertically and
laterally—is a monotonous succession of light-colored,

crossbedded sandstone with perhaps 10 percent shale

occurring at various levels. Lenses of conglomeratic

material are common.

ATOM OF COSTACT WTTI ADJAGUT FOIMATIOVS

The contact between the Minjur and underlying Jilh

Formation is generally marked by a strong topographic

break from cliff-forming, sandy and oolitic limestone

capping the Jilh to deeply weathered, crossbedded

sandstone of the Minjur. There is commonly a very

thin, poorly exposed gradational zone of platy-weather-

ing marl and gypsiferous shale. This contact is con-

formable and can be traced with few interruptions

throughout the length of outcrop.

The top of the Minjur represents an unconformity.

From Khashm adh Dhlbl north this contact is between

maroon siltstone or gray to black-weathering sand-

stone of the Minjur and gray to tan, tight limestone of

the basal Marrat. South of Khashm adh Dhlbl the

basal Marrat grades to shale, siltstone, and eventually

sandstone near lat 23°00' N., where, because of litho-

logic similarity, the break can no longer be recognized

with certainty. The Minjur south of lat 22°00' N.
is obscured by cover; however, geometrical interpreta-

tion of bracketing units suggests that complete wedge-

out occurs near lat 21°00' N. At least part, and
probably most, of the cutting takes place at the top.

In connection with this, Dhruma beds (Middle Jurassic)

overlap the Marrat (Lower Jurassic) just south of

Khashm Mawftn, transgress the Minjur and Jilh, and
butt against Sudair (Permian and Triassic) near W&dl
ad Dawasir.

Obvious thinning of the Minjur can be seen between

Khashm adh Dhlbl and Wad! ar Rimah. There is no
evidence to indicate whether pre-Marrat erosion or

depositions! thinning is involved. The last vestiges of

the Minjur are beveled and disappear beneath the

Wasia Formation (Middle Cretaceous) near the south-

ern edge of At Tayslyah plateau (lat 28°05' N.).

PAUOITOIOOT A*D AOS

Only fossil wood has been found in surface exposures

of the Minjur Sandstone. On its basis of the strati-

graphic position, Steineke and others (1958) considered

the Minjur to be Upper Triassic or Lower Jurassic.

Palynological investigation of Minjur sediments re-

covered from deep bore holes has recently shed more
definitive light on the age of these beds. The lower

part of the Minjur contains a predominance of the

pollen grains Sulcatisporiu* interpositv* Leschik de-

scribed from the middle Keuper of Switzerland and
Pityosporites rutineri Klaus as described from the

Carnian (or middle Keuper) of Austria. Directly above
these forms, Minjur strata contain an entirely different

motiosaccate flora. These in turn are overlain sharply

by a Lower Jurassic flora falling within the Marrat
Formation dated by ammonites as Toarcian (Early

Jurassic). If the middle Keuper dating of the very
small bisaccates is correct, it can be assumed tho
monosaccate flora represents a zone of late Keuper age.

That they are Late Triassic is fairly certain. Using
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these data, the Minjur can now be dated as Late
Triassic with some confidence.

ICOBOIIIC ASPECTS

GROUND WATER

In the vicinity of Riyadh several deep wells penetrate

the Minjur Sandstone. These now produce large quanti-

ties of potable water from this aquifer. Elsewhere only

a few hand-dug wells exist, and the ground-water
potential is virtually unknown.

JURASSIC BYBTKM

Dxnarnoa

The Marrat Formation takes its name from the town
of Marah (lat 25°04' -\., long 45°29' E.) near where the

type section was pieced together. Marrat strata were
at first considered by Max Steineke to be the basal

member of the Tuwaiq Formation. In 1945 the Marrat
was raised to formational status by R. A. Bramkamp
and Steineke, and, concurrently, the Tuwaiq was re-

designated a group. The Tuwaiq Group included the

Marrat, Dhruma, Tuwaiq Mountain, Hanifa, and
Jubaila Formations. Formal publication of forma-
tional names followed (Steineke and Bramkamp),
1952b), and, at about the same time, usage of the term
Tuwaiq Group was discontinued. Finally, Steineke
and others in 1958 published particulars of the Marrat
type section.

The lower part of the type section was measured in the

escarpment (at lat 25°03'00" N., long 45°25'42" E.)

about 5 km southwest of Marah; the middle part, in

Jabal Kumayt (lat 25°04'48" N., long 45°28'18" E.)

immediately north of Marah; and the upper beds,

southeast of Marfth (near lat 25°0r30" N., long
45°33'00" E.).

At the type locality, the base of the Marrat Formation
is at the contact between tan, thin-bedded limestone
above and gray, angular sandstone below. The top is

at the change from Marrat gray (golden-brown-
weathering) limestone to olive-green, occasionally gyp-
siferous shale of the overlying Dhruma.

occcuurci amd thicmiss

Discontinuous exposures of the Marrat Formation
can be traced from Khaahm Mftwin (lat 22°50' N.) to
the At Taystyah plateau (lat 28°03' N.), a distance of

more than 650 km. The outcrop band reaches its

maximum width, about 15 km, in the vicinity of

Marah. From Khaahm adh Dhlbl (lat 24°13' N.)
south, the formation narrows and loses topographic
distinctiveness as it dipB under the protective ledge
of the Tuwayq escarpment. In the area immediately
north of Khashm adh Dhlbl, isolated remnants of

Marrat can be seen within and along the northern

margin of NafOd Qunayfidhah. The erratic outcrop

pattern is, at least in part, related to local fractures and

flexures—splayed offshoots from the central Arabian

graben system.

Marrat is again cleanly exposed north of the fault

zone where two continuous, though low-relief, scarps

are readily recognizable*. The benches become pro-

gressively more prominent to the north and, in the

vicinity of Marfth and Shaqra' (lat 25°15' N ), form a

pair of steep west-facing cuestas that dominate the

landscape. The upper escarpment, 55 m in height, is

formed by erosion of soft red shale under a resistant

cap of upper Marrat limestone. The lower scarp, 40

m high, is held up by rough, blocky-weathering, lower

Marrat limestone.

North of Shaqra', the escarpments gradually break

down. The upper bench disappears under the sand of

Nafud ath Thuwayrftt near lat 25°27' N. and does not

crop out again. The basal escarpment, progressively

decreasing in height, persists to the northwest (along

the Safrft' al Mustawt), passes under a thin veneer of

sand near lat 25°45' N., and emerges a short distance

north as a low, intensely weathered bench of reddish-

gray limestone—the Sharftbith escarpment. Dunes of

NafQd ath Thuwayrat again completely overlap the

lower Marrat at lat 26°17' N. Further north, along

strike, interdune hollows within the 'Irq a] Mazhur
are floored with highly weathered basal Marrat lime-

stone. Another outlier of this limestone, the most

northerly occurrence of Marrat known, has been

identified on the far side of the 'Irq near lat 28°00' N.

The Marrat Formation reaches a maximum thickness

of 111 m near Marfth, the type locality. Uniform

thinning occurs to the north and south. A section

composited 15 km north of Shaqrft', near where the last

complete Marrat sequence is exposed, showed the

formation to be slightly less than 90 m thick. South

of the type locality, sections measured at lat 24°13' N.

(Khashm adh Dhlbl), 23°57' N (Khashm al Jufayr),

23°40' N., 23°31' N. (Khashm al ManjQr), and 23°12'

N. (Wad! Birk) were respectively 102, 92, 70, 50, and 41

m thick. The gradual southward reduction in thick-

ness defined by these measurements apparently con-

tinues beyond WadI Birk, but here unit boundaries are

uncertain.
UnOLMIC ClABACTU

In the northern area of exposure, where the Marrat

was first studied, three natural topographic-lithologic

subdivisions are readily visible. Basically the pattern

is a soft red shale bracketed by resistant limestones.

In spite of significant fades changes, the three members
can be traced without difficulty south to Khashm al

Jufayr.
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The lower limestone member is typically exposed in

the Sharabith escarpment west of XafQd ath Thuway-
rat. South of Sharabith, the member crops out almost

continuously to the Safra' al Mtrakah (lat 24°36' X.)

disappears under Xafad Qunayfidhah, reappears at

Khoshm DhuwaybSn, and is again exposed below the

Dhlb! escarpment from Khashm adh Dhlbt south to

Khashm Mawan. Mostly limestone in the north, the

lower part of the member is mainly sandstone and shale

at Khashm Dhuwayban (24°28' X.). The upper part

of the member grades to elastics just south of Khashm
al Jufayr.

The Marrat red shale member is thickest between
Shaqra' and Khashm adh Dhlbt. Xorthwest of Sha-
qra', sandstone and conglomerate displace shale before

the sequence passes under XafQd ath Thuwayrat
(lat 25°27' X.). South of Khashm adh Dhlbl, the" red

shale member maintains lithologic identity to Khashm
al Jufayr though a thick wedge of red, silty sandstone

appears in the upper part. Beyond this point, pro-

gressively more sandstone is added at the expense of

shale.

The upper Marrat limestone, which caps a strong

escarpment, can bo traced with few interruptions from
XafQd ath Thuwayrat to Khashm Qaradan (lat

24°45' X.). The limestone again crops out in the face

of Khashm adh Dhlbt. South of Khashm adh Dhlbt,

limestone is gradually replaced from the bottom up
by shale until, at Wfidl Birk, there remains only a

thin limestone bed capping the sequence. Significant

amounts of sandstone also occur here, and immediately

south of the wfidl, sandstone replacement is complete.

The "typical" Marrat is best illustrated by the

reference sequence measured in front of Khashm adh
Dhlbt. Changes to the north and south are demon-
strated by other selected sections.

In 1962, Powers and McClure sampled in detail a

complete Marrat sequence in the face of Khashm adh
Dhib! (along lat 24°13' X.). Samples collected at

1-m intervals were later cut, polished, and described

according to the Aramco carbonate rock classification

(Bramkamp and Powers, 1958; Powers, 1962). Since

this measurement affords the most complete data on

the Marrat, it has been designated a reference section

(fig. 4). The section was measured in two increments:

(1) Lower 21.5 m in front of Khashm adh Dhlbl from

lat 24°13'11" X., long 46°05'53" E., to lat 24°13'0G"

X. long 46°05'58" E., and (2) upper 81.0 m in the

face of the Dhibi escarpment from lat 24°13'15" X.,

long 46°06'20" E. to lat 24°13'20" X., long 46°06'41"

E.. The Marrat reference sequence is given in section

19 (p. 121).

Several complete traverses and measurements of the

Marrat have been made south of the reference section.

One such measurement, by Max Steineke and others

in 1945 in the vicinity of Khashm al Jufayr (lat

33°57' X.), shows gradual introduction of shale at

the expense of limestone and sandstone at the expense

of shale. The sequence is summarized in section

20 (p. 122).

Still further south, R. A. Bramkamp and others in

1945 measured the Marrat at Khashm al ManjOr.

At this point substantial changes in lithology can be

observed; most of the section is sandstone and shale,

only a vestige of the basal limestone is present, and

the lower and middle Marrat can no longer be sepa-

rated. The sequence is summarized in section 21

(p. 122).

Definite Marrat is identifiable as far south as

Khashm Mawan. The upper formation boundary

cannot, however, be placed with certainty, as the

contact involves sandstone on sandstone. Bramkamp
and H. A. Kimball described the entire Mawan sequence

in 1950 and assigned about 37 m to the Marrat. A
summary of their notes is given in section 22 (p. 122).

The Marfih area affords the best exposures of the

Marrat Formation northwest of the reference section.

It was there, in fact, that the type Marrat was pieced

together. The whole sequence does not crop out at

a single locality but must be composited from several

sections generally along lat 25°02' X. There, the three

informal members of the Marrat are typically de-

veloped. The lower and middle members were de-

scribed by D. A. Holm and A. F. Pocock in 1948;

the upper, by Bramkamp and others in 1949. The
succession is summarized in section 23 (p. 122).

A partial section, covering the middle red-shale mem-
ber, was measured north of Shaqra' (near lat 25°20'

X.) by Holm and Pocock in 1948. At this latitude the

middle unit has thinned to 37.3 m, the upper one-half

is in massive, buff to red, crossbedded sandstone facies,

and the lower part is maroon, in part sandy, shale. A
short distance north, recent sand blankets the middle

and upper Marrat, but outcrops of the lower limestone

persist along strike. Pocock and R. P. Kopp in 1949

calculated a thickness of 39 m for the lower member
near lat 26°10' X. Sporadic exposures at this latitude

suggest the sequence is mainly brown to gray, tight,

aphanitic limestone. Outcrops of lower Marrat, still

in carbonate facies, have been traversed further north,

but detailed data on these outliers is lacking.

BATCH OP COSTACT WITH ADJACMT FO1HATI0M

Regional beveling of underlying strata and absence

of lower and middle Liassic stages show the lower

Marrat contact to be unconformable. In the northern

area of outcrop, the boundary between Marrat and

Minjur is placed at the contact of tan and brown lime-
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Location:
Unit 1

24M3'll"-46*05'53"
24M3 ,06"-46*05'58"

Unit 2. 3. 4

24M3'15"-46'06'20"
24M3'20"-46"06'41"

£
3

Generalized litnology

GYPSUM: Varicolored thinly bedded gypsum

E

O
c
o

(4) APHANITIC AND CALCARENITIC LIME-
STONE: Light-brown, moderately porous
chalky aphanitic limestone: thin interbeds of

brown ct.alky gastropod calcarenltic lime-

stone in lower third of unit. Thin shale beds
In basal part. Major cliff former

/(3) SHALE SILTSTONE. AND SANDSTONE:
Domlnantly red. rarely green and yellow,
shale and siltstone. poorly exposed. Prom-
inent ledge former in upper part reddish-
brown moderately porous fine-grained cross-
bedded calcareous sandstone Thin beds
of aphanitic limestone and gastropod cal-

carenltic limestone near top

(2) APHANITIC AND CALCARENITIC LIME-
STONE AND DOLOMITE: Lower half: mostly
brown medium-grained crystalline dolomite,
some interbedded golden-brown partly dolo-

mitized aphanitic limestone. Upper half:

light- to red brown, porous, commonly
chalky, interbedded aphanitic and calcaremtlc
limestone: lime mud pellets and molluscan
debris most common grains in calcarenltic

limestone- ( 1
r
j l> -n i

'(1) POORLY EXPOSED: Scarce outcrops indicate

complexly interbedded red and green sand-
stone, siltstone. and shale thin beds of

aphanitic. calcarenitic limestone in middle
and near base of section. Capping unit

reddish-brown, medium- to coarse-grained
angular calcareous sandstone. (21 5 m)

Diagnostic fossils

O
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8 mattahcuiri, Pro'ogrammoceros madagoscar/enie.
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SANDSTONE:
medium- to

sandstone

Reddish-brown and white
coarse-grained crossbedded

Vertical scale:

1:1000

Alter K. W. Powers and H. A. McClure. 1962

£co

z>ce

Figure 4.—Marrat Formation reference section.

stone above and gray, friable, crossbedded sandstone

below. Most commonly, the basal Marrat forms a

massive ledge from which large blocks of limestone

talus slide down over a steep Minjur slope. From
Khashm adh Dhuwaybftn to Khashm al Manjttr a I-m

thick bed of tan limestone or dolomite marks the basal

Marrat. Usually, however, the bed is covered by scree,

and the contact is identified by a change from cross-

bedded sandstone below to olive-green shale above.

Continuous tracing of beds has established the contact

a.s far south as Khashm Milwfin although, at this point,

sandstone rests on sandstone. The lower Marrat limit

cannot be set farther south.

The Marrat contact with tho overlying Dhruma
Formation is conformable throughout most of the length

of outcrop. A marked topographic break accompanies

the Hthologic change. Cliff-forming aphanitic lime-

stone (Marrat) is sharply overlain by soft, olive-green

shale or, more rarely, gypsum (Dhrumal. The picture

changes in the vicinity of Wiidl Birk where the upper

Marrat limestone and lower Dhruma shale are, in large

part, replaced by sandstone. South of Wadl Birk the

two formations can no longer be separated on Hthologic

or topographic grounds. As an added complication, it

is likely that Dhruma overlap comes into play in this

area. In fact, the Marrat is compctely pinched out

not far south of Khashm Mtiwiin, and Dhruma beds

transgress onto Minjur.

So far as the northern limit of Marrat is concerned,

mapping shows the formation truncated by Wasia
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(Middle Cretaceous) sandstone just beyond lat 28°00'

N.
PALI0HT0LO0T AID AOS

The Marrat Formation has been dated confidently as

Toarcian by ammonites (Arkell, 1952). Xejdia bram-

kampi Arkell and Hildaitts sanderi Arkell were collected

from the upper member, the middle member is barren,

and lower Marrat beds have yielded Boultieeras nitfctns

Thevenin, B. elegant Arkell, B. arabicum Arkell, B.

marraticum Arkell, and Protogrammoctras madagascar-

iense Thevenin. The BouUicera* fauna is considered

by Arkell to be lower Toarcian; the Xejdia fauna is

dated by him as early upper Toarcian.

Palynulogical determinations (D. O. Hemcr, unpub.

data, 1963) of surface samples obtained by air drilling

indicate that the Marrat-M injur contact also marks the

Jurassic-Trinssic boundary. The Lower Jurassic flora

consists primarily of the form Claxsopollix and associated

trilete spores. Marine microflora are rare, although a

small number of dinoflagcllates and hystrichosphaerids

are present. Abundant Upper Triassic monosaccate

pollen grains immediately underlie this flora.

These data, taken collectively, indicate that early
|

and middle Liassic time is not represented on outcrop.
\

A rather impressive and varied collection of mega-
J

fossils was made during early field work, particularly
;

in the vicinity of Khashm adh Dhlbl. These brought
j

about the early recognition of a Liassic (Early Jurassic)

age for the Marrat, a determination refined by the later

work of Arkell. A complete list of identified fossils

includes: "Rhynchonella" sp., Spiriferina spp.. "Tere-

bralula" spp., Anabacia sp., Montlimltia sp., Acrosalenia

cf. A. somalienms Currie, Iltmipedinal spp., Bou/riceras

niiewtn* Thcvtnin, B. arabicum Arkell, B. marraticum

Arkell, B. elrgan* Arkell, HUdaite* tandrri Arkell,

Xejdia bramkampi Arkell, Xejdia furnishi Arkell,

Protogrammoceras madagascarienxe Thevenin, Ampul-

Ulla sp., Cardium (s.l.) sp., Crralomya spp., Ccratomya?

sp., Ceromyopsis arabica Cox, Chlamys sp., Dixcoeldii

sp., Eligmus sp., Globularia cf. G. hemisphatrica Roemer,

Gryphata spp., Jibula? sp., Lima cf. L. gigantea (Sower-

by), Lima cf. L. harronis Dacque, Lopha sp., Modiolus

(Inoptrna) sp., Mya sp., MytiluM (Arcomytilus) sp.,

Mytilw, Arcomytilus somalirnsis Cox, Mytilusl sp.,

Nautilus sp., Xerinea sp., Xerita? sp., Ostrea spp.,

Orytoma sp., Pholadomya spp., Pholadomya {Homomya)

inornata Sowerby, Pholadomya lirata (Sowerby), Pleu-

romya? sp., Protocardium sp., Psfudotrapezium? sp.,

Pseudomelania sp., Pteria (s.l.) I'urpuroidra? sp.,

Quensttdtia sp., Thracia sp., Turbina? sp., Turbo (*.l );

indeterminate lucionids, nautiloids, indeterminate

molluscs, ostracodes.

In the vicinity of Shaqra', deep water wells are

currently producing from the Minjur Sandstone. The
holes are probably open to the Marrat as well; how-
ever, the quantity of water, if any, being withdrawn
from this unit is unknown. No other data on Marrat

water potential is available.

IHIKI MA FORMATION -MIDIJIJC JUKAMHIC

Diramoi

The Dhruma Formation is named for the town of

Durum (lat 24°36' N.; long 46°07' E.) near the middle

of the outcrop belt. Max Steineke in 1937 first defined

the Dhruma as a member of the Tuwaiq Formation

along with the Marrat, Tuwaiq Mountain, Hanifa,

Jubaila, Arab, and Hit h members. In 1945, R. A.

Bramkamp raised each member to formation and

raised the Tuwaiq to group. Formal publication of

formational names followed (Steineke and Bramkamp,
1952b), and, concurrently, the term Tuwaiq Group was

dropped. Type section particulars were published by

Steineke, Bramkamp, and Sander (1958).

The type sequetice was composited from a series of

successive measurements at Khashm adh Dhlbl (lat

24°12'24" N.; long 46°07'30" E.) and between Khashm
adh Dhlbl and Khashm al Mazru'i (lat 24°19'00" N.;

long 46°19'3fi" E.). This succession in the face and

on the back slopes of Khashm adh Dhlbl is one of the

most accessible and best exposed.

At the type section, the base of the formation is al

the contact between the gypsum and interbedded shale

and limestone and the underlying cliff-forming Marrat

limestone; the top is placed at the contact between

olive-green shale of the upper Dhruma and light-brown,

soft, chalky limestone of the Tuwaiq Mountain
Limestone.

The major subdivisions of the Dhruma Formation

defined by Steineke, Bramkamp, and Sander (1958)

are retained in this report. These are (1) upper

Dhruma— here divided into two members, (2) middle

Dhruma -containing the ammonite zones Dhrumaites,

Micrompbatiles, TiUites, and ThambUes, and (3) lower

Dhrumo—with the Ermoccras zone al top, two unnamed,
units in the middle, and the Dorsetensia zone at the

base (pi. 7).

The upper Dhruma is divided on lithologic and
faunal evidence into two distinct members—the
Ilisyan above and the 'Atash below. The definition

of these members is published here for the first time.

The Hisyan Member is named for Wfidl al Hisyan
(near lat 24°50' N.), a major drainage channel that
cuts directly across the unit. Holm, who first proposed
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the member in 1947, did not designate a type locality,

although it is known that some beds he placed at the

top of this unit are not now included within it.

Type locality for the Hisyan Member is designated

as Khashm al 'Atash (lat 24°10'50" N., long 46°27'53"

E.) where the complete section (46.5 m) is cleanly

exposed. The upper limit is at the lithologic change

from shale with thin interbeds of limestone below to

limestone with thinly interbedded shale above. Litho-

logically, the upper contact is somewhat gradational;

faunally, it is sharp. The lower limit of the member
is firmly fixed at the break from yellow-gray shale

above to yellow-brown calcarenite of the 'Atash Member
below.

The 'Ataah Member is named for Khashm al 'Atash

flat 24°10'50" N., long 46°27'53" E.) where the upper
14.1 m is cleanly exposed. The lower 12.2 m was
described from samples from a shallow air-drilled hole,

T-SO, spudded in at the base of the section used to

define the upper 'Atash. The lower limit of the

member is at the change from chalky calcarenitic

limestone above to impure calcarenitic limestone and
calcarenite of the Dhrumaites zone below.

Considerable economic importance is attached to

the 'Atash Member as it is equivalent, both lithologic-

ally and faunally, to the subsurface Fadhili reservoir—

an important oil-bearing interval in eastern Arabia.

occtrunci amd tkcmiss

Beds of the Dhruma Formation form a boomerang-
shaped arc extending from Al 'Arid (near lat 19°20'

N.) to 'Iraq al Mazhur (near lat 27°05' N.), a distance

of more than 900 km. The outcrop belt reaches a

maximum width of 20 to 25 km in the vicinity of WadI
Birk-Khashm adh Dhibl and narrows irregularly to

the nortb and south.

Dhruma topography in the vicinity of Khashm adh
Dhibl is dominated by three prominent limestone

benches. The lowermost of these is capped by the

Dhibi limestone which supports the high outer escarp-

ment of Jabal Tuwayq. Just north of Khashm adh

Dhibl, the central Arabian graben system breaks the

topographic continuity of the scarps, but beyond, the

benches can again be accurately identified.

Dhruma outcrops north of the grabens are generally

poor exposures of intensely weathered shale under

capping ledges of limestone or, more rarely, sandstone.

Many interbench areas are floored with long broken

ribbons of yellow silt. While this makes detailed

lithologic description difficult, it has a decided advan-

tage so far as precise segregation of fossil horizons is

concerned. The benches become progressively more
subdued until they are covered near Al Qasab (lat

25°18' N.) with a flood of silt and gravel from the

mouth of WfidI al 'Atk. North of the wadi only a

single bench, probably the middle one, remains as a

traceable topographic feature, and the Dhruma forms

a lowland of banded mud flats and low benches sand-

wiched between the Tuwaiq Mountain Limestone

escarpment and the NafQd ath Thuwayrftt. The
Naffld effectively covers the lower part of the forma-

tion throughout most of the area; middle and upper

beds are commonly disrupted and blanketed by a

flood of outwash from the Tuwayq front.

From Al FurQthl (lat 25°40' N.) to Az Zilfl (lat

26°18' N.), the Dhruma appears only in a few gravel-

I
strewn windows in surficial deposits. The formation

I

is completely overlapped by sands of Nafud ath

Thuwayrfit about 20 km north of Az Zilfl. Small

; patches reappear near lat 27°00' N. as yellow silt

flats and sandy-marly benches in hollows within the

'Irq al Mazhur.

From Khashm adh Dhibi south, the Dhruma is

remarkably well exposed in a steplike series of high,

limestone-capped scarps and broad dip slopes. Of the

three benches identified by Holm, only the lower or

Dhibi bench has been traced south, and it can be

I
recognized with certainty at Al Haddar (lat 22°00' N.).

Immediately south of Al Haddar, Dhruma limestone is

largely replaced by shale and sandstone. As a conse-

quence massive scarps fade, and the Dhruma retreats

under a protective cap of Tuwaiq Mountain Limestone.

Maximum thickness of the Dhruma Formation is at

the Khashm adh Dhibi reference section where 375 m
was recorded. Southward the formation thins uni-

formly to 264 m at Wfidl Birk and about 200 m at

Khashm al Juwayfah (lat 22°32' N.). Thicknesses are

uncertain beyond this point, as lower Dhruma sand-

stone is indistinguishable from sandstone of the under-

lying Marrat, Minjur, and Jilh Formations. The gen-

eral picture, however, is one of continued southward

thinning through progressive loss of beds at the base by

overlap. Finally the Dhruma wedges out against the

Sudair Shale near Khashm az Zifr (lat 19°30' X.).

The few Dhruma sections available north of the

reference locality indicate less drastic thinning in this

direction. Intervals measured and computed near lat

25°02' N., 25°32' N., and 26°02' N., and calculated

across the 'Irq al Mazhur give thicknesses of about 375,

350, 330, and 250 m respectively.

IiraOLOUC CBAXACTia

In the area between Wad! al Hawtah (lat 23°33' N.)

and Ar Raghbah (lat 25°09' N.), the upper and lower

benches mapped by D. A. Holm in 1947 separate the

Dhruma into three natural units corresponding to the

upper, middle, and lower Dhruma as defined by Steineke,

Bramkamp, and Sander (1958) and as used in this re-
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port. Basically, the pattern from bottom to top is: (1)

lower Dbruma shale with some limestone that near

Khsahm adh Dhibi contains a thin layer of gypsum at

the base and that has an upper bed of massive, cliff-

forming Dhibi limestone, (2) middle Dhruma -limestone

containing beds of clean, current-washed calcarenite

at various levels, many as units with high-lateral per-

sistence, and an upper oolite bed that forms a prom-

inent cliff, and (3) upper Dhruma shale (Hisyan

Member), with some limestone in lower part ('Atash

Member)

.

The most important lateral change in the Dhruma
Formation is the southward replacement of limestone

and shale by sandstone. The first change is in the

lower Dhruma which becomes dominantly .sandstone in

the vicinity of Khashm al KhaltS' (lat 23°36' X.) ; the

the middle and upper members give way to sandstone

near Al Haddar (lat 22°00' X ). Change from lime-

stone to sandstone takes place abruptly in individual

beds, usually without passing through a shaly phase.

The southward change in facies represents transition

from marine to continental deposition.

In the north beyond Ar Raghbah the proportion of

shale in the Dhruma gradually increases until it domi-

nates the sequence near Al Jurayfah (lat 25°31' X.).

A few thin beds of sandstone also occur hero; progres-

sively more are added northward. Although the trend

toward shoreline conditions is obvious, marine beds

still make up a considerable part of the sequence just

before the Dhruma passes under the XafQd ath

Thuwayrftt.

Selected sections give a more detailed picture of

lateral lithologic changes in the Dhruma. The ex-

cellent exposures at Khashm adh Dhibi are charac-

teristic of the sequence in the central area of outcrop.

R. W. Powers and H. A. McClure measured this section

in 1962 and prepared a detailed description of the

lithologies from polished sections of samples collected

at intervals of 1 m or less. The new measurement,

pieced together in the same general area as the type

section (Steineke, Bramkamp, and Sander, 195S), is

herewith designated a reference section (pi. 7). A com-

plete succession was composited from three increments

—

(1) the lower 120.8 m was measured in the face of the

Dhibi escarpment between lat 24°11'17" X., long

46°H'10" E. and lat24°ll'53" X., long 46°1 1'30" E.,

(2) the middle 63.7 m on the back slope of the Dhibi

limestone between lat 24°11'04" X., long 46°17'14" E.

and lat 24°H'12" X., long 46°17'17" E., and (3) the

upper 190.0 m in the face of the Tuwaiq Mountain

Limestone scarp between lat 24°11'19" X., long 46°1S'

50" E. and lat 24°12'34" X., long 46°19'03" E. A full

description is given in section 24 (p. 123).

South of the reference locality the lower Dhruma is

the first to undergo significant change. The Dhibi

limestone persists but underlying beds show slight re-

placement by sandstone as far north as Al Jufayr

(lat 24
o01' X.). However, most of the replacement

occurs between Faridat Bal'Om (lat 23*42' X.) and

KliHshm al KhaluV (lat 23*36' X.).

The next complete traverse of the Dhruma was made
at Wadl Birk (lat 23°12' X.) where the lower part of

the formation is mostly sandstone and upper units

show little change from the reference section. In 1945,

R. A. Bramkamp and C. W. Brown described the lower

Dhruma; the middle and upper members were covered

by R. D. Gierhart and P. R. Aswerus in 1947. The
sequence is summarized in section 25 (p. 129).

Dhruma lithology at Khashm al Juwayfah (lat

22*32' X.) is similar to the Wadl Birk sequence but

does exhibit some differences. Xotable changes in-

clude: (1) an increase in shale at the expense of lime-

stone, probably involving beds equivalent to the 'Atash

Member, (2) introduction of considerable crossbedding

and fossil wood in the lower sandstone, and (3) loss of

definition of the Marrat-Dhruma contact, although

bracketing markers permit approximate placement.

Further south t lie contact is lost completely.

The Al Juwayfah section was pieced together from

two isolated measurements. Gierhart and L. D. Owens

described the lower Dhruma in the face of the Khashm

in 1947; Bramkamp measured the middle and upper

units opposite Khashm 'Ushayrah (lat 22*36' X.) in

1951. The section is summarized in section 26 (p. 130).

Sections at Khashm Khar(am and along the northern

edge of Sha'ib al Haddar (near lat 22*00' X.) show-

small but significant changes relative to the Al Juwayfah

sequence described above. For example: (1) a thick

lensc of impure limestone and calcarenite has been

introduced, presumably in the lower part of the Hisyan

Member—in bracketing sections the interval is occu-

pied by shale, (2) interbeds of sandstone occur near

the probable level of the 'Atash Member, (3) the Dhibi

limestone is present at both localities but has lost its

cliff-forming character in the Haddar section, and just

to the south it is replaced by sandstone, and (4) beds

below the Dhibi are sandstone which cannot be dis-

tinguished from underlying Triassic units.

Major lithologic variations are evident about 5 kin

south of Al Haddar and at Khashm ash Shajarl (lat

21*46' X ). South of Al Haddar, shale dominates the

\y^\-MicrornphalUex interval; remaining section exposed

(only above the Dhibi) is limestone. At Khashm ash

Shajarl, sandstone is the main constituent, only the

lower half of the \(kromphalitts zone being in carbonate

facies. The two sequences are summarized in sections

27 and 28 (p. 130), respectively.
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South of Khashm ash Shajarl the Dhruma Formation
is, with the exception of a several-meter-thick limestone

at the base of the MicromphaliUt zone, made up of

sandstone and minor shale interbeds. The above-

mentioned limestone has been partly replaced by shale

at Khashm Mishlah (lat 21°08' N.) and completely

replaced by shale at Khashm Taryam (lat 20°37' N.);

at Khashm Kumdah (lat 20°17' N.) the equivalent

interval is entirely represented by sandstone. South-

ward from this point the Dhruma continues in sand-

stone facies, eventually wedging out between Tuwaiq
Mountain Limestone and Sudair Shale near Khashm
az Zifr (lat 19°30' N.).

North of the reference section the middle Dhruma is

the first unit to show perceptible change. By the time

Khashm al rjayslyah is reached (lat 24°51' N.) sig-

nificant amounts of shale have been added at the

expense of limestone. Essentially the same limestone-

shale ratio is maintained in the better exposed outcrops

in front of Khashm at Turfib (lat 25°03' N.).

The closest possible approach to a complete Dhruma
sequence (in the northern area) was composited from

three individual sections measured approximately along

lat 25°02' N. Here, D. A. Holm and A. F. Pocock

described the upper Dhruma in 1948; R. A. Bramkamp
and others described the middle and lower Dhruma
in 1949. The sequence is summarized in section 29

fp- 131).

Progressive addition of shale to the north results

in almost complete replacement of limestone in the

vicinity of Al Jurayfah (lat 25°31' N.). An almost

full succession, except for the basal part, can be pieced

together from measurements of the upper Dhruma
made by Bramkamp and others in 1951 and the middle

and lower Dhruma by Pocock and R. P. Kopp in 1948.

The sequence is summarized in section 30 (p. 131).

Dhruma exposures in the vicinity of Al Ghat (lat

26°02' N.), the northernmost area studied in detail,

are poor but do suggest some significant shifts in facies.

The 66.4 m of upper Dhruma, measured by S. J. Roach
in 1952, is distinctly typical in that most of the Hisyan
beds are greenish-gray, impure, nodular-weathering

limestone in the upper part and reddish-brown, impure,

sandy, fossiliferous, oolitic-detrital calcarenitic lime-

stone in the middle. The probable equivalent of the

lower Hisyan and 'AUsh is olive-green, silty and sandy
shale with rare thin interbeds of greenish-gray sand-

stone and coquinoid limestone.

The middle and lower Dhruma interval was examined

by Pocock and Kopp in 1948. Brown, greenish-brown

tii black-weathering, medium, to coarse-grained, ripple-

marked sandstone in beds 1 to 2 in thick crops out

as ledges at 5, to 30-m intervals throughout the upper

156 in. fnteriedge intervals are usually masked, but

some shale was discovered in the lower 40 m. An
estimated 108 m of covered section intervenes between

the last sandstone ledge and the projected top of the

Marrat Formation. Therefore, the approximate total

thickness of the Dhruma Formation near Al Qhfif is

330 m. Essential details of Dhruma lithology are

unknown to the north.

ATW OF COITACT WITH ADJACIHT FORMATIONS

In the central area from Wadl Birk to lat 25°00' X.,

the Dhruma contact with the underlying Marrat For-

mation is a sharp but conformable lithologic break,

a break from shale (or gypsum in the vicinity of Khashm
adh Dhlbl) above to limestone below. The contact

is nowhere exposed north of this area. From Wadl
Birk south, the lower limit becomes less clear as the

contact disappears in a monotonous sandstone-shale

sequence. Apparently, the Dhruma unconformable'

overlaps the Marrat near Khashm Mawfin (lat 22°50'

N.), then rests on progressively older beds of the Minjur

and Jilh Formations, butts eventually against the

Sudair (near lat 20*00' N.), and wedges out completely

between Tuwaiq Mountain and Sudair near Khashm
az Zifr flat 19°30' N.). Loss of Dhruma beds south-

ward over this distance almost certainly takes place

at the base as successively younger Dhruma strata

lap over progressive^' older rocks. Further data

(from tracing of surface beds and detailed faunal

correlations in nearby bore holes) show conclusively

that beds are not removed at the top.

The contact with the overlying Tuwaiq Mountain

Limestone represents a conformable transition from

shale to limestone. The upper Dhruma limit is placed

at the change from shale, thin interbeds of calcarenite,

and calcarenitic limestone (Dhruma) to soft aphanitic

and calcarenitic limestone with shale partings (Tuwaiq

Mountain). No topographic break marks the contact,

but it consistently occurs 30 to 40 m below the base of

the massive, cliff-forming phase of the Tuwaiq Moun-
tain Limestone. Relationship to the two formations

along strike is maintained with remarkable uniformity.

The change from the predominantly clay lithology of

the Dhruma to the soft, marly limestone of the basal

Tuwaiq Mountain has been mapped from Az Zilfl to Al

Haddar. From Al Haddar south, the contact, although

traceable, is obscured as a thin basal Tuwaiq Mountain

unit, and most of the Dhruma is replaced by sandstone.

The actual elimination of Dhruma beds north of Az

Zilfl is masked by the Nafud ath ThuwayrSt and the

'Irq al MazhQr. Geometry of adjacent units, however,

indicates that the Dhruma is, in fact, cut out by pre-

Wasia erosion near the northeastern edge of 'Irq al

Mazhur (presumably somewhere between long 43°35'

E. and 44°10' E.).
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LOWIK DHRUMA

Arkell (1952) unhesitatingly places the lower part of

the lower Dhruma in the middle Bajocian on the basis

of the Dorsetenma fauna. His assignment of the Ermo-
cenw-bearing beds in the upper Dhibi limestone is some-
what less definite, namely "Early-Upper or late-Middle

Bajocian."

This placement of the entire lower Dhruma within the

Bajocian presents certain problems when viewed in

relationship to the contained foraminiferal faunas.

Those faunas of the lower part of the lower Dhruma are

rich in members of the Lagenidae; while not as yet
worked out in detail, they carry the typical aspect of

published faunas from Bajocian and older beds through-
out the world. On the other hand, the foraminiferal

faunas of the upper part of the Dhibi limestone intro-

duce many of the genera and even a few of the species

which characterize the overlying middle Dhruma.
Among the forms which appear in the Dhibi lime-

stone are the following: Dhrumella evoluta Redmond,
Haurania amiji Henson 1948, Haurania deserta Henson
1948, Nautiloculina spp., Pjenderina inflate. Redmond,
PseudomarssoneUa primitiva Redmond, Riyadhella elon-

gata Redmond (Redmond, 1965).

All the above genera make their first appearance at

this point, some of them to persist through lengthy
ranges. On the species level the situation is even more
striking because Pseudomarsgonella primitiva is abun-
dant in the lower part of the middle Dhruma and
Dhrumella evoluta and Riyadhella elongata range even
higher, completely through the lower two zones of the

middle Dhruma.
Hudson and Chatton (1959) report the entrance of

the genus Nautiloculina in the group b beds of the

Musandam Limestone, together with Haurania amiji

Henson and a Haurania cf. H. deterta Henson. After
suggesting a correlation between the lower part of the

Dhruma Formation and the group b beds on the basis

of comparable microfossils and similar stratigraphic

position, Hudson and Chatton go on to remark that the

type locality of Haurania amiji and Haurania denerta in

Iraq is now considered to be Bathonian in age. In ad-

dition to this they correlate the overlying Haurania
amyi-bearing group c beds with the middle Dhmma.

It would thus appear that the relationship between
the group b beds and the group c beds is exactly anal-

ogous to the relationship between the lower Dhruma
and the middle Dhruma. The lower unit in each in-

stance carries in its upper part faunal elements which
range on up into overlying beds of undoubted Bathonian
age.

Since the Ermoceras faunas of the Dhibi limestone
do not appear to range completely to the top of the unit

ARABIAN PENINSULA

i (see Steineke and Bramkamp, 1952b), and in view of

the foregoing discussion, it is highly probable that the

.Bathonian-Bajocian boundary does not coincide exactly

with the top of the escarpment-forming lithographic

limestone on the uppermost Dhibi but falls somewhere
a Bhort distance below.

MIDDLE DHRUMA

Arkell (1952) lists the following succession of middle

Dhruma ammonite faunas and gives age references.

Top:
Middle (and upper?) Bathooi»n:

DkrumaUt* fauna

MicTompkalitet fauna

TulittM fauna

Lower Bathonian?:

Thambita fauna

Bottom.

There are at least three major foraminiferal zones in

I

in the middle Dhruma, but the exact relationship of

these zones to the ammonite faunas is not yet com-
pletely clear. It is known, however, that DhrumaiUs
occurs within the upper foraminiferal zone and Tham-
biiet,, within the lower zone, but the placement of the

middle ammonite zones within the foraminiferal zones

has yet to be established.

In the following lists detailing the more conspicuous

microfaunal elements of the middle Dhruma the words
"upper", "middle", and "lower" are used purely in the

spatial sense and are intended neither as formal zonal

designations nor as lithic subdivisions.

The lower part of the middle Dhruma contains

Dhrumella evolvta Redmond, Nautiloculina spp., PJen-

derina sp., Pseudomarssonella meelurei Redmond, Pseudo-

marssonella primitiva Redmond, Riyadhella elongata

Redmond.
The middle part of the middle Dhruma contains

Dhrumella evoluta Redmond, Nautiloculina spp., Pseudo-

marssonella reflexa Redmond, Riyadhella elongata Red-
mond, Riyadhella arabiea Redmond, Virgulina spp.

The upper part of the middle Dhruma contains

Flabellammina sp., Nautiloculina spp., Pseudomars-

nonella biangviata Redmond, Pteudomarsaonella tripar-

tita Redmond, Riyadhella inflata Redmond, Riyadhella

nana Redmond, Riyadhella rotundata Redmond. (See

Redmond, 1965.)

UPPER DHRUMA

To date no ammonites have been reported from
accurately placed positions within the upper Dhruma.
Arkell (1952) listed such forms as Oryphaea costellata

Douville, Eligmus rollandi Douville, Eligmue rollandi

Douville var. jabbokensi* Cox, Eudesia cardium Lamarck
and Eudesia cardioidex Douville from this part of the
section and assigned a questioned late Bathonian age
to it.

Digitized by Google



SEDIMENTARY GEOLOGY OF SAUDI ARABIA D47

P. M. Kier, E. Q. Kaufmann, and others of the

Smithsonian Institute are currently studying much
more complete megafossil collections obtained in the

recent past. The outcome of their work is expected

to clear up much of the present uncertainty over the

correct age assignment of the various segments of the

upper Dhruma, and it would be profitless to debate

the matter here. It can be noted, however, that the

rich foraminiferal faunas in the upper part of the

Hisyan Member are so closely related to those of the

immediately overlying middle Callovian lower part

of the Tuwaiq Mountain Formation as to suggest a

break of less than stage magnitude at the contact.

This is particularly true of the highly evolved and

closely related Kumubias occurring on both sides of

the contact. In view of these relationships it is sus-

pected that at least the upper part of the Hisyan

Member will prove to be no older than Callovian.

A partial list of the Foraminifera occurring within

the upper Dhruma (Redmond, 1964a, 1965) is as

part ofAtash Member
member):
Kvrnubia tariabilit

Navtiloculina spp.

PfendereUa arobica Redmond*
P/endtrina fracilit Redmond

ntceomicnti* (Pfender) 8mout and
trochoicUa Smout and Sugden*

Ptevdomarttcmella maxima

Trocholina spp. (including a large, high-spired form with

an acute initial end)

In the foregoing list the large, high-spired Trocholina

represents the lowest occurrence of this type of Trocho-

lina in Saudi Arabia. The genus is sparingly represented

below this point, but all forms seen to date are small

and low spired. Likewise, Kvrnvbia variabilis is the

stratigraphkally lowest known representative of the

genus Kurnubia.

Redmond

Htayan:

Upper part:

PteudomamontUa media Redmond
RiyadktUa sp.

Steirukella erutei Redmond
7VocAofiiwi palattinientit Ilenson (1048)

cf. T. palattinientU Ilenson, "high spired variant'

(Benson, 1948, pi. 13, fig. 10)

Lower part:

Kumvbia spp.

Praekurnubia crxuci Redmond
Riyadhella htmtri Redmond
TrocKdina ip. (small, flat form with |

A comprehensive fossil list of the Dhruma Formation

includes the

Brachiopoda:

Bihenithyrit barringtoni Muir-W'ood
Burmirhynchia grcgoryi? Wicr
CkarUonilhyri* bikenentitf Weir
Daghanirkynchia daghanicntit Mnir-Wood
Loboidothyrit jubaensist Weir

Paralhyru? sp.

" Rhynchonella" spp.

Somalirhynchia bikerusi* Muir-W'ood

Somalitkyru aff. S. macfadyeni Muir-Wood
Trrcbratula rapolil Slcfaninl

tuperttti Douvillc

aff. T. tatmanni Opprl

Coelenterata:

rouiyanut d'Orbigny

Currie

Fourtau

Italraea? sp.

Uattrocotnia?. sp.

MilUportdium sp.

Monllivallia sp.

StylinaJ sp.

Thamruulraea sp.

colonial corals undetermined

Echinodermata:

Acrotalenia tomalitnti* Currie

smetttei Currie

spp.

Apiocrinut ftff. A
Hothriopneuttt9

cf. B
sp.

Clyp*obrit$u> sp.

HoUctyput spp.

Polyeyphus Bp.

RecrotaUnia sp.

cidaroid radloles

crinoid plates

Foraminifera:

AmmobaculUet sp.

Bolivina sp.

Conicotpirillina sp.

Dhrumella evoluta Redmond
Flabtllammtna sp.

Quttulina sp.

Haplopkragmoidei sp.

amiji

variabilii Redmond
spp.

Lenticulina sp.

Marginulina sp.

Marginulinoptu spp.

Sautiloculina spp.

Oplhalmidium sp.

PfendereUa arobica Redmond
Pfendtrina gracilis Redmond

inflala Redmond
neocomiensu Smout and Sugden

trockoidea Smout and Sugden

sp.
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tripartita Redmond

mccluret Redmond
media Redmond
plicata Redmond
primitivt Redmond
refieza Redmond

Fteudovirgulina sp.

RiyadheUa elongala Redmond
hemtri Redmond
inftala Redmond
nana Redmond

Spiroloculina sp.

Steintkella crvtei Redmond
Trocholtna palattiniemi* Hcnson

cf. T. patattinientis Henson
spp.

Valvulina ep.

Virgulina up.

Mollusca:

Acttonina sp.

Ampullella sp.

Anehura (PieUeia)! sp.

Anitoeardia sp.

laHmairentu de Loriol

Cox

Area ep.

Areomytilu*

Attarte scylalu Holdhaus
BakewtUia walloni (Lyectl)

Bramkampia tteinekei Arkcll

Bullaria? gp.

Camptonecte* cf. C. browni Cox
sp.

Ctratomya urimmuentU (Gillicron)

cf. C. excentrica (Roemer)
cf. C. urimmitentU (Gillieron)

sp.

Ceromyopii* arabica Cox
cf. C. tomalientu Weir
up.

Dietrich

ni Cox
cf. C. macfadyeni Cox
sp.

Clydonietrat pteudoditcut Arkcll

Cochleochilurt Bp.

Corbvla sp.

Crattaltililet? sp.

Cylindritet cf. C. tiriatut (Lissajous)

plieijer Cossman
sp.

CylindriUtt sp.

Dkrumaitt* cardioeeratoidtt Arkcll

Ducoheliz douvillei i

cf. D.

IMKohdixl Sp.

elegantulum Douville

Donetentia arabica Arkcll

Eligmui polylyput (Eudes-Deslongchampe)

rollandi Douville

rollandi var. jabboekenti* Cox
tueiri Cox
cf. E. aualUet iStcfanini)

Ermoeerat coronatiforme Arkcll

coronatoidet (H. Douville)

elegant II . Douville

mogniticum Arkcll

reineekeoidet Arkell

runcinatum Arkcll

tplendent Arkell

ttrigatum Arkell

cf. E. mogharente H. Douville

cf. >?. runrtnoXum Arkcll

Eudetia eardioidrt Douville

cordium (Lamark)
sp.

Gtobularia spp.

Gontomyn? 9p.

Grypkaea balli Stefanini

cottellata Douville

Grypkaea'! sp.

Homomya inornate (J. de C. Sowerby)

cf. H. gibbota (J. Sowerby)
sp.

Itocyprina* sp.

Leda sp.

Lima pipinfea (Sowerby)

sp.

Limatula cf. L i

cf. L. elliptiea (Whiteavea)

lAtpha truea Cox
gregaria (Sowerby)

tolitaria (J. de C. Sowerby)

sp.

Lueinal sp.

lucinoids undetermined

Maclromya aequalit Agassiz

cf. M. cratta Agassi*

sp.

MicrompkalUet clydocromphalut Arkell

elegant Arkcll

in/frmrdim Arkell

puttuliftrut (H. Douville)

wrtijpufca Arkcll

cf. M. butqueii (de Grossouvre)

sp.

Modiolu* imbrieatut (Sowerby)

(Inoperna) plicatu* (J. Sowerby)

cf. M. imbrieatut (Sowerby)

sp.

Mytilut tomalientxs Cox
sp.

Xautihi* spp.

Xerinea (.Ptygmatit) aff. twetnt'oluta Huddlcston

somaftciwts Weir

cf. A', ba&onica Rigaux and Sauvagc

•P.

Xucieolitet sp.

\ucula cuntiformit J. de C. Sowerby
cf. .V. tenuittrtata J. de C. Sowerby
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Ojnt sp

Ottrta Conicjean

(Sowerby)

sp.

Pholadomya aubryi Douville

lirala (J. Sowcrbv)
mimIicmi* Cox
spp.

Pholadomya? up.

Pinna sp.

Pinna? sp.

Plturotomaria sp.

Plturotomaria? sp.

Protoeardia tomalitnrit Cox
sp.

Ptrwluocardia macfadyeni Cox
P,eudotrapttium sp.

Pttria sp.

aff. P.

i arabicum Arkell

cf. .S. ptriticanlhuB Wcrtnbtcr
Slrungia arabica Arkcll

Telocn-a* cf. T. labrum Buckman
Thambitet mirabite Arkcll

azynotus Ark ell

planus Arkell

Tkamboerra* mirabile Arkell

Thracial sp.

Trigonia sp.

Trochus sp.

Tulilt* arabicxu Arkell

t Arkcll

: Arkell

V o*W«? sp.

Ostracoda:

Argillaeeia gp.

Bairdia spp.

"BraeAyejrfacrf'

Bythocyprii sp.

CythtreJla sp.

Cylherclloidca spp.

"Ciftheridta-' sp.

Cytkrrura gp.

/)aru-tnu/a? sp.

EocythrTopltronl spp.

F.utytktrura sp.

" Haplocytkeridta" spp.

HuUonxa spp.

" Huttonia" sp.

Kttrana sp.

htguminocythtnt! sp.

.\/<mocwcUtna sp.

Paracyprit spp.

Paratrhultridea i

Polycape sp.

Polycopnt sp.

Pontocyprit? sp.

Mil

KCOHOHIC ASPECTS

OROUND WATER

Only negligible information has been gathered on the

ground-water characteristics of the Dhruma Formation.

The most promising area appears to be in the southwest

where the formation is in porous sandstone facies. A
bore hole downdip from Wadl ad Dawasir yielded large

quantities of fresh water from the Dhruma.

FETKOLEVIll

The few widely scattered wells that have so far

penetrated the Middle Jurassic have passed through

potentially favorable reservoir units at several levels.

The most attractive and widespread of these is the

'Atash Member which is usually found to be at least

partly in porous calcarenitic facies. The 'Atash Mem-
ber (Fadhili reservoir) contains commercial quantities

of oil in Fadhili, Khurasis, and Qatif fields. Significant

shows have been detected in other structures. In

addition, the 'Atash is oil bearing in several other fields

in the Middle East.

TUWAIQ MOUNTAIN IJMEHTONE—UPPER JURASSIC

DgrannoH

The Tuwaiq Mountain Limestone is named for Jabal

Tuwayq, tho spectacular, nearly parallel sequence of

west-facing scarps developed in the Jurassic rocks of

central Arabia. The Tuwaiq Mountain Limestone

itself supports the largest and most persistent of these

escarpments and, as such, constitutes the backbone of

Jabal Tuwayq.
Max Steineke in 1937 described and defined the

Tuwaiq Mountain Limestone as a member of his Tuwaiq
Formation. In 1945 R. A. Bramkamp raised the

Tuwaiq Formation to group and elevated the limestone

member to formation. The first published reference to

Tuwaiq Mountain Limestone was in Arkell (1952)

where the type locality was described. These data

were repeated without significant change by Steineke,

Bramkamp and Sanders (1958).

The type section occurs along the old Darb al Uijaz

(Riyadh-Jiddah road) through "fJisySn Pass" between

lat 24°51'56" N. long 46°07'10" E. and lat 24°56'30"

N., long 46°13'32" E. A total of 215 m of section was

measured and calculated.

At the type area, the base of the Tuwaiq Mountain

Limestone is at the contact between soft calcarenitic

limestone and underlying olive-green shale of the

Dhruma. The upper limit is the contact of massive

coral-bearing limestone with overlying marl and soft

limestone of the Hanifa Formation.
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The Tuwaiq Mountain Limestone has been mapped
from Huwaymil (near lat 17°30' X.) to lat 27°30' N., a

distance of more than 1 ,200 km. Exposures are almost

continuous except for sand cover at 'Irq al MazhfJr, Al

Mundafan, and south of BanI Kha(mah. From a

width of 20 km in central Najd, the outcrop band
narrows irregularly to about 10 km at the northern and
southern extremities. Although strike of the beds

shifts gradually along the outcrop belt, dip remains

relatively constant, averaging about 00°40'.

Tuwaiq Mountain Limestone dominates both the

stratigraphy and topography of central Arabia. Over
most of its extent the limestone forms a precipitous

west-facing cuesta, gently bowed in the center and
concave toward the west. Differential relief from the

top of the scarp to the valley floor in front is more than

500 m in the central area of outcrop. Away from this

area, the height of the escarpment diminishes gradually

until a low weathered bench of a few meters remains in

the extreme north and south at Qibfi' and Huwaymil,
respectively. The true elevation of the scarp remains

relatively constant (about 1,000 m) in the southern and
central areas. In the north, however, the top of the

limestone cliff uniformly loses elevation and reaches a

low of 640 m just before passing under 'Irq al MajhQr
(at lat 26°30' N.).

For all practical purposes, the western boundary of

the formation is marked by a vertical limestone cliff

which in many places exposes 100 rn or more of lower

Tuwaiq Mountain strata. An additional 30 to 40 m of

Tuwaiq Mountain rocks occurs below the cliff-former,

but this is more argillaceous and simply weathers as an

extension of the gentle slope established in the under-

lying Dhruma strata. The upper part of the formation

forms a strong plateau surface tilted gently eastward.

This surface is not a true dip slope but is slightly beveled

so that successively younger beds are present downdip.

The eastern margin of the formation is usually marked
by a wide flat valley eroded in front of the Hanifa

Formation.

In addition to its occurrence in the Tuw'Hyq scarp,

Tuwaiq Mountain Limestone is preserved in Aw.sat,

purma, Qaradfin, Barrah, and Majma'ah grabens as

prominent ridges and erosional remnants. In general,

only the upper part of the formation is exposed in these

structures, the main exceptions being Barrah, where the

basal beds crop out at the ends of the graben, and at

the west end of Awsa{.

Thickness of the Tuwaiq Mountain Limestone

reaches a maximum in the Darb al Hijfiz (type locality)

-

Wffdl Xisiih (lat 24°15' X.) area where between 200

and 215 m was measured and calculated. The forma-

tion thins uniformly away from this region; to the north,

! sections near Al Ghat (lat 26°02' NT .), Az Zilfl (lat 26°18'

X.), and Qiba' (lat 27°24' X.) measured respectively

130, .HO, and 45 m; and to the south the limestone

measured about 150 m at Wfidl Birk, 100m at Al
Haddar, SO m in Wadl ad Dawfisir, and 60 m at the

southern end of BanI Khat,mah.

UTBOLOOIC CHalACTIE

Steineke, Bramkamp, and Sander (1058) described

the Tuwaiq Mountain Limestone as

a great plAtf of coral-hearing, dense, pure limestone, at the base
of which is a thin noncoraliferous well-bedded chalky unit * • •.

In typical Tuwaiq Mountain limestone, coral heads arc scattered,

commonly in position of growth, but ordinarily they make up
only a small proportion of the rock as a whole. Several small

reefs up to 15 meters high and about 50 meters in diameter are

present just west of Riyadh, but aside from these the unit is

thickly, but well, bedded. To the north as far as its most
northerly known outcrops near Aqibbu [Qib&'] (about Latitude
27' 15' North), the Tuwaiq Mountain limestone shows increased

inclusion of soft limestone. To the south of the latitude of

Riyadh, the unit progressively thins, the proportion of calcarc-

nite increases, and corals become more and more concentrated

Into rubbly Iwds in which coral remains make up a substantial

proportion of the rock. Branching stromatoporoids, few in the

central area, increase in abundance and, in places in the south,

become rock forming.

The marked lithologic continuity of the Tuwaiq
Mountain Limestone is one of the most spectacular

features of the geology of Arabia. In central Xajd,

the formation is a massively bedded aphanitic limestone

with some calcarenitic limestone and calcarenite in the

upper part. The lower 25 to 40 m is well-bedded,

highly fossiliferous, soft, chalky limestone with some
soft calcarenitic limestone, calcarenite, and shale. The
lower chalky unit is gradational from Dhruma shale

below to massive limestone at the top and forms an
oven talus slope at the foot of the vertical cliff. The
base of the cliff-forming limestone is not a stratigraphic

plane. Tracing the "notch" weathered at the junction

of the hard and soft beds confirms this observation.

Where the basal beds of the limestone become more
argillaceous and calcarenitic, the "notch" rises in the

section, and vice versa. The typical lithologic-topc-

graphic pattern of a shale slope at the base, a limestone

cliff above, and a broad, bench-ridden back slope cut

in the upper limestone beds maintains itself throughout

the outcrop belt.

Because of the limestone's tendency to form sheer

cliffs, the only easily accessible full sections of Tuwaiq
Mountain Limestone are found along the courses of

transverse channels which breach the Tuwayq front at

nearly regular intervals. In these, erosion usually re-

duces the vertical cliff to steplike talus slopes of about

40°. Complete sections have been measured at each

I
gap, and a few of these have been selected to illustrate
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the lateral changes taking place in Tuwaiq Mountain
lithology.

Samples from Riyadh water well 1 (lat 24°36'43"

N\, long 46°40'38" E.) provide the most complete record

of Tuwaiq Mountain rocks, and the interval between

217.6 and 420.6 m in depth in this well is herein

designated as a reference section (pi. 8). A detailed

description and lithologic breakdown made by N. M.
Layne and R. W. Powers in 1957 is given in section

31 (p. 132).

The first important change north of the reference

locality is detected in the Al Ghat section where shale

appears in the upper part and massive calcarenite

beds in the lower. As a result of the introduction

of softer beds, the sharp contact with the overlying

Hanifa is lost. In 1952 S. J. Roach described and
measured the Al Ghat sequence approximately along

lat 26°02' N. The succession is summarized in" section

32 (p. 132).

Farther north, in the vicinity of Qibft', the formation

Ls 45 m thick and can be divided into two units. The
upper 20 m is mainly soft, chalky limestone containing

a difinitive Tuwaiq Mountain fauna. The highest

beds are calcarenitic limestone with abundant silicified

coral heads. The lower 25 m consists of platy lime-

stone, sandy marl, and a small amount of greenish-

yellow shale and, in the lower part, considerable

interbedded sandstone. This unit grades rapidly

northward to an argillaceous and arenaceous fades.

South of the reference locality, the first basic change

in Tuwaiq Mountain rocks is seen just beyond Sha'lb

al Haddar Oat 22°00' N.) where the basal few meters

of limestone is replaced by sandstone. The sand,

with some irregularity in thickness but averaging

about 10 m, persists to the southern limit of exposure.

The first significant change in beds above the sand

is the appearance of a thick dolomite-caJcarenite lens

in sections immediately adjacent to WSdl ad Dawftsir.

R. A. Bramkamp, B. Beverly, and S. B. Henry in

1954 described a typical sequence in the area at

Khashm Fardah (lat 20°12' N.). The succession is

summarized in section 33 (p. 132).

Flanking traverses show that the dolomite-calcarenite

lens is restricted to the vicinity of WSdl ad Dawfisir

and is replaced to the north and south by fine-grained

carbonate rocks.

Another major lens of calcarenite, grading in both

directions to typical massive aphanitic limestone,

occurs in the Al Mundafan area. A section described

by Bramkamp and H. A. Kimball in 1950 at the

southern tip of the Al 'Arid escarpment (lat 18°33' N.)

is characteristic. The sequence is summarized in

section 34 (p. 132).

The Tuwaiq Mountain beyond Al Mundafan is

again typically aphanitic limestone with a basal unit

of sandstone, although important concentrations of

calcarenite do occur at several levels.

ATtTU or CONTACT WITH ADMCMT FOUUTIOW

The placement of the lower limit of the Tuwaiq
Mountain Limestone has evoked as much spirited

discussion as any other aspect of Arabian geology.

In Max Steineke's original description of the formation

in 1937, he did not precisely define the Dhruma-Tuwaiq
Mountain contact, although it appears that he con-

sidered it to fall at the base of the massive cliff-forming

limestone.

R. A. Bramkamp in 1945 found that the fauna for

at least some distance below this point was similar

to that above. On faunal evidence, ho lowered the

contact to the upper limit of clay shale which appeared

to coincide with the upper limit of Gryphaea cosUllata.

In the central Tuivayq this results in the inclusion

of 25 to 40 m of soft, argillaceous limestone (below

the main cliff-forming member) within the Tuwaiq
Mountain Limestone.

I>ater work by D. A. Holm and others in 1947

showed the upper range of Gryphaea costeUata to be

erratic. Holm then proposed the Hisyan Member
(of the Dhruma) to include all beds between the base

of the cliff-forming limestone and the top of what is

now defined as the 'Atash Member. A detailed

lithologic-paleontologic analysis of the problem by

J. S. Cruse in 1961 led to the conclusion that Bram-
kamp's placement of the contact (as defined in Stcineke

and others, 1958) was the most logical choice, and no

redefinition was necessary. The break is apparent

both on surface and in deep wells. Examination of

the contact from Az Zilfl in the north to Sha'lb al

Haddar in the south has shown it to be mappable.

Although the contact is not knife sharp, the transition

from upper Dhruma clay to lower Tuwaiq Mountain
Limestone takes place in a very narrow zone, and the

break can be placed within a few meters with a fair

degree of certainty. Consequently, the contact pro-

posed by Bramkamp in 1945 and formalized by Steineke

and others (1958) is retained here.

Immediately south of Sha'lb al Haddar, the basal

beds of the Tuwaiq Mountain Limestone are replaced

by sandstone, a direct reflection of the shift to sandstone

in the underlying Dhruma. Thickness of the basal

clastic beds never exceeds 17 m and is usually about

one-half this figure. Interbeds of calcareous sandstone

and sandy limestone and numerous fossils (mostly

Nerinea) serve to separate the Tuwaiq Mountain
from the Dhruma and other sandstones all the wav to

Al Mutabaltibat (lat 17°47' X.).
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The Dhruma-Tuwaiq Mountain contact is conform-

able from QibsV to Al Haddar. Presumably the contact

becomes disconformable between Al Haddfir and lat

19°24' N., where the Dhruma pinches out and Tuwaiq

Mountain rests with low angular discordance on the

Sudair Shale. Continued transgression carries the

Tuwaiq Mountain Limestone across the beveled edges

of the Sudair and Khun" Formations, and finally

brings the formation into contact with the Wajid at

BanI Kha(mah.
The Tuwaiq Mountain contact with the overlying

Hanifa Formation appears to be conformable although

there is some evidence, at least on a local scale, that an

unconformity separates the two units. Subsurface

data support this possibility as prc-IIanifa erosion is

demonstrable over several structures in coastal Arabia.

On outcrop, the upper limit of the Tuwaiq Moun-
tain is placed at the change from light-colored, massive,

resistant, coral-bearing aphanitic limestone below to

brown, softer, thin-bedded, noncoraliferous, aphanitic

and calcarenitic limestone above. South of Wfldl ad

Dawilsir, coral heads extend up into the lower Hamifa,

but bed tracing, lithologic character, and topographic

expression permit placement of the formation boundary.

In central and northern Najd, the basal Hanifa lime-

stone is more argillaceous and even contains shale at

various localities. The contact is readily recognizable

as a white band below brown slopes, the bottom of

the white band coinciding with the break. The
contact is excellently exposed on either side of Wild!

Hanifah near Jabal al Abakkayn (lat 24°5S' N.).

The Tuwaiq Mountain Limestone is abruptly

terminated about 20 km north of Qibfi' where it inter-

sects the pre-Wasia erosion surface.

PAUOHT0L0OT AWD AOI

The lower beds of the Tuwaiq Mountain Limestone

were assigned to the middle Callovian coronatum

zone by Arkell (1952) on the basis of contained ammon-
ites. They also contain fairly abundant foraminiferal

faunas including Trocholina palantiniensi* Henson and

several undescribed species of Kumubia.
The middle and upper parts of the Tuwaiq Mountain

Limestone are lacking in ammonites but contain two

distinctive Foraminifera: Kumubia wellingsi (Henson)

and SteinekeUa steinekei Redmond (Redmond, 1964a).

As yet, there is no record of the latter form outside

of Saudi Arabia, but Kumubia iceliinf/n was described

from the Kurnub anticline where it occurs in beds

which Hudson and Chatton (1959) consider to be of

Oxfordian (Argovian) age.

Where the Tuwaiq Mountain is present in full

development, Slcintketta Meinekei and Kumubia mU-
ingsi do not range to the top of the formation. The

uppermost beds are poor in Foraminifera but carry

fragments of a Kumubia which very possibly represents

Kumubia juraxxica (Henson).

A comprehensive list of fossils recovered from the

Tuwaiq Mountain Limestone includes:

Hrachiopoda

Rhynchonella sp.

Somalirhynchia bihrnemtit Muir-Wood
Ttrrbratula cf. T. bicanaliculata Schloth

Coelenterata:

Anabcuta sp.

MUhporidiuml sp.

Tbamneutrafa sp.

colonial and solitary corals undetermined

Echinodermata

:

Apioertnut sp.

crinoid stems and plates

Foramitiifcra:

Conie«$piriltina sp.

Haplophragmoida sp.

Ktirnubta jurattica? (Henson)

ictllingtt I. Henson)

Lenticulina sp.

Marginulina sp.

Marginulinopsis sp.

Xaulilocflina spp.

Steintkella ttcinekei Redmond
Trocholina palailieniu Henson

sp.

Valvutina sp.

Molluscs:

Adtonia sp.

Aequipecten macjadyeni Cox
Ampullella sp.

Anuocotdio sp.

Aporrhait sp.

Areomytilu*

"Cardium" sp.

Ccratomya mmmUenti* (Gulicron)

spp.

cf. C. plicata (Agosslz)

Ceromyoptu arabica Cox
sp.

CAMmy* curvivariant Dietrich

macfadyeni Cox
sp.

Cylichna »p.

Cylindrilu plicijer Couman

Eltgmus rollandi var. jabbokenti* Cox

sp.

Krymnoceras philbyi Arkell

cf. B. philbyi Arkell

cf. B.jarryi (R. Douville)

afT. E. triplication (Till)

Ezogyra nana (Sowcrby)

sp.

Globularia hemitaperica Roomer
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Oryphaea baUi (Stefanini)

Lopha totitoria (J, do C. Sowerby)

truco Cox
sp.

Modioli** imbricatut (Sowerby)

(Inoperna) plicatut (J. dc C. Sowerby)
sp.

Styiilut (.Arcomytilut) tomalientit Cox
cf. M. imbricatut (Sowerby)

sp.

Xerinta cf. A', bathonica Rigaux and Sauvagc
spp.

Ottrta spp.

Oxyloma intquitalee (Sowerby)

Paehyctrat cf. P. tchloenbachi (Roman)
Paracenocerat sp.

PKoladomya aubryi Douville

lirata (J. dc C. Sowerby)

tomalientit Cox
spp.

Pinna sp.

Pleurotomarial sp.

Pteudonulaniat sp.

StyUna cf. S. macjadytni Thomas
sp.

Stylotmil ta cf. S. oetoradiata

Subgrottouvrio? sp.

CythereUa sp.

CythcreUoitUa sp.

"Hvttonia" spp.

Paracyprit? sp.

Paraschuleridta sp.

Procyiheridea gpp.

Plant remains:

Bennettitalet sp.

Ginkoalet sp.

calcareous sponges, echinoids undetermined, cidarold

radiolcs, corals undetermined

ooaomc asncn

Commercial quantities of oil has been discovered at

two levels within the Tuwaiq Mountain Limestone.

At Abu Hadriya, oil occurs in the upper 160 ft of the

formation in a porous limestone-calcarenite sequence—
the Hadriya reservoir. In addition, the basal part of

the formation contains oil on the crestal part of Fadhili

field and at Qatif where some porosity develops through

the introduction of calcarenitic limestone and cal-

carenite. This porous buildup forms the upper part

of the Fadhili reservoir, a zone falling mainlv within

the upper Dhruma.

DirnnTioN

The Hanifa Formation takes its name from Wadi
Hanifah where the type section was measured (near

lat 24°56' X.).

Max Steineke in 1937 first defined the Hanifa as a

member of the Tuwaiq Mountain Limestone. The
member was raised to formational status by R. A.

Bramkamp in 1945 and included in the Tuwaiq Moun-
tain Group. With formal publication of Arabian

stratigraphic nomenclature in 1952, the term "Tuwaiq

Mountain Group" was discarded, and the term

"Hanifa" was retained at formational rank. Detailed

definition appeared later the same year and in 1958

in articles respectively by Steineke and Bramkamp
(1952b) and Steineke and others (1958).

The 101 m of Hanifa designated as the type section

was measured over an S-km traverse along the north

side of Wadi Hanifah (from lat 24°57'24" X., long

46°12'48" E. to lat 24°55'12" N., long 46°17'12" E.).

At the type locality, the base is at the contact be-

tween massive, resistant, coral-bearing Tuwaiq Moun-
tain Limestone below and soft, chippy-weathering,

calcareous(?) shale of the Hanifa above. The top is at

the break from clean-washed, tightly cemented, oolite-

pellet calcarenite of the Hanifa below to slabby-

weathering, aphanitic and calcarenitic limestone of the

Jubaila Limestone above.

OCCOTUUrjrci ARTD THICEsTBtt

The Hanifa Formation crops out in a narrow, gently

curving belt from Xafud ath ThuwayrAt (lat 26°32' X.)

to BanI Khatmah (lit 17°50' X ). Over this 1,100-

km distance, width of outcrop varies from 0 to 25 km
but averages about 10 km. Exposures are almost

continuous north of Wadt al Faw (lat 19°53' X.).

Below the wadi, however, sand ridges on the back slope

of the Tuwayq escarpment and a major concentration

of sand at Al Mundafan break the outcrop pattern into

a series of isolated strike patches.

Continuity of the Hanifa is disrupted in the Wadi

Xis&b-Durma area and again near Al Majma'ah

(lat 25°50' X.) by elements of the central Arabian

graben system. In the central area, prominent linear

channels of the Xisah, Awsat, and Durnia grabeus

slice through the backbone of Jabal Tuwayq and offset

the various Jurassic units. In the region of Al

Majma'ah (lat 25°55' X.), the persistent trough of the

Majma'ah graben disrupts the Hanifa as well as

bracketing formations. This structure cuts through

the Tuwayq escarpment due east of Al Jurayfah and

forms a series of en echelon valleys across the upland

surface. The valleys, about 60 m deep in the Twuiyq
area, become gradually shallower after breaking through
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the main scarp and lose their topographic distinctive-

ness in the Cretaceous northeast of Ay. Zilft.

The Hanifa is a unit of relatively soft rocks plastered

on the resistant Jabal Tuwayq plateau and protected

above by harder rocks of the Jubaila Formation. In

the central area, the lower part of the unit weathers

to a long shallow trough. The east flank of the trough

is marked by a steep scarp in which most of the for-

mation is exposed; the west edge is commonly limited

by a low irregular scarp cut in basal Hanifa beds.

Rounded outliers of Hanifa are scattered on the Tuwaiq
Mountain Limestone surface west of the valley. From
Huraymilfi (lat 25°07' N.) northward, the topography
is no longer dominated by a single Jubaila-capped

scarp but gives way to more intricately dissected

multiple benches. In the south, the more prominent

Hanifa benches break down in the vicinity of Wfidl

al Hamr (lat 22°21' N.) and grade beyond to a steplike

series of low-relief cuestas.

Thickness of the Hanifa Formation remains remark-

ably constant throughout and is, without doubt, the

most consistent of all Jurassic units. In the 400 km
from Wfidl al 'Atk (lat 25°25' N.) to Sha'lb al Haddfir

(lat 21°55' N.), the formation shows only a 10-m
variation in thickness—from 106 to 116 m. Some
thinning is evident to the north and south, but even

this is limited to a very few meters.

In the vicinity of Al Ghfit the upper Hanifa limit

cannot be definitely placed; however, at least 60 m
of section can be assigned to the formation with cer-

tainty. South of Sha'lb al Haddfir, thickness is grad-

ually reduced to 75 m at Wfidl ad Daw&sir. Beyond,
there is apparently no appreciable change as measure-

ments vary only from 75 to 82 m.

Lithologically , the Hanifa Formation is somewhat
more variable than the underlying Tuwaiq Mountain
Limestone; basically, it is another nearly pure car-

bonate unit. The Hanifa is made up of alternating

aphanitic and calcarenitic limestone, much of it oolitic.

Beds of golden-brown, oolite calcarenite occur at

several levels and become increasingly prominent in

the upper part of the formation. In fact, the top of

the Hanifa is marked by a massive bed of oolite-pellet

calcarenite that can be traced without interruption

almost the entire length of the outcrop. In some
sections in the north and south calcarenite increases

in amount until it becomes the dominant type present.

Argillaceous limestone units and some shale are pre-

sent, particularly in the northern area; dolomite is

common in the south. A few coral-bearing beds occur

in the central area and become increasingly prominent

southward.

|
The golden-brown calcarenite beds, although thin,

l are ordinarily resistant and form obvious benches or

I weather to slabby debris. Generally the Hanifa is

sufficiently covered with fragments of this calcarenite

so that the entire interval appears brown from a dis-

tance, in strong contrast to the lighter colored forma-

tions above and below.

Accessibility to Hanifa sections is limited, for the

most part, to areas where Jabal Tuwayq has been

breached by through-cutting channels such as Wfidl

ad Dawftsir, Wfidl al Fftw, Sha'lb al Haddfir, Wfidl

Birk, Wfidl Nisfih, Wfidl Hanlfah, and Wfidl al 'Atk.

Full Hanifa sequences have been measured at each of

these cuts and at a few other places where terrain

permits.

Characteristics of the Hanifa can be adequately de-

monstrated by only a few sections because of the small

changes in lithology and thickness along strike. In

the cental area, Jabal al Abakkayn affords the cleanest

and most accessible place to study the formation in

its entirety. Here, contacts with adjacent formations

are clearly visible. Jabal al Abakkayn, immediately

north of the original type locality, was worked in

detail by R. W. Powers and others in 1953, and the

resulting measurement has been designated a reference

section for the Hanifa Formation (fig. 5). The mea-
surement was made in a continuous traverse between
lat 24°57'48" N., long 46°11'2S" E. and lat 24°57'54"

N., long 46°13'41" E. A detailed description of the

sequence is given in section 35 (p. 133).

The Hanifa at Wfidl al 'Atk shows virtually the same
proportion and distribution of rock types as the

reference section. Further north, however, in the

vicinity of Al Ghfit, some lateral variation toward

increasing calcarenite and addition of dolomite can be
observed. S. J. Roach measured the Hanifa approxi-

mately along lat 26°03' N. in 1952; the succession is

summarized in section 36, (p. 133).

Between Jabal al Abakkayn and Wfidl al Ffiw (lat

19°53' N.), the Hanifa undergoes little change except

for variation in the ratio of clean-washed calcarenite

to mud-based carbonate rock and the replacement of

some limestone by dolomite at Wfidl ad Daw&sir.

Below Wfidl al Ffiw there is a decided buildup in cal-

carenite, the maximum occurring at the southern end
of the Al 'Arid, escarpment. A section measured by
R. A. Bramkamp and others in 1950 near Khashm al

Farfi'id (lat 18°36' N.) typifies this increase in clean,

current-washed carbonate. The Hanifa sequence here

is summarized in section 37 (p. 134).

The introduction of dolomite near the top of the

Khashm al Farfi' id section is accompanied by the almost

complete loss of the calcarenite unit that so distinctly

marks the upper contact to the north. South of Al

Digitized by Google



SEDIMENTARY GEOLOGY OF SAUDI ARABIA D55

\

Location:

24°57'48"
,

24*57'54"

46M1'28" 10 46M3'41"

Generalized lithology

CALCARENITIC LIMESTONE: Yellow finely

St granular, in part chalky and finely oolitic
' calcarenitic limestone; minor thin,

_-?
i medium-grained oolite beds

(2) CALCARENITE AND CALCARENITIC LIME-
STONE: Yellow-brown fine-grained, tightly

cemented. In pert sandy, pellet-oolite

caicarenite; interbeds of tan calcarenitic

limestone with variable amounts of pellet-

oolite grains. Single bed of yellow, friable

rubbly weathering sandstone occurs in

lower part. Upper
former. (18.9 m)

<1) APHANITIC-CALCARENITIC LIMESTONE
AND SHALE: Off-white to gray-brown, com-
monly chalky, rubbly weathering, fine-

grained limestone with variable amounts
of fine- to medium-grained ooliths and
pellets. Softer limestones poorly ex-

posed and form gentle scree-covered
slopes. Poorly exposed interval of brick-

red and yellow-gray shale occurs neer
middle: basal part of section Is tan gyp-
siferous shale. Thin beds of brown tightly

cemented pellet-oolite caicarenite occur

at number of levels. Colonial corals

common in lower pert. (94.4 m)

N^5

Kurnubio morrui and
range throughout

Ceromyoptii tomolitntit, Exogyro nono, Gry-

phaea bolli, Lima rtorronu, Lopho gregorio, L

loftrano. Modiolus imbricofw. Myfilut jurensri.

M. /oifmorreniti, Porocenoceroi sp.. Periip/iincfes

Cf. P. ofriconuj. Pho/odomyo prorei. P. jomoi-

lenjit, Somo/irriynehio ofricono var. meto'oba.

U

1

Q.
3

CALCARENITIC LIMESTONE: Light-gray to

brown, tight, in part lithographic, siliceous,

stromatoporoidal-coralline-crlnoidal cal-

carenitic limestone: forms major dip-

Vertical scale.

1:1000 After R W. Powers, L. F. Ramirej,

and N, M. Layne. Jr., 1953

Figure 5.—Hanifa Formation reference section.

Mundafan, the dolomite gradually expands at the

expense of other carbonates until, at BanI Khatmah,
the upper 35 m of an 82-m section is replaced. The
lower 47 m shows considerable change as well and is

mainly aphanitic and calcarenitic limestone; less than

15 percent of the sequence is clean caicarenite.

Iimi Or COB-TACT WITH ADJACIBT rOIKATIOXS

The character of the lower Hanifa contact ha*

already been discussed in the section on Tunaiq

Mountain Limestone.

The conformable contact between the Hanifa and

overlying Jubaila is somewhat more difficult to place

than the lower limit; however, it has been fairly

accurately traced on photographs and by following

beds except at the far ends of the outcrop where

dolomite replacement obscures the break. In Nojd

the upper contact is relatively obvious. The distinc-

tive brown color of the Hanifa rocks, the capping unit

of which is h characteristic gray-brown, tightly

cemented, pellet-oolite caicarenite, contrasts sharply

with the light-colored, usually cliff-forming, somewhat

more thinly bedded limestone of the overlying Jubaila

Limestone.

The general lithologic-topographic definition of the

upper contact persists to Sha'tb ol Hoddar. Between
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A] Haddfir and Wfidl ad Dawasir, a major lens of

marine sandstone appears in the lower part of the

Jubaila. Consequently, in this area the contact is

sharply marked by a change from gray-brown, pellet-

oolite calcarenite below to brown, medium-grained,

moderately cemented, fossiliferous, calcareous quartz

sandstone above. South of Wadl ad Dawasir, the

contact is once again pellet-oolite calcarenite overlain

by muddy limestone of the Jubaila. This lithologic

sequence gives way from Khashm al Fara'id southward

where dolomite replaces both upper Hanifa and lower

Jubaila strata and the contact can only be approx-

imately placed by continuous bed traces.

Presumably, the Hanifa is terminated on the north

by pre-Wasia erosion, although the actual line of

cutting is masked by the NafQd ath ThuwayrAt.

PALXOIfTOLOST AHD AGI

Both Kurnubia morrisi Redmond (Redmond, 1964a)

and Pseudocyclammina jaccardi (Schrodt) {=P*cudo-

cydammina sequana of authors) range throughout the

Hanifa Formation and into the lower part of the over-

lying Jubaila Limestone. The biozone of Pseudocy-

cyclammina jaccardx has been established by Maync
(1960) as upper Oxfordian through lower Kiinmerid-

gian. At first glance this would appear to fit well with

Arkell's lower Kimmeridgian determination for am-
monites in the lower part of the Jubaila outcrop and

with Hudson and Chatton's (1959) assignment of their
J

Musandam Limestone group f beds (which they con-

sider equivalent to the Hanifa Formation) to the

lower part of the upper Oxfordian.

Although there does not seem to be any reason for

challenging Hudson and Chatton's correlation (1959)

of the group f beds with the Hanifa Formation, there

is some reason to reexamine the evidence which led

them to assign the group f beds to the Oxfordian.

As noted by Hudson and Chatton, the evidence for

this age assignment was entirely indirect; it was
based upon a supposed occurrence of Kurnubia vxllingsi

(Henson) in the group f beds and a consequent correla-

tion with Kurnubia wetfinpffi-bearing beds of known
Oxfordian age in the Kurnub anticline.

Hudson and Chatton also list Pseudocyclammina

jaccardi (as Pseudocyclammina sequana ) from the

group f beds. Inasmuch as the ranges of Pseudo-

cycJammina jaccardi and Kurnubia wellingsi do not

overlap each other in the Saudi Arabian section, the

former occurring no lower than the base of the Hanifa

Formation and the latter occurring no higher than the

top of the Tuwaiq Mountain Limestone, the identity

of the supposed Kurnubia wcliingsi in the group f

beds becomes somewhat suspect. In this respect ii

may be pointed out that transverse sections of Kurnubia

closely resemble similarly oriented sections of

Kurnubia wellingsi, and since Kurnubia morrisi and

Pseudocyclammina jaccardi occur together in the Saudi

Arabian section, there is a strong possibility that they

do so also in the group f beds and that the reported

Kurnubia wellingsi occurrences in reality represent

Kurnubia morrun.

This situation would remove the necessity for placing

the Hanifa Formation within the Oxfordian and open

the way for a different correlation derived from deep-

well information.

Recent work has demonstrated the presence of both

lower Jubaila and upper Hanifa beds at Fadhili field.

These are underlain in turn by a series of black shales

and black impure limestones which carry an ammonite
fauna unanimously identified as lower Kimmeridgian

by W. J. Arkell, R. W. Imlay, and Mueller (written

commun. in 1951, 1961, and 1960, respectively). There

appears to be no question that the black shale and
limestone unit represents a facies variant from the

normal lower Hanifa lithology and that much if not all

of the Hanifa Formation must be placed within the

lower Kimmeridgian.

A comprehensive faunal list for the Hanifa Formation

includes:

Brachiopoda:

"RhyncKonelia" sp.

Somalirhynehia biheneruit Muir-Wood
africana Weir var. metoloba Muir-Wood

••Terebraiuia" spp.

Coelcnterata:

MUleporidium sp.

Echinodermata:

Acrotaleniat tmtlliei Curric

Goniopygutl sp.

Recrotalenia't sp.

Foraminifera:

Arenobulimina sp.

Cyela mmina spp.

"HaplopKragmoida" sp.

Trochammina sp.

Pteudocyclammina jaccardi (Schrodt)

Kurnubia morrui Redmond
Mollusca:

Acquipecten macfadyeni Cox
"Area" sp.

Ampullella sp.

Ceratamya spp.

cf. C. ttlluri* (Lamark) Cox
Ceromyopiu eomaticntit Weir

spp.

Ckiamyt maefadyent Cox
Cosmottrit? Bp.

Diptodonla"! sp.

Pfmiite sp.

Rxogyra nana (Sowerby)

Globxdaria htmupKaerica? Roemcr
Gryphata balli ifStefanini)

Homotnya sp.
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Lalomeandra sp.

Lima harronu Dftcquc

Lopha tolitaria (J. dc C. Sowcrby)
(Sowerby)

(Sowerby)

i acqualia

»P
Modiolus in

.Vsrfflm jurentu \

tomalientit Cox
spp.

Xrrinea spp.

Ottrta sp.

Paractnocfrat sp.

Pholadomya proiei ( Brongtiiart)

sp.

Plturdomaria? sp.

Pteroptrna sp.

Stylinaf cf. maefadytni Thomas
SiylaimMa sp.

Vclata intquittriata (d'Orbigny)

Hnm Asracm

GROUND WATER

Shallow, hand-dug wells occur sporadically through-
out the Hanifa outcrop belt. For the most part, these

wells produce from surficial alluvial deposits, but, in

some instances, near-surface permeability caused by
weathering has permitted the storage and production

of meteoric water.

The upper 200 to 300 ft of the Hanifa Formation
contains commercial quantities of oil at Abqaiq, Abu
Hadriya, Khurais, and Khursaniyah. In each locality,

reservoir is p>orous cai( urenitic limestone and
ralcarenite. Originally referred to as the "mid-Jubaila

zone," the productive interval has now been identified

DimrnoR

The Jubaila Limestone derives its name from the

town of Al Jubaylah (lat 24°53' N.) near the type

locality.

Steineke in 1937 proposed the name to cover the

relatively resistant limestone between the softer beds

of the Hanifa Formation below and the lower Riyadh
Formation (obsolete) above. He designated the Jubaila

as a member of the Tuwaiq Formation of Burchficl

and Hoover. In 1945, Bramkamp advanced the rank
of the Jubaila and Tuwaiq to formation and group

respectively. Names of many of the Arabian rock

units, including the Jubaila, were first published in

1952 (Steineke and Bramkamp, 1952a). At this time,

the term Tuwaiq Group was dropped from the nomen-
clature. Particulars of the typo section appeared

immediately thereafter (Steineke and

kamp, 1952b). They were again published without

significant change by Steineke, Bramkamp, and Sander

(1958).

The lower part of the type section (about 85 m)
was measured along Wadl rjanlfah from lat 24°53'48"

N., long 46°19'36" E. to lat 24°53'12" X., long 46°26'

42" E., a point near the town of Al Jubaylah. The
upper 25 m was studied in WAdl Hanlfah between Al

Jubaylah and Riyadh.

At the type locality the base of the Jubaila is placed

at the level where cream to tan, dense limestone gives

way downward to the gray-brown pellet-oolite calcar-

euite of the underlying Hanifa Formation. The top

is at the change from brown, ledge-forming limestone

below to gray, softer, rubbly-weathering dolomite and
limestone of the Arab Formation above.

oocroaiKCC akd thickness

The Jubaila Limestone conforms perfectly to the

outcrop pattern of older Jurassic units; that is, it

forms a gently curving arc wrapped around the central

Arabian arch, reversing itself south of Wadl ad Dawasir
to define the southwest margin of the Rub' al Khali

basin. Rocks of the Jubaila have been mapped over

a distance of nearly 1,100 km from Al Munbatib
(lat 17°41' N.) to Naffld ath Thuwayrat (lat 26°27' N.).

South of Wadl al Fftw (lat 19°57' Nj, the Jubaila forms

a series of patches isolated by tongues of sand encroach-

ing from the Rub' al Khali; northward, exposures are

almost continuous, although sharply interrupted where

the Nis&b, Awsat, and Majma' ah grabens cut through.

Width of the Jubaila outcrop belt varies from a few
kilometers at each end to more than 40 km in the central

area. Changes in width away from the central area

are irregular but nonetheless show unmistakable

tapering overall.

The Jubaila Limestone, an extremely resistant lime-

stone sandwiched between two softer units, typically

weathers to a series of high, talus-free steps. Lower
beds form a prominent scarp, often more than 75 in

high, capping the Hanifa. The upper Jubaila breaks

away to a gently eastward-tilted plateau which is a

slightly beveled upland surface rather than a true dip

slope. Consequently, the western margin of the for-

mation is a sharp scarp; the eastern boundary is less

regularly defined by patches of the Arab Formation

erratically scattered on the strong Jubaila slope.

A short distance north of (he type locality, the strong

western scarp and high relief is somewhat modified as

the Jubaila breaks down into two or three lower

benches. The highest of these has an elevation of 30 m
at Wadi al 'Atk. From here, relief within the forma-

tion diminishes gradually to the northwest. In the

south, the Jubaila forms low benches with intervening
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wide, slightly eastward-dipping slopes. Scarps are I

relatively subdued, usually less than 5 tti high, although

a fairly bold escarpment occurs at Wfidl ad Dawftsir

(that is, Khashm ash Shidfid, lat 20°26' N.).

The Jubaila Limestone shows some more drastic

variations in thickness than other Jurassic units.

Maximum thickness of 130 to 145 m occurs in the

Sha'Ib al Haddar-Wfidi ad Dawfisir area; about 85 and
55 m were recorded respectively at Wadl al Faw and
in a bore hole at lat 18°08' N., long 46°05' E. North
of Sha'Ib al Haddar the Jubaila thins to about 90 in

at Wad! Birk, expands to nearly 130 m at Wadl Nisftb

and Riyadh, and then gradually reduces to 110 ni at

Jabal al Abakkayn (lat 24°58' N.) and 72 m at Wadl
Huraymilfi (lat 25°07' N.). Partial sections measured
beyond this point indicate only slight depositional thin-

ning to the northwest; however, in the vicinity of Al

Majma'ah (lat 25°55' N.), pre-Wasia truncation comes

into play and upper layers of the Jubaila are planed

off. The northernmost measurement near Al Ghat
(lat 26°02' N.) shows but 40 m of section between the

presumed top of the Hanifa and the Wasia Formation

(Middle Cretaceous).

The Jubaila Limestone, like the underlying Tuwaiq
Mountain and Hanifa Formations, is basically a shallow-

water carbonate unit. Though it is mostly aphanitic

and calcarenitic limestone, some highly persistent layers

of clean-washed lime sand (calcarenite) are present,

particularly in the central and northern areas. Corals

and stromatoporoids, few in the Riyadh-Purma area,

become abundant to the north and south. Marked
lateral changes in the Jubaila to the south consist of a

sudden shift from limestone to dolomite in the upper

part of the formation and limestone to sandstone and
back to limestone again in the lower part. Similar,

but less abrupt, limestone transition to dolomite and

sandstone also takes place to the north.

Jubaila lithology shows relatively little change from

Sha'Ib al Haddar nearly to Huraymilfi. Over this 370- I

km distance, the Jubaila is well exposed in many areas,

but one of the most accessible and best sections is that

at Wadl Nisfib, herewith designated as a reference

section (fig. 6) to supplement less detailed work at the

type locality. The whole sequence, however, was not

measured at a single locality but must be pieced to-

gether from three sections. The lower 21.5 m was

described (at lat 24°13'22" N„ long 46°41'55" E.) by

E. L. Berg and R. L. Myers in 1945, the middle 30.8 m
was covered (at lat 24°14'55" N., long 46°44'39" E.)

by R. A. Bramkamp and S. B. Henry in 1948, and the

upper 68.5 m was measured (at lat 24°13'24" N., long

46°48'59" E.) by R. W. Powers and H. A. MoClure in
|

1961. A complete description of the Jubaila sequence

in Wadl Nisfib is given in section 38 (p. 134).

Significant changes in Jubaila lithology north of the

reference section first appear in the vicinity of Wadl
Huraymilfi (lat 25°07' N). At this latitude, the

upper part of the formation is mostly replaced by
dolomite, and some clean sandstone occurs near the

middle. In 1952, R. A. Bramkamp and S. J. Roach
measured the Jubaila in the wadl; their description is

summarized in section 39 (p. 134).

Little additional change takes place between Wadl
Huraymilfi and Wadl al 'Atk, but beyond there is a

decided increase in sandstone; dolomite makes up the

remainder of the sequence. About 50 m of Jubaila is

present a few kilometers south of Al Ghat. The lower

one-third and a capping 5- to 10-m bed consists of

reddish-brown dolomite; the rest of the section is

mainly tan to brown, coarse-grained, calcareous

cemented sandstone.

South of the reference locality, the first notable

change in Jubaila rocks takes place near Sha'Ib al

Haddar. The shift can first be seen just north of the

sha'Ib where a few sandstone interbeds are present near

the middle of the formation. South of the sha'Ib, near

lat 21°50' N., sandstone dominates the lower part of the

Jubaila; the upper one-half is partly replaced by thick-

bedded dolomite. Almost complete dolomite replace-

ment of the upper limestone of the Jubaila occurs in

the vicinity of Wadl ash Shutbah (lat 21°30' N.). The
lithologic pattern of dolomite above and sandstone

below, that persists for at least 150 km, may be charac-

terized by a section measured along lat 20°37' N. The
sequence here is summarised in section 40 (p. 135).

The dolomite-sandstone facies can be traced without

interruption beyond Wadl ad Dawfisir, but near Al

Hast (lat 20°08' N.) all sandstone is abruptly replaced

by aphanitic limestone. From this point to where the

Jubaila disappears under the Rub' al Khali sand, dolo-

mite and aphanitic limestone are the only rock types.

Dolomite does shift stratigraphically downward along

strike, however, replacing the upper Jubaila in the

north and the lower part of the sequence in the south.

KITHII OF COBTACT WITH ADJACMT FOIMATIOK

Characteristics of the conformable contact between

the Jubaila Limestone and the underlying Hanifu

Formation have been described in connection with the

Hanifa.

The upper limit of the Jubaila is a sharp lithologic

and topographic boundary. A pattern which maintains

itself for more than 700 km starts at the base with u

thin calcarenite (unit 3, fig. 6) overlain by 6 to 10 m of

gray, tight, chippy-weathering aphanitic limestone
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24" 13'22"W 46*41'55" (b)
24M4'55"W 46'44'39"

/c ,
24* 13'24"

1
' 46'48'59"

4

(3) CALCARENITE: Gray to golden-brown
tightly cemented fine- to medium-grained
rarely sandy calcarenite; In part poorly
exposed. (7.0 m)

CO

—

1

CALCARENITE: Brown
skeletal calcarenite

tightly cemented

(4) APHANITIC AND CALCARENITIC LIME-
STONE: Alternating layers ot tan to yellow

chippy weathering tight aphanitic lime-

stone and pellet-skeletal calcarenitlc lime-

stone: includes bed of gray-brown tightly

cemented calcarenite near base. (6.0 m)

(2) CALCARENITIC LIMESTONE AND CAL-
CARENITE: Complexly interbedded off-

Stone and cream to golden-brown tightly

cemented pellet-skeletal calcarenite:
several thin beds of brown finely i

line dolomite at top. (20.5 m)

(1) APHANITIC LIMESTONE: Domlnantly
cream to yellow tight rarely sandy partially

dolomltlzed aphanitic limestone: occa-
of tan to brown pellet-skeletal

and tightly ce-

(84.8 m)

y

CALCARENITE: Gray-brown
pellet-oolite calcarenite.

After E L. Berg, .nd R. L. Mye'S.!945.

Vertical scale: R A. Bramkamp. and S B. Henry. 1948;
1 10OO R W Powers and H A. McClure. 1961

locally with interbeds of calcarenite and calcarenitic

limestone (unit 4, fig. 6). The top of this lime-mud

interval marks the conformable contact of the Jubaila

and Arab Formations. Above is a light-colored unit

of softer rocks, commonly complexly interbedded

aphanitic limestone and calcarenite, which is in turn

overlain by breccia presumably representing the

residuum after solution of a thin anhydrite bed.

The uppermost Jubaila unit of aphanitic limestone

commonly weathers to a resistant dip slope. At the

foot of this gentle slope is an irregular, highly dis-

continuous band of softer gray carbonates of the Arab

Formation. Solution alteration of the Jabal Tuwayq
upland surface locally obscures the upper contact, a

2*S-T7«0—«•—

s

phenomenon that does serve a useful purpose, however,

as it permits easy photodistinction between the con-

torted beds of the Arab Formation and the flat, un-

disturbed Jubaila surface.

Much of the lithologic pattern so characteristic of

beds bracketing the Jubaila-Arab contact on outcrop

can be recognized in the subsurface sequence. This is

particularly true of the aphanitic bed at the top of the

Jubaila, which is equally obvious in the surface and sub-

surface. This unit corresponds to the middle Arab-D
member (Powers, 1962) that subdivides the prolific

Arab-D reservoir in Ohawar and other coastal oil fields.

The widespread distribution of this muddy limestone

and the more fragmental carbonate units flanking it

Digitized by Google



D60 GEOLOGY OF THE ARABIAN PENINSULA

attest to changes that must have influenced sedimen-

tation over much of the basin so far studied.

PAiiorroLooY ahd aoi

Arkell (1952) places the Jubaila Limestone in the

lower Kimmeridgian on the basis of the perisphinctid

ammonites Perisphinctes jubailcwns Arkell and Peri-

sphinctes aff. P. progtron von Amnion.

Kurnubia morritti Redmond and Pseudocyclammina

jaccardi (Sehrodt) occur at the same level as (he am-
monites. The presence of Pseudocyclammina jaccardi

fit* in well with Arkell 's determination since this fo-

raminifer is known to range from the upper Oxfordian

into the lower Kimmeridgian.

Pseudocyclammina pourrti Redmond occurs in the

upper part of the formation, above the range of Psewlo-

cyclammina jaccardi. The beds carrying Pseudocyclam-

mina powersi likewise fall within the lower Kimmer-
idgian, if Hudson and Chut ton (1959) are correct in

equating the stratigraphically higher group g Ashab
limestone with the Cidari* glandarius beds of the

Lebanon and Kumub areas.

A comprehensive fossil list of Jubaila includes: Mil-

Uporidium, indeterminate colonial coral, Kurnubia spp.,

Kurnubia morrisi Redmond, Pseudocyclammina powersi

Redmond, Pseudocyclammina jaccardi (Sehrodt), Am-
pulleUa? sp., Aricula sp., Brachidontes sp., Ceratomya

spp., Ceromyopsis somalicnxLi Weir, Ceromyopsi* sp.,

Olobularia hemispkaerica Roemer, Gryphaea balii?

(Stefanini), Litkacocerasl sp., Lucina sp., Mytilus

{Arcomytilus) laitmairensis de Loriol, Nautilus! sp.,

Nerinea sp., Parallelodon"! sp., Perisphinctes jubailensis

Arkell, PerispkincUs aff. P. progtron von Amnion,
Pholadomya spp., Tertbratula spp., and indeterminate

ostreids.

GROUND WATER

A number of drilled wells in and near the capital city

of Riyadh have penetrated the Jubaila Limestone.

Several of these produce from thick Triassic sand, others

derive water from channel fill; the amount actually

obtained from the Jubaila is unknown.
For many years Riyadh obtained its water from the

|

channel gravels in Wad! Hanlfah. This source has now
been supplemented by shallow wells in Wfidl Nisah and
other nearby channels and deep drilling near the city

itself. Limited data indicate that hand-dug wells in

the vicinity of Riyadh are bottomed both in the Arab
and Jubaila Formations. These two units are relatively

tight here, but weathering extends to a considerable

depth and jointing is fairly well developed. Ap-
parently, Jubaila water is mainly derived from openings
resulting from weathering and jointing, rather than
from porosity inherent in the rocks themselves.

Porous beds within the upper part of the Jubaila

Limestone contain prolific, amounts of oil in eight widely

scattered fields—Damrnam, Abqaiq, Ghawar, Qatif

AbQ Sa'fah, Khursaniyah, Fadhili, and Khurais

Stratigraphically, the top of the Jubaila falls near the

middle of the well-known Arab-D reservoir.

Areas of maximum oil accumulation and highest pro-

ductivity correspond rather closely to areas of maximum
calcarenite deposition. Pores, now oil filled, are essen-

tially those formed between lime sand grains at the time

of deposition and have since undergone little modifica-

tion. Little or no pore space is contributed to the

Jubaila part of the reservoir by dolomite.

ARAB FORMATION ITPPER JURASSIC

Lack of suitable exposures precluded choice of a sur-

face type locality and the coupling of a geographic name
to the economically important rock sequence that has

come to be known by the general term Arab Formation.

Beds now assigned to the Arab were originally in

1937 included by Max Steineke as part of the Riyadh
Member, the uppermost member of the Tuwaiq For-
mation. In 193S, R. A. Bramkarap and T. C. Barger
studied the upper part of the Riyadh Formation and
defined members within it. From bottom to top these

were lower Riyadh (now Arab) Formation, Hith Anhy-
drite, Sulaiy Limestone, and Yamama detrital member.
The finding of presumed Lower Cretaceous (Neoco-

mian) fossils in the Sulaiy led Steineke in 1940 to re-

strict the Riyadh Formation to include only the lower

Riyadh formation and Hith Anhydrite and throw the

Sulaiy and Yamama members into a new formation

—

the Thamama- shown to be at least mainly of Lower
Cretaceous age. In 1945, Bramkamp raised the Riyadh
to group and its members to formation; that is, Arab
and Hith Formations.

Formal publication of most names of Arabian rock

units came in 1952b (Steineke and Bramkamp). This

paper substituted the term Arab Formation for lower

Riyadh Formation (obsolete), but retained the Riyadh
Group. Later this too was dropped (Steineke and
others, 1958), and Arabian stratigraphic nomenclature

assumed its present form.

At first the type locality of the Arab Formation was
taken as a general area around the city of Riyadh. Ex-
tensive loss of beds and subsequent slumping along the

entire outcrop prevented accurate measurement of sec-

tion, however, and forced selection of a subsurface se-

quence to best represent the unit. Detailed correla-

tions, carried east from the outcrop, have defined the

limits of the Arab Formation in coastal wells. These
limits are probably accurate within a fe<
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Because of excellent sample and core coverage, the

interval from 1,371.6 to 1,499.1 m depth in Dammam
well 7 Oat 26°19'04" N., long 50°07'38" E.) was chosen

as the type section. The base of the Arab Formation
is at the contact of clean-washed calcarenite with the

tighter, more muddy rocks of the underlying Jubaila.

The top of the formation falls at the change from tan

aphanitic limestone below to massive anhydrite of the

Hith above.

Subdivision of Arab rocks on outcrop is impossible,

but in the subsurface alternating carbonate and

anhydrite very naturally separate the formation into

lithologjcally and economically significant members.

In the subsurface the Arab consists of four normal

marine carbonate unite, each separated by thin,

laterally persistent beds of anhydrite. Earlier publi-

cations (Steineke and others, 1958; Powers, 1962)

informally designated the carbonate units from top to

bottom as the A, B, C, and D members of the Arab
Formation; the anhydrite separators were unnamed.

Since the carbonates, together with their overlying

anhydrite, represent four mam cycles of deposition

and each of these cycles approximates a time-strati-

graphic unit, it now seems logical to redefine the lower

three members to include their anhydrite caps (fig. 7).

The much thicker upper or closing anhydrite unit (500

ft in Ghawar) is still considered a separate formation—
the Hith Anhydrite,

Dammam well 7 is herewith designated as the type

locality for the four members of the Arab Formation

—

The A Member, between 1,371.6 and 1,388.4 m depth;

the B Member, between 1,388.4 and 1,399.1 m depth;

the C Member, between 1,399.1 and 1,440.6 m depth;

and the D Member, from 1,440.6 to 1,499.1 m depth.

In each instance, the contact between members is

marked by change from carbonate to evaporite.

OCCUUIVCI AID THICKSISS

Rocks of the Arab Formation form a thin, essentially

unbroken belt from Al HasI (lat 20°08' N.) to Juwayy
flat 25°49' N.), a distance of nearly 700 km. Width of

the outcrop over this distance is relatively uniform,

averaging about 10 km.

The area of Arab exposure is mainly a broad, gently

undulating plain. A few low, isolated hills ("haystack

jibal") stand above the general ground level. Effects

of slumping are everywhere evident—a phenomenon
that can be readily attributed to the removal of anhy-

drite beds and the subsequent collapse of the carbonate

unite left behind.

No satisfactory estimate of the total thickness of

the Arab has been made because of the complex

slumping. Only the basal 15 to 25 m has been meas-

ured with any assurance, and even this interval con-

tains a persistent brecciated zone that suggests some

loss of section due to anhydrite solution.

Between the Jubaila near Riyadh and the Hit

escarpment, east of which slumping dies out, it is

estimated that roughly 150 m of beds should be present.

A similar estimate between Dabl Hit Gat 24°29'18"

N., long 47°00'06" E.) and Al Ha'ir (lat 24°23' X.)

to the west would suggest about 100 m. Obviously

these estimates are of limited value, but they do serve

to indicate that the Arab in this area originally had n

thickness approximating that in coastal Arabia.

LTTHOLOGIC CHAKACTII

Lack of good Arab exposures, except for the lower

1 5- to 25-m interval, has prevented working out a precise

lithologic sequence. The little that is known of the

basic rock types indicates they are similar to those

found in wells to the east. As a result, most informa-

tion on the Arab has been obtained from bore holes.

In fact, subsurface units, probably not differing greatly

from the original outcrop sequence, have been taken as

the type and reference sections.

The description of the A, B, and C Members of the

Arab and the capping anhydrite of the D member in

Dammam well 7 by R. A. Bramkamp and H. A. Kimball

in 1955 is still the best account of the stratigraphic

interval. Considerable new information has
<
been ob-

tained on the D Member carbonate through thin-section

analysis (Powers, 1962). Consequently, the better

understood sequence in Abqaiq well 71 (lat 26°18'28"

N., long 49°45'45" E.) between a depth of 2,223.0 and

2,260.0 m is herewith designated as a reference section

for this unit. A detailed description of the Arab For-

mation type-reference section is given in section 41

(p. 135).

Thicknesses of individual members change little from

the coastal area toward outcrop. Each anhydrite bed

does, however, thicken considerably, a change compen-

sated for by thinning of the underlying carbonate unit.

There is little doubt that, to the west, carbonate beds

are progressively replaced from the top down by facies

change to anhydrite. In fact, regional lithofacies

studies show that maximum evaporite development,

presumably mainly or entirely anhydrite, occurred along

a north-south line near the longitude of Riyadh, where

the amount of carbonate rocks remaining in the solution-

collapse zone is small and the interval was apparently

mostly soluble anhydrite.

Steineke, Bramkamp, and Sander (1958), in their

concise description of Arab outcrop characteristics,

point out that

only a basal unit of carbonate rocks 15-25 meters thick remains,

and even within this, along nearly the entire length of its outcrop,

a persistent brecciated sone suggest* that at least one thin,
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A.

Dammam well 7 Abqa»q well 71

Location:

26* 1904"-50*07 ,38" 26* 18'28"-49*45'45"

ANHYDRITE: Wh.te massive

APHANITIC LIMESTONE: Tan to
compact aphanitic limestone: thin inter-

beds of brown calcarenlte: minor anhydrite
near top, (16,8 m)

(2) ANHYDRITE: White, massive anhydrite;
thin interbeds of tan partly dolomltlied
aphanitic limestone (4 6 m)

(1) APHANITIC LIMESTONE: Tan compact
aphanitic limestone: thin interbeds of

brown medium-grained calcarenite
(6.1 m)

(2) ANHYDRITE: White to tan massive
anhydrite: minor streaks of brown dolo-

mite and limestone. (12.8 m)

(1) CALCARENITE: Tan to brown generally
fine-grained moderately to strongly

cemented partially dolomitized celcar-

enite: some anhydrite blebs. Rare thin

beds of tan partially dolomitized aphanitic
and calcarenitic limestone. (28.7 m)

(2) ANHYDRITE AND DOLOMITE: White
massive anhydrite complexly interbedded
with dark-brown finely crystalline dolo-
mite with relic clastic texture and strongly
dolomitized calcarenite. (18.0 m)

Z
<

o

<
or

=1

(1) CALCARENITIC LIMESTONE, CALCAR-
ENITE. AND DOLOMITE: Complexly inter-

bedded gray-brown to brown tight to R^iiaj
moderately porous dominantly algal [M'f^i
debris-pellet calcarenitic limestone and bSSS
brown weakly cemented fine-grained to
gravel-size clean-washed well-rounded to

angular mainly algal debris-pellet cal-

carenite. Occasional thin beds of brown
weakly cemented gravel-size, "algal"
nodule-stromatoporoid coarse carbonate
(calcirudlte). Sand-and-gravei-size grains |i«Vlji

.

are mainly aggregate pellets, algal debris, |

L"J'
"VJ

stromstoporoid fragments, "algal" nod- Vertical scale :

ules. "fecal" pellets, and Foraminifera; 11000
very rare ooliths occur near top. Brown
moderately porous to tight, finely crystal-

line dolomite is present In upper part and
near base. Some thin stringers of brown
tight partially dolomitized aphanitic lime-

stone occur mostly in upper part.

(37.0 m)

Clyptmo furoinco. C. cf. hanabaltnm, Cylindro-

porello orobico, Poiygonefro incruitala, Kutnubio

Spp., Noutilocufino Spp. Z
<

or
UJ
2
S

at
UJ

Q

LIMESTONE: Brown fine-grained compact
limestone, finely detrital and oolitic at
top

(After R. A. Bramkimp and
h. a. Kimball,(1955)

Alter R. W. Powers. 1960

Figure 7.—Arab Formation type and refer*
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highly persistent cvaporito layer wan included • • • Above the

baial carbonate unit, little is known of the true rock sequence

m good exposures are few and fragmentary because extensive

tolation-coUapae phenomena have almost entirely eliminated

outcrops of the anhydrite. * * * Dropped masses of the younger
Cretaceous rocks occupy the eastern part of the solution-collapse

woe, and dolomite and other carbonate rocks representing thin

carbonate members, possibly equivalent to the "A," "B," or "C
of the Arab of the Eastern Province, show at the

in the

The basal unit of carbonate rocks referred to by
Steineke, Bramkamp, and Sander (1958) has been

measured and studied at several localities between Al

HasI flat 20°08' N.) and Wadl al 'Atk (near 25°30' N.).

Over this entire distance there is little major variation

in lithologic content except for increased dolomitization

in the north and south. A section measured at Wadl
Nisfib is characteristic of the interval. The lithologic

sequence here is summarized in section 42 (p. 139).

There is every reason to believe that the basal Arab
carbonate unit described above is equivalent to the

lower part of the type D Member at Dammam; it may
well represent the total D Member not replaced by
anhydrite in wells as far west as Khurais and Ma'
qaJa'.

Only at the southern end of the solution-collapse

wne have beds been found in place above the basal

unit. Between Sha'Ib al Haddfir and Al HasI, outcrops

of anhydrite rest directly on the laterally persistent

calcarenite that marks the top of the basal sequence.

These overlying beds have an average thickness of

about 14 and are mainly white anhydrite and gypsum
with thin interbeds and caps of brown dolomite.

Little is known of the Arab sequence on outcrops above
this stratigraphic level.

Characteristics of the Jubaila-Arab contact have
already been described in connection with the Jubaila

Limestone. The upper contact with the Hith An-
hydrite is exposed only at a single locality—that is, in

Dabl Hit flat 24°29'18" N„ long 47°00'06" E.), a
solution cavity at the foot of the Hit escarpment, The
contact here, as in the subsurface sequence, is at the

relative sharp break from carbonate of the Arab-A
Member below to massive, white, and blue-gray anhy-
drite of the Hith above.

Where Hith Anhydrite is preserved, as in Dabl Hit,

the upper Arab contact is conformable. At all other

places along outcrop, however, evaporates of the Arab-

Hith sequence have been dissolved, presumably bring-

ing residual Arab carbonate rocks into contact with

slumped limestone of the Sulaiy Formation. As very

thin stringers of limestone occur locally within the

Hith, it is possible that some of these are present but

are as yet unrecognized on outcrop. It is unlikely,

however, that any great thickness is involved. The
problem is further complicated by the probable occur-

rence of Sulaiy rocks that dropped down and admixed
with the older rocks.

Because of these complications, the surface juncture

between the Arab-Hith sequence and the Sulaiy rocks

cannot be precisely defined. The contact shown on

the various geologic maps is only approximate.

Somewhere in the vicinity of Wadl al 'Atk, the upper

surface of the Arab Formation intersects the pre-

Wasia erosion surface. Although this unconformable

contact cannot be traced northward, it is reasonable to

assume that the Arab is progressively truncated and

finally overlapped completely near Al Majma'ah
flat 25°55' N.).

FaUOMTOIAOT A» AOS

The rather limited fauna so far recorded from surface

exposures of the Arab Formation has not proved

diagnostic. Except for Diceras, identifiable forms

range down into the Jubaila below. Consequently,

the subsurface sequence provides the only means of

dating Arab rocks.

Kurnutna spp. NautUoculina spp., Clypeina jurag-

sica Farre, ft cf. hanabatensis Yabe and Toyama,
CylindroporeUa arabica Elliott, Polygonella incrustata

Elliott and Salpingoporella sp. range throughout the

Arab-D Member (Powers, 1962). Although some
elements of this assemblage extend on into the A
Member, it is only the beds of the D Member that have

been reliably dated. These can be equated to at least

part of Hudson and Chatton's (1959) group g beds

through the No. 4 Limestone of Dukhan ail field in

Qatar, the direct equivalent of the D Member of

Saudi Arabia.

Hudson and Chatton (1959) also list Calpiondla

cUpina Renz, Psettdocyclammina sp., and Burgurdier

sieinerae Hudson from group g and equivalent beds.

By comparison with the Alam Abyadh limestones of

southwestern Arabia, Culari* glarulariw beds of the

Lebanon and Kurnub, and with other formations, they

conclude that the faunas are Sequanian (early Kim-
meridgian) in age, a dating compatible with other lines

of evidence.

The post-D Member of the Arab Formation and the

Hith Anhydrite have not yet been dated. However,

as these beds occur between known lower Kimmerid-
gian and presumed Berriasian (Lower Cretaceous), it

may be assumed that they are, at least in part.

Tithonian.

ground watch

Many of the wells around Riyadh derive water from

rocks of the Jubaila and Arab Formations, but present
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data are too sparse to estimate the importance of one

unit relative to the other. The general character of the

Jubaila-Arab aquifer near the capital city is described

more fully in connection with economic aspects of the

Jubaila Limestone.

Agricultural development of the Al Kharj area,

around the towns of As Sulaymanlyah and Al Yama-
mah, has largely been supported by water derived from

the Arab Formation. Earlier cultivation of this valley

was apparently dependent on Quaternary aquifers.

Three large solution pits—Sambah (lat 24°07' N.,

long 47°16' E.), 'Ayn ad Dil' (lat 24°07' X., long 47°16'

E.), and Umm Khisah (lat 24 607' N., long 47°15' E.)—
supply great quantities of water for the Al Kharj

project. Sambah and 'Ayn ad Dil' have furnished most

of the water in the past and will probably continue to

do so. These two sinkholes, with nearly vertical sides,

are situated at the toe of the low Hit escarpment.

Their depth and diameter, which are essentially the

same, are slightly more than 100 m. The origin of

Umm Khisah is no doubt similar to the other solution

cavities, although its margins are less abrupt and con-

siderable vegetation has succeeded in getting a foothold

on its banks.

Geologically, the origin of these pits is relatively

simple. They occur at the toe of a badly slumped

escarpment which involves mainly Sulaiy rocks but

which at places also involves the lowest beds of the

Yamama Formation. The slumping is reasonably

regular with rocks draped down over the face of the

scarp and increasing in dip to the base of the slope.

On the plateau surface above, and very near the hinge

line, prominent tensional cracks, some still open as far

down as 10 m, indicate the mechanism by which Sulaiy

beds have adjusted to the slumping. At the base of the

scarp, as well as in the walls of the pits themselves, the

beds are badly jumbled and breociated. There is little

doubt that the slumping has resulted from solution of

supporting anhydrite layers. The Al Kharj pits fit

well into this general picture and represent solution

openings which succeeded in stoping their way upward
to the surface.

The water-bearing member which feeds the Al Kharj

pits cannot be demonstrated conclusively, although it

seems likely that it is the Arab Formation. Depth of

the Al Kharj pits (about 100 m) is only slightly less

than the normal thickness of the Sulaiy in this region,

and, as the Hith Anhydrite has been removed, the Arab

can logically be considered the aquifer. In addition,

there is reason to suspect that considerable filling of

the pits with debris has occurred and that the actual

source of the water may be somewhat deeper than their

present bottoms.

A notable feature of the water is ita high saturation

with calcium sulfate, a characteristic entirely consistent

with its supposed origin. The chloride content of the

water is low. Water levels at Sambah and 'Ayn ad
Dil' rise and fall very nearly together, and it is there-

fore assumed that fairly efficient interconnection

exists between the two pits.

Khafs Daghrah (lat 23°50' N., long 47°12' E.),

another solution pit similar to those at Al Kharj, is

somewhat smaller. A less extensive agricultural de-

velopment has been undertaken using water pumped
from this sinkhole.

Dahl Hit (lat 24°29.4' X., long 47°00.1' E.) is also

much like the Al Kharj pits in character and geologic

setting except that the elevation is higher and water

occurs only in the very bottom. Here again, the Arab
Formation is the apparent source as the uppermost

beds are exposed in the pit. In 1961 a two-stage pump
was installed in the da$l. The water is now used to

irrigate the alluvium-covered plain in front of the Hit

escarpment.

Solution pits are also well developed in the vicinity

of Layla (near lat 22° 15' X.) in Al Aflaj. For unknown
reasons, only limited use has been made of the water.

Analysis shows high calcium sulfate and low chloride-

ion concentration and, here again, Arab beds are the

probable source.

Quantitative estimates of Arab Formation recharge

are not available; however, a great drainage area dis-

charges across its outcrop. Since the latter is of large

extent and is characterized by complicated topography

there should be ample opportunity for the downward
percolation of the infrequent flood waters. Large areas

of closed drainage in the Arab Formation slump zone

also greatly aid water to reach the main underground

accumulation. Excluding the water which may be

derived from areas west of Jabal Tuwayq, the watershed

which is on, or must escape across, the outcrop of the

Arab is of the order of 20,000 sq km. In view of this,

although the amount of water entering the Arab is not

known, it can be assumed to be large.

Although all members of the Arab Formation contain

oil, accumulation in the upper, thinner A, B, and C
carbonates is much less extensive than in the basal D
Member carbonate. Oil occurs in the A and B Mem-
bers of the Arab in Abu Hadriya, Dammam, Khur-
saniyah, Manifa, and Qatif and in minor accumulations

in northern Ghawar and Abqaiq. Arab-D Member oil

has been found at Abqaiq, Dammam, Fadhili, Ghawar,
Khurais, Khursaniyah, Qatif, and Abu Sa'fah. In all

these fields, the 25- to 40-m-thick D Member as well as

approximately the upper 45 m of the Jubaila Limestone

are oil saturated.
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Sparse information on the upper three Arab carbonate

units indicates that the dominant lithology in each is

admixed calcarenite and aphanitic limestone. The C
Member, however, appears to have a much higher con-

centration of clean-washed calcarenite in comparison

with the more muddy, often dolomitic rocks of the over-

lying A and B units. Arab-D rocks are characterized

by a high percentage of lime sand, commonly skeletal

and commonly in the form of massive clean-washed

calcarenite beds. Calcarenitic limestone is the next

most frequent rock type; pure aphanitic limestone and

dolomite are quite rare. Reef structures have not yet

been found, and the wide continuity, uniform thickness,

and regularly bedded nature of the Arab-D suggest that

large structures of this type are unlikely.

Specific particle types contributing to rock formation

of the Arab-D reservoir include calcareous algae, stro-

matoporoids, and Foraminifera as the main skeletal

elements and aggregate pellets, "algal" nodules, and
"fecal" pellets as the most important nonskeletal grains.

The major oil deposits in the Arab-D accompany
maximum development of porous calcarenite. It is

certain that intergranular pore space associated with

the rocks at the time of deposition almost exclusively

controls present distribution of oil. To be sure, dia-

genctic changes including recrystallization, dolomiti-

zation, and cementation have all modified the original

pore pattern to some extent, but, in each case, the effect

has not been drastic.

Several of the Arab units also carry oil outside of

Saudi Arabia. Most notable among these is the

Dukhan oil field in Qatar which produces from lime-

stones equivalent to the C and D Members.

HUH ANHYDRITE—UPPER JURASSIC

DDDRIDI

The Hith Anhydrite is named for Dahl Hit (lat

24°29'18" N., long 47°00'06" E ), a solution pit in

which the type section was measured and which is still

the only known outcrop.

Evolution of Hith-Arab nomenclature, from the

original concept of Max Steineke in 1937 to its present

form, is fully described in the definition of the Arab

Formation. Both units followed the same steps from

unnamed beds within the much larger Tuwaiq Forma-

tion to their modern status of separate formations.

An apparently complete Hith sequence is visible

in the walls of Dahl Hit. The section here was origin-

ally measured by R. A. Bramkamp and T. C. Barger in

1938 and designated the type locality. As defined by

Steineke, Bramkamp, and Sander (1958), the Hith is

71.2 m of bluish-gray anhydrite. The top was placed

at the contact between this anhydrite and fragmental

limestone presumed to be basal Sulaiy. New well

data show that the fragmental limestone is in fact

collapse breccia resulting from loss of relatively thick

interbeds of anhydrite. As such, it is properly part

of the Hith and is so considered here, raising the total

formation thickness to 90.3 m.

The top of the Hith is at the contact (possibly dis-

conformable) of limestone breccia with evenly bedded

oolite calcarentie of the overlying Sulaiy Formation.

The base is taken at the sharp break from anhydrite

above to calcarenitic limestone and dolomite of the

Arab Formation below.

OOCVttZBCI AND TBICXMSS

The only definitely known exposure of the Hith

Anhydrite is in Dahl Hit, a deep, steep-walled, solution

cave about 32 km southeast of Riyadh. Patches of

gypsum (possibly hydratcd anhydrite of the Hith)

occur below the Sulaiy in the vicinity of Layla (lat

22°17' N.) and can he traced as far as lat 20°45' N.

In addition, about 5 m of primary bedded anhydrite

has been reported about. 14 km northwest of Qasr

Himan (lat 20*49' N.).

Except for the anhydrite at Dahl Hit, the area on

outcrop where the Hith should occur is a rather broad

zone of badly slumped beds. The belt of collapsed

rocks can be traced over a distance of some 550 km and

involves mostly Sulaiy strata. Slump effects extend

beyond the edge of the Sulaiy, but this is attributed to

solution of anhydrite beds within the Arab Formation.

Slumping in the eastern part of the zone, on the other

hand, is probably mainly due to the loss of the thicker,

more massive anhydrite of the Hith itself.

Undoubtedly, the Hith is present in the subsurface

over a considerable north-south distance just a few

kilometers east of the solution-collapse zone. Certainly

the Hit escarpment, a monoclinal flexure of Sulaiy

beds between lat 23°00' N. and 25°00' N., marks the

western edge of undissolved anhydrite. Drilling sup-

ports this assumption and suggests in addition that

Hith beds flanks the solution-collapse zone nearly

throughout its length.

At the type locality the Hith Anhydrite is about 90

m thick. Elsewhere, slumping makes accurate meas-

urement impossible.

UTHOLOOIC CHA1ACTO

The Hith, both at Dahl Hit and in the subsurface,

is mainly massive anhydrite. Well sections usually

contain some interbedded dolomite and limestone, par-

ticularly in the upper part.

R. A. Bramkamp and T. C. Barger in 1938 first

described the Dahl Hit section and recognized it as
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the typo sequence. The full exposure in the dabl,

as well as in the overlying Sulaiy cliff, was again

measured in detail by S. J. Roach in 1952. His

description of the succession is given in section 43

(p. 139).

So far as the Ilith found in downdip wells is concerned,

a generalized section from top to bottom is as follows:

Aphanitic limestone and calcarenite of the Sulaiy

Formation (Upper Jurassic? and Lower Cretaceous?), m^^,
Ilith Anhydrite: (meun)

Anhydrite with associated limestone and dolomite 6- 15

Calcarenite, limestone, and anhydrite . _ 15- IS

Largely massive anhydrite in upper part, anhydrite

intcrbedded with aphanitic limestone, dolomite

or calcarenite in lower part . . 'JO- 1 20

Total thickness of Hith Formation 111-153

Arab Formation.

KATTOI Or COHTACT WITH ADjAGMT FORMATIONS

Contacts of the Hith Anhydrite with bracketing units

are visible only at Dabl Hit. The lower contact with

limestone of the Arab Formation (A Member) is sharp

but apparently conformable. Subsurface relationships

bear this out.

The highly irregular contact in Dahl Hit between

massive anhydrite and limestone breccia has led some
investigators to postulate a disconformity at this

level—a disconformity separating the Hith and Sulaiy

Formations. Extensive bore-hole data fail to confirm

this concept; in fact, well sections show smooth grada-

tion from one formation to the other as thin carbonate

stringers are introduced in alternation with thicker

anhydrite layers. This zone of transition now appears

to correspond to the brecciated limestone interval now-

included at the top of the formation in Dabl Hit. It

is likely that the disconformable appearance of the

contact in the dabl is due to solution effects.

FAUOSTOLOQT A«D AOS

The age of the Hith Anhydrite cannot be determined

on direct evidence, but it obviously represents the

climaxing phase of anhydrite deposition that begins in

the Arab Formation (lower Kimmeridgian). As there

is little likelihood of a significant stratigraphic break

within the Hith-Arab sequence, at least some part of

the Arab above the D Member and possibly the Hith

as well must have been deposited during Late Jurassic

time.

In addition, regional considerations suggest that the

overlying Sulaiy Formation is of Tithonian to Berri-

asian(?) age. If these relationships are valid, the

Hith-Arab sequence can be dated as early Kimmeridgian

and Tithonian with some confidence.

PETROLEUM

Over much of eastern Arabia the uppermost beds of

the Hith Anhydrite are commonly in porous calcarenite

facies. Recently, oil was discovered in this interval

in the offshore field of Manifa, and, as a result, it has

been appropriately named the Manifa reservoir. Non-
commercial quantities of od were also detected in the

same unit at Abu Hadriya.

As a matter of historical interest, a tar seep was
discovered at Dabl Hit in 1938. The tar occurs in

vugs and large pores in a 0.8-m limestone ledge at the

base of the Hith. This seepage was extremely interest-

ing as its exact position with respect to both the surface

and subsurface sequence was immediately recognized.

Aramco geologists realized at once the great regional

significance of the discovery as it showed the probable

widespread distribution of this petroliferous group of

rocks, a conclusion strikingly borne out by later events.

JUBA88IC AND CBETACEOU8 SYSTEMS

The Sulaiy Formation is named for Wfidl as Sulayy,

a gravel-filled channel at the foot of the Hit escarpment.

As originally defined by H. L. Burchfiel and K. W.
Hoover in 1935, all beds between the post-Marrat and
pre-Wasia unconformities were assigned to the Tuwaiq
Formation. In the northern sequence studied by them,

the Jubaila is the highest unit present below the Wasia.

Max Steineke in 1937, following the early definition,

included in the Tuwaiq Formation a number of younger
beds that underlie the "Nubian Sandstone" ( that is,

Biyadh plus Wasia) in the central area but that

cut out to the north. The additional beds above the

Jubaila were referred to simply as "Riyadh chalks

and limestone, including Yamama detrital member at

top."

In 1938, R. A. Bramkamp and T. C. Barger. after

studying the upper part of the Tuwaiq Formation,

separated out the Riyadh chalks and limestones,

raised this sequence to fonnational rank, and defined

members within it. At this stage, the Riyadh Forma-
tion included from the top down, the Yamama detrital,

Sulaiy limestone, Hith Anhydrite and Lower Riyadh
members.

On the discovery of what was then believed to be

Lower Cretaceous fossils in the Sulaiy, the Sulaiy and

Yamama detrital members were broken out of the

Riyadh Formation and placed in u new formation,

the ThamamH. In addition to the Sulaiy and Yamama
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Location:
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Generalized lithology

PELLET CALCARENITE: Brown poorly
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—

APHANITIC-CALCARENITIC LIMESTONE AND
CALCARENITE: Complexly interbedded
light grayish-tan compact rubbly weather-

ing, in part dolomltlc aphanitic limestone,

pellet-oolite-detrltal calcarenitlc lime-

stone, pellet-oolite-detrital calcarenite.

and strongly recrystallized molluscan
coQuina. Scattered quartz sand grains

•ar base. (170.2 m)
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LIMESTONE BRECCIA: Gray-tan thin to

platy angular blocks recemented in fine-

grained marl matrix
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L

Vertical scale
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After S. J Ro»ch. 1952

Rang 8.—SuieJy Formation type section
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members, a group of stratigraphically higher carbonate

beds was included within the Thamama formation

and recognized as constituting a third, as yet unnamed
member.

The first formal publication (Steineke and B ranikamp
1952b) still included these three units within the

Thamama, but, by that time, the members had been

formally named and raised to formational rank and
the Thamnma was elevated to group status. From top

to bottom the three formations were designated as the

Buwaib, Yamama, and Sulaiy. Later, the upper
limit of the Thamama Group was redefined to include

a fourth formation, the Biyadh Sandstone.

The type section of the Sulaiy Formation (fig. 8)

Ls in the cliff above Dabl Hit at lat 24°29'1N" X.;

long 47°00'06" E. The upper limit is placed at the

change from chalky aphanitic limestone of the Sulaiy

to the more detrital calcarenitic limestone and cal-

carenite of the Yamama Formation. The base is at

the contact of the basal calcarenite of the Sulaiy with

the limestone breccia of the Hith. As pointed out in

the discussion of the Hith contacts, the limestone

breccia (included in the Sulaiy by Steineke and others,

1958), is now considered a part of the Hith.

OCCUUIBCB ABO THICK*KS

The Sulaiy crops out in a gently curving arc from lat

22°38' N. to Al Khatilah (lat 25°26' X.). Only the

Xisah graben and a few thin banks of recent cover

break the continuity of the Sulaiy over this 350 km
distance. Width of the outcrop belt varies little

between Khashm Khartum (lat 23*24' X.) and Khashm
al *An (lat 24°44' N.).

The most prominent feature of the Sulaiy landscape
is the 50- to 100-m thick, west-facing slump escarpment
in the upper part of the formation. ReadUy recogniz-

able for over 200 km, the escarpment (herein termed
the Hit escarpment throughout its length) marks the

boundary between two areas of quite different topo-

graphic expression. To the east is a gently tilted,

steplike, upland surface formed by the weathering of

tight, well-bedded limestone. To the west is an
undulating surface of contorted limestone beds and low,

complexly slumped hills. These slump features

characterize lower Sulaiy outcrops even in areas where
upper Sulaiy beds and the escarpment are no longer

exposed—that Is, generally north of Khashm al 'An
and south of Khashm Khartum.

A detailed analysis of the origin of the escarpment
has already been presented in the discussion of the

Hith Anhydrite. Suffice to say, the main cause was
removal of underlying Hith evaporite by solution and
subsequent draping of Sulaiy beds over the front edge
of the remaining thick anhydrite sequence.

The only full measurement of the Sulaiy is at the

type section where about 170 m are exposed. An
Al Kharj water well, about 40 km southeast, pene-

trated 168 m of Sulaiy. I^ick of accurate thicknesses

may be attributed to several factors including: (1)

the basal Sulaiy is exposed only in Dahl Hit, (2) the

lower beds are complexly slumped, and (3) middle

Sulaiy beds occurring at the foot of the escarpment are

almost everywhere covered by recent fill.

Both surface data and near-outcrop wells show the

lithology of the Sulaiy to be remarkably uniform. The
main rock type is tan, chalky, massively bedded, aph-

anitic limestone. Some thin beds of skeletal and pellet

calcarenitic limestone and calcarenite occur through-

out but become particularly prominent in the lower

40 m. The basal beds also include moderate amounts
of fine quartz sand.

The sequence in and above Dabl Hit was studied

in 1938 by R. A. Bramkamp and T. C. Barger and

was designated the type locality. About 110 m is

exposed in the escarpment and approximately 60 m
on the back slope.

In 1952 S. J. Roach reworked the same outcrop;

his description of the sequence is given in section 44

(p. 139).

The few locations studied south of the structural

complications of Wadl Xisah show marked lithologic

constancy along strike. In 1962 R. W. Powers and
H. A. McClure measured the upper 44.5 m and lower

30.6 m of the Sulaiy respectively from lat 23°54'14"

X., long 47°13'47" E. to lat 23°54'09" X., long 47°

14'17" E. and from lat 23°46'31" X., long 47°01'22"

E. to lat 23°46'16" X., long 47°01'23" E. Recent

sand and gravel cover the middle part of the formation.

The accessible parts of the succession are summarized

in section 45 (p. 140).

The Hith-Sulaiy contact is visible only at Dahl Hit.

Here, bedding planes in massive anhydrite show low
angular discordance below a plane of truncation.

Until recently, this discordance was cited as evidence

for a disconformity at this level. Xow, however, it

is believed that the contact is gradational and con-

formable and that the angular discordance is the result

of subsurface solution rather than subareol erosion.

Elsewhere, along strike, Hith strata are missing, and
the Sulaiy has been down dropped against contorted

Arab limestones.

From lat 23°04' X. nearly to the Uarb al Hija>.

(lat 24°50' X.) the Sulaiy is overlain conformably by
the Yamama Formation. Throughout this distance
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the contact is marked by a change from tan, chalky

aphanitic limestone below to massive beds of clean-

washed Yamama calcarenite above. Although the

contact is covered north of the road, conformable re-

lations between the units probably extend nearly to

Al KhStilah. At about this latitude, Middle and
Upper Cretaceous rocks swing across Yamama and
Buwaib beds, truncate the Sulaiy, and come in contact

with the underlying Arab Formation.

On the southern end of the outcrop, below lat 23°04'

N., pre-Buwaib erosion cuts progressively deeper into

Sulaiy strata. The formation is completely cut out

near lat 22°35' N., where Buwaib rocks rest directly

on Arab.

Recent sampling of the type Yamama and bracketing

strata by R. W. Powers and H. A. McClure in 1962

permits accurate placement within the type sequence

of fauna! horizons recognized in adjacent shallow air-

drilled holes. Placement of these horizons affects

not only Sulaiy-Yamama-Buwaib surface correlations

but sheds considerable light on their subsurface

relationships as well.

C. D. Redmond also in 1962 demonstrated that the

top of the Sulaiy in the area of the type Yamama
should be revised upward approximately 4 m so as

to include the basal member of the type Yamama.
This member represents a thinned-down equivalent

of the uppermost 9 to 18 m of the "Yamama detrital

limestone" of deep wells. Concurrently with this

the designation "Yamama detrital limestone" as used

in deep-well terminology is changed to Sulaiy For-

mation. The advantages of these two related changes

are as follows:

1 . The top of the Sulaiy Formation coincides with the

top of a major fauna! division. Pseudocyclammina

sulaiyana Redmond (Redmond, 1964b), which

appears in the Sulaiy Formation and ranges

upward to the top of the present "Yamama
detrital" of the deep-well subsurface section,

is thus confined to the Sulaiy Formation. The
same conditions apply at outcrop where Pseudo-

eyelammina sulaiyana ranges to the top of the

basal member of the type Yamama, now redefined

as uppermost Sulaiy.

2. In most deep-well sections, the tip of the revised

Sulaiy Formation coincides with a major lithologic

break accompanied by a marked electric-log

signature pattern; a point corresponding to the

older Sulaiy top would have to be picked on

faunal evidence alone.

A. The proposed modification of existing stratigraphic

terminology reconciles surface and deep-well

usage. Prior to the recent findings, Lower
Cretaceous stratigraphic relationships between

outcrop and subsurface were uncertain. Deep-

well nomenclature, originally based on tentative

comparison with the surface beds, can now be

shown to be inexact and misleading. For ex-

ample, "Yamama detrital" of deep wells in reality

almost entirely falls within the Sulaiy of outcrop.

Other correlations permit accurate subsurface

definition of the Buwaib and Yamama, and these

names will be carried into the subsurface as

well.

PALI0HTOLO0T AMD AO!

A partial list of Foraminifera occurring in the

Sulaiy Formation is given below. All the forms listed

range to within a few feet of the top of the formation.

Their lower limits are not so clear, however, with the

exception of that of the Everticyclammina sp., which

is known to range through all but the uppermost

beds of the formation.

Foraminifera of the Sulaiy Formation include:

Bramkampdia arabica Redmond (Redmond, 1964b),

Everticyclammina sp., Iberina lusitanica (Egger), Nau-
tilocvlina sp., Pseudocyclammina sulaiyana Redmond,
Trocholina sp. 1 (a large, high-spired form with a

strongly protruding base and blunt apex), Trocholina

sp. 2 (a medium-sized, low-spired form with radial

fluting in the inner side of the marginal band).

Presence of a common Nautiloculina sp. gives the

Sulaiy faunas a Jurassic aspect although this genus

is known to extend into the Lower Cretaceous.

Recent work by Maync (1959) has demonstrated

that Iberina lusiianica has a somewhat extended

vertical range, first appearing in the lower Kimmeridgian

and extending upward across the Jurassic-Lower

Cretaceous boundary into the lower Valanginian.

Its presence in the Sulaiy Formation of Saudi Arabia

is helpful only insofar as it limits the possibilities for

age assignment to either Late Jurassic or earliest

Cretaceous.

Pseudocyclammina sulaiyana Redmond was discussed

and figured by Henson (1948) as Pseudocyclammina

aff. litus (Yokoyama) from Qatar Ehikhan well 2,

presumably in beds equivalent to the Sulaiy Formation.

Henson listed a stromatoporoid, Cladocoropsis sp.,

as occurring at the same level and considered the age

of the beds to be Late Jurassic.

Until such time as more definite evidence is obtained

it seems best to leave the age assignment of the Sulaiy

Formation open, listing it as Tithonian to early

Valanginian.

A comprehensive list of fossils found in the Sulaiy

Formation includes: (Jhaeietes sp., Milleporidium sp.,

Aporrkais sp., Diceras? sp., Exogyra couloni d'Orbigny

Nerinea aff. N. blancheti Pictet and Campiche, Nerinea

sp., Ostrea sp., and miscellaneous cidaroid radioles.
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OBOL'ND WATER

Because of their generally aphanitic and tight char-

acter, Sulaiy rocks appear unfavorable as water reser-

voirs. This impermeability does serve a useful purpose,

however, in that water falling on the back slope of

the Hit escarpment drains into and recharges both

the Wadl Nisfih-Wfidl as Sahba' channel system and
the Biyadh-Wasia sandstone aquifer.

PBTHOLXCM

Porous Sulaiy rocks contain oil in one Saudi Arabian

field— that is, the offshore field of Manifa. Here, the

producing interval or Lower Ratawi reservoir is about

250 ft of calcarenite and calcarenitic limestone. As
is true of most Arabian carbonate reservoirs, oil ac-

cumulation is directly related to development of clean-

washed lime sand (calcarenite). Other Middle East

fields outside of Saudi Arabia also presumably have

discovered productive oil in the Sulaiy.

CRKTACKOUS 8T8TKH

Difuino"

The Yamama Formation is named for the town of

Al Yamfimah (lat 24°H' N.) about 20 km north of

the type section and on line with the strike of outcrop.

Development of Yamama nomenclature from an un-

named part of the Tuwaiq Formation to a formation

within the Thamama Group is described in detail in

the definition of the Sulaiy Formation.

The Yamama type section was pieced together from

a number of short exposures on the Al' Qusay'R' upland
surface between lat 24°00'24" N., long 47°15'42" E.

and lat 24°00'24" N., long 47°20'54" E.

As defined by Steineke, Bramkamp, and Sander

(1958), 58 m of section between the dense Sulaiy

limestone below and pre-Buwaib unconformity above
was assigned to the type Yamama. As already men-
tioned in connection with the Sulaiy, recent work has
shown that the basal 4 m of the Yamama type sequence

belongs logically with the Sulaiy. The lower limit

of the Yamama is herewith redefined to account for

this change.

The picture is further complicated by the fact that

many beds assigned to the lower part of Buwaib at

its typo locality further north were also included in

the Yamama type sequence. In addition, it is certain

that the "pre-Buwaib unconformity" was somewhat
misplaced in both areas. To straighten out the re-

lationships between the Yamama- and Buwaib-type
sequences and adhere as far as is feasible to older

concepts, the upper limit of the Yamama has been

adjusted in the outcrop and subsurface to coincide

with the now accurately placed "pre-Buwaib" surface

of unconformity. At the Yamama type locality this

involves lowering the Yamama-Buwaib contact about

8 m. The effect on the Buwaib-type sequence has

been to include the lower 23 m in the Yamama and
restrict the Buwaib to approximately the upper 10 m.
Evidence for these changes is as follows:

1. Analysis of the type Buwaib microfaunas by means
of recently developed species keys shows that

Cyclammina greigi sensu strictu does not range

below the top 10 to 12 m of the formation. Also,

forms which appear in samples immediately be-

low that level are those which are known elsewhere

only from the Yamama Formation. Further-

more, the echinoids from the type Buwaib are

associated with these lower forms and appear to

fall below the lower limit of Cyclammina greigi.

2. Specimens of Pygurus cf. P. rottratus from the type

Buwaib came from a position high in the forma-

tion, as originally defined. This species can now
be accurately placed within the type Yamama
microfaunal sequence and can be demonstrated

to fall below the range of Cyclammina qreigi here

as well.

There is no possible doubt that at least the lower

23 m of the type Buwaib is equivalent to a roughly

comparable interval in the lower part of the type

Yamama and that the echinoid occurrences in the two
areas fall very nearly at the same level in time.

Redefinition of the Yamama now places 45.5 m of

strata in this unit at the type locality. The base is

at the contact of chalky aphanitic and calcarenitic

limestone of the Sulaiy below with golden-brown

calcarenite of the Yamama above. The top is placed

at the unconformable break from golden-brown pellet-

calcarenite below to molluscan calcirudite of the

Buwaib above.

Outcrops of the Yamama form a very thin, curved

band from lat 23°04' N. to the northern end of Jfil

Buwayb (lat 25°24' N.), a distance of nearly 300 km.
In the central area the band reaches a maximum width

of about 9 km. Yamama rocks are continuously

exposed from their southern limit to Wfidl Nisfib

where the beds are covered by younger deposits.

The formation reappears north of the wfidl, then per-

sists to the northern edge of the Al Jubayl plateau

where it passes under Quaternary cover. It is again

exposed for about 25 km at Jal Buwayb in the steep

face of the Al 'Aramah escarpment.

Except for the clifflike exposures at Jfil Buwayb,

Yamama rocks usually weather to a gently tilted,

steplike series of dip slopes and low parallel benches
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or hills. These are in turn superimposed on the flat

upland surface dipping east from the Hit escarpment.

Complete measurement of the Yamuna sequence

has been made at two localities. At the reference

section (near 1st 24°00' N.) the formation is about

45 m thick; far to the north near Khashm Buwayb
(lat 25°15' N.) it is about 25 m thick. Intraformational

correlations show that most of the loss of section north

from the reference area is due to pre-Buwaib trunca-

tion.

About 10 km south of the reference section (near

lat 23°54' N.) another full Yamama sequence (40 m)
can be pieced together from a measured section and
two shallow air-drilled holes. As these holes were

spudded directly on the outcrop, their stratigraphic

position in terms of the surface sequence is precisely

known. At this locality, loss of beds relative to the

reference section can be attributed to pre-Buwaib

erosion. Beveling of the Yamama continues south-

ward nearly to lat 23°00' N. where the entire unit

is eliminated.

irnouMuo cuuom
Basically the Yamama Formation, like the Sulaiy,

is a nearly pure carbonate unit. Calcarenite, calcare-

nitic limestone, and aphanitic limestone occur in varying

proportions along strike. Clean-washed calcarenite

and calcirudite are the main rock types at the type

locality; away from this area progressively muddier

sediments—aphanitic and calcarenitic limestone and

even very thin layers of shale—come in.

R. W. Powers and H. A. McClure in 1962 measured

in detail a full Yamama sequence not far from where

R. A. Bramkamp originally pieced together the type

section. Samples collected at closely spaced intervals

along the traverse provide the most complete record

of Yamama outcrop lithology now available. As a

result, the section is herewith designated a reference

locality.

The reference section (fig. 9) is a composite of three

isolated but overlapping measurements. The lower

26.5 m was measured along the back slope of the Hit

escarpment between lat 24°00'37" N., long 47°15'40"

E. and lat 24°00'13" N., long 47°16'54" E. Another

11 m was picked up in the side of a low hill from lat

24°01'04" N., long 47°19'01" E. to lat 24°00'48" N.,

long 47°19'08" E. The upper 8 m was described at

another hill between lat 24°02'47" N., long 47°20'20"

E. and lat 24°02'42" N., long 47°20'27" E.

Rocks found in the reference section are typical of

Yamama exposures elsewhere; hence, a complete

description is given in section 46 (p. 140).

The Yamama Formation rests conformably on the

Sulaiy, and thus, throughout the length of outcrop,

limestone lies on limestone. Generally, however, the

break is marked by a change from tan, moderately

porous aphanitic limestone below to brown, tightly

cemented pellet calcarenite above. In addition, Sulaiy

bedding tends to be thicker and more resistant to ero-

sion, and, on weathering, these beds form a steplike

series of 2- to 10-m sheer cliffs separated by short inter-

vals of dip slope. In the Yamama, on the other hand,

short intervals of soft beds form low-angle slopes each

capped by a thin 0.5- to 2.0-m resistant ledge.

The contact between the Yamama and overlying

Buwaib Formation is unconformable. In spite of this,

the break—limestone on limestone—is inconspicuous,

and exact placement must often await detailed faunal

control. Beveling of the Yamama involves only a few

meters per kilometer, and the unconformity can only be

recognized by the systematic disappearance of units

over a long distance. For example, from the reference

section south, the Buwaib rests on progressively older

units of the Yamama, cuts across the Sulaiy, and then

rests on Arab beds.

Although some pre-Buwaib truncation of the Ya-

mama is apparent north of the reference section, surfi-

cial deposits cover the units before the Yamama is fully

cut out. In fact, it is quite possible that some lower

Yamama strata persist beneath the cover far enough

north to intersect the pre-Wasia unconformity near

WadI al 'Atk.
PAUOBTOIOOT AMD 101

Occurrences of Pygurua roatratua Agassiz and Trema-

topyguK cf. T. graai d'Orbigny (identified by J. Roger

fide Sander in Steincke, Brampkamp, and Sander, (1958)

within the Yamama Formation are indicative of a

Valanginian age.

A partial list of Foraminifera from the Yamama
Formation is as follows: Eoerticylammina ecccntrica

Redmond, Everticyclammina elegana Redmond, Paeudo-

cyclammina cylindrica Redmond (Redmond, 1964b),

Pseudocyclammina spp., Troeholina sp. (a large, low-

spired form with the base more convex than the spiral

side). As nothing is known of the occurrence of the

above Foraminifera outside of Saudi Arabia, they can

have no special significance, in themselves, in deter-

mining the age of the formation.

A comprehensive list of Yamama fossils includes:

Aatrocaeniat sp., Milleporidium cf. sp., Pygunu roa-

tratua Agassiz, Tremolopygua cf. T. graai d'Orbigny,

cidaroid radioles, Cydammina spp., Everticyelammina

eccentrica Redmond, Everticyelammina elegana Red-

mond, Pseudocyclammina cylindrica Redmond, Pseu-

docyclammina sp., Troeholina spp., Haplophragmium

sp., Haphphragmoidea sp., Troehammina sp., Aniao-
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J

-

Locations

(a). <b). (c* Yamama

(a) 24'00'37"-47'15 ,40"
24'00'13"-47'16'54"

(b) 24'0r04"-47'19'0I"
24'00'48"-47M9'08"

Generalized lithology

SANDSTONE: Red medium-grained ferru-

ginous, black weathering sandstone

SHALE. DOLOMITE. CALCARENITE AND
APMANITIC LIMESTONE Complexly m-
terbedded blue-green and olive-green

shale, reddish-brown medium-gra<ned
crystalline dolomite, golden-brown, in part

sandy well-cemented pellet calcarenite.

and tan to brown chalky aphanitic lime-

Occasional thin beds of molluscan
calcirudite and quart; sandstone (17 7 m)

(C)

(d)

(d): Buwaib

24'02'47"-47'20'20"
24*02'42"-47*20 ,27"

23"53'51"-47'18 ,53"
23*53'52"-47'19'53"

(3) CALCARENITE ANO APHANITIC LIME-
STONE. Golden-brown usually medium-
grained and well-sorted tightly cemented
pellet-Foraminifera calcarenite, poorly ex-

posed chalky aphanltic limestone inter-

bedded in upper part, Single thin bed of

golden-brown fine- to medium-grained
calcareous quartz sandstone present near

middle of unit, (16 0 m>

(2) APHANITIC AND CALCARENITIC LIME-
STONE: Tan moderately porous chalky,

sparsely sandy aphanitic limestone inter-

bedded with tan to brown molluscan cal-

carenitic limestone Occasional thin beds
of golden brown well sorted tightly

cemented Foramimfera pellet calcarenne
(10.1 m)

(1) CALCARENITE AND COARSE CAR-
BONATE Brown to golden-brown poorly

to moderately well-sorted tightly cemented
clean washed fine-grained to gravel-sizo

pellet-molluscan-Forammifera calcarenite

and calcirudite Several intervals poorly

exposed, probably chalky aphanitic lime-

stone (19 4 m>

CALCARENITIC LIMESTONE: Brown and tan
sparsely sandy molluscan and foramlnlf-

eral calcarenltic limestone

Diagnostic fossils

~^\'r f w7f"icVclomm~n<r^;1-n">rico~'~

PiCLJ<fcc^C.
l

orrn.r.o cyliodfiCO horizon

i beds

Tremofopygui C.1 T gron

E**rt'CKCioni.Tiioq cfegoru

Plcudozyciorr.mina lui'aiyono horizon

Ye-t cal <•..-<> -

1.1000

After R. W. Powers and H. A. McClure. 1962

Fiouhx 9.—

i

cardia sp., Aporrhais sp., Cerithium (s.l.) sp., Corbis sp.,

Corbula sp., Chione cf. sp., Cuculaea? sp., Exogyra spp.,

Gyrodes? sp., Oryphaea baili (Stefanini), Homomya sp.

Lima sp., Modiolus'!, Natka sp., Nuculana sp., Ostrea

sp., Paphia sp., Photadomya cf. P. decxtssata, Pleuroto-

marial sp., Siliqua sp., Straparolu*? sp., Tellina sp.,

Trigonia sp., Trochu* sp., Venus sp., unidentified am-
monite genus showing affinities with Knemictraa and
Hypengonoctros, and unidentified small molluscs.

icoaoanc asfbcts

The offshore field of Manifa contains productive oil

in the Yamama Formation (Upper Ratawi reservoir).

This is the only occurrence in this formation within

Saudi Arabia, but other Middle East fields presumably

have accumulations at this level as well. At Manifa,

the effective thickness is small and limited to calcarenite

development in a dominantly aphanitic interval.

The Buwaib Formation is named for Kbashm
Buwayb (lat 25°15' N.) near where the type section

was measured. Development of Thamama Group
(including Buwaib Formation) nomenclature from its
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inception to modem usage is covered in detail under

the definition of the Sulaiy Formation (p. 66).

Recent work has shown that some modification of

the type Buwaib as defined by Steineke, Bramkamp,
and Sander (1958) is necessary. It can now be demon-
strated that the lower two-third9 of the 33.8-m interval

previously assigned to the type Buwaib is, in fact,

equivalent to the lower part of the type Yamama and,

in addition, falls below the pre-Buwaib unconformity.

Supporting evidence has already been cited as part of

the discussion on the Yamama Formation (p. 70).

Based on the new data, it now seems logical to

restrict the name Buwaib Formation to the upper 11.2

m of the type section at Khashm Buwayb and throw

the lower 22.6 m with the Yamama. Thus, the Buwaib
would take in all beds carrying Cyclammina greigi and
would put the base of the formation at the stratigraphic

break that elsewhere has been called the "pre-Buwaib

unconformity" in both surface and subsurface reports.

The section measured in the face of Jill Buwayb at

lat 25°15'03" X., long 46°38'52" E. is held as the type

locality for the Buwaib (restricted). The base is at the

unconformable contact of cream-colored aphanitic

limestone above with quartzose sandstone and aphanitic

limestone of the Yamama below. The top is at the

highest limestone below the sandstone of the overlying

Biyadh.
OOCUXKDd AMD THICIHISS

Outcrops of the Buwaib Formation have been mapped
in a narrow irregular band from Khashm al BazQm
flat 20°38' N.) to the northern end of Jill Buwayb Oat
25°24' X.), a distance of nearly 600 km. South of

Khashm al Khufaysah (near lat 23°00' X.) average

width of the outcrop is about 18 km; to the north, it is

about 2 km.

Continuity of the Buwaib is broken at several

places—notably, at Al Aflfij (lat 22°10' X.) where a 50

km vride sheet of gravel cuts through the Lower
Cretaceous, again at Wadl NisSb where the central

Arabian graben system funnels through, and finally

just north of lat 25°00' N. where exposures are covered

for 30 km by surficial deposits.

In addition to the main belt of outcrop, several small

outliers of Buwaib are preserved in the slumped and

brecciated zone just west of the Hit escarpment. The
moat prominent of these occur in front of Khashm
Khartum (lat 23°23' X.) and Khashm Fazrfi* Oat
23°38' X.) and west of 'Irq Banban (in the vicinity of

lat 25°00' N.). Certainly Buwaib rocks are down
dropped in other areas as well, but structural complica-

tions and lithologic similarity have so far prevented

accurate sorting of the various units involved.

Except for the steep cliff face at J&l Buwayb, the

unit weathers to a relatively low-relief plain. The
generally flat surface is broken, however, by several

small discontinuous benches that crop out at various

levels through the section.

In the southern area of outcrop—generally between

Wild! ad Dawflsir and Wfidt Birk -Buwaib Formation

thickness is relatively constant at 40 to 45 m. There

is considerably more fluctuation in sections measured

to the north—for example, 18 m at the reference section

(lat 23°54' N.), 33 in near lat 24°00' X., about 20 m
near the Darb al Hijaz (lat 24°52' X ), and 11 m at the

type section near Khashm Buwayb (lat 25° 15' X.).

LTTHOLOOIC CHA1ACTD

Although the Buwaib contains several rock types, the

general lithologic character changes but little along

strike. Aphanitic limestone and calcarenitic limestone

are most common, but invariably the sequence is

broken with thin intervals of calcarenite, sandstone, and

shale. Beds of clean quartzose sandstone appear to be

confined to the upper part of the formation.

One of the most complete sections of the Buwaib so

far studied is a few kilometers northeast of Khafs
Daghrah (lat 23°50' X ). Here R. W. Powers and

H. A. McClure in 1962 measured and sampled the

entire sequence which is herewith designated as a

reference section (fig. 9). The formation was studied

on a continuous traverse from lat 23°53'51" X., long
47°18'53" E. to lat 23°53'52" X., long 47°19'53" E.

A full description is given in section 47 (p. 141).

Sections at the extreme northern and southern

ends of the out-crop belt fail to show any significant

differences in the lithologic pattern seen at the ref-

ference locality. For example, the type sequence at

Khashm Buwayb may be summarized as follows:

At the base 3.8 in of aphanitic limestone with thin

interbeds of calcarenitic limestone and calcarenite,

overlain in turn by 1.7 m of friable sandstone, 3.7 m
unexposed but probably shale, and 2.0 m of thinly

interbedded sandstone and sandy calcarenitic lime-

stone.

Southerly exposures are characterized by a section

just north* of Qasr Himfim (lat 20°49'* X.). The
sequence hero may be summarized as given in section

48 (p. 142).

HATUU OF CONTACT WITH ADJACEJIT FOKXATIOTO

The Buwaib Formation rests unconformably on all

underlying units with which it comes in contact.

From the vicinity of J&l Buwayb nearly to lat 23°00' X.,

the Buwaib rests on different beds of the Yamama
Formation. Southward, the Buwaib progressively o%-er-

lies the Sulaiy and finally comes in contact with Arab

strata about 20 km north of LaylA.
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The upper contact with the Biyadh Sandstone is

everywhere conformable and gradational. It is ex-

pressed as a low discontinuous bench of Buwaib
limestone capped by a thin veneer of reddish-black,

ferruginous sandstone of the Biyadh.

At the southern end of the outcrop, the Buwaib
disappears under gravels dispersed by the Wild I

ad Dawfisir drainage system, and its ultimate limit is

unknown. Surfieial cover also obscures events on the

northern end of the outcrop belt beyond Jiil Buwayb.

In this place, however, regional geometry suggests

that the Buwaib persists to Wad! al 'Atk and is there

truncated by pre-Wasia erosion.

PAUOBTOLOOT AID AOI

Surface exposures of the Buwaib Formation carry

('yclammina greigi Henson, Everticyclammina hensoni

Redmond, Mid several other lituolids.

As the Buwaib unconfonnably overlies the Val-

anginian Yamama Formation along the outcrop and

underlies the lowermost occurrences of Orbiiolina cf.

0. divcoidea Gras, 0. discoidea Gras var. delicate Hen-

son, and ChojftUella decipiens Schlumberger in sub-

surface, its position would be within the Hanterivian.

Buwaib fossils include: Ammobaeulitesl sp., Cy-

clammina greigi Henson, Etxrticyelammina hfnsoni

Redmond, unidentified lituolids, and unidentified small

molluscs.

BIYADH BAXDOTONB—LOWER CRISTACBOITS

The Biyadh Sandstone is named for Al Biyfld, an

extensive gravel-covered plain that marks the area of

outcrop. Beds now assigned to the Biyadh were first

included by T. W. Koch and C. W. Brown in 1934 as

part of a larger unnamed clastic series of presumed

Cretaceous age. H. L. Burchfiel and J. W. Hoover

applied the name "Nubian Sandstone" to this unit

in 1935 because of similarity to the Cretaceous section

in Lebanon.

Max Steineke in 193S pointed out that the Nubian

Sandstone is primarily a facies term with no strati-

graphic significance. It had been used in Egypt,

Sinai, Lebanon, and Palestine as a "catch-all" for

arenaceous sediments of widely differing ages. The
Arabian sandstone, on the other hand, occupied a

definite stratigraphic position and could only be

correlative with the upper part of the succession in

Egypt. For that reason, the loose term Nubian

Sandstone was replaced by the name Wasia Formation.

The Wasia was bracketed at the top by limestone of

the Aruma Formation and at the base by limestone

that is now Buwaib. The Wasia as thus defined

appeared in publication in 1952 (Steineke and

Bramkamp, 1952b).

Truncation and overlap within the Wasia as first

defined had long been recognized. The exact surface

of unconformity, however, was only recently pinpointed

by detailed field and aerial photomapping. With these

data, it could be demonstrated that the Wasia con-

tained two sand units separated by a major uncon-

formity. Consequently, in 1952 Bramkamp tentatively

removed the beds below the unconformity from the

Wasia and assigned them to a new formation—the

Biyadh Sandstone. The Biyadh, because of its con-

sidered Lower Cretaceous or Neocomian age, was and

still is the upper formation of the Thamama Group.

Concurrently, the beds remaining above the uncon-

formity were assigned to the Wasia (restricted). The
new terminology first appeared in a paper by Thralls

and Hasson (1956), and formal publication of strati-

graphic limits followed in 1958 (Steineke and others).

The definition of the Biyadh and Wasia Formations

noted by Steineke, Bramkamp, and Sander (1958) has

been retained in this paper. There is considerable

evidence, however, that the Biyadh-Wasia boundary

on outcrop does not coincide stratigraphically with

the subsurface contact. In fact, there seems little

doubt that strata assigned to the upper Biyadh at the

surface are included within the Wasia in deep-well

sections (fig. 1). At least one and possibly several

unconformities, obscured by sand-on-sand relationship,

complicate the picture.

The Biyadh section was measured along a two-part

traverse: (pi. 9) (1) the lower part from the base of

the sandstone at lat 24°06'38" N., long 47°23'53" E.

(near Ath ThulaymS') east to lat 24°05'28" N., long

47°38'07" E. and (2) the upper part from a point at

lat 24°00'03" N., long 47°35'09" E. (the same strati-

graphic level as the top of unit 1) southeast to lat

23°5K'38" N., long 47°41'37" E. Recalculations

based on new dip data show the Biyadh at the type

locality to be about 425 m thick.

The base of the Biyadh is at the top of the highest

thin marine limestone beds of the Buwaib Formation.

The top is at the unconformable contact of coarse

quartz sand with quartz pebbles and the overlying

ferruginous silty sandstone of the Wasia Formation.

Sandstone of the Biyadh can be traced almost

continuously from Wadl ad Dawasir to Wadl al 'Atk,

a distance of nearly 650 km. Only two breaks of any

significance occur, and these are the synclinal area of

Wadl as Sahba* where Wasia and Aruma sedimentary

rocks effectively mask the Biyadh and the gravel sheet

at Al Aflfij (about lat 22°10' N ). Nearly 50 km wide
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at Wadl ad Dawftsir, the Biyadh narrowx persistently I

northward to Khashm Khan&sir al Khafs (lat 25°35'

X.) where it pinches out in the face of the Al 'Aramah

escarpment. Southward, the Biyadh disappears be-

neath alluvial gravel and eolian sand of the Rub' al

Khali. Scattered exposures of combined Biyadh and

Wasia are known within the sand-covered area; the

most prominent are at Al Jaladah (near lat 18°30'

X.) and Ash Sharawrah (near lat 17°15' N.).

From Wadl as Sahbfi' south, weathering of the

Biyadh result* in a characteristic landscape made up of

numerous small dark-colored to black hills between

which are gently rolling white, gravel-covered plains.

The Arabs refer to this belt as Al Biyfid which roughly

translated means "the white country." The same gen-

eral topography picks up again north of Wfidi as Sahba',

but here the terrain is somewhat rougher and more

difficult to traverse.

Gravel littering the Biyadh surface is apparently

residual and is composed almost wholly of white, well-

rounded quartz pebbles and lesser amounts of quartzite

and fossil wood. Some igneous and metamorphic grains

also occur, but these are generally concentrated near

major channels that originate west of Jabal Tuwayq,
breach this barrier, and extend across Lower Cretaceous

units.

The maximum thickness of the Biyadh so far calcu-

lated is 625 m in the vicinity of Ban! Labab (lat 20°

42' N.). Northward, definite though irregular thinning

lakes place. Intervals of 515, 510, 425, and 360 m
were computed respectively near Wadl al Maqran (lat

21°20' N ), Wadl Birk, the type locality, and latitude

24°40' X. Beyond, pre-Wasia truncation is rapid and

the formation wedges out completely within about

140 km.

Bore holes in the southwest Rub' al Khali penetrated

Biyadh sections which, although incomplete, give some

idea of formation thicknesses in this area. About 490 m
was recorded at Al Jaladah and some 375 m is present

at Ash Sharawrah.

The lower three-fourths of the Biyadh is mostly light-

colored, often black-weathering and crossbeddod quartz-

i»*e sandstone with some interbeds of varicolored shale.

Conglomeratic layers and thin beds of ironstone occur

at several levels. From the area of Wadl as Sahbft'

north, this lower sequence is capped by a prominent 10-

m interval of complexly interbedded marl, limestone,

>hale, sandstone, and reddish-brown siderite-dolomite.

Above the calcareous unit the remainder of the

Biyadh is coarse-grained, crossbedded quartz sandstone

containing abundant quartz pebbles. This conspicuous :

band of gravels is known informally as the "Biyadh I

»s-7Ta o-ea o

D75

Gravel Stripe." It is distinct both on the ground and
aerial photographs and can be traced south for several

hundred kilometers, even far beyond where the under-

lying calcareous member gives out. The upper limit of

this white gravel stripe is taken as the Biyadh-Wasia

contact.

The bulk of the Biyadh appears to be of nonmarine

origin, except for the thin carbonate stringer which

contains poorly preserved marine molluscs and a poorly

preserved nondiagnostic marine microfauna found 25 to

30 m below the carbonate stringer. C. D. Redmond in

1962 suggested that the lower marine lithology may
represent a western extension of the environment recog-

nized in the subsurface as the Mauddud Limestone

Member of the Wasia Formation. Unfortunately, proof

is lacking; if this could be demonstrated, much of the

uncertainty regarding Biyadh-Wasia surface-subsurface

relationships would be eliminated.

The type section of the Biyadh is considered to be

that measured about 20 kin south of Wadl as Sahba'

by D. A. Holm and N. M. Layne in 1949. Their de-

scription of the rocks exposed (section 49, p. 142) at this

locality serves as an excellent summary of Biyadh rocks

all along the outcrop belt.

ATOM OF COWTACT WITH ADIACMT FOUUTIOB

The contact with the underlying Buwaib is conform-

able and gradational and is placed at the top of the

highest limestone bed of the Buwaib. Throughout

the outcrop area this consistent horizon follows the

top of a half-meter bed of reddish limestone or dolomite.

Immediately above is the typical ferruginous black-

weathering sandstone of the Biyadh.

The Biyadh Sandstone is unconformably overlain

by the Wasia. The contact is marked by a change

from coarse quartz sandstone with abundant pebbles

to ferruginous silty sandstone of the basal Wasia.

A marked color change occurs at the break. Below

is the laterally persistent white "Biyadh Gravel

Stripe"; above is the varicolored siltstone, sandstone,

and shale of the Wash..

pauobtoloot aid aw

There is considerable uncertainty regarding the

exact stages represented by the Biyadh surface se-

quence as now defined. Definite outside limits are

known, however, as the underlying Buwaib is def-

initely Hauterivian and the overlying Wasia is con-

fidently dated on ammonites as Cenomanian.

Some help comes from the subsurface where the

"Biyadh" is bracketed by Buwaib (Hauterivian)

below and Shu'aiba (Aptian) above. ChoffateUa de-

• dpienn Schlumberger, Dictyoconous arabicas Henson,

i and Orbitolina discoidea Gras are limited to the Biyadh;
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the presence of any one of these species is sufficient

to indicate a position within the formation. Based

on contained forms and regional considerations, the

subsurface Biyadh is probably Barremian and lower

Aptian. As presently interpreted, these beds would

equate approximately to the lower 200 to 250 m of

Biyadh at the type locality.

In connection with this, there Ls some suggestion

that the interval from about 275 to 325 m above

the base of the type Biyadh may be of late Albian

to early Cenomanian age. Several species of Am-
mobaculite* of the type generally associated with

brackish-water deposits were discovered when this

interval was penetrated by shallow air-drill holes.

None of the distinctive genera and species that usually

distinguish the Wasia in deep wells are present here,

and possible comparison of these beds with parts

of the subsurface Wasia can be justified only on two

lines of indirect evidence. The first of these is litho-

logic. In general, and particularly toward the west,

the Wasia is characterized by ferruginous elements

such as siderite, concentrically layered ferruginous

pellets, and ironstone concretions as well as ferruginous

shales. The correlation point based on the occurrence

of AmmobaculiUs falls within the lower part of a series

of beds manifesting just such a lithology. The other

point of indirect evidence lies in the fact that toward

the west both the Wasia and Biyadh beds tend to

become less and less marine, to the point where only

marine microfaunas are found at the level of the basal

Allmad i Member (lower Cenomanian) of the Wasia

and, more sparingly, in beds immediately underlying

the Mauddud Limestone Member (lowermost Ceno-

manian). Bearing this in mind, it !s possible to

theorize that the AmmobaculiUs and zone of marine

molluscs just above represent the westerly extension

of this marine environment.

It is possible that the Biyadh as now defined on

outcrop could include beds ranging in age from

Hauterivian or Barremian to Cenomanian. Such

age assignment would be in sharp conflict with the

much better known subsurface sequence where upper

Aptian to Turonian strata are included within the

Wasia. Unfortunately, however, east-to-west gra-

dation from marine shale and limestone to nonmarine

sand and gravel is accompanied by facies changes

of such magnitude and rapidity that it has proved

impossible to recognize any widespread marker hori-

zons. Because of this, there is little likelihood that

the Biyadh-Wasia contact in the subsurface can ever

be placed with certainty in terms of the surface se-

quence, and vice versa. The widespread usage,

ease of recognition, and economic importance of the

subsurface division throughout the Persian Gulf area

makes it seem most logical to carry the Biyadh as

Barremian and lower Aptian. Clearly, this dating

may not involve the upper 200 m of the type section.

ICO 0KIC ASPECTS

MOUND WATER

In the outcrop area the Biyadh and Wasia sands,

and to a small degree Quaternary alluvium, constitute

a single intake area and hydraulic unit. A short

distance downdip, fluid communication between the

Wasia and Biyadh Ls restricted, and each operates

as an isolated hydrogeologic system.

Recharge occurs primarily from precipitation by

means of direct percolation into the intake area and

channel subsurface inflow from the runoff area. The
major channels that drain the runoff area act as a

recharge mechanism throughout the year.

Three basic types of water are recognized: (1)

Fresh meteoric, (2) mixture of fresh meteoric and

connate, and (3) near-connate. The fresh meteoric

waters contain as much as about 4,000 ppm (parts

per million) of total solids and occur largely in the

west toward outcrop. Mixed water, which ranges

from about 4,000 to 35,000 ppm of total solids, results

from incomplete flushing of connate water and occurs

generally east of the meteoric belt. The connate water

contains about 35,000 ppm of total solids and is known
only at a few isolated localities within the mixed-

water belt. Presumably these areas are residual

original water somehow bypassed and undiluted by

newer meteoric recharge.

Nonpotable Biyadh water is being injected into the

oil reservoir at the Ain Dar area. Biyadh water is

also used for irrigation only at Al BijSdlyah, an agri-

cultural development in Wadl as Sahba' generally

across the Biyadh-Wasia outcrop belt, A total of 54

nonartesian wells have been drilled. Except for three

wells completed in Quaternary gravel to the west,

all the wells are completed in the Biyadh-Wasia sands.

The number of permanent pump installations is un-

certain; probably less than 30 have been made.

The Al Bij&dlyah area is underlain by 300 m of

highly productive water-saturated sediment that is

constantly recharged by fresh meteoric water slowly

seeping downward through channel fill. To the west,

on the south side of Wadl as Sahba' where the water

table rises above the base of the Quaternary alluvium,

the shallow, subsurface, highly permeable gravel

channel(s) which act as conduits for movement of

water down the wadl, can be developed as well.

rnioumi

The main economic interest of the Biyadh is its

equivalence to the Zubair zone which is productive in
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southeastern Iraq. Within Saudi Arabia proper, the

only significant show of Biyadh-Zubair oil is a minor

accumulation in Safaniya.

WASIA FORMATION—MIDDLE CRETACEOUS

nnnnoi

The Wasia Formation is named for Khashm WasI'

(lat 24°23' N.), where a complete section is exposed.

Changes leading to the present definition of the Wasia
have been discussed in connection with the Biyadh

Sandstone (p. 74).

Stratigraphic details of the Wasia as now defined

were first published by Steineke, Bramkamp, and
Sander (1958). The type section is in the lower slope

of Al 'Aram ah escarpment, extending from the pre-

Wasia unconformity (at lat 24°23'04" N., long
47°45'12" E.) southeast to low hills near WasI' (lat

24°22'38" N., long 47 645'49" E ). The base is at the

contact of varicolored fine-grained sandstone and silt-

stone of the Wasia with underlying light-colored,

pebbly, coarse-grained sandstone of the Biyadh. The
top is at the disconformable contact of Wasia sandstone

with dolomite and limestone of the Aruma Formation

above.

Relationship of the Wasia to a thick clastic unit in

northwestern Arabia—the Sakaka Sandstone—has long

been controversial. Variously dated as upper Paleo-

zoic and Middle Cretaceous, the only rigid limits were

imposed by the underlying Lower Devonian Jauf

Formation and overlying Upper Cretaceous Aruma
beds Recently drilled bore holes have, however, now
bridged the gap between the two units and extended

the Wasia northward to where there is little doubt
that it is laterally continuous with the Sakaka. Hence,
the Sakaka is herein described simply as a prolongation

of the Wasia. The term Sakaka, first applied by
R. M. Sandford in 1950 to cover the doubtful unit,

is herewith considered obsolete.

The southernmost occurrence of definite Wasia is

near Wadl Dawfisir. From here, the formation con-
tinues northward in a great arc to where it passes under
the western edge of An NafQd (near lat 28°25' N.).

The unit again emerges around Sakakah (lat 30°00'

N.) where it has been mapped as the Sakaka Sandstone.

Total linear distance of Wasia exposure to this point

is nearly 1,450 km. A number of small outliers also

occur west and southwest of Sakfikah, for example:

(1) In hills which stand up along the north side of

the At T*wll fault (near lat 29°22' N.), (2) on the tops

of hills rising above Al Huj plateau, and (3) around
Umm Nukhaylah Gat 29°30' N., long 38°33' E.) where

the sandstone is preserved in sturcturally disturbed

blocks.

From An NafQd to Ar Rub' al Khali the Wasia ia

interrupted only by such through-cutting channels as

Al Batin, Wfidl al *Atk and Wfidl as Sahbfi'. Patches

of sandstone bedrock cropping out in windows in the

Rub' al Khali sand mantle have been described as

Biyadh and Wasia undivided; Al Jaladah and Ash
Sharawrah are exposures of this type. Actually,

however, there is some doubt that the Wasia extends

that far southwest.

The strike of Wasia beds changes sharply in two

places—that is, Wfidl as Sahba' and Wadl al 'Atk.

In each case Wasia exposures turn almost due west,

and the wadis cut abruptly down through the section.

Presumably in both cases structural happenings,

possibly also related to wfidl formation, are responsible.

In the central and northern areas of outcrop, Wasia
beds typically weather to an upward-steepening slope

that terminates in an almost sheer face beneath the

scarp-forming limestone of the Aruma Formation.

In the southern area, beginning about 40 km south of

Wfidt as Sahbfi', the Aruma progressively loses its

cliff-forming ability as the formation is replaced from

the bottom up by softer sandstone. Complete re-

placement is effected near lat 22°30' N., and, with

this change, the surface of the Aruma and Wasia breaks

down to about the same general level as the adjacent

Biyadh plain.

Near Sakfikah, the formation crops out as a rough,

maturely dissected plateau with scattered hills that

follow no particular topographic pattern. Channels

cutting the plateau are short, poorly developed, and

debouch into small mud flats. West and southwest,

outliers of Wasia (Sakaka) form small plateaus or

cap isolated hills.

Sparse measurements indicate that the thickness of

the Wasia increases irregularly but persistently from

south to north. Some 25 to 30 m thick near Wfidl ad

Dawfisir, the section expands to about 40 m at Wfidl

as Sahbfi', 60 m near Khashm Khafs, 80 to 100 m
east of Al Majma' ah (lat 25°55' N.), 90 m at Tibft'

(lat 27°24' N.), and reaches a maximum thickness of

285 m near Sakakah. Exposures west and southwest

of Sakakah are incomplete, and the thickest interval

measured at Al Halwfit (lat 28°50' N., long 38°42'

E.) is somewhat less than 90 m.

UTH01OOIC CUliCTD

The Wasia (Sakaka) Formation is a relatively thin

sandstone and shale unit which is at least in part

marine in the central and northern areas and probably

nonmarine in the south. In the vicinity of WasI',

a lenticular bed of red sandy dolomite and a local lens
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of soft nodular limestone containing marine fossils

occur 25 m below the top of the formation. South of

Wftdl Sahba' similar lenticular beds of carbonate are

known in the same part of the section. Several inter-

beds of dolomite have also been observed in the se-

quence at Qibft'.

Wasia rock types south of An NafQd are character-

ized by the type succession at WasI'—a succession

measured by R. A. Bramkamp and S. J. Roach in

1955. Their description of the interval is given in

section 50 (p. 142).

A substantial thickness of Wasia (Sakaka) crops

out in northwestern Arabia. Here again, sandstone,

siltstone, and shale are the main rock types present.

The 285-m interval exposed in the vicinity of Sakftkah

was summarized by D. A. Holm and S. D. Bowers in

1952 as given in section 51 (p. 143).

In Al Hflj plateau, 88 m of Wasia (Sakaka) cap Al

Halwftt flat 28°50' N., long 38°42' E.), and 71 m are

at the top of BftrQd flat 29°03' N., long 38°24' E.). At
both places lower beds are conspicuously crossbedded,

but the upper part is massive bedded and weathers
to heavy ledges; at Al Halwilt, the sandstone is slightly

calcareous toward the top, and there is a mud-pellet

conglomerate 11 m below the summit.

hatch or comer with adjaciht rouunoin

At the base of the Wasia is a profound unconformity
that cuts into progressively older beds from south to

north around the arc of outcrop. From Wftdl ad
Dfiwsir to Rubayyat al Hamra' flat 24°50' N.) trunca-

tion of rocks, in this case the Biyadh, takes place at a

rate of up to 1 m per km. Northwestward, the rate

of truncation increases to about 3 m per km and the

Biyadh is completely overlapped near WadI al 'Atk.

From there, the Wasia progressively transgresses and
finally truncates and overlaps the entire Mesozoic
section and west of Sakakah rest* on Lower Devonian
rocks.

The Wasia Formation is everywhere in discon-

formable contact with the overlying Aruma. From
Wadt as Sahba' nearly to Sakftkah, the break is clearly

marked by a change from sandstone below to reddish-

brown, coarsely crystalline dolomite and dolomitic

limestone above.

Around the rim of the Sakakah basin (starting near
lat 30°00' N, long 40°30' E.) most of the lower part
of the Aruma limsestone is replaced by sandstone.
As a consequence, the top of the Wasia is somewhat
more difficult to pick, but fortunately, a very thin bed
of limestone marks the basal Aruma over much of the

area. In fact, it is the geometry of this bed that shows
the Wasia (Sakaka) to be truncated by pre-Aruma
erosion near long 38°30' N.

Aruma happenings in the north are almost perfectly

mirrored by events in the south. Just below Wftdl as

Sahbft', Aruma limestone is replaced from the bottom

up by sandstone, thus masking the lower contact.

Diligent tracing of beds, including phototracing, has,

however, permitted accurate placement of the Waaia-

Aruma unconformity south to the termination of

Aruma outcrops (at Wftdl ad Dawftsir).

PAUovTOtoer in aoi

Comments on the ammonite fauna have been supplied

by W. M. Furnish (written commun., July 25, 1953).

A dolomite bed about 25 m below the top of the Wasia

carries the ammonite NeolobUa vibrayeanus d'Orbigny.

A single specimen was collected near Wast'; several

others were found near Qibft'. According to Basse

(1937), this species is known from many localities

around the Mediterranean and is a fair index for upper

Cenomanian.

Fossils collected just north of Wftdl al 'Atk on an

extensive low bench formed by the upper dolomite

bed of the Wasia consisted almost entirely of poorly

preserved small gastropods, simple pelecypods, and a

solitary coral. None have direct counterparts in any
collection from the overlying Aruma. Two frag-

mentary, poorly preserved ammonites were also col-

lected from this locality. The ammonites show some
differences when compared with Libycoctras from the

overlying Aruma Formation, and they are not close

to the Neohbites found elsewhere in the Wasia. The
worn suture, however, appears to show a relationship

to the genus Knemiceraa s.l., and on this basis the

logical deduction would be a Middle Cretaceous age

assignment.

Surface-subsurface relationships are not entirely clear

(see discussion of Biyadh Sandstone, p. 74) but it

seems certain that beds now assigned to the Wasia in

central Arabia correspond approximately to the middle

part of the coastal Wasia well succession, an interval

that roughly involves the Ahmadi and Rumaila

Members which are confidently dated on contained

microfossils as Cenomanian. It is uncertain whether

the overlying Mishrif Member (Turonian) extends as

far as the outcrop area, but it is possible that at least

part of it does. Consequently, the surface sequence

is now dated as Cenomanian and Turonian(?).

OROUND WATSB

The Wasia aquifer is a thick, widespread hydraulic

unit of Middle Cretaceous age that crops out in central

Najd and dips gently eastward, maintaining its water-

bearing characteristics at least as far as Bahrain.

It is composed primarily of permeable, unindurated
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sand which throughout most of the Eastern Province

is considered a single hydraulic unit. Lithologically

and bydraulically, the aquifer becomes more complex
toward the Persian Gulf and in the coastal area is

separated into two distinct major and possibly several

minor unite. The Wasia has an established hydraulic

gradient which ranges from water-table conditions at

and near the outcrop to flowing artesian conditions

along the Persian Gulf.

The catchment area consists of: (1) an approximately

25,000-eq km intake belt, a lowland hydrophysio-

graphic province which includes the Wasia and Biyadh
outcrop and overlying Tertiary and Quaternary sed-

iments and (2) a nearly 75,000-sq km runoff belt,

a highland hydrophysiographic province which is

underlain by relatively impermeable pre-Biyadb car-

bonates. Recharge occurs by two methods—that

is, direct percolation in the intake area and subsurface

inflow through the channel systems which primarily

drain the limestone highlands. The sand- and gravel-

filled channels which cross the intake area act as a

recharging mechanism during the entire year.

Wasia water ranges in quality from excellent at

or near the outcrop where it is freshly meteoric to brine

toward the northeast where it represents post-de-

positionally modified connate water. Oil-field struc-

tural features along the coast have a marked effect

upon the gentle, east-dipping hydraulic gradient and

upon water quality. Restricted permeability on the

flanks of structures tends to divert regional flow and
restricts flushing by fresher meteoric water, with the

result that the older connate water is partially retained.

In a converse manner, recharge funneled along the

projected axis of the Wftdl as SahbS' trough favorably

affects the regional gradient and water quality.

Extraction of Wasia water is confined to three small

areas: (1) At and near the outcrop for irrigation and
limited domestic uses, (2) at Khurays for domestic

and drilling water supply, and (3) at North Abqaiq
for injection of nonpotable water into the oil reservoir.

The aquifer has a large potential for development
as a source of supply for domestic use and irrigation,

except where it is poor in quality in the northeastern

area, along the Persian Gulf coast, and on structure.

The most favorable areas for development are those

areas where the aquifer will produce good quality water

and the intake area, especially in the vicinity of the

transintake channels.

PBTROLBOM

The Wasia Formation contains commercially pro-

ductive oil at several levels in the offshore field of

Safaniya. Here Wasia rocks apparently record the

growth of a great delta, and thin, laterally persistent

D79

sheets of limestone are sandwiched between thick

bodies of complexly lenticular sandstone, siltstone,

and shale. Individual limestone layers are roughly

contemporaneous across the structure and over large

parts of northeastern Saudi Arabia. They serve to

subdivide and correlate the intervening, often barren,

clastic sequences. Although friable sandstone serves

as the main reservoir rock, significant quantities of

oil have also been discovered in porous limestone beds.

In addition to the Safaniya accumulation, gas occurs

in the Wasia at Dammam field and a minor amount
of low-gravity oil was detected at Khursaniyah. The
Wasia is a highly important producing interval outside

of Saudi Arabia as well, particularly in Bahrain,

Kuwait, and Iraq.

The Aruma Formation was named for its occurrence

in the Al 'Aramah plateau, a broad upland surface

related to the easternmost of the Najd escarpments.

Limits of the formation stand essentially as they were

originally described by H. L. Burchfiel and J. W.
Hoover in 1935.

First formal reference to the Aruma appears in

Steineke and Bramkamp (1952b). This was followed

in 1958 (Steineke and others) by a detailed description

of the type locality. The type sequence was compos-

ited from several sections measured along a traverse

from Khashm KhanSsir flat 25°38'12" N., long 46°22'

29" E.) northeast to a point on the back slope of Al

'Aramah escarpment flat 25°39'18" N., long 46°23'30"

E.), thence northeast to a promontory (at lat 25°44'35"

N., long 46°30'41" E.) in which the top of the formation

is exposed.

The base is at the contact of Aruma carbonate rocks

with underlying varicolored clastic sediments of the

Wasia Formation. The upper limit Is taken at the

change from yellow-brown dolomitic shale below to

gray crystalline Lodtfoirria-bearing dolomite of the

Umm er Radhuma Formation above.

Rocks of the Aruma Formation crop out from Wftdl

ad Dawfisir to beyond the Iraq-Saudi Arabia border,

a distance of more than 1,600 km. Over this distance

the strike of the outcrop belt changes gradually from

northeast to north to northwest, describing a great arc

wrapped around the central Arabian arch. As the

belt approaches Iraq it again swings gently north,

probably in response to another positive basement and

Paleozoic feature—the H&'il arch.

Width of the Aruma outcrop band is somewhat

erratic, but from a regional point of view it persistently

Digitized by Google



D80 GEOLOGY OF THE ARABIAN PENINSULA

increases from south to north. About 20 km wide at

Wad! ad Dawasir, the formation is spread out over

nearly 200 km where it passes into Iraq.

In addition to the main belt of outcrop described

above, the Arum a can be traced around the northwest

margin of the Jawf-Sak&kah basin and then almost

continoualy along a south-facing escarpment from lat

29°57' X., long 39°44' E. to lat 29°56' N., long 39°18' E.

This scarp roughly outlines the northern limit of the

At Tawll-Al Tubayq plateau. Exposures are again

picked up in the face of the escarpment between lat

29°41' N., long 39°23' E. and lat 29°32' N., long
39°19' E. Following the scarp around, Aruma beds

come in once again and can be mapped almost con-

tinuously from lat 29°26' N\, long 38°30' E. to where
the formation crosses into Jordan near Thanlyat Turayf

flat 29°41' N.). Aruma remnants are also preserved

in down-dropped blocks at Umm Nukhaylah and Jabal

ar Ri'atayn (lat 30°05' N., long 39
041' E.).

It should be pointed out that the two patches of

Aruma shown in the Al Harrah lava field (U.S. Geologi-

cal Survey-Arabian-American Oil Co., 1963)—lat 30°

46' N., long 89*13' E. and lat 30°40' N„ long 39°20' E.—
are in error. These areas are, in fact, gravel-covered,

and there is no evidence that Aruma rocks were de-

posited here.

The Aruma outcrop belt is breached at only a few
places by surficial cover. In the south, exposures are

masked by gravel outwash from W&dt al Maqran and

Wadl al Jadwal flat 22°00' N.). In the central area,

Aruma beds are down dropped into the Wftdl as Sahba'

structural trough and covered by channel fill. Struc-

tural complications also appear to be responsible for

interruptions at Wadl al 'Atk and along Al Bu(ayn
(roughly from Wadl al 'Atk to Umm al Jamftjim, lat

26°52' N„ long 45°18' E.). In the latter, a wide,

northwest-trending sheet of locally derived gravel is

banked on the east against a sharp monocline involving

Aruma rocks. Sand of An NafQd severs the outcrop

belt along lat 28°50' N. where it encroaches east nearly

far enough to merge with sand of Ad DnhniV.

The western edge of Aruma limestone is charac-

teristically a steep cliff that can be recognized around
Sakakah and south from An NafQd to Wftdl Jaballyah

(lat 22°25' N.). Generally the scarp is coincident with

the western limit of the formation, but south of Wadl
as Sahba' it becomes progressively lower and moves
eastward diagonally across the outcrop band as the

limestone is replaced from the bottom up by less

resistant sandstone.

The back slope of the Al'Aramah escarpment forms

the great plateaus of Al 'Aramah, At Tayslyah, and Al

Widyan north from Wadl as Sahba' and of Hurays&n

to the south. As a whole, the Al 'Aramah plateau is

well dissected by channels cut perpendicualr to the face

of the main scarp. This is particularly true in the

areas of At Tayslyah and Al Widyftn where the surface

is broken by an intricate drainage complex.

A series of small faults break through the Aruma
around the structurally active Jawf-Sak&kah basin.

The faults routinely strike about N. 20° W. and appear

to be either vertical or dip at very high angles. Most
show low-order vertical displacement (probably less

than 15 m); horizontal movement is not apparent as

drag folds, shear fractures, and offset features are

lacking. The faults are apparently related to adjust-

ments in older beds.

The Aruma Formation is calculated to be about 60 m
thick near where the unit passes under the Rub* al

Khali sand. This same approximate thickness is main-

tained northward nearly to lat 22°30' N. and then the

formation progressively thickens to about 130 m at

Wftdl as Sahbft' and 140 m at the type locality flat

25°40' N.). The same approximate thickness is ap-

parently maintained to the north, as an interval meas-

ured west of Sakakah indicates about 145 m of Aruma
in this area. Some thinning is apparent around the

margin of the Jawf-Sak&kah basin, and intervals meas-

ured along the northern edge of the At T*wll-At Tubayq
range from about 5 to 35 m.

In the extensive area from Wftdl as Sahbft' to Sak-

akah, the Aruma Formation is mainly shallow-water

limestone, in part replaced by massive dolomite. Sub-

ordinate shale and impure dolomite are present, partic-

ularly in the upper 25 to 35 m. Locally, rudistids and

other heavy-shelled molluscs are abundant enough to

to form biostromes.

The rock types and lithologic sequence of the Aruma
Formation throughout the Wftdl as Sahba' -Sakakah

belt are characteristically displayed at the type locality.

This sequence (fig. 10) was measured just south of

Wftdl al 'Atk by Roach in 1952. He recognized two

units that served to group most of the shale and impure

carbonate into a single member—the Lina—overlying

a somewhat cleaner carbonate sequence—the Atj mem-
ber. This subdivision, never formally adopted, has

some merit, as Redmond has demonstrated a discon-

formable contact between the two members, a contact

that has widespread subsurface expression with signifi-

cant angular discordance. Unfortunately, the lateral

continuity of the two units has never been systemat-

ically demonstrated beyond the limits of Al 'Aramah

plateau. A detailed description of the type sequence is

given in section 52 (p. 143).
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Location:

25*38'12" . 2S'39'18" 25'44'35"
46*22'29" 10

46*23'30" 46*30'41"

DOLOMITE: Gray, granular crystalline dolomite

(4) SHALE AND DOLOMITE: Yellow-brown
dolomitic and calcareous shale, olive shale,

and argillaceous dolomite: interbedded lime-

(32.9 ml

(3) DOLOMITE: to cream dolomite:
near top. (27.6 m)

(1) CALCARENITIC LIMESTONE: Cream fine-
grained nodular calcarenitic limestone:
abundant organic remains. Lower part con-
tains common impure and sandy layers.
Typical basal Aruma unit is i

dolomite. (40.0 m)

SHALE AND SANDSTONE: Red and green silty

shale overlying light-gray, fine- to medium-
grained crossbedded sandstone

(2) LIMESTONE AND SHALE: Cream fine-
grained chalky limestone: thin bed of olive-
green calcareous shale at base. (41.0 m)

Aus'rosphenod'icus sp., Cyc'ofifes medlicoffi

flph/die/lo mufriicisst/rofa, Fitsoalphidwm oper-

cudferum, Chryio/id.no sp., Loftwa sp
rudishds

1

I

Cycfo'rres mmdlKoltr. C regular it

^ m r. r m.

Cf. O wntofi. H«mipnemf»i Sp.,

$phetiodr$cus acutodorsalui, Oitrea dichofomo. Htnu-

pnevrtei sp., Meandropiino vrdalr, Monoteprdotbit

Nermta gantiha

Sp/ienoducui ocufodo/iofuj. He/nipncvsr*s Sp.. Hemi-

1
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Verl.cal scale:
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Lateral changes in the Aruma Formation south of

Wftdl as Sahbfi' consist mainly of a gradual replacement

of limestone by sandstone from the bottom up. First

hints of the replacement can be seen about 40 km south

of the wftdl; progressive transition from carbonate to

sandstone continues so that in the vicinity of Wildt

Jaballyah (lat 22°25' N.) the Aruma is sandstone only.

This facies persists to the southern limit of outcrop.

In the northern part of the Aruma outcrop, relatively

marked changes occur with the appearance of a major

lens of sandstone in the lower part of the section. At

Khashm ZaUOm (lat 30°1S' N., long 40°21' E.) 61 m of

sandstone overlies an 1 1 -in-thick basal Aruma limestone

unit. Some investigators have suggested that the top

of this limestone corresponds to the top of the Atj

member at the type locality. This relationship has

yet to be proved; if it is correct, then lower beds of an

expanded Lina member are involved in the limestone-

to-sandstone transition. The sandstone—informally

termed the Zallum sandstone— is locally poorly in-

durated, fine to medium grained, and made up of

subrounded grains. Striking colors of white, gray,

brown, and purple prevail, particularly on weathered

surfaces. Near the base, concentrations of cobbles

and pebbles of chert, quartz, and quartzite are locally

common. In places, the sandstone is now an ortho-

quartzite which weathers into hard, dark-gray boulders.

From Khashm Zallum the sandstone can be traced

southwest in the face of Jal al Amghar to Khashm al

Makhruq (lat 30°03' N., long 40°40' E.) and then east

for about IS to 20 km where it thins slightly and under-

goes a rapid facies change to marly dolomite, dolomite,

and limestone—rocks that are typical of the Aruma
further south. Northeast of Khashm Zallum, the

sandstone crops out in the upper reaches of Wadl 'Ar

'ar directly under Aruma limestone and can be traced

in the deeply incised canyons as far as Al Mu' tadil

(lat 30°31' N., long 40°27' E.); it cannot be identified

with certainty north of this point.

The Zallum sandstone is not exposed in the Aruma
limestone escarpment northwest of Sakakah but has

been identified as the caprock on Jabal Qiyal al Kablr

(lat 30°06' N., long 40°05' E.) on the northwestern

flank of the basin. Zallum sandstone again comes to

the surface (at lat 29°57' N„ long 39°40' E.) in an es-

carpment that closely parallels the unconformable con-

tact between Paleozoic and Eocene or Cretaceous rocks.

Sporadic outcrops of Zallum, the only Aruma unit ap-

pearing west of long 39°40' E., have been mapped in

the face of this scarp as far as the Saudi Arabian-Jordan

border. With the exception of the Zallum lens, Aruma
rock types and fossils in the northern Al Widyan region

are very similar to those occurring further south.

Over most of the outcrop the Aruma rests discon-

formably on the Wasia. Between Wad! as Sahbft' and
the vicinity of Sakakah, the contact is easily placed at

the break from sandstone and shale below to Limestone

above. South of Wadl as Sahbft', the Aruma is mainly

in clastic facies, and the contact is less clear. Even
here, however, the contact is marked by a change from
silty sandstone and siltstone below to sandstone above.

In the vicinity of Sakakah, the Wasia (Sakaka) -

Aruma contact emerges from under the blanket sand

of An NafOd and can be traced along the eastern and
northwestern edge of the basin. The break between
the two units is definitely unconformable, and over this

distance Aruma limestone rests on successively older

parts of the Wasia (Sakaka); near Al Murayr (lat

30°03' N., long 39°55' E.) the Wasia (Sakaka) is over-

lapped, and Aruma rests directly on Lower Devonian

(Jauf) beds. Not far to the southwest the limestone

pinches out. At the next outcrop (at lat 29°57' N.,

long 39°40' E.) the Zallum sandstone facies is the only

vestige of the Aruma left, and at this point it is lapped

onto the Tawil Sandstone Member of the Tabuk For-

mation. Sporadic outcrops of Zallum (to the west and
south along the Al Jayb scarp and west again across

the northern edge of the At T&wll-At Tubayq plateau)

rest on beds of the Tawil Member and, in one area west

of Umm Nukhaylah, on beds of the Jauf Formation.

Along its eastern margin, the Aruma is everywhere

overlain by the Umm er Radhuma Formation. The
contact has for many years been considered conformable

and gradational, but there Is some subsurface paleon-

tologic evidence that at least locally a disconformity

separates the two. Some paleontologists (R. Page,

unpub. data, 1959) have suggested that the contact

over all Saudi Arabia represents a disconformity—or

more accurately, a paraconformity (contact is a simple

bedding plane); for on outcrop and in deep wells, the

top Aruma unit is a thin bed of blue-gray to black dolo-

mitic shale bearing Fissoelphidum operculiferum Smout,

Lojtusia spp., and Omphaiocydus macropoms Lamark.

Immediately above is limestone or dolomite with defi-

nite lower Paleocene microfossils. The mechanics of

formation of a paraconformity of such magnitude and

regularity is difficult to imagine.

North of Sakftkah, the Aruma Formation is overlain

by a cherty, nummulitic limestone of Paleocene or

Eocene age that was apparently not directly related to

the Umm er Radhuma basin of deposition. Little

work has been done in this area, and the exact nature

of the contact is unknown.
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There is some possibility that the lowermost beds of

the Anuria outcrop could be as old as San Ionian, as

they contain Meandropsina vidali Schlumberger, a form

originally described from the Santonian of Spain.

However, the uppermost occurrence of this form in

Saudi Arabia overlaps the range of Monolepidorbia

sanctat-pelagiae Astre, a Campanian form likewise

originally described from Spain.

The middle part of the Aruma Formation presents a

problem in that it contains beds which fall below the

level of the lowermost definitely Maestrichtian Foram-
inifera and above the level of the uppermost definitely

Campanian Foraminifera.

Immediately overlying this anomalous interval are

beds which carry abundant occurrences of OrbUoides

geneacicua (Ijeymerie) and Omphalocyclus maeroponu
(Lamarck), both good Maestrichtian markers with a

very wide distribution in Europe.

Omphalocyclus maeroponu is known to occur within

a meter of the top of the formation, thus placing the

uppermost beds of the Aruma within the Maestrichtian.

Other forms occurring within the upper part of the

Aruma are Elpkididla muUiacisaurata Smout, Fissoel-

phidium operculiferum, Chrysaiidina sp., and J^epi-

dorbUoidea spp. The latter appear to be limited to the

middle and lower parts of the range of Omphalocyclua

It is interesting to note that the outcrop Aruma is

completely lacking in pelagic Foraminifera, though

these are abundantly represented in the deep wells of

the coastal area. On the basis of its Foraminifera the

Aruma on outcrop is apparently Campanian and
Maestrichtian, a conclusion consistent with ammonite
and other fossil evidence.

A comprehensive fossil list for the Aruma Formation

includes: CycloliUa medlicotti Noetling, CycloliUa reg-

ulars Lamark, CycloliUa spp., Coral spp., Ooniopygua

sp., Hemioater sp., HtmipneuaUa spp., Holeetypua sp.,

Parapygua aff. P. inflotua Cotteau and Gauthier,

Pyguroatoma aff. P. morgani Cotteau and Gauthier,

cidaroid spines, Anomalina sp., Anomalineila cf. A.
rostrata (Brady), Ataxophraamium sp., "Borelia" sp.,

Cibicides sp., Cyclammina sp., Fallotia'l sp., Qlobigerina

sp., Olobotruneana spp., Haplophragmoidee sp., Lepi-

ilorbUoides sp., Isoftvsia spp., Meandropsina sp., Om-
phalocyclua sp., Orbitoides sp., Planiapirina Bp., Prae-

soriUa? sp., Pyrgo sp., Quinqueloculina spp., Rotalia

sp., cf. Valvulineria sp., miliolids, Actinophyma? sp.,

Agatkelia sp., Alaria sp., Amauropsia sp., AnciUa sp.,

Anomia sp., Aporrkais sp., Area sp., Arrhogea sp.,

Ataphia sp., Barbatia sp., Bellardia sp., Boumonia sp.,

Bvllaria? sp., CaUiostoma cf. C. omanicus Lees, Cal-

liostoma sp., Campanile sp., cf. Campanile sp., CardUa

cf. C. beaumonti d'Archiac, Cardium sp., Cardium? sp.,

Cerastodermal sp., Chionel sp., Chlamys sp., Chlamyx?

dujardini (Roemer) Noetling, Corbia sp., Corbula sp.,

Cranial sp., CroasoUlla sp., CraasaUllal sp., Crioceraa?

sp., Cymolium sp., Cympolia spp., Eocyprata sp., Eu-

spira sp., Faunus sp., Ficua sp., Glycimeria spp.,

Harpagodeal sp., Hippochrenea sp., Indoeeraa boluachi-

tanensia Noetling, Inoceramua sp., Keiloatoma sp.,

Lambia? sp., Lima sp., Mitral sp., Mytilual sp., Mono-
donta? sp., Morgania? sp., NautUua (Heminautilua) sp.,

Nautilus spp., Neithea qxuxdricoatata (Sowerby), Nemo-
cardiuml sp., Nerinea ganeaha Noetling, Nerita cf. N.

pontiea (d'Archiac) Noetling, Orthechimua aff. 0. creta-

ceous Cotteau and Gauthier, Orthopsis sp., Ostrea di-

chotoma Boyle, Ostrea cf. 0. vcrneuli Leymerie, Ovula

sp., Pecten sp., Perissolax? sp., Pholadomya cf. P. tigria,

Noetling, Pholadomya sp., "PUurotomaria" sp., Plica-

tula cf. P. hirsuta Conrad, Potomides sp., Protocardium?

sp., PugneUas aff. P. orientolia Lees, Pyrazus spp.,

Pyrfuliferal sp., Pyrina orientolia Cotteau and Gauthier,

Pyrulo? sp., &&ma sp., Scaphella spp., Spondylua spp.,

Sphenodiacua cf. S. ocutodoraatua Noetling, Spheno-

diacua spp., Sycostoma? sp., Tegula sp., 7iMa sp.,

Treainua sp., 7VocAu«? sp., Tudoceros? sp., Turio sp.,

7Vk>? sp., Turriiella cf. 7*. quettensis Noetling, TV-
ritella sp., Tyloatoma sp., Venericardia sp., r/m6ontum

sp., Vb/tni/»na sp., Xenophoral sp., ostracodes, and crab

claws.

0BOUND WATBB

The Aruma aquifer has an established hydraulic

gradient ranging from water-table conditions on or

near the outcrop to flowing artesian conditions in the

eastern and southeastern Rub' al Khftll. Conditions

in northeastern Arabia are less well known. Hydraulic

factors are complicated by stratigraphic changes, and

water-bearing zones probably constitute only a minor

part of the total section.

Aruma water has been tested for quality and quantity

in only a few widely scattered areas. Such sparse

information suggests that the eastern edge of potable

water will pass south of Hafar al Batin, near Al Liuaba h,

along the western flank of the Ghawar oil field, and

then south through the Rub' al Khali along the 50th

meridian.

The Aruma aquifer has been developed as a per-

manent water supply source only in a few restricted

areas. The pipeline stations at Rafha' and Badanah

are supplied by wells completed in the Aruma; artesian

rises are small, and yield of the wells is comparatively

low.
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('MM RR RAOH17MA FORMATION—PAI.J90CKNK AND IXtWKR
HOCRNB

The Umm er Radhuma Formation was mimed by

S. B. Henry and C. W. Brown in 1935 for the Umm
Radmah wells (lat 28°41' X., long 44°41' E.) that

draw water from the upper part of the unit. In 1936,

Max Steineke and J. W. Hoover also studied the

formation in this area but, because of difficulties in

working out a full sequence, designated a reference

section in W5dl al BAfln. Umm er Radhuma was

first cited in publication by Steineke and Bramkamp
( 1952(b)); a later paper (Steineke and others, 1958)

included reference section details.

With exception of the uppermost beds, the entire

formation can be seen in the steep walls of Wadl al

Bftfln. Here, the reference section was pieced together

from many short intervals measured in a continuous

70-km traverse from the top of the Llnah escarpment

(hit 27°38'03" N., long 44°53'24" E.) northeast along

Al Bfifln to lat 27°59'00" N., long 45°27'48" E.

The base of the Umm er Radhuma is at the contact

of Lockhartia-benring dolomite and limestone with

underlying dolomitic shale of the Aruma Formation.

The top is not exposed at the reference section because

of overlapping Miocene and Pliocene rocks, but it is

present a short distance downdip in structure holes

and water wells where Umm er Radhuma dolomite

containing Lockhartia hunti Ovey var. punlxdom Stnout

is overlain by soft chalky Rus limestone.

OCCURUNCI A BID TRICKHtSS

Rocks of the Umm er Radhuma have been mapped
in a fairly wide belt extending from just south of

Wadl Jaballyah flat 22°25' N.) to the Iraq-Saudi

Arabian border, a distance of about 1,200 km. Width
of the Umm er Radhuma is highly variable, in some
places because of superficial sand and gravel cover,

in others because of overlapping Miocene and Pliocene

beds Prior to such cover, however, the outcrop

probably was quite regular, measuring 60 km across

at the south and about 120 km near Iraq, most of the

expansion apparently taking place between Khurays

flat 25°05' X.) and Ma* qalft' (lat 26°32' X.).

From Wadl al Ba(in south, the Umm er Radhuma is

longitudinally disrupted by the great curved Ad
Dahnil' sand belt, a cover that effectively prevents

study of any complete section throughout this distance.

At the southern limit of the Umm er Radhuma, upper

beds are masked. Northward the Ad Dahna' sand

belt shifts, covers the middle part of the formation

nearly to Al Bafln, and then, as strike of the Umm er

Radhuma swings north, cuts sharply across section

and overlaps the Annua.
Umm er Radhuma exposures usually form a gently

undulating but rough surface spotted with low isolated

hills and weak discontinuous benches. Karst features

are a prominent part of the upland surface, particularly

northwest of Al Bafln. This area also supports a well-

developed system of through-cutting channels that

follow regional dip.

In the area southwest of the Trans-Arabian Pipeline,

between Ash Shu'bah flat 28°54' N., long 44°42' E.)

and Rafha' (lat 29°39' X., long 43°28' E ), the Umm
er Radhuma surface is marked by numerous elevated

river channels which begin at the Llnah escarpment and

trend northeast to the Umm er Radhuma scarp where

the majority of them are covered. Together with their

tributaries they form a dendritic pattern which bears

little relationship to the present drainage system and

none to present structure. Their present elevation,

from 2 to 18 m above the local base level, was probably

caused by subsequent deflation of the softer intervening

rocks. Miller (1937) discussed these bas-relief drain-

age lines.

The elevated channels and tributaries, each with

varying thicknesses of duricrust, are separated by low,

enclosed silt basins which collect present runoff. Upper

surfaces of the tributaries slope toward the main chan-

nels at gradients ranging from 2° to 4°, whereas beds

of channel deposits making up the elevated tributaries

have a more gradual dip (from 00°30' to 1°30') in the

same direction. Channel deposits are most commonly
marl and limestone derived from the Umm er Radhuma,
but, in the northwest, rocks of the upper Aruma are in-

cluded as well.

Much of the area northwest of Al B&tin is character-

ized by a very poorly developed internal drainage sys-

tem related to numerous small sinks and major sharp

scarps, such as Jal Nawazir-Mahahim U'aywij, 35 km
west of Rafha', and Jal al Batn, 60 km north of Rafba'.

Within Saudi Arabia, the highest of these monoclinal

escarpments—Jal al Batn—extends between Al Llflyah

(lat 30°25' N.. long 43°04' E.) and Birkat al 'Aqabah

(lat 30°05' N., long 43°37' E ), roughly a distance of 65
km. Although its trend is generally northwest, the face

of the flexure is quite sinuous and dips variously to the

west, southwest, and south. Regional dip on the up-

land surface, about 00°10' XE., is maintained to the

crest of the jal where it abruptly shifts to a maximum
of 12° in the opposite direction along the front-face dip

slope. At the foot of the slope the rate of dip gradually

slackens and merges once again with the regional. The
greatest relief measured along Jal al Batn from the rim

of the base of the escarpment was 85 m. A similar

flexure—Mahshim U'aytvij^Jfil Xawazir—occurs about
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35 km west of Rafb&'. Its .strike is north-northwest

with the dip slope facing southwest. In many respects

it is similar to Jfil al Batn, although its maximum relief

is only 35 m. Slumping involves Umm er Radhuma as

well as a few isolated patches of Miocene and Pliocene.

The steepest dips on the face are 10°.

Tested by drilling, these two monoclines have proven
to be superficial, primarily related to solution-collapse

caused by removal of anhydrite. Shallow holes brack-

eting the flexure show a thick interbed of Umm er Rad-
huma anhydrite immediately below the surface on the

structurally high side of the monocline; the anhydrite

is missing on the low side.

Within the Umm er Radhuma outcrop area many
Miocene and Pliocene slump features occur around or

near the periphery of the larger Miocene and Pliocene

bodies. Domes at Al Llfiyah, Lawqah (lat 29°49' N.,

long 42°45' E.), and Kharmfi' Karim (lat 29°0O' N.,

long 44°47' E.) are examples. These and other related

domal structures are characterized by concentric rings

of limestone ridges about 5 m in relief and generally

occurring about 100 m apart. Some such as Kharmfi'

Karim are more than 5 km in diameter at the outside

ledge. Dip on the ledges is about 4° to 8° radially

away from the center of the dome, but there is no
appreciable difference in the elevation of the tops of the

rings. It is presumed on the basis of stratigraphic

position and lithologic similarity that the limestone

ridges represent repetition of beds in section rather than

continuous deposit ional sequence. This repetition is

attributed in part to solution of underlying evaporites

and in part to "draping" of the Miocene and Pliocene

sediments over "hills" on the overlapped Umm er

Radhuma surface.

Surface mapping and structure drilling indicate that

these anomalous surface features involving Miocene
and Pliocene, Umm er Radhuma, and, in some instances,

Aruma strata are superficial solution-collapse struc-

tures. Their mode of formation in Miocene and
Pliocene rocks is still incompletely understood but in

older beds now seems clear.

In addition to the main outcrop belt, rocks at least

partly equivalent to the Umm er Radhuma (and over-

lying Rub and Dammam) are exposed over much
of the area north of lat 29°30' N. and west of the 40th

meridian. Nearly 160 km of Aruma separates the two
areas of Paleocene and Eocene sedimentation. The
undivided Paleocene and Eocene rocks on the west

—

informally termed the Hibr formation—are presumably
a Mediterranean fades deposited in a seaway not
directly connected with the Persian Gulf basin.

Maximum known thickness of the Umm er Radhuma
on outcrop is at the reference section where 243 m
was measured. To the south, the Ad Dahnfi' sand

cover and loss of beds at the top through pre-Miocene

erosion prevents accurate measurement. However,

partial measurements supplemented by calculated

intervals show about 105 m near Wfidl al 'Atk and
110 m at Wfidl as Sahbfi'. North of the reference

section, two sections have been pieced together from
numerous very short increments measured along highly

circuitous traverses. The first, extending generally

northeast to Nisfib (lat 29°11' N., long 44°43' E.),

indicated about 210 m; the second (approximately

along lat 30°00' N.) showed 234 m but did not reach

the top of the formation. Another traverse in the

extreme northwestern corner of Saudi Arabia indicated

only 25 m of Umm er Radhuma below the pre-Miocene

unconformity.

So fur as the Hibr formation is concerned, E. L.

Berg and L. D. Owens in 1946 measured 150 m of

beds between Hazm al Jalfimld flat 31°18' N., long
39°54' E.) and Tall al Hibr (lat 31°51' N., long
38°08' E.). Their measurement appears short in view

of the fact that a water well drilled at Turayf pump
station (lat 31°41' N, long 38°39' E.) penetrated

nearly 485 m of Hibr beds.

In the northern part of Wadl as Sirhfin (near lat

31°30' N., long 37°05' E.), in 1952 D. A. Holm and
others measured 110 m of section above the Hibr that

is now regarded as upper Eocene and possibly is even

in part Oligocene. Lateral extent of the upper Eocene
has never been determined, and it has therefore been

necessary simply to consider it along with Hibr strata

as Paleocene and Eocene undivided.

unotoaic CIUACTO

The Umm er Radhuma everywhere consists of a

repetitious series of light-colored foraminiferal aphani-

tic and calcarenitic limestone, dolomitic limestone, and
dolomite. Local silicification of thin, bench-capping

limestones is common, and chert occurs sporadically

throughout the section. Although certain distinctive

beds are found at various levels, it is difficult to find

any group of beds that can be set apart as a unit.

The best that can be said is that calcarenitic and sili-

ceous beds are more common in the upper part of the

formation and partially dolomitized aphanitic lime-

stone in the lower. Regionally, there seems to be

progressive replacement of limestone by dolomite from

south to north although there are significant exceptions

to even this pattern.

The middle part of the Umm er Radhuma is covered

by eolian sand for some distance north and south of

Wfidl as Sahba*. Here, approximately the uppermost
50 m of the formation is exposed east of the sand
blanket, and in addition approximately 30 m of basal

beds crop out to tne west, The missing interval covered
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by sand is unknown but is considered to be relatively

small and is estimated to represent about 30 m of

section. Throughout this area, the Umm er Radhuma
is entirely limestone except for a thin laterally persistent

zone of dolomite and partially dolomitized limestone at

the top. In the north the dolomite crops out as a wide

bench below the Rus escarpment. The bench can again

be picked up to the south of Wfidl as Sahba', but cap-

ping Rus beds are missing because of Miocene and
Pliocene overlap. Below the zone of dolomite is a

uniform succession of gray-green to tan, finely granu-

lar, somewhat leached and chalky limestone. Fossilif-

erous beds occur at many levels, but the fossils have
usually been leached out, their only trace being small

pits on the weathered surface.

Rocks of the Umm er Radhuma north of Al Batin

are accurately represented by the reference sequence

measured and described in that channel. Max Steineke

and J. W. Hoover in 1936 were the first to work the

Al BaVin section and define it as a reference locality.

Because rates of dip of the channel bottom and of the

flanking bedding are so nearly alike, only 3 to 4 m of

new beds are exposed per kilometer. It is somewhat
difficult to trace such low-dipping beds in a monotonous
sequence and accurately tie together the many small

increments making up a full section. As a result, W. H.
Reiss and R. D. MacDougall in 1953 retraced the orig-

inal traverse and with plane-table survey remeasured

the entire outcrop band (pi. 10). Their description of

the reference section is given in section 53 (p. 143).

Like the Umm er Radbuma-Rus-Dammam (Paleo-

cene to middle Eocene) sequence to which it most
closely equates, the Hibr is also almost exclusively lime-

stone. The unit is composed of light-colored, thin-

bedded, chalky and cherty limestone and marl. Partial

dolomitization is common. Nummulite and other fossil

zones occur at several levels, but no consistent marker
beds have been observed. Much chert is interbedded

with chalky limestone in the form of lenses, platy

masses, flat ovoid nodules, and spheroidal concretions.

Parts of the upper Hibr, for example between Turayf
and Tall al Hibr, have been altered to tripoli, a fine

powdery form of silica. On weathering, the Hibr forms

a rather flat, featureless plain. Included chert often

remains as residual chips after removal of surrounding

softer limestone by weathering and deflation.

The Umm er Radhuma everywhere overlies the

Aruma with apparent conformity. Precise character-

istics of the contact have already been pointed out in

the discussion of the upper Aruma limit (p. 82).

The contact of the Hibr rocks with underlying units

is less clear. On the east, it overlies the Aruma For-

mation with the boundary generally trending north-

south along long 39°50' E. The base of the Hibr
has been defined as the contact with the underlying

Cretaceous, which is a somewhat tenuous limit. It

has been necessary to set an arbitrary base at the break

between beds containing abundant dark chert and,

in some areas, Nummvlitea and beds of nonailiceous

carbonates of the Aruma. The problem of the Cre-

taceous-Eocene contact does not exist, of course, where

Cretaceous beds are missing for example, 20 km north-

west of Al Jawf. Here Paleocene beds lap over onto

Lower Devonian strata. Immediately west, however,

the Aruma (Zallum sandstone facies) appears between,

and in discordant relationship with, Hibr and Pale-

zoic rocks. A comparable situation prevails around

the southern margin of the Hibr as far as the Jordan

border; that is, Paleocene and Eocene rocks uncon-

formably overlie Zallum where it is present but other-

wise rest directly on Lower Devonian.

Contact between the Umm er Radhuma and the

overlying Rus Formation is visible only from W&dl
as Sahba' north to lat 25°44' N., a distance of 180 km.
Over this distance, dolomite and dolomitic limestone

of the Umm er Radhuma is conformably overlain

by typical soft, chalky limestone of the Rus Forma-

tion. Outside of this area, the Umm er Radhuma is

unconformably terminated at the top by erratic out-

crops of sandy marl and sandy limestone (Miocene

and Pliocene) or surficial deposits.

Western exposures of Paleocene and Eocene un-

divided (including Hibr facies) are discordantly over-

lain by sandy carbonates (Miocene and Pliocene)

or by flows of Tertiary and Quaternary basalt.

PAiaoiToieeT an am

The Umm er Radhuma Formation falls into three

principal subdivisions on faunal grounds. The upper

division is early Eocene in age; it carries such species

as Sakesaria cotteri Davies, Lockhartia tipperi (Davies)

,

and Lockhartia hunti Ovey var. pnstulosa Smout. It

is equivalent to the lower Eocene of Qatar described

by Smout (1954) and the Laid beds of India.

The two lower subdivisions are Paleocene in age,

the break between them probably corresponding to

the contact between Smout's Qatar Paleocene zones

4 and 5 (Smout, 1954). These lower subdivisions of

the Umm er Radhuma correspond at least in part to

the Ranikot of India, but exactly what part of the

Ranikot is represented in the Saudi Arabian beds is

not known. However, the general parallelism be-

tween the beds of the lowermost Umm er Radhuma
and the uppermost (Maestrichtian) beds of the Aruma
would not suggest any prolonged time gap at the

contact.
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Originally considered Eocene and Oligocene, the

post-Anima sediments northwest of Sakakah are now
fairly accurately dated as Paleocene to late Eocene.

Nautiloids of Paleocene affinities were collected at the

base of the section (according to W. M. Furnish, re-

ferring to Gomomia sp. cf. C. kngUri Miller). Strong

evidence for a Paleocene age was also given by re-

covery of Anomalina dorri Cole var. aragonentis

Nuttall, Bulimina lemicortata Nuttall, Globorotalia

txlatcoensis (Cushman), Loxostoma applinae (Plummer),

and Siphogmerina eUganta Plummer from a Turayf
water well. Higher beds in this Turayf well carry

Bulimina jccksonmsii Cushman and Hantkenina mtxi-

eana Cushman, forms indicative of either Middle or

Upper Eocene age. Correlative beds on the outcrop,

however, also carry abundant occurrences of Num-
mulites gizehensia (Forskel), thus suggesting that

most of the higher beds at Turayf belong within the

Middle Eocene. The presence of Upper Eocene is

not proved but is postulated on the occurrence of

post-Hibr beds still carrying B. jacksonensU and on
the occurrence of beds above the range of B. jackson-

enna but within the biozone of Guembtlina.

A comprehensive faunal list of the Umm er Radhuma
and Paleocene-Eocene undivided (including Hibr fades)

is given below.

The Umm er Radhuma Formation contains Opis-

tatUr somalitntis? , indeterminate echinoids, Anadara
sp., Area? sp., BrachiodonUs? sp., BuUaria Bp., Cardila?

sp., Cerithium (s.l.) sp., Chama? sp., CorbuLa sp.,

Cympolia spp., Diplodonta? sp., Euspira cf. E. rod,

Homalopoma? sp., Maeoma? sp., Nautilus sp., Nemo-
eardium? sp., Oiiva? sp., Pentalium? sp., Siliqua cf.

sp., Strepridura sp., TurriteUa sp., indeterminate

lucinoid, naticoid, cerithiid, and strombid gastropods.

Foraminifera are poorly preserved and not abundant
on outcrop. See plate 10 for representative subsurface

forms.

The Paleocene and Eocene undivided (including

Hibr fades) contains AmpMope? sp., Echinocyamu*
libycus? Fourtan, Cardila cf. C. asptrula, Cat/tin nilotiea?,

Chlamys, Conut, Comomia cf. C. kugleri, Lucina sp.,

Mesalia hojana, M. locardi, Ostrta plicata? Solander,

TurriteUa sp., Venericardia sp., shark teeth, Amphito-
ru»?, Asailina?, Bulimina?, Clamdina sp., Globigerina,

Xummulitea curvupira d'Archiac and Haime, N. spp.,

Optrculina cf. 0. discoidea Schwager, Quinqueloculina

sp., Teitularia?, Uvigerina, Valvulina spp., Valvulineria.

GROUND WATER

The Umm er Radhuma aquifer is a single thick

hydraulic unit of regional extent. It has an estab-

lished gradient ranging from water-table conditions on

or near the outcrop to flowing artesian conditions

along the Persian Gulf and in some topographically

low areas of the Rub' al Khali. The catchment area

for this aquifer is the belt of Aruma and Umm er

Radhuma outcrop plus the area mantled by eolian

sand of Ad Dahnft'.

Water from the Umm er Radhuma ranges in quality

from excellent at or near the outcrop to poor generally

northwest of the Trans-Arabian Pipeline. Some areas

within the general region of potability, such as Nariya,

Abqaiq, and Ras Tanura, produce poor-quality water

because of the presence of dissolved hydrogen sulfide

gas. In the Rub' al Khali, water with less than 4,800

ppm of total dissolved solids occurs as far east as the

51st meridian. East of this line and generally north

of the 21st parallel, total solids vary from 5,000 to

95,000 ppm.
Local structural features in the coastal area have

some effect on water quality and also upon the east-

dipping hydraulic gradient. A decrease in permea-

bility on the flanks of the features tends to divert

regional flow and to restrict flushing by fresher meteoric

water. This effect is not as marked, however, as it is

in the Wasia.

The Umm er Radhuma aquifer has been developed

by Aramco as the water supply for many of the company
communities and outlying installations. Potential of

the aquifer is such that it could also handily support

major domestic and agricultural projects.

unnnoi
The Rus Formation is named for Umm ar Ru'Qs

(lat 26°19' N., long 50°08' E.), a small hill where the

type section was measured. R. A. Bramkamp first

applied the name in 1046 as a direct replacement for

the term "Chalky Zone" which had been informally

used for lower Eocene beds above the Umm er Radhuma
and below the Dammam Formation. The limits have
not been changed.

A table of Saudi Arabian rock units appearing in a

paper by Thralls and Hasson (1056) constitutes first

formal publication of the term Rus Formation. De-

tailed information on the type sequence was published

by Steineke, Bramkamp, and Sander (1958). Addi-

tional stratigraphic and paleontologic data was induded

in Sander's (1962) discussion.

The type section of the "Chalk Zone," now the Rus
Formation, was originally established by S. B. Henry
and J. W. Hoover in 1934 on the southeastern flank of

Dammam Dome in and below Umm ar Ru'Qs (lat

26°19'04" N., long 50°07'51" E.).

The base is at the contact between brown dolomite

containing Lockhartia hunti Ovey var. pustulosa Sraout
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below and light-colored, chalky, partially dolomitized

limestone above. Common leached molds of small

indeterminate molluscs is a marked characteristic of

the basal Rus unit. The upper few meters of the

Rus is not exposed at the type locality but can be

picked up clearly in the adjacent rimrock around

Dammam Dome. Here the break is at the change

from light-colored, chalky calcarenite below to yellow-

brown shale of the basal member of the Dammam
Formation above.

Definite exposures of Rus rocks are limited to two

small areas—the first, a narrow band extending some
180 km northward from Wadl as Sahbfi', and the

second, a nearly circular patch about 10 km in diameter

cropping out in the breached core of Dammam Dome.
The Rus north of Wadl as Sahbfi' is rather feature-

less, without a traceable bed or other reliable guide to

stratigraphic position. For this reason the full thick-

ness can only bo estimated as 25 to 30 m. Thickness

at the type locality is 56 m.

A number of isolated patches in the far southeastern

Rub' al Khali, north of Dhufar, have been mapped as

Rus and Dammam undivided, but the exact makeup
of these outliers is uncertain. Paleocene and Eocene

rocks (Hibr) occurring northwest of Sakakah, certainly

in part equivalent to the Rus, have been described in

connection with the Umm er Radhuma.

LOTOLOOIC 0BA1ACTO

Rock types in the two areas of Rus outcrop are for

all practical purposes identical. Basically, the unit is

light-colored, soft, chalky limestone and marl. R. A.

Bramkamp's remeasurement of the Umm ar Ru'Os

sequence in 1946 (fig. 11) resulted in the description

given in section 54 (p. 145), which is typical for other

exposures as well.

Subsurface equivalents of the middle Rus (unit 2,

section 54 and fig. 11) are highly variable both in

lilhology and thickness. Most commonly the sequence

is (1) white, compact, finely crystalline anhydrite with

interbedded green shale or (2) gray marl with coarsely

crystalline calcite and interbedded shale and limestone.

Variations in thickness are largely caused by variations

in the amount of anhydrite present. As a general

rule, the middle Rus is thicker on the flanks of structures

than it is on the crests. Complexly settled rocks, such

as those seen around Dammam Dome, suggest some of

the differences in interval are caused by solution of

anhydrite. In other places, the differences seem to be

related to original depositions) thinning over structural

highs.

ATOM Or CO1TA0T WOT ADMCUT POEKATIOM

The Rus in the vicinity of Wadl as Sahbfi' represents

an unbroken transition from the Umm er Radhuma
below to the Dammam above. In spite of the uni-

formity of section, contacts are reasonable clear cut.

Brown Umm er Radhuma dolomite is overlain by off-

white, chalky, porous limestone with abundant indeter-

minate molds and casts, which in turn gives way at

the top to tan, calcareous, and gypsiferous shale and
interbedded marl of the basal Dammam.
Comparable breaks mark the top and bottom of the

Rus at Dammam Dome.

PAUOHTOIOOT AID AU

Diagnostic fossils are not known to occur in the Rus
Formation although it is underlain and overlain by
rocks of proven early Eocene age. In terms of standard

European stages the Rus is presumed to fall entirely

within the Ypresian.

coaoinc aspkts

As a dominantly evaporite sequence, the Rus has

few porous beds. Limestones at the base and top of

the interval are porous and probably water bearing,

but these have not been selectively tested. Some
shows of low-gravity oil have been found in offshore

wells.

DAMMAM FORMATION—DOWER AND MIDDLE BOCKNE

The Dammam Formation was named for Dammam
Dome where the entire sequence crops out. R. A.

Brainkamp in 1941 measured and designated the type

locality along the old Dhahran-Al 'Alfih road from

the point where this road intersects the rimrock

(lat 26°19'16" N., long 50°04'50" E.) northwest to

the Eocene-Miocene contact.

The base is at the contact of calcarenite or limestone

of the Rus Formation with the overlying brown shale

and light-gray marl of the basal Dammam. The
top is at the unconformable contact of pure carbonate

of any part of the Dammam Formation with the

overlying sandy limestone of the Hadrukh Formation.

Where present in full thickness, the Dammam is

almost everywhere divisible into five members, two

of which possess distinctive and laterally persistent

basal marl units. Listed in descending order, these

members and their subdivisions are as follows:

Alat Member:
Alat limestone

Alat marl

Khobar Member:
Khobar dolomite

Khobar marl
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Alvcolina Limestone Member
Saila Shale Member
Midra Shale Member
The Alat Member takes its name from Al Alat

well 1 (lat 26°27'49" X., Ion* 49°50'11" E.), where

the upper part of the member is exposed nearby and

the lower part is represented by the drilled interval

from 0 to 67 m. Alat beds are best displayed in a

low hill at lat 26°19'42" X., long 50°03'24" E., and

this section is herewith designated as the type locality.

Here, as elsewhere, the upper part of the member
is limestone (9.0 m), the lower part, marl (6.0 m).

The lower marl was for many years informally referred

to as the "Orange marl," but the name is now obsolete.

The top of the Alat is at the unconformable contact

of light-colored, chalky dolomitic limestone below

with sandy limestone of the Hadrukh Formation above.

The base is taken at the break from dolomitic marl

above to dolomite or dolomitic limestone (with

abundant Nummulties) of the Khobar Member below.
' Pre-Alat members of the Dammam Formation are

exposed at several places along the rim rock of Dammam
Dome, but one of the best sections is that southwest

of Umm ar Ru'Qs at lat 26°16'10" X., long 50°06'26"

E. This sequence is herewith designated as the type

locality for the Khobar, Alveolina, Saila, and Midra
Members.
The Khobar Member is named for the town of

Al Khubar (lat 26°17' X., long 50°13' E.) on the eastern

edge of the Dammam Dome rimrock. Characteris-

tically, the upper part of the unit is limestone, and

the lower part, marl; at the type section, thicknesses

are 7.8 and 1.5 m respectively. The name of the upper

limestone was originally proposed as "Khobar dolomite

(and limestone) member," but usage has reduced

this to "Khobar dolomite" in spite of the fact that

limestone and marl are far more typical of this part

of the section. There are, of course, some places

where dolomite predominates, but these places are

scarce.

The top of the Khobar is placed at the contact of

.VumwiuA'/fS-bearing dolomitic limestone or dolomite

below with marl of the Alat Member above. The
base falls at the change from Xummulitic marl above

to i4/wo/uia-bearing limestone below.

The Alveolina Limestone Member, only 1.0 m
thick at the type section, characteristically contains

common specimens of Alveolina elliptica (Sowerby)

var. floHcuIina Silvestri. The top of the member is

picked on a lithologic break from marl to limestone

and is confirmed by fauna. The base is placed at

the level where tan /l/wo/ina-bearing limestone gives

way downward to blue and gray-blue shale or marl

of the Saila Shale Member.

At the type locality the Saila Shale Member consists

of 3.6 m of brownish-yellow subfissile clay shale under-

lain by 0.6 m of gray limestone. The top of the member
is placed at the contact of Alveolina Limestone Member
above with blue-tinted shale below. A thin limestone

which usually occurs at the base of the shale is grouped
with it, and the lower limit of the Saila is considered to

fall at the contact between this limestone and under-

lying yellow-brown shale of the Midra Member.
The basal member of the Dammam Formation—the

Midra Shale Member (originally "Shark Tooth shale,"

informal and obsolete)—is 3.0 m thick at the type

section. The top is picked solely on lithology. It is

placed at the uppermost occurrence of yellow-brown

earthy clay shale below limestone of the Saila Member.
The base is at the contact between yellow-brown shale

or gray marl above and soft chalky limestone or cal-

carenite of the Rus Formation below.

Outcrops of the Dammam Formation are limited to

a number of small but widely scattered patches north

of Wsdl as Sahba', near the coast, and in the south-

eastern Rub' al Khfill.

Dammam beds crop out in a narrow irregular band
from Wadl as Sahbfi' to lat 25°41' N., a distance of

nearly 180 km. The band, usually less than 5 km wide,

includes a somewhat low discontinuous escarpment on

the west. A probable maximum of 15 m of basal

Dammam is exposed above the Umm er Radhuma and

under the Miocene and Pliocene overlap.

A full Dammam sequence is exposed in the conspic-

uous oval-shaped escarpment rimming Dammam Dome.
Average inside diameter of the ring of Dammam rocks

is about 10 km; average outside diameter is 18 km. A
maximum formation thickness of 32.5 m has been

measured between the Rus center and the surrounding

cover. Four small outliers of Dammam have been

mapped generally west of the dome and north of Abqaiq
and another near Harad (lat 24°08' X., long 49°04' E.)

at the southern end of Ohawar oil field.

A relatively large exposure of Dammam, about 20
sq km, occurs at the base of the Qatar Peninsula. For
the most part the rocks are Dammam, but occasional

windows of Rus can be seen in low hollows. Thickness

of the section here varies from 10 to 51 m, encompassing

the Midra, Saila, Alveolina and Khobar Members.

Xumerous isolated exposures of Dammam and of

Rus and Dammam undivided along the eastern and
southeastern margin of the Rub' al Khali show that

Eocene rocks floor a substantial area beneath eolian

sand cover. Xothing is known of the precise thickness

or members represented.
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Rocks of the Dammam Formation are characteris-

tically light-colored limestone, marl, and shale. There
is no significant variation from the rock types at Dam-
main Dome, even though the Dammam Formation and
its individual members thicken drastically in the sub-

surface and extend over most of northeastern Arabia and
large parts of the Rub' al Khali.

Best exposures are those of the Dammam Formation

reference section which also serves as the type locality

for the separate members. The section was pieced

together by R. W. Powers and others in 1953 from two
measurements (fig. 11): the lower covering the Midra-

Saila-Alveolina-Khobar interval, the upper including

Alat strata. Reference section particulars have been

given in connection with member definition (p. 88).

A detailed description of the rock sequence is given in

55 (p. 145).

The base of the Dammam Formation is exposed only

at Dammam Dome and in the vicinity of W&dl as

Sahba*. In both areas, shale of the Midra Member
rests conformably on chalky limestone of the Rus For-

mation. At the top, various members of the Dammam
are in discordant contact with Miocene and Pliocene

or with younger sediments.

PALJOWTOIOOY A JTD AOI

From the uppermost beds of the Alat Member, which

carry a very large Diciyoconus sp., to the base of the

Alveolina Limestone Member with Alveoiina elliptica

(Sowerby) var. fiosculina Silvestri, the Dammam For-

mation is clearly middle Eocene (Lutetian) in age.

Below this level the presence of a "Nummulties globulus

Leymerie" of the type figured by Smout (1954) from

the lower Eocene of Qatar strongly indicates that the

remainder of the formation is lower Eocene (Ypresian).

Microfossils are usually poorly preserved on outcrop,

and the diagnostic forms shown in figure 1 1 have been

projected into the reference section from the subsurface

sequence. Correlations are clear cut, and there is no
doubt about surface-subsurface relationships.

GROUND WATBB

Two carbonate members of the Dammam Forma-
tion—the Khobar and Alat—are acquifers of regional

importance. As in pre-Dammam aquifers, both hy-

draulic and salinity gradients are evident. Artesian

conditions occur near the western outcrop band, and
flowing artesian conditions obtain in the coastal area

and eastern Rub' al Khali. Likewise, the breakover

from potable to nonpotable water follows roughly the

same pattern as that established by the Umm er Rad-
huma. Recharge to both aquifers is apparently pro-

vided by downward percolation through Miocene and
Pliocene sands overlying the truncated outcrop.

Khobar water is used extensively in communities
and agricultural areas of the Eastern Province. Al

Qattf oasis, north of Dhahran, and the towns of Al

Qatlf and Al Khubar as well as adjacent communities
constitute the most concentrated areas of withdrawal.

A few wells have penetrated the Khobar aquifer in and
near the oasis of Al rjasa.

Major withdrawals from the Alat aquifer are also

limited to the Eastern Province. The member is the

sole source of potable water for the townsite of Ras
Tanura and the pump station at An Nu' ayriyah.

Locale of heaviest development, however, is in Al Qattf

oasis. Erratic artesian conditions prevail in this area,

and it is necessary in many places to drill through the

Alat and complete in the Khobar to obtain flowing

water.

DAM. HOFUT. AND KIU1U
AND PUOCKNI

The coastal area of Saudi Arabia has been essentially

a broad structural terrace, only intermittently sub-

merged, throughout Tertiary time. As a result, few

marine sediments were deposited during that period,

and these only erratically as seas oscillated to and fro

across the terrace with each invasion reaching varying

distances inland. The most western margin of marine

sedimentation seems to be generally less than 100 km
from the present Persian Gulf shoreline.

Where marine rocks occur, the Miocene and Pliocene

succession can be subdivided into three formations

which from the bottom up are Hadrukh, Dam, and

Hofuf. Toward the interior, marine marker beds

grade to continental sediments, and coastal subdivisions

can no longer be recognized. Where this happens, the

above formations are treated as a single unit—-Tertiary

sandstone, marl, and limestone. Beyond the western

limit of the continental beds, distinctive patches of

lake deposits, generally plastered on the Sulaiy outcrop

belt, have been named the Kharj Formation. Of pre-

sumed Miocene and Pliocene age, they are certainly at

least in part equivalent to Tertiary marine-continental

rocks to the east.

The names Hadrukh, Dam, and Hofuf were first

used in 1935 by Max Steineke and T. W. Koch as phases

and later formations of the coastal Miocene and

Pliocene succession. In a formal sense, the names

first appeared in a paper by Thralls and Hasson (1956)

;

type section details are given in a paper by

(1958).
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The Hadrukh Formation was named for Jabal al

HaydarQk (lat 27°04'36" N., long 49°1 1'24" E.) where

the upper part of the type sequence is exposed. In

1935 Steineke and Koch measured and defined the

type locality by taking the upper 51.5 in in the south

face of Jabal al HaydarQk and the lower 32.5 m from a

shallow hand-dug well about 1500 m to the southeast.

Generally the basal bed of the Hadrukh Is a few

meters of cream, slightly sandy limestone. This rests

unconformable- on nonsandy, marine Eocene limestone.

The top is at the contact of calcareous sandstone below

with /iHinocyamiM-bearing limestone and marl of the

basal Dam above.

The Dam Formation is named for Jabal al Lid&m
(lat 26°21'42" N., long 49°27'42" E.) where the lower

part of the type unit crops out. Formation limits

were set in 1935 by Steineke and Koch who measured

the lower beds in the east face of Jabal al Lid fun and

the upper part of the 89.8-m interval at Al Umayghir
(lat 26°17'15" N., long 49°30'24" E.).

At the type locality, the base of the Dam is placed

at the change from sandstone of the Hadrukh below

to fossiliferous marl with Echinocyamus above. The
top is at the contact between marl and limestone with

marine fossils of the Dam and overlying clay, sandstone,

and gravel of the basal Hofuf.

The Hofuf Formation takes its name from the town

of Al HufQf (lat 25°22' N ., long 49°35' E.) about 15 km
south-southwest of the type locality. In establishing

the type sequence in 1935, Steineke and Koch meas-

ured the lower 78 m at the southern end of Barqfi'

Rukban (lat 25°30'48" N., long 49°31'18"E.) and an

additional 17 m in exposures to the west and north-

west, giving a total of 95 m.

The base of the Hofuf is at the contact of generally

quartz-pebble-bearing beds above with calcareous

rocks of the Dam below. The top is at the upper

limits of the exposures of the Al HufQf area, commonly
an old duricrust-covered surface.

The Kharj Formation takes its name from the area

of Al Kharj in the upper reaches of Wadi as Sahba'.

Although R. A. Bramkamp and T. (.'. Barger studied

Kharj beds as early as 1938, the unit was never formally

named until 1956 (Bramkamp and others). No
type locality has been designated; however, the unit

is typically displayed in a small hill about 3 km north-

northeast of Kbashm Khuraysah (lat 23°34' N., long
47°07' E.). Here, 28.1 m of Kharj rocks was measured

OCCVUUCI kWD THCKVIH

Rooks of Miocene and Pliocene age cover a large

area that extends from Wadi ad Dawasir to the northern

boundary of Saudi Arabia. The western edge com-

monly falls within the Paleocene and Eocene outcrop

band ; the eastern edge is usually marked by sand of the

Rub' al Khali-Al Jafurah belt and the Persian Gulf

shoreline. To be sure, several exposures are outside

this general area, but most of these are small and little

known. Three, however, are large and worth noting:

the first forms a thin strip along the eastern edge of Al

Jafurah from Jibfil al 'Uqayr (lat 25°34' N.) to the

vicinity of Al Jawb al Hadari (near lat 23°20' N.) ; the

second is an elongated, discontinuous band flooring

Wadi as Sirban in the northwest (just east of the

Saudi Arabian-Jordan boundary) and flanking the

At TawIl plateau in the southeast; and the third occurs

as isolated patches on the surface of Al HQj. In

addition, Miocene and Pliocene rocks are exposed in

small windows in the Rub' al Khali sand around

•UrOq ibn HamQdah (lat 18°50' N., long 51°50' E.) and
in a wide, east-west belt generally between lat 21°00' N.
and 22°30' N. and extending from the 49th to the 53d
meridian. The latter deposits, while at least in part

equivalent to the Miocene and Pliocene of other areas,

probably contain some Quaternary elements as well

and, for this reason, have been depicted on Miscel-

laneous Geologic Investigations Maps as Tertiary and
Quaternary marl.

As stated before, the presence of marine strata near

the coast permits subdivision of Miocene and Pliocene

rocks of this area into three formations which are, from

bottom to lop, the Hadrukh, Dam, and Hofuf.

Rocks of the Hadrukh Formation cover a lowland

belt roughly 100 km wide along the coast from the

Saudi Arabia-Kuwait Neutral Zone almost to Abqaiq.

Some outliers occur as far inland as 200 km, for example,

near Jabal al Khafaq (lat 26°55' N., long 47°15' E.)

and in windows in the band of eolian sand blanketing

the Abqaiq-Al Qatif area.

Thickness of the Hadrukh, as would be expected, is

highly variable, ranging from 20 m in the Abqaiq-Al

Qa(If area to 90 m near Jabal al Lidam (lat 26°22' N.,

Ions 49°38' E.). Still greater thicknesses of up to 120 m
were recorded around Abu Hadriyah (lat 27°20' N.,

long 48°57' E.) and to the northwest.

Residual patches of Dam rocks show that the middle

Miocene sea transgressed roughly 120 km inland from

the modern coastline and covered an extensive area

from south of Qatar. to the eastern edge and around

the northern end of Ghawar and then on to Jibal an

Nu'ayrlyah (lat 27°31' N., long 48°23' E.). This is a

distance of about 450 km measured parallel to the

coast. Around the margins, marine rocks of the Dam
give way rapidly to continental deposits, complete gra-

dation often taking place in as short a distance as 10 km.
Thickness of the Dam Formation varies considerably.

About 90 m is exposed at the type locality, but else-
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where as little as 30 m and as much as 100 m have

been found to represent a full section.

The largest single exposure of the Hofuf Formation

is superimposed on Ghawar field and almost perfectly

mirrors the outline of that giant oil-filled anticline.

The northern part of the structure is reflected in Hofuf

beds at the surface by a prominent, dissected plateau

capped by a resistant limestone layer. The preserva-

tion of the plateau seems to result from carbonate

enrichment of its surface over the anticline, this enrich-

ment giving it greater resistance to erosion there than

in the synclinal areas. In southern Ghawar, the resist-

ant cap is not as thick, and only patches of it remain.

Here, Hofuf beds stand somewhat higher than the sur-

rounding area but are much less prominent topographi-

cally than in the north.

Outside the immediate Ghawar area important expo-

sures of the Hofuf (1) extend in a very thin band from

JibSl al KharSniq (lat 2d°13' N., long 48°55' E.) north-

west for about 70 km, (2) follow the Al 'Uqayr escarp-

ment southeast from Jibal al 'Uqayr (lat 25*34' N.,

long 50°04' E.) to the 24th parallel, (3) occur as small

outliers north and northeast of Al HufQf, and (4) cap

Jabal al Kharma' (lat 25°05' N., long 49°38' E.) and
several isolated hills to the south.

At the type locality the Hofuf Formation is 95 m
(hick; measurements in other areas show definite varia-

tion from this figure. The thinnest sequence is about

30 m, and the somewhat more than 100 m.

With the disappearance of the marine deposits of the

Dam Formation toward the interior, it is impossible to

subdivide the all-continental Miocene and Pliocene suc-

cession. Distribution of the continental series corre-

sponds roughly to the extensive As Summan plateau

bordering the Paleocene and Eocene outcrop north of

lat 22°20' N. Southward, Miocene and Pliocene beds

carry the As Summan surface across the Umm er

Radhuma and overlap onto Upper Cretaceous.

In the north, bore holes indicate that continental

beds form a wedge increasing from 0 m on the west to

about 100 m where they merge with the marine fades.

Thickening in the south is more drastic, reaching as

much as 300 m before passing under the sands of the

Rub' al Khali.

Irregular patches of the Kharj Formation, roughly

contemporaneous with the Miocene and Pliocene units

described above, dot the landscape in front of the Hit

escarpment. For the most part, Kharj rocks are con-

fined to the Sulaiy outcrop belt between Wftdl al 'Atk

and lat 23°15' N., a distance of more than 300 km.

Thicknesses of Kharj deposits measured at two locali-

ties are (1) 28 m exposed in a small hill a few kilometers

north of Khashm Khuraysah and (2) about 9 m in the

vicinity of Ashqar Mar&ghah (lat 24°20' N., long
47°06' E.).

LITHOLOOIC CBARACTER

Miocene and Pliocene rocks are characteristically

varicolored sandstone, sandy marl, and sandy lime-

stone. Lenses of shale and conglomerate are common,
gypsum and chert are present locally.

Rocks of the Hadrukh Formation are nonmarine

except in a small area outlined by Al Qatlf, Al 'Alab,

Jabal Qurayn (lat 26°39' N., long 49°37' E.) and Al

Jubayl al Barri Gat 26°54' N., long 49°38' E.). Over
this region, a few thin layers near the top of the forma-

tion contain poorly preserved marine molluscs. Ha-
drukh rocks are mainly green, grayish green, and gray,

but red, brown, white, and pink colors are also common.
Marly sandstone, sandy marl, sandy clay, and sandy

limestone make up most of the unit; chert is common at

some levels, and minor amounts of gypsum are also

present.

The formation is typically exposed at Jabal al Hay-
darOk, the type locality (fig. 12) established by Max
Steineke and T. W. Koch in 1935. Their description is

given in section 56 (p. 145).

The Dam Formation is pink, white, and gray marl

and red, green, and olive clay with minor interbeds of

sandstone, chalky limestone, and coquina. Marine

fossils are abundant throughout the unit, but the best

marker zones are near the base. Of these, the "Button

bed" composed of large numbers of small echinoids,

Echinocyamuji sp., and the closely associated "ArcAaias"

sp. bed are undoubtedly the most widespread. They
have been recognized throughout the area of Dam
outcrop.

The Dam type locality selected by Steineke and

Koch in 1935 serves well to characterize sediments of

that formation (fig. 13). A measurement and de-

scription at Jabal al Lidam is given in section 57 (p. 146)

.

In the coastal east-facing escarpments, the marine

Dam Formation is overlain by continental deposits of

conglomerate, sandstone, sandy limestone, sandy marl,

and sandy shale assigned to the Hofuf Formation. The
upper beds consist of sandy fresh-water limestone which

caps not only the coastal exposures but the greater

part of the interior As Summan plateau region as well.

The type section measured in 1935 by Steineke and

Koch north of Al HufQf is as representative a sequence

as can be expected in such a heterogeneous and lenticu-

lar body of rocks (fig. 14). Their description is given

in section 58 (p. 146).

The most interesting feature of the Hofuf Formation

is the great area! extent over which gravel deposits of

this unit and its interior equivalent are found. Ap-
parently at the end of Dam time there was a general
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Generalized lithology

LIMESTONE: Grey hard fossiliferous sandy
"™»ton1

.HALE. SANDSTONE. AND MARL: Green
and grayish-green generally finely sandy
clay and green to gray calcareous sand-
stone: commonly weathers to fine con-

cretionary pellets. Minor amounts of

cream to gray marl and gypsum are also

present. Chert occurs at a number of

levels. Basal 5-10 meters commonly
(84 m)

LIMESTONE: Light colored porous nonsandy
fossiliferous limestone with molds and
cast*

Diagnostic fossils

8
.2.

iron

8
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'

Vertical scale 1:1000

After M Stemeke and T. W. Koch. 1935

Formation type

titling of the Arabian foreland and a rapid erosion of

the interior region which furnished the gravel incor-

porated in the Hofuf. Usually the gravels consist of

quartz, various types of igneous rocks, and metamor-

phic rocks. In some places such as the type locality,

the pebbles and boulders are recognizable limestone

quite definitely derived from Jabal Tuwayq (Upper
Jurassic) units. As a result, it is possible that indi-

vidual silicate grains might have been brought in from
lenticular conglomerates in the Cretaceous, Triassic,

or Cambrian to Devonian. It seems more likely though

that the bulk of them came more or less directly from

the basement complex.

Gravel lenses are found locally in the Hadrukh and
Dam Formations, but the size of the pebbles is always

small, generally less than 25 mm in diameter. On the

other hand, gravels of the Hofuf are as much as 125 mm
in diameter. In places a thin veneer of loose lag gravel

is spread over vast areas of the Miocene outcrop surface.

In the vicinity of Al HufQf and in the area south of

Qatar, isolated mesa hills of the Hofuf Formation con-

spicuously protrude above the surrounding gravel-

covered plains. These hills commonly contain con-

glomeratic beds, and it is believed that the widespread

,

uniform distribution of the gravels results from desert

erosion of the Hofuf, the heavier, resistant constituents

remaining as residual or lag gravels.

In the §umm&n, Wfidl as Sirb&n, At Tawll, and Al
HQj areas, Miocene and Pliocene deposits are wholly

continental and generally consist of a heterogeneous

series of red to reddish-brown, gray and rarely off-

white, calcareous sandstone, sandy marl, poorly sorted

sandy shale, and impure, sandy, fresh-water limestone.

Only the sequence at Al HQj shows any significant var-

iation from this general assemblage. Here the oldest

of the Miocene and Pliocene rocks is a conglomerate

which is locally as thick as 30 m. Although the con-

glomerate lies upon the Jauf Formation, it is extraneous

to the Jauf and is a discrete rock unit which seems to

represent eroded remnants of bajadas which formed

during one of the pluvial periods—possibly in the later

Tertiary. If these conglomeratic deposits are the re-

mains of a series of confluent alluvial fans, then much of

the material must have been eroded from hills which are
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Location:

26*21'42"
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I
CLAY: Red

c
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5

MARL. CLAY AND LIMESTONE: Upper part
red and green partly sandy and sllty clay
with minor marl and sandstone beds and
buff to white limestone with yellow, fossll-

iferous limestone and sand; lower part
white very calcareous fosslliferous
minor sand and clay. (90.8 m)

5
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!

SANDSTONE: Buff coarse-grained fossi
ferous sandstone Vertical scale: 1 1000
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After M. Steineke and T W Koch, 1935
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Fionas 13.—Dam Formation type section.

now standing amid the deposits as isolated peaks or

cones. Dip angles suggest that the detritus was origi-

nally deposited around these cones but that a later pe-

riod of erosion cut the land to its present aspect, removed
much of the conglomerate blanket, and exhumed the Al
Haj surface.

These conglomerates have not been found elsewhere

and apparently are unique to Al Huj. The size of the

grains varies locally. Close to the high cones the con-

glomerates are literally boulder beds, made up of large

blocks of sandstone and limestone eroded from the Jauf

and the Wasia (Sakaka) Formations. Further away,

(he elastics are smaller and deposited at lower dip

angles. Certainly these deposits can be classed as

fanglomerates.

The only other partially stratified rocks considered to

be of Miocene and Pliocene age are those of the Kharj

Formation. In and southward from the area where big

channels from Jabal Tuwayq join to form WSdl as

Sahba', Kharj rocks are normally lacustrine limestone

with associated bedded gypsum and gravel. Discon-

tinuous exposures of (his same general suite of rocks

have been located as far south as lat 23°15' N., east

down Wfidl as Sahba' to just beyond Jabal at Tftyah

(lat 24°13' N., long 47°40' E.), and alongside the Saudi

Government Railroad from lat 24°17' N. to lat 24°30'

N. North of lat 24°30' N., the apparent equivalent of

the Kharj is poorly exposed gravel composed chiefly of

limestone pebbles and cobbles locally cemented by dark,

slightly ferruginous caliche.

Lacustrine beds are best developed in the low country

just southwest of the Hit escarpment roughly between

Dahl Hit and Jabal Mahawiz (lat 24°16' N., long 47°15'

E.). Here there is normally a resistant fresh-water

limestone about 1 m thick resting on several meters of

soft beds, mainly gypsum and gypsiferous sand. Poorly

preserved fresh-water fossils have been found at several

localities.

Digitized by Google



D96 GEOLOGY OF THE ARABIAN PENINSULA

Location:

25*30'48"-49*3ri8"

Generalized lithology Diagnostic fossils

SUftFICIAL DEPOSITS

Hofuf

Formation

(95

m)

(4) CONGLOMERATE: Gray marly conglom-
erate; limestone boulders in quartz sand

—| matrix (9 1 m) r—

(3) SANDSTONE: Alternating red and white
argillaceous sandstone. (48 6 m)

0

0 0

.0 '

r E E

None; occasional freshwater fossils such as

irmnoto and CWo Closing unit of Arabian
Tertiary deposits; may be either late Miocene
or Pliocene

MIOCENE

OR

PLIOCENE

j

(2) LIMESTONE: Off-white, in part impure
sandy limestone <>8 2 m)

(1) CONGLOMERATE: Red and white con-
glomerate: boulders and pebbles of lime-

stone in quartz sand matrix. Basal unit

greenish-gray to red. in part sandy marl.

(19.1 m)

*

I
MARL ANO CLAY: Gray fossiMerous marl
and red and green sandy and silty clay

vertica sca'e 1
]<:<<:

Alter M. Stemeke and T W. Koch. 1935

MIOCENE

Fiocrk 14.—Hofuf Formation type section.

Kharj rocks in fresh-water facies were also studied

just north of Khashm Khuraysah (lat 23°34' N., long

47°07' E.) where 28.1 m was measured and described

from top to bottom as follows: 3.4 m tan and dark-gray,

fresh-water limestone containing botryoidal structure

suggestive of algal origin; l.S m limestone conglomerate

with a coarse and angular component derived from the

nearby outcrop of Arab, Sulaiy, Buwaib, and Yamama
Formations; and 22.9 m poorly sorted, gravel, conglom-

erate, and sand, including weathered limestone pebbles

and discontinuously bedded conglomerate with calcar-

eous cement.

VATVU or COVTACT WITH ADJACHT FOlMATIOaS

Surface and subsurface data show that Miocene and
Pliocene units are everywhere in discordant contact

with underlying units. Paleocene and Eocene strata

are most commonly involved, but in some areas such as

the northwestern Rub' al Khali and near Jordan, Creta-

ceous and even Paleozoic beds are affected. The con-

tact in each locality, however, is relatively simple to

pick, as the varicolored lenticular sandy carbonates and
sandstones of the Miocene and Pliocene usually contrast

sharply with the pure carbonates and bedded elastics of

older units.

At the top, Miocene and Pliocene rocks are uncon-

formably overlain, usually by various surficial deposits,

but in the far northwest by basalt flows.

FAUOVTOLOST AXD AOI

The age of the Hadrukh Formation is not specifically

established. However, because of its apparent con-

tinuity with the overlying Dam Formation, the Had-
rukh is considered to be early Miocene. Rare non-
marine fossils including Chara are present, and near
the coast a few thin layers near the top of the formation

contain poorly preserved marine molluscs and echinoid

debris. A complete list of fossils recovered from
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Hadrukh surface beds includes: Chora, Anomalocar-
<i\a? sp., Cardita cf., Cerithium (Bellardia?) sp., Chlamys
cf. C. sanatoria (Gmelin), dementia papi/raeea (Gray)?,

Diplodonta cf. D. incerta d'Archiac and Haime, cf.

Satica, Ostrea latimarginata Verdenburg, Ostrea spp.,

Turritella gradata, Turritella sp. indeterminate venerid

pelecypods, Echinocyamus? , crab claws, sharks teeth,

cidaroid spines, and fossil wood.

So far as the Dam Formation is concerned, the

presence of Ostrea latimarginata Vredenburg, Echino-

cyamus sp., and "Archaias" sp. indicates approximate

correlation with the Lower Fars Formation of Iraq.

On this basis, the Dam is presumed to be about middle

Miocene. A complete list of fossils recovered from
the Dam Formation includes: Balanus, Agassizia cf.

A. xcrobiculata Valenc var. persica, Agassizia sp.,

BrixuK latitudinensis Clegg, Echinwliscus desori Duncan
and Sladeit, Echinocyamus sp., Lorenia elongaia Gray,

Stoira adamthi Clegg, Schizaster, Schizaster?, Tem-
nopleuru* persica Clegg, Temnopleurus sp., cidaroid

radioles, Archaias angulatus (Fichtel and Moll), Archa-

ias sp., Elphidium, Operculina sp., I'eneropli.s spp.,

(juinqueloculina sp., Triioculina sp., miliolids, Anomia
sp., Area sp., Bullaria sp., Bittium? sp., Bursal sp.,

Cahjptraea? sp., Cardiumf sp., (TUamys senatoria,

(lamtula sp., Clementia papyracea (Gray), Conu* sp.,

(oralliophila, Cnrbicula? sp., Diplodonta cf. D. incerta

d'Archiac and Haime, Epitonium, cf. Hemifuxw,
\fitra? sp., Ostrea angulata J. de C. Sowerby, Ostrea

latimarginaia Vredenburg, Ostrea inrleti Deshayes,

0*trea cf. 0. cirleti, Ostrea spp., Paphia? sp., Placenta

••p., Stromhus? sp., Thais'! sp., Turritella cf. T. gradata,

Turritella spp., Volsella? sp., indeterminate corals,

fossil wood, vertebrate fragments, crab claws, and

<»tracodes.

The Hofuf Formation is chiefly unfossiliferous

although occasional nondiagnostic fresh-water fossils

including Lymnaea and Chara occur. Since the Hofuf

represents the closing unit of the Arabian Tertiary

deposits, it may be either late Miocene or Pliocene.

A comprehensive fossil list includes Chara sp., Lymnaea
sp., Planorbis sp., Thiara sp., ostracodes, and inde-

terminate gastropods.

As Kharj deposits are obviously post-Eocene and pre-

Quaternary, they are most certainly Tertiary. No
direct evidence bearing on their age has been found

except that, if the channel gravels in the various

localities are about the same age, they may be roughly

contemporaneous with the great gravel flood of the

basal Hofuf Formation in the area to the east. Speci-

mens of Corbicula sp. and Melania sp. are the only

fossils so far discovered.

*C0K01HC ASPECTS

GROUND WATEU

The water-bearing properties of the Miocene and

Pliocene rocks, as might be expected, are erratic.

Apparently the sequence carries water regionally, but

productive capacity, storage factors, and quality vary

sharply both laterally and vertically. Locally, artesian

flowing conditions are found, as in a few wells in the

Rub' al Khiill and in the oases of Al Hasfl and Al

Qattf. but pumps are required in most areas.

One of the most extensive developments of the

Miocene and Pliocene aquifer is around Al HufQf
(Al Hasft) with its many large 'ayns or springs. Great

quantities of water are also withdrawn in the Al QaJIf

oasis where many large springs have developed along

the western and northwestern edge of the cultivated

area. There is reason to suspect that some of these

springs are in hydraulic communication with the Alat

(Eocene) aquifer below. Other scattered areas in the

Eastern Province are also supplied with Xeogene
water.

TERTIARY AND QUATERNARY SYSTEMS
GRAVEL

Small, widely scattered, isolated patches of late

Tertiary gravel occur: (1) in Wadi Nayyal (lat 2S°30'

X., long 39°03' E.), (2) 50 km east of Tnayzah (lat

26°06' N., long 43°59' E.), (3) 30 km north of Ad
Dawadiml (lat 24°30' N.. long 44°23' E.), (4) in and

near Wadi as Sahba' between the Mughrah trough (long

47°30' E.) and long 48°3.V E., (5) in Ad Dahna' 40 km
south of Wadi as Sahba', and (6) at lat 23° long

47° E. where a relatively large patch is associated with

deposits of the Kharj Formation.

The gravel is dominantly well-rounded white quart*

pebbles as large as 10 centimeters in diameter, usually

in a poorly sorted, earthy, sandy matrix. Subordinate

limestone pebbles are usually present. Thus, litho-

logically, the gravel resembles rather closely some of

the Hofuf gravels farther to the east.

The gravels, ordinarily in trains and in patches on

upland surfaces, have not been studied to any extent

except in the vicinity of Wadi as Sahba'. Here they

increase in prominence from west to east and no doubt

represent an old major drainage channel. It is likely

that the Wadi as Sahba' structural trough was the path

by which the old river crossed the present area of the

Al 'Aramah escarpment. West of the escarpment

channel gravels occur only in one small area, along the

axis of the Mughrah trough (generally along lat 24°1S'

N. and between long 47°30' E. and 47°37' E.). Al-

though they have not been traced continuously and the

pattern is obscured by younger fill, two small patches

of gravel are present near the western edge of Ad
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Dahnft', one 10 km and the other 25 km north of Wfidl

as Sahbii'. These are well-defined eastward-trending:

gravel ridges leading east from Ad Dahnii' t<> the gravel

plains around southern Ghawar. These probable links

strongly suggest that the channel gravels are remnant.s

of a group of late Tertiary rivers which brought down
the great gravel flood incorporated in the lower part of

the Hofuf Formation.

The relationship of the channel gravels to fresh-

water deposits of the Kharj Formation is unknown
even though they are in contact at one locality—that

is, near lat 23°16' N. It is tempting to suggest that

the channel gravels may be the result of streams that

discharged overflow from lakes in which the fresh-

water sediments were being deposited, but this sug-

gestion is pure speculation.

TERRACH HAND AND ORAVEL

Terrace deposits of presumed Pliocene age are known
only at the northwestern edge of Harrat Hutaym (at lat

26°35' N., long 39°40' E.). Here the rocks are fine-

grained gray sandstone and marl with a basal conglom-

erate. Fresh-water ostracodes are present in the upper

part.

A similar deposit of light-gray marl with gastropods

and fresh-water ostracodes has recently been discovered

near lat 27°26' N., long 38°29' E. (not shown on Mis-

cellaneous Geologic Investigations Maps). The fauna

is modem in aspect and can scarcely be older than

late Tertiary; it is questionably assigned to the Pliocene.

Relationship between this and the Harrat Hutaym
patch is still obscure.

MARL AND HANDMTONE

Small outliers of sandy marl, marly sandstone, and

sandy limestone occurring in an east-west belt across

the central part of the Rub' al Khali have already been

mentioned in connection with similar Tertiary sediments

which are certainlv in part, if not wholly, equivalent

(P- 91).

Al Harrah, the only volcanic complex within the

sedimentary area of Saudi Arabia, extends from near

Ath Thayfit (lat 30°32' N., long 39°20' E.) north-

westward for almost 260 kin where it crosses into

Jordan. Over this distance, width of the lava field

ranges from 80 to 100 km. Younger basalt components
of Al Harrah are tentatively assigned to the Quaternary;
older elements, informally known as the Garaiyat lavas,

are considered to be Miocene and Pliocene.

The younger lavas are chiefly olivine basalt locally

with thin aplite dikes. At places they are scoriaceous

and vesicular and include bedded pyroclastics, plugs,

and cones. Petrographic analysis of a sample from

Qitab ash Shaniah (lat 31°36' N., long 37°57' E.)

showed a phaneritic basalt with zoned plagioclose

(andesine-labradorite)
, augite, commonly altered oli-

vine, calcite, and black unidentified opaque minerals,

probably Umenite and magnetite. The thickest se-

quence of younger lava is at Umm Wu'fil (lat 31°49'

N., long 38°53' E.) where about 100 m rests directly

on the eroded Eocene surface. At other places younger
basalt flows thinly cover Miocene and Pliocene un-

divided. This fact, coupled with the fact that little

weathering is evident, has led to a considered Quater-

nary age for the upper Al Harrah volcanic*.

Near the fort at Qurayyfit al Milh (lat 31°24' N.,

long 37°29' E.) there are about 3£ )f older lava, a

highly weathered alivine-bearing basalt, resting on
Miocene and Pliocene marl. In the middle part of

the succession, the lava is cut by numerous thin aplite

dikes and at places an amygdaloidal phase is distin-

guished. In marked contrast to the younger basalts,

the older lavas have been deeply weathered prior to

deposition of an overlying sandstone that includes

basalt boulders in the basal part, A few kilometers

west of Qurayyfit al Milb similar lavas are interbedded

with sandstone and marl of presumed Miocene and
Pliocene age and here are considered to be of the same
age.

CALCARSOUH Dl'RIfRl!HT

A resistant duricrust carapace masks underlying

stratigraphic and structural details over some rather

extensive areas in northwestern Arabia. Although the

precise chemical conditions (hat produce this deposit

are poorly understood, it is apparently a product of a
somewhat more moist, possibly semiarid, climate than

exists in present-day Arabia. During the dry season

movement of ground water is upward to the surface

where soluble substances are deposited. As evapo-

ration proceeds, a calichclike carbonate-enriched crust

is built up, mainly of the material on which it forms.

Where the underlying rock is carbonate, duricrust is

particularly hard and in some instances supports

escarpments as much as 50 m in height. If the under-

lying rock is sandstone, a much less resistant calcareous,

gypsiferous, and earthy deposit forms.

Duricrust is particularly well developed on Pale-

ozoic and Mesozoic units from Buraydah northwest

to Al Widyan plateau, south of Al Jawf and Sak&kah,

in Al Haj, and on Tertiary beds south and west of the

Saudi Arabia-Iraq Neutral Zone. Usually it is a

discontinuous mantle of red, brown, gray, tan, and
yellow, resistant, sandy limestone containing frag-

ments of the underlying rock. Thickness of the crust

ranges from a few centimeters to 3 or 4 m. Coarse
frosted quartz grains are often present, and also a few
fresh-water molluscs are present. In the southwest-

Rub' al Khali the few small patches of duricrust
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known are gray to tan, locally gypsiferous, sandy lime-

stone grading at places into sandstone with calcareous

cement.

As duricrust is not known to have formed in rocks

younger than Miocene and Pliocene, these carbonate-

enriched rocks are believed to be Quaternary.

TERRACE, MUD FLAT, AND GYPSUM DEPOSITS
LAKE THEACES

Lake beds, now cut into a steplike series of low ter-

races, crop out in the southwestern Rub* al Khali

around lat 19°05' N., long 46°20' E. and in the Shaqqat

al Mi'ah (near lat 17°30' N., long 46°35' E.). These
fresh-water sediments are interbedded, white, tan, and

brown, fine-grained quartzose sandstone with mica-

ceous, siltv and rarely gypsiferous clay and fossiliferous
|

silt.

A number of fragments of vertebrate teeth and bones

were found within or associated with the lacustrine de-

posits. Age, based on these fossils, is considered to be

late Pleistocene (?) to early Recent.

Elsewhere in the southwestern Rub' al Khali, Pale-

olithic and Neolithic sites have yielded arrow heads, fist

hatchets, scrapers, and other stone implements. At
one locality charcoal, presumably from a Neolithic,

campsite, was dated by carbon-14 as 5,090± 200 years.

Age was determined by T. A. Rafter (written commun.,

June I960). Field (1958, 1960) has described the stone

implements collected from these sites.

Uim TEEEA0E5 AHD EAIWD BEACBK

Marine terraces and raised beaches are rather com-
mon along the western Persian Gulf shoreline. Within

Saudi Arabia beach gravel and sand occurs on marine

terraces and raised beaches from north of Al Jubayl

Gat 27°01' N., long 49°40' E.) to the southern tip of

Dawhat Salwah. The commonest occurrence of the

marine Pleistocene is in the form of sand and coquina

terraces 1 or 2 m above mean high tide. These terraces

form low discontinuous mesas along the coastline and a

short distance inland.

Along Dawhat Salwah well-preserved marine fossils,

most of which are present-day species, are found in soft,

pebbly sandstone and coquina. Maximum thickness

of this fossiliferous unit is about 3 m. Quaternary

marine fossils also occur at Sabkhat Sawdfi' Nathll flat

24°30' N., long 51°04' E.) about 3 m below mean high

tide.

DELTAIC AID TIDAL MUD FLATS

Deposits of this type occur only in Kuwait and are

described in connection with the surficial geology of

that country.
amvu DEFonrs

Young bedded deposits of gypsum occur in small

patches at several localities, usually in contact with

Miocene and Pliocene and with Quaternary units. Only

one such deposit has been studied in sufficient detail to

permit mapping, and this occurs south from Wadl al

Faw along the foot of the Al 'Arid escarpment. Here a

thin, 60-km-long band of white to tan, powdery to

patchy gypsum is associated with Quaternary gravel.

QUATERNARY DEPOSITS

Outcrops of terrace gravel are limited to two—one in

the bottom of Wadl al Batin where several small

patches occur 60 and 90 km northeast of the Trans-

Arabian Pipeline and another in Wild! as Sahbii' where

a few isolated patches are present between the 47th

and 4Xth meridians. The gravel is mainly limestone

and quartz that has been concentrated in terrace

deposits obviously related to present or recent drainage.

SHEET GRAVEL

The largest single occurrence of sheet gravel blankets

the Ad Dibdibah plain—a broad, flat boulder-strewn

surface flanking Al Batin and extending from south of

the Trans-Arabian Pipeline into Iraq and Kuwait.

The sheet represents the residue of a vast flood of rock

debris derived from the basement complex and fun-

neling out through the Wadl ar Rimah-Al Batin channel

system. The gravel veneer is nowhere more than a

single pebble thick and is chiefly quartz with varying

proportions of carbonate, igneous, and metamorphic

grains. The plains area around Tabflk is also littered

with a similar gravel.

Another gravel sheet, the As Sahn plain (around

lat 30*40' X., long 42°40' E ), includes basalt pebbles

probably derived from Al Harrah lava field. In addi-

tion, a large number of chert granules are included.

Large, coalescing, deltalike surfaces of outwush gravel

emanate from the Wadl as Sahba'-Wftdl ad Dawasir-

Wadl Najr&n drainage systems. Present distribution of

exposures shows that prior to formation of the great

Rub' al Khftll-Al Jafurah sand desert a vast part of

the area—generally west of the 51st meridian—was

blanketed by coarse rock debris pouring out from those

channels. At the same time, large quantities of the

debris were diverted (a short distance from the base-

ment) along a shallow trough scooped in soft Permian

beds, thus lining this depression with gravel from the

vicinity of Wadl XajrSn to Khuff (near lat 25°00' NT.).

ORAVKI. REMNANTS

Dissected remnants of gravel apparently unrelated

to modern drainage occur in two areas: one along the

foot of the Hit escarpment (between lats 24°20' X.

and 24°32' X.) and the second in front of Al 'Aramah

escarpment near lat 25°54' X. Grains are for the

Digitized by Google



1)100 GEOLOGY OF THE ARABIAN PENINSULA

most part limestone, but other n*k types are included

us well.

ORAVKU NASI), AND HILT

Bottoms of channels and undrained depressions are

commonly floored with a thin but often extensive layer

of unconsolidated, locally derived sediment.

Gravel of this type represents: (1) a recent concen-

tration of coarse debris from the immediately sur-

rounding area, (2) a residual deposit derived from older

sediment or rock by removal of intergranular fines,

and (3) a lan concentrate from an earlier gravel sheet

or train.

Numerous widely scattered, undrained basins have

in common a flat, firm, silty surface that contrasts

sharply with other crusty, brine-saturated depressions

(Sabkhah deposits). The silt flats, known by various

names depending on soil type, vegetation, and so forth,

locally include calichelike and gypsiferous deposits.

Other surficial deposits that cannot be subdivided or

classified for any of several reasons include gravel,

sand, silt, gypsum, and other associated fine material.

HABKILAII DEP06ITH

Sabkhah (plural: sibakh) is an Arabic term for coastal

and inland saline flats or playas built up by deposition

of silt, clay, and muddy sand in shallow, albeit some-

times extensive, depressions. The deposits are com-

monly saturated with brine and often are salt encrusted.

Indeed, the presence of salt is the distinguishing feature

of a sabkhah. Other silt-filled ureas, usually centers

of centripetal drainage, contain no salt. These are

more correctly called Ql'ftn.

Mamlabab (plural: mamfdih), a name often heard

in the interior, refers to a sabkhah where salt is, or

at one time was, mined. Strictly speaking mamlahah
designates the excavation or area in the sabkhah where

salt is being removed.

Sibakh are, for the most part, concent rated in a

narrow belt along the coast from Kuwait to east of

Qatar. Most are found within 60 km of the shoreline,

but some are located far inland for example, in

Wiidt as Sirhiin (at lat 30°50' N., long 3S°10' E.),

near Baq'ii' (lat 27°.W X., long 42°24' E.J, southeast

of Buraydah (lat 26°20' X., long 43°5fs' E.), near

Al Qasab (lat 25°18' X., long 4o°30' E.), around

Yabrln (lat 23°17' X., long 48 <

\'S6' E.), and over a

wide band along the eastern margin of the Rub' al

Khali.

Origin of these saline flats is in doubt, but most
workers now agree that they result from sand and silt,

commonly eolian, infilling topographically low areas.

Brine is nearly always to be found within I or 2 m of

the surface. Apparently, prolonged evaporation of

capillary water during dry periods concentrates and

precipitates various salts at and near the surface to

form a hard saline crust. During moist periods, stand-

ing water from tidal invasion or runoff helps recharge

the sediments and also by evaporation contributes to

the salt scum.
ROIJAN MAN I)

Approximately one-half of the sedimentary area of

Saudi Arabia is blanketed by eolian sand. The Rub' al

Khalt contains probably the largest continuous body

of sand in the world and covers nearly 600,000 sq km.

Another 1SO.OO0 sq km is covered by interior nafuds

and Ad Dahna'. The largest of these, An Xafud, is

roughly 6K.0O0 sq km.

R. A. Bramkamp developed u practical classification

of the fundamental types of sand terrain found in

Saudi Arabia. He recognized four main classes which

were adopted and whose distribution was depicted on

the Miscellaneous Geologic Investigations Map series.

Basic characteristics of these classes are as follows:

I. Tratisverse: Predominantly simple and compound
barchan dunes in areas of more mobile sand and (or)

simple rounded ridges, oriented transverse to the

prevailing wind direction.

II. Longitudinal: Primarily dikftkah (bush- or grass-

covered sand) and various types of undulating sand

sheets, in general characterized by elongation of the

individual forms parallel to the prevailing wind

direction, often partly stabilized by sparse vegetation.

III. 'UrOq: Various forms of long, nearly parallel,

sharp-crested na rr< >w sand ridges and dune chains

separated by broad sand valleys usually including

elements of Type I sand terrain. These forms are

the resultant of a system of two dominant wind
directions and are identical to the sayf dunes of

north Africa.

IV. Sand mountains: Dominated by large sand massifs

commonly cresting 50 to 300 m above the substratum,

often with superimposed dune patterns consisting of

various types of complex barchans. Common forms

ore giant barchans spanning several kilometers from

horn to horn, giant sigmoidal and pyramidal sand

peaks as well as other less common peak forms, and
giant oval to elongate sand mounds.

STRUCTURE

OBNKKAL FBATT7BB8

The structural pattern of the Arabian Peninsula was
set in Preeambrian time with stabilization of the

Arabian shield. These ancient rocks, now lying in

tangled confusion, in themselves reveal a complex and
mobile history. By the outset of the Paleozoic Era,

however, they hod been fused into a rigid land mass,

and their surface had been reduced to a nearly level

plain.
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From the Cambrian on, vast epicontinental

moved back and forth across the lower parts of this

stable basement core and there deposited a compara-

tively thin succession of almost flat-lying strata. The
epicontinental seas were in turn flanked on the north

and east by a great sedimentary basin—the Tethyan
trough— that occupied a relatively constant area in

Turkey, northern Iraq, and southwestern Iran. The
trough remained a negative feature throughout most
of the Paleozoic and Mesozoic while many thousands

of feet of sediment accumulated. Destruction of the

ancient seaway began in the Late Cretaceous with

orogenic movement recorded from Turkey through Iran

and extending into Oman. The climax came, however,

in the late Tertiary (Alpine orogeny ) when rocks from

the deeper part of the basin were folded and thrust to

form the Zagros-Taurus chain of mountains. It is

during this period that the great rift-fault systems of

Africa and the Red Sea area also began to take on their

present form, although movement on these faults may
have started somewhat earlier.

Within this broad tectonic framework, two major

structural provinces are recognized (pi. 2). One is

the comparatively stable interior region whose rigidity

is controlled by Precambrian basement. The exposed

part of the shield, as well as that part thinly veneered

with little-disturbed shelf sediment, make up this

province. The other major province is the great

mobile belt peripheral to the stable region and made
up of the Taurus-ZagroB-Oman Mountain systems.

Saudi Arabia falls wholly within the stable region,

and it is this structural province with which we are

most concerned here. Consequently, this province and
its significant structural subdivisions will be discussed

in some detail; those peripheral to it will be touched

on but briefly. It should be emphasized that stable is

a relative term used here to differentiate an area that

has from Precambrian to Recent time been subjected

mainly to gentle warping and tilting.

STABLE REGION
ARABIAN 8HIKU>

Shield rocks, comparatively stable and primarily

positive since Precambrian time, make up a sizable

part of the Arabian Peninsula. On the west they form

most of Najd and all of Al JJijfiz and 'Aslr; on the

southwest they support the highlands of Yemen, and
along the southern coast of the Arabian Peninsula

they can be seen in sporadic outcrops. Until recently,

the Arabian Shield was a projection of the shield of

Africa but is now separated from it by Red Sea rifting.

WBTIM AIABIAI imi
The western Arabian Shield is an extensive area of

Precambrian rocks, mainly igneous and metamorphic,

and largely overlain by younger volcanics in the west.

Though the shield has acted as a rigid land mass

since the beginning of Cambrian time, consolidation

was long in coming. Included within the basement

complex are great belts of sedimentary rocks—now
contorted, intruded, and metamorphosed—that record

the growth and decay of former mountain systems.

Presumably, through the eras of Precambrian time,

the shield was subjected not once but several times

to downwarping, sedimentation, orogeny, injection by

plutonic rocks, and leveling before becoming immobile

—

a complex, but little known, structural history com-
parable with that of other shields and former

geosynclinal areas.

Likewise, the structural situation after the start of

the Paleozoic is obscure, but some intrusion and local

faulting is likely. A number of epeirogenic movements
of the shield have been clearly recorded in the sedi-

mentary sequence, generally in the form of regional

unconformities. During the Tertiary Period, sub-

stantial faulting and other disturbances occurred along

the margin of the Red Sea depression.

TWdlC.WJSTMH ADIH PLATSAC

In the Yemen-Western Aden area, Precambrian

basement supports a relatively high, substantially

faulted plateau. The plateau is capped in northern

Yemen by patches of flat-lying Jurassic, Cretaceous,

and Tertiary sedimentary rocks. Massive extrusive

volcanic rocks of Late Cretaceous to Recent age cover

central and southern Yemen and enclose fault blocks

of basement and Mesozoic rocks that have been up-

lifted through the volcanic sheet. Less stable than

the western and southern part of the Arabian Shield,

the plateau area apparently operated as a hinge,

absorbing differential movement between flanking

massifs. Presumably, Yemen-Western Aden remained

positive until the late Jurassic and then, for the first

time, was sufficiently downwarped to permit direct com-
munication between the Tethyan and east African

seaways.
SOVTEIU AEAHAI SBULD

The structure and configuration of the southern

Arabian Shield is obscured by the Gulf of Aden; how-
ever, its northern margin can be roughly reconstructed

from exposures preserved along the ijadramawt, Al

Mahrah, and Dhufar coasts and in the Khuriya Muriya
Islands. Ijke other parts of the Arabian Shield, these

rocks show evidence of strong deformation, intrusion,

and metamorphism followed by mature peneplanation

before the first sediments were deposited.

ARABIAN HHKLK

After solidification and mature peneplanation, the

Arabian Shield was tilted slightly northeast toward

/ -
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the ancestral Tethys trough. As subsidence continued,

shallow seas advanced across the beveled surface of

crystalline rocks and buried it beneath thin sheets of

almost flat-lying sediment. It is this belt of low-

dipping, relatively undisturbed beds that gix-es rise to

the second main structural province of the stable

region—the Arabian Shelf. It should be kept in mind
that the shelf differs from the exposed part of the shield

only in possessing a thin sedimentary cover.

As early as Early Ordovician, marine water had

transgressed inland nearly to the present limit of sedi-

mentary beds, well documenting the invasion with a

thin but widespread, graptolite-rich shale. Conse-

quent upon successive rising and sinking of the shield,

seas advanced and retreated. Because the sea floor

was so flat, even gentle bending substantially moved
the shoreline and altered the position of land and sea.

Effects of such epeirogenic movements, clearly recorded

in the interior by unconformities, disconformities, and

alternating marine-nonmarine rocks, fade as the deeper

part of the basin is approached. Here, subsidence

apparently persisted with few interruptions from

Paleozoic to relatively recent time.

Sediments of the shelf are characteristically of shal-

low-water origin. limestone, clastic-textured and me-

chanically sorted, is the most striking rock type. Sand-

stone and shale are also present in large amount. All

units, regardless of lithology, are usually thin and wide-

spread, maintaining lithologic character over large

areas. Shifts in fades do occur, but these are usually

gradual. Such lithologic constancy, presumably

brought about by continued sorting and reworking of

the limited amount of sediment introduced into the

basin, reflects prolonged stability.

Not all parts of the Arabian Shelf had the same geo-

logic history. Some areas were more active than

others; some were depressed and some elevated either

persistently or for short periods. Thus the shelf is

divisible into several subprovinces—namely, an Inte-

rior Homocline everywhere marginal to the shield, an

Interior Platform bordering the homocline, and, adja-

cent to the platform, several basinal areas that have

from time to time collected thicker deposits. In con-

nection with this, the Interior Platform and adjacent

basins correspond at least in a rough way to the "un-

stable shelf" just as the Interior Homocline appears to

represent the "stable shelf."

nrmioi bohocubi

Bordering the shield is a belt of Paleozoic, Mesozoic,

and Cenozoic strata whose dip basinward is so slight

and uniform as to be imperceptible to the eye. Plane-

table, structure drill, and seismograph surveys over the

area have defined a remarkably constant homocline

with an average width of about 400 km and a persistent

dip ranging from slightly more than 1°00' in the Per-

mian and Triassic to 0°20' in Upper Cretaceous and

Eocene beds.

The homocline thus defined marks an area of unusual

tectonic stability. To be sure, significant structural

interruptions do occur, but these appear to result from

blocks of different sizes and shapes moving independ-

ently and without disturbing adjacent parts of the

homoclinal surface. Change in strike of the homocline,

related to gentle flexing of the basement, tends to break

the belt into several poorly defined segments.

CENTRAL ARABIAN ARCH—DBMNED BY NORTHERN AND SOUTHERN
TCWATQ SEGMENTS

One structural feature—the central Arabian arch

—

has had a profound influence on the present surface dis-

tribution of sedimentary rocks. The name applies to

the area of changing strike between the northern

Tuwayq and southern Tuwayq segments of the Interior

Homocline. In reality, these segments are an integral

part of the arch which affects all rocks from the base-

ment up; its influence can still be seen as far east as

Qatar. The arch, although a very gentle feature,

appears to have considerable importance by marking

the area of maximum curvature of the Interior Homo-
cline in central Arabia and by supporting the reversal

between the north-dipping part of the shelf and its

south-dipping part which passes uniformly under the

Rub' al Khali.

Early work in Arabia led to the assumption that this

great basement ridge was an ancient and permanent

positive feature. It was assumed that bands of sedi-

mentary rock were deposited around this swell in much
their present form and original strike of deposition

roughly paralleled present strike. Furthermore, it was

assumed that the structural form of eastern Arabia was

due to regional and uniform tilting of the shield toward

the Persian Qulf and Rub' al Khali basins. Sediment

distribution and geometry of rock units around the

arch have shown this concept to be incorrect, and it is

now known that the history of the feature is much more

complex.

During early Paleozoic time, the arch was mildly

positive, as pre-Permian units seem to pinch out against

it. Strong upwarping occurred in the later part of

the Paleozoic Era (post-Early Devonian and pre-Late

Permian), older beds were beveled and stripped from

the crest of the arch, and later submergence permitted

deposition of Upper Permian carbonates directly on

basement across the axis and for some distance north

and south.

During Mesozoic time, the central part of the craton

gradually subsided, and thick sequences of continental
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and shallow marine sediments accumulated in a basin

whose deepest part apparently fell roughly along the

present axis of the arch. This relationship is par-

ticularly marked in the Jurassic but can also be seen

in the rocks of bracketing systems. Detailed measure-

ments show that the Jurassic is thickest on or near the

axis of the arch and thins uniformly and persistently

to the north and south. Pre-Wasia (Middle Creta-

ceous) truncation accounts for some of the thinning

in the far north, but not all, for the section is distinctly

condensed when compared with an equivalent sequence

near the center of the arch. There is also a correspond-

ing change from deeper water to shallow water and

even continental sediments away from the axis. Thick

intervals of limestone and shale in the high area are

represented by shale and sandstone on the flanks. It

seems logical to assume from these data that the shore-

line of Jurrassic times in central Arabia fell considerably

west of the present outcrop belt and lay approximately

along a line connecting Jurassic exposures on the north

and south where an approach to strand-line conditions

is evident.

The first traces in the sedimentary record which

would indicate the origin of the central Arabian arch

appear in the Wesia Formation (Middle Cretaceous).

On outcrop, this formation is continental in the south

where it disconformably overlies nonmarine rocks of

Early Cretaceous age. On and north of the arch,

however, Wasia rocks become progressively more

marine and sharply transgress older strata. The best

explanation of this change appears to be that the

sagging, which resulted in thickened Jurassic and

Lower Cretaceous deposit*, was disrupted during pre-

Wasia deformation with the uplift of the southern

part of Arabia. At the same time, subsidence con-

tinued in the north. Thus, in contrast to the relatively

stable conditions that prevailed in the southern

Tuwayq area, the northern Tuwayq segment and

adjacent parts of the shelf were sites of active depres-

sion. In general, the zone which separates these two

areas coincides fairly well with the central Arabian

arch. It is therefore considered that the arch results

from its position between a stable or slightly rising

province and a gradually sinking area, giving rise to

a gentle swell.

During Amma (Upper Cretaceous) time, this same

general pattern of movement persisted, and the

structural elements inherited from the Middle Creta-

ceous were still further emphasized. The southern

Tuwayq-southweetern Rub' al Khali area remained

emergent, and marine rocks were excluded. Con-

tinued subsidence in the north, quite possibly at an

accelerated rate, can be assumed from a thickened

rock sequence and a sharp change in strike of the

D103

Interior Homocline during Late Cretaceous time.

Details of this shift in strike are discussed in connection

with the formation of the Hft'il arch.

Subsidence in the north continued while Paleocene

and Eocene rocks were deposited, thus further increas-

ing the apparent relief of the arch. The Tertiary pic-

ture is complicated by the fact that the Rub' al Khali

became an area of active subsidence for the first time.

Downwarping" here would also tend to accentuate the

basement ridge. It is this differential sag, in fact, that

may be in large part responsible for the central Arabian

arch, probably a residual high between the periodically

subsiding Persian Gulf and Rub' al Khali basins rather

than a true independent positive feature.

It is doubtful that the central Arabian arch was

further exaggerated in Miocene and later time, though

there is a reflection of the swell in the arc of the Summ&n
terrace. Miocene sediments of the Summan are ex-

clusively continental, however, and as such would be

much influenced by adjacent topography during their

deposition. At this time the topography, even as it

does today, must have shown the influence of the arch,

which would exercise a primary control on the drainage

as well as on the form of the surface on which the

Miocene was laid down.

Support for this concept of the formation of the cen-

tral Arabian arch comes from the presence of the Wftdl

Nisab-Wadl as Sahbft' graben and trough complex

along the axis of the swell. From a regional point of

view, these tensions! structural features form but a

small part of a major system of grabens that, near the

western edge of the Tuw&yQ Mountains, swings north-

west in a great arc along the Tuwayq front and then

again passes through the Tuwayq escarpments west

of Al Majma' ah. The counterpart of the central

Arabian graben and trough system can be seen far to

the northwest as the Khawr Umm Wu' al graben and

the plexus of faults around Al Jawf-Sak&kah. Thus,

these tensional features are found about in the place

they would be expected if the central Arabian arch

formed in the manner outlined above; that is, the faults

mark the area of maximum tension along a hinge line

between a stable upland block and a sinking shelf.

Similarly, the age of the graben system fits well into

this general concept in that it appears to have originated

in mid- or Late Cretaceous time and shows evidence of

continued movement during the Paleocene and Eocene.

HX'IL A*CH

A shift in strike of the Interior Homocline around

HS'il (lat 27°32' N., long 41°43' E.) defines the Hs'il

arch, a structural feature similar to the central Arabian

arch. Lower Paleozoic sedimentary rocks, which have

a consistent regional strike of N. 45° W. in the northern
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Tuwayq segment of the Interior Homocline, swing
gradually west in conformity with the trend of the

underlying basemen (. At Jibsl at Tawiil, about 40 km
north of Ha'il, a uniform strike of X. 70° W. was meas-
ured in Ordovician shale. In all probability the strike '

continues to parallel the basement margin, shifting

first to west and then west-southwest to define the west

flank of the arch, although evidence for this is hidden
by An Xafud sand.

Lack of significant change in facies or thickness of

sedimentary units suggests that the arch was merely

a stable headland around which Paleozoic and later seas

advanced. The first definite sign of movement comes
in the Cretaceous Period. Middle Cretaceous rocks,

in sandstone facies, were deposited uninterruptedly

across the crest of the arch, essentially parallel to the

strike of the Paleozoic strata. On the other hand, basal

Aruma (Upper Cretaceous) rocks show sharp facies

change from marine carbonate on the east flank of the

swell to continental sandstone across the crest. These
beds were the last to be deposited over the arch before

the strike of the Interior Homocline was shifted north

into Iraq by the rising basement.

Surface mapping north of An XafQd detected the

prolongation of the Ha'il arch where it is a broad swell

in Cretaceous and Eocene limestone, the high part

passing east of Jabal 'Unflzah on the Saudi Arabia-

Iraq boundary. The northeast flank dips gradually

toward Iraq; the southwest flank passes gently into the

Sirhfin-Turayf basin. At the crest of the arch is
j

Khawr Umm Wu'Sl, a trough made up of a series of

grabens and synclinal depressions. Its relationship to

the Ha'il arch approximates the relationship between

the WadI Xisflh-Wfidl as Sahba' grabens and the central

Arabian arch.

Structure drilling near the Trans-Arabian Pipeline

also confirms the presence of the Ha'il arch at depth and
has given a relatively complete transverse section of a

broad arch between Badanah and Turayf, its highest

point being roughly 40 km west of Ai Jalamld flat

31°19' X.. long 40°03' E.). Upper Cretaceous and
Eocene strata thicken and apparently represent a

more complete rock sequence in both directions away
from the crest. The swell is also present in the older,

underlying, presumable Paleozoic rocks.

The Ha'il arch no doubt continues northward into

Iraq and there joins with the Rutbah high. Infor-

mation is too incomplete to precisely define the axis of

the arch, but it apparently passes west of Ha'il, through

the Al Jawf-Sak&kah area, west of Al Jalamld. and

east of Jabal 'Unftzah. The arch may have originated t

by its own growth or as a residual high flanked by one I

or possibly two areas of subsidence. In either event,
|

the time of its formation appears to have been mainly

Cretaceous and early Tertiary.

One significant aspect of the Hfi'il arch is that all

major faults in the area conform to a definite northwest-

southeast trend. This trend may be related to persist-

ent Late Cretaceous and Eocene sinking of the Persian

Gulf and Sirhan-Turayf basins, which caused tension al

faulting of the residual high between. The rise of the

Ha'il arch had a profound effect on the architecture

of the Tethys seaway. Prior to appearance of the

arch, strike of Paleozoic, and presumably most Mesozoic

units as well, closely paralleled the northern margin of

the shield. With uplift of the arch in the Cretaceous,

communication across northwestern Arabia between

the Persian Gulf and Mediterranean seaways was

broken. Consequent upon this, the Interior Homo-
cline was split into two segments— to the west the

TabQk segment comprised mainly of Paleozoic rocks

and to the east the Widyan basin margin made up
solely of Cretaceous and younger beds.

WIDTAN BASIN MAROIN

The Widyan basin is the Saudi Arabian part of a

major basin of deposition. As used here, however, the

name is applied to the eastern limb of the H&'il-Rutbah

swell. It is an area of Upper Cretaceous and Eocene

rocks having a gentle northeast dip averaging about

2.5 m per km.
Superimposed on the broad homoclinal framework are

a great many of minor irregularities. These are

primarily solution-collapse features of various types,

covering a wide range of radius and amplitude—from
sinks and residual highs a few tens of meters across and
5 to 10 m in height to features several kilometers in

diameter and 10 to 20 m or more in height. The size

of individual structures in any given area usually falls

within a relatively restricted range, as the characteris-

tics of the slumping are presumably determined by the

depth of the soluble unit whose removal has caused the

collapse.

Larger structural features are surprisingly few, and
in fact, only in the far southwestern part of the province

can it be shown conclusively that faulting, originating

from deep-seated causes, follows the trend of the Al
Jawf area with only minor displacement and disturbance

of Upper Cretaceous rocks. Evidence to the west
suggests much larger displacements along these trends

in pre-Upper Cretaceous units.

The characteristics and formation of long curved
monoclines such as Jal al Batn and Jfil Xawazir have
been previously discussed in connection with the Umm
er Radhuma Formation (p. 84).

The Widyan basin margin is a northwestern extension

of the Interior Homocline, although it shows a certain
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amount of sinuosity. In broad plan, strike of Cre-
taceous and Paleocene beds shifts from slightly west of

north near the Saudi Arabia-Iraq boundary to N. 60°

W. at Darb Zubaydah (long 43°25' E.). "Southward,
the strike reverses to about N. 40° W., and the beds of

Al Widyan merge with the northern Tuwayq segment
of the Interior Homocline.

HADKAMAWT PLATSAC

Between the southern Arabian Shield and the sands
of the Rub' al Khali is a high, dissected, generally north-
ward-dipping plateau of early Tertiary- rocks which
forms the southern margin of the Hub' al Khali basin.

Basically, the plateau is a broad, generally east-west-

trending swell extending nearly from the 47th meridian
t» Dhufar. Superimposed on the main swell are two
smaller east-west arches separated by a low synclinc,

the western end of which roughly corresponds with the

deep channel of Wadl Hudnunawt.

The area has been affected by some east-west faulting.

Such disturbances are relatively minor in the main pla-

teau area but are more pronounced along the coast

where they give rise to a rugged fault-block topography.

HADRAMAWT SEGMENT

North of the Hadnimawt Plateau and extending east

lo Oman is the lower part of the Interior Homocline
the Hadramawt segment. Much of the segment is

buried beneath the Rub' al Khali where structure drill

Hnd seismograph have mapped uniform north dip and
defined the northern toe. Average dip of Tertiary and
Quaternary rocks is about 0*20'. Underlying Mesozoic
strata have a more pronounced dip owing to thinning and
probable truncation toward the IJadramawt Plateau.

East of long 4H°, strike of the homocline holds rela-

tively constant, at slightly north of east. West of this

meridian, however, strike swings rapidly west and then
northwest to define the southern limb of a broad, north-

paMward-plunging syncline which connects the Hadra-
uiawt segment of the Interior Homocline with the south-

ern Tuwayq segment. This bend, which in effect

outlines the southwestern margin of the Rub' al Khfili

basin, involves a change in strike of about 120°. Pre-

sumably, this area of maximum curvature also corre-

sponds to a hinge line or zone of adjustment between
the western Arabian and southern Arabian Shields.

MT1U0I PLATFORM

Bordering the homocline is the Interior Platform, an
(

area of varying width in which systematic dip off the

crystalline core no longer prevails. The nearly flat

structural platform is sharply set off from the homo-
cline by an abrupt break in slope—a hinge line between
the two structural provinces. The opposite edge of the

platform is less well defined, trending southeast from

Kuwait into the Persian Gulf, far out around Qatar and

possibly (in one area north of Qatar) reaching east as

far as the coast of Iran, and passing inland along the

western edge of Sabkhat MatI and around the Rub' al

Khali basin before terminating against the Oman Moun-
tains near lat 2.i

0
X., long 56* E. Width of the plat-

form ranges from about 100 km along the southern and

western sides of the Rub' al Kh.lll basin to 400 km or

more across the Qatar Peninsula. The great width of

the platform in the vicinity of Qatar could conceivably

reflect the extension of the central Arabian arch.

The deep structure of the sedimentary rocks of the

platform must be inferred from structure drill and

seismic results. These data indicate that the beds are

unusually flat in a geological sense and irregularities

arc limited to low, gentle structural undulations that

lack any strong orientation. Superimposed on this

are several major north-south anticlinal axes that rise

above the general level of the platform. One of the

most notable of these is the En Nala anticline, the

southern part of which includes the oil field of Ghawar.

The folds of Abqaiq and Qatif are other good examples

of large north-south trends. The surviving segments of

the platform on the two sides of any of these major

axes seem to have about the same structural elevation.

Any conclusions are highly speculative, but the flat,

gently undulating parts of the structural platform are

presumed to be underlain by rigid blocks of basement

that resisted deformation, thus protecting the sedi-

mentary blanket from significant disturbance. The
origin of the major anticlines is still obscure, but if

local complexities are disregarded, the nearly flat crest

and steep linear flanks give strong reason to suspect

that these features ore related to some sort of horstlike

uplift at great depth. Study of gravity data further

strengthens this hypothesis. Several concepts of causal

stresses seem equally acceptable simple compression,

deep-seated differential uplift, and horizontal torsion.

Only one sharp feature Dammam Dome—departs

completely from some expression of north-south

elongation. Because of its complex crestal faulting,

strong negative gravity anomaly, and oval shape, it

is regarded as a salt-intrusion structure.

Several depressions are superimposed on the Arabian

Shelf and at one time or another have received thick

i deposits relative to adjacent parts of the platform.

Such basin al sags have formed in the northeastern Rub'

al Khali, northern Persian Gulf. Dibdibah, and Sirban-

Tuxayf areas.

HUB' AL KHALI BASIN

Seismograph and structure drill work in the Rub'
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al Khali have outlined an elongate basin that plunges

gently northeast form Bi'r Hadl (lat 19°26' N., long
51°02' E.) toward the Persian Gulf. The north-

eastern part of the trough apparently extends across

Abu Dhabi and Trucial Oman and continues into the

Persian Gulf almost as far as the coast of Iran. Width
of the basin is relatively uniform throughout its length,

averaging about 300 km.
The Rub' al Khali basin is primarily a Tertiary

feature. Paleocene, lower and middle Eocene, and
upper Tertiary sedimentary rocks thicken toward the

center. This thickening is moderate, however, except

in the eastern part of Trucial Oman where very thick

Tertiary deposition took place in the deep sedimentary

trough in front of the intensely folded Oman ranges.

Mesozoic rocks show a trend toward shallower water
'

sedimentation from the center of the basin northwest,
;

west, and southwest toward the platform. A similar
j

trend appears to the south and southeast although '

much of the pertinent evidence for this has been elimi-

nated by several Mesozoic unconformities. To the i

northeast, deposition appears to have taken place in

as deep or deeper water than in the central Rub' al

Khali. In general, Mesozoic sedimentation appears to

be related to a basinal area much larger than the

present depression. If this is true, tho Rub' al Khali

as an independent basin would be exclusively Tertian,-,

possibly with some Late Cretaceous history. Appar-
ently, the basin is a shallow reflection of the depressed

hinge between opposing basement blocks.

NORTHERN PERSIAN OPLr B ABIN

Limited marine seismic work and regional relation-

ships show that a structurally low area covers the head
of the Persian Gulf. Seismic mapping has provided

some clue to the geometry of the higher part of its

southwest flank which dips at a nearly constant 2° to

4° NE., a steep dip, indeed, when compared to the

adjacent platform and the gentle gradient i0°20' to

1°20') of the Interior Homocline. The northeastern

margin of the basin is formed by the Zagros Mountain
foreland.

DIBOIBA BASIN

The term Dibdiba basin is applied to a downwarped
area between the Jauf-Wafra-Burgan high and the

Interior Homocline. The basin, postulated primarily

on seismic work which indicates a major thickness of

Cretaceous rocks, extends north between the Neutral

Zones into southern Iraq.

SI&HAK-TCRATr BASIN

Structure drilling and surface mapping have delin-

eated in the northwestern corner of Saudi Arabia a

synclinal basin filled with a thick sequence of Upper

Cretaceous and Eocene sediments. The basin opens

to the north and northwest into Jordan. Volcanic

rocks, representing the southern end of the major lava

fields of the Syrian desert, blanket a substantial area

along the low part of the trough. Small linear faults

with a north-northwest trend probably reflecting dis-

location in older rocks are common. One structural

troiigh-graben (Khawr Umm Wu'fil) occurs in the

eastern part of the area.

The southwest flank of the Sirb&n-Turayf basin is

relatively complex and may even represent a half graben

that controls the present course of WfidI as Sirhftn.

The Sirban depression, a broad elongate trough, is

flanked on the southwest by a uniformly northeast-

dipping homocline that is also the southwest flank of

the much larger Sirban-Turayf basin. A series of nor-

mal faults, downthrown to the southwest and largely

buried under a mass of extrusive basalts, bound the

Sirban depression on the northeast.

The Sirban-Turayf basin may have resulted from

growth of the Ha'il arch to the east during Late Cre-

taceous and Eocene time. A more likely explanation,

however, is that the basin developed as a sag in a struc-

turally flat area. This interpretation is suggested by
comparable elevations of contemporaneous rocks on

the two sides of the basin.

Later structural deformation of the basin shows a

dominance of tensional over compressions! forces

—

abundance of faults and grabens and rarity of folds.

No thrust faults are recognized.

MOBILE BELT—MOUNTAINS AND FORELANDS

Encircling the stable interior region is a mobile belt

of young mountains and a thin foreland area deformed

contemporaneously with the main ranges. The various

ranges butting against the Arabian shelf—the Zagros

of Iran and the Oman Mountains—are small links in

the much longer Alpine-Himalayan system. None fall

within Saudi Arabia, and only a brief description of

them will be given here.

MOUNTAIN!*
ZAOIOS M0CHTAIH8

The Iranian Ranges or Zagros Mountains, the term
usually used for the whole mountain belt of south-

western Iran, is a broad belt of northwest-southeast

folded and faulted Paleozoic, Mesozoic and Cenozoic
rocks. Thrusting is common in the younger sediments.

Evidence for some tectonic activity is present in Upper
Cretaceous rocks, but the main orogenic movements
occurred in late Tertiary- mainly Pliocene time.

OMA* MODHTAUn

Bordering the Gulf of Oman on the southwest is a
complex geanticline of Paleozoic and Mesozoic rocks
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with Cenozoic sediments overlapping the flanks. Oo-
genic movements began at the end of raid-Cretaceous

time and reoccurred between the Oligocene and
Miocene.

rORBLANDM

ZAMOS MOCHTAIBS FOIXLAXD

Southwest of the Zagros Mountains proper is a thin

belt of gently folded rocks. Structural features within

this foreland area are generally elongate, symmetrical,

and are parallel and contemporaneous with the main

An area of gently deformed, generally west-dipping

Mesozoir rocks almost entirely covered by flat-lying

Tertiary sediments flank the Oman Mountains. Their

formation, but to a lesser degree, resulted from the same
orogenic forces which affected the Oman Mountains.

HUQF-HAVSHI WWKI.I.

In southeastern Oman, near the coast, is a broad,

gently uplifted feature—the Huqf-Haushi swell. The
swell, built around a block-faulted core of Paleozoic

rocks, trends north-northeast and is terminated on the

west by a gently dipping scarp that exposes Mesozoic

and Tertiary rocks. Paleozoic, Mesozoic, and Tertiary

deposits unconformably lap over the flanks of the

ancient high.

CENTRAL ARABIAN ORABEN AND TROTTOH SYSTEM

A notable feature of the Interior Homocline is the

central Arabian graben and trough system. This

system is a series of grabens and synclinal depressions

forming a broad arc concave to the northeast and

extending west from Harad through Ad Dahnfi', Al

Kharj, and Durma, swinging nearly parallel to the

Tuwayq front for some distance, and finally passing

back through Jabal Tuwayq a short distance west of

Al Majma'ah. The system is actually a compound
feature in which the progressive tensional readjust-

ments are passed from one graben to another en echelon.

In some cases this passage between adjacent grabens

takes place by scissors faulting and oblique synclinal

folds. Six major grabens, two large troughs, and

numerous small subsidiary grabens and troughs are

related to this structural system which can be traced

for at least 560 km.

A well-defined graben coincides over much of its

length with the present valley of W&dl Nisfth. The
structure has been traced eastward with few inter-

ruptions from the western edge of Iabal Tuwayq to

long 47 a 10' E., a distance of nearly 90 km.

The Nis&h graben, a linear feature generally trending

N. 85° W. and ranging in width from 2.0 to 3.7 km, is

bounded on the north and south by normal faults

which dip under the down-dropped floor at 60° to 70°.

Displacement on the Nisfth border faults is hard to

determine in the eastern part of the trough where the

picture is obscured on both sides by the badly slumped

Arab and Sulaiy sequence. It is obvious, however,

that movement has been at least 100 m and possibly

as much as 300 m as Biyadh and Wasia rocks in the

floor of the graben are in contact with Arab, Sulaiy

and Yamam a beds across the faults.

In the western part of the trough, the amount of

displacement can be more accurately determined.

Here, lower Arab is downthrown against Hanifa, and

upper Hanifa can be seen dropped down against upper

Dhruraa, which suggests between 200 and 300 m of

movement. In addition to the two main boundary

faults, the floor of the graben is broken by subsidiary

faults, satisfactory exposures of which occur only in

a few places.

Drag effects are found in rocks on both sides of the

graben. This sagging is visible as far as 1 km back

from the edge of the trough. In addition to this

broad, rather gentle drape, local intense drag is found

in the immediate vicinity of the fault planes.

Seemingly, the first beds displaced are of Wasia

(Middle Cretaceous) age. The Wasia preserved far

west in the graben, however, might conceivably repre-

sent a tongue of sediment deposited in a trough already

in existence before Wasia deposition began. This

concept of pre-Wasia movement is seriously challenged

by one feature—that is, the complete lack of limestone

debris in Wasia rocks flooring Wftdl Nis&h. Pre-

sumably the upthrown sides of the graben would have

shed considerable limestone fragements into the down-

dropped trough. Such is not the case, however. Thus

on present evidence it is considered likely that graben

formation began sometime after the close of Wasia

deposition.

The closing age of Nisfth movement cannot be fixed

directly; however, Eocene rocks are involved in the

formation of the SahbS' trough, a direct extension of

the Nisfth graben. Thus, some movement probably

took place on the Nisfth faults as late as the Eocene.

WfidI as Sahba', although a much broader feature,

is a direct eastward extension of Wftdl Nisah and the

Nis&h graben. The great width of Wftdl as Sahba'.

particularly in its upper part west of As Salamlyah

(long 47°18' E.), results in an extensive area of cover

that obscures the underlying structure. Exposures im-

prove along the wfidt margin to the east where the

opposite flanks are formed by single monoclinal flexures

dipping toward the center of the trough. A significant
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feature of this area is that Upper Cretaceous and Pale- I

ocene rooks are exposed along the north side of the

trough; on the south side corresponding units are

sharply offset and appear much further east.

The Sahbfi' trough continues in much the same
form through Ad Dahnfl' to a point just west of ah
rjarad. thence trends southeast until it is lost in Qua-
ternary sand and gravel. In Miocene and Pliocene

rocks the trough is barely discernible. This east-

ward attenuation is apparent in lower and middle

Eocene strata which show only limited sagging. This

condition could result from a gradual dying out of

the trough to the east or could indicate that most of

the downwarping occurred before these rocks were

deposited.

MIlOIIRAll KTRi mmAI. TROItOH

The Mughrah trough is a subsidiary structural sag

which roughly parallels the Sahba' trough on the

north and has been traced more than 40 km from

Wad! Wast' (long 47°43' E.) nearly to the Riyadh-Al

Kharj road where it is lost in the Arab-Hith solution-

collapse zone. The apparent continuation of the

trough, although substantially offset to the north, ap-

pears again in front of the Hit escarpment and can

be traced westward more than 35 km.
As seen in the western Mughrah hills, the trough is

a low, broad syneline. Flank dips are gentle, usually

less than 10°. The eastern part of the trough ap-

parently maintains continuity to where it merges with

the Sahbft' trough south of 'Ayn Was!'. The trough

plunges gently east until finally Eocene rocks are

present along the axis. Eocene appears south of

'Ayn Was!' and extends some distance west along the

floor of the trough. Near the Riyadh-Al Kharj road,

undeformed fresh-water beds presumably of Miocene

and Pliocene ago cross the projection of the trough,

suggesting either that the sag dies out immediately to

the east or that it antedates the fresh-water rocks.

From this evidence, the age of the trough is considered

as post-Eocene and pre-Miocene.

An interesting aspect of the Mughrah trough is the

presence along its axis of a well-defined band of channel

gravels. These gravels represent the deposits of a

stream whose course was determined by the trough

and have since been dissected by more recent trans-

verse drainage.

AWHAT URAMKN

Another graben—the Awsat- has been mapped north

and northwest of the western part of Wild! Nisab-

The Awsat graben branches off from Wad! Nisiib and
extends almost 90 km northwest terminating at Khashm
Zabim (lat 24°32' N., long 45°59' E.). Throughout
this distance strike of the graben varies little from N.

68° W. East of the main Tuwayq escarpment, the

Awsat graben is a deep trough sharply incised in the

upland limestone surfaces. Alluvial fill, except in a

few places, obscures outcrops in the floor of the trough.

West of the main T»lw »iyq escarpment, however, the

graben is preserved as isolated outliers of Dhruma and

Marrat rocks.

Instead of a simple valley graben, the Awsat struc-

ture is composed of two overlapping en echelon seg-

ments. The eastern segment disappears near long

46°30' E. The western segment starts about 7 km
east of this meridian, and for this distance the two

troughs share a common boundary fault. The borders

or the grabens are formed by high-angle faults with

drag folds and occasional auxiliary' faults.

Displacement along graben faults ranges from 50 to

300 m. The youngest formation involved in the

faulting is Jubaila Limestone which appears to be

faulted down against the Tuwaiq Mountain Limestone.

durmA graben

A third graben— the DurmA graben—about 12 km
north and nearly parallel to the Awsat graben, is more

than 50 km in length, from 1 to 2 km wide, and trends

about X. 6S° W. from the entrance of Sha'lb HS'

to Khashm Mijbarah (lat 24°35' N.„ long 46°03' E.).

Most of the Duma graben is characteristically ex-

pressed as a sharp limestone ridge now broken into

several segments by erratically spaced erosional gaps.

Like the western part of Awsat graben, these ridges are

bounded by obscquent faultline scarps. The faults

are simple, high-augle, and normal, occasional splinter

faults occurring within the graben. Margins of the

trough are commonly warped as if by the influence of

drag.

Differential relief on the limestone ridge reaches a

maximum at Khashm Mijbarah where the sharp

spine of limestone rises more than 120 m above the

surrounding silt flats. Southeastward, the ridge be-

comes lower and gaps more frequent. Near the main

Tuwayq cliff only small hills of limestone remain.

As the graben approaches the entrance of Sha'ib Ha',

the Tuwaiq Mountain Limestone escarpment converges

upon it, and the margins of the down-dropped lime-

stone blocks coincide with the walls of the canyon

breaking through the Tuwayq front. Beyond this

point the graben is expressed as a sharp fault trough.

Displacement of beds in the Durma graben ranges

from a few meters in the southeast to more than 300 m
at Khashm Mijbarah. In the pass, south of the town

of Durma, lower Hanifa strata are downthrown against

the lower Dhruma. The stratigraphic interval involved

suggests a displacement of 400 m or more.
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qabXdAn orabkn

The QarSdSn structure begins a few kilometers north

of Khashm Mijharah and extends about 18 kin N.
50° W. to Khashm QarSdSn Oat 24°44' X., long 45°54'

E.). This feature was formerly considered to be a

northwestern continuation of the purma graben but

is now known to be separated from it by transverse

faults with a strike of about X. 70° W. If it were not

for these transverse dislocations, the QarSdan graben

might be interpreted as an extension or an en echelon

part of the Purma structure.

QarSdan graben, like the Purma, consists of an

elongate, flat-topped, frequently breached limestone

ridge with a relief of between 50 and 100 m. The flanks

of the block are made up of a series of overlapping

alluvial fans which cover the bounding faults for

nearly the full length of the graben. Several low passes

which appear to be synclinal sags break through the

ridge of limestone.

Only the Tuwaiq Mountain Limestone is preserved

in QarSdSn graben. At the northeastern end of the

trough this limestone is dropped beside the uppermost

beds of the Marrat Formation, a relationship that

shows 400 m or more of displacement.

DARRAII ORABEN

The general outline of another graben can be re-

constructed around a resistant limestone ridge cropping

out about 25 km northwest of Khashm QarSdSn.

A prominent outlier of Tuwaiq Mountain Limestone,

Xasilat a* ?u'aynah (lat 24°56' N., long 45°48' E.),

marks the southeastern end of the ridge. The graben

as identified from the block of limestone is 16 km long,

averages a little more than 2 km in width, and bears

X. 55° W. Its topographic expression is that of a

series of deeply dissected limestone ridges separated I

by several passes which may be synclinal in origin.

Erosion of the limestone is much more complete than

in other grabens so far described. Topographic relief

does not exceed 75 m.

Faults bordering the limestone ridge are covered by

coalescing alluvial fans, and their location can only be

inferred by the topography. The structure is a down-

dropped fault block bounded by two or more normal

faults, with some minor flexing along the axis. The
normal faults are high angle and expressed as obsequent

faultline scarps. Tuwaiq Mountain Limestone forms

the greater part of the ridge. Synclines at each end of

the graben expose rocks of the Hisyan Member of the

upper Phrumfi Formation. There is no Hanifa

remaining above the Tuwaiq Mountain.

Although direct evidence is lacking here, displace-

ment of Tuwaiq Mountain Limestone from its normal

position above is estimated to be from 200 to 300 m.

MAJMA'AH ORABKN

The northernmost, or Majma'ah graben, is not struc-

turally as simple as the other down-dropped blocks but

rather is a system of overlapping faults and en echelon

grabens. From its southern end near Al Qasab (lat

25 6 18' X., long45°31' E.) the Majma'ah conplex slices

X. 20° W. through the Tuwayq front and continues

along this trend approximately to the latitude of Al

GhS( Oat 26°02' X.). Xorthward, the structure swings

gradually to X'. 04° W. and dies out as a gentle mono-

cline in Upper Cretaceous rocks at lat 26°36' X.

The possible extension of the Majma'ah graben

southeastward under 'Urayq al BuldSn is suggested by

two outliers of Tuwaiq Mountain limestone—one

immediately west of Al Qasab and the other, Jabal al

Fahdah, 12 km south-southeast of Al Qasab. These

outliers, remnants of down-faulted blocks, occur in line

with the projection of Majma'ah graben and lie along

the northwestern projection of Barrah graben. Thus,

the length of the Barrah and Majma'ah grabens may
be greatly increased beyond the visible parts of their

remnant ridges and, in fact, may represent parts of a

single system now interrupted by Quaternary sand.

At the point where the Majma'ah graben intersects

the Juwayq Mountains, the graben changes from a

prominent obsequent faultline ridge to a long, straight

slot about 1 km wide walled in by opposing faces of

Tuwaiq Mountain Limestone. Relief along most of

this trough is 50 to 60 m, lessening toward the north.

East of Al Ghat the trough is a low sag containing a

discontinuous ridge of hills formed of Middle and

Upper Cretaceous rocks.

Along the southern part of the graben, Tuwaiq

Mountain Limestone is faulted down against Dhruma,

and Hanifa is down dropped against Tuwaiq Mountain

Limestone. At the northern end, a group of Cretaceous

hills, Jabal HaHSbah, stands above the dissected upland

surface of Tuwaiq Mountain Limestone. Movement

is calculated to be 150 to 200 m at the southern end of

the graben, progressively diminishing to 0 m in the

extreme north.

On the evidence available, the age of faulting can be

placed only as post-Late Cretaceous.

In summary, there is in central Arabia a complex of

six grabens and two associated troughs that form a giant

arc at least 500 km long and concave toward the north-

east. It appears that faulting began in Upper Creta-

ceous time and continued at least through Paleocene

and probably on into middle Eocene. The graben sys-

tem probably marks a hinge line between a relatively

stable land mass to the southwest and a periodically

subsiding shelf to the northeast.
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WB UMM WU'AL 0>B

Khawr Unun Wu'ftl, a narrow, linear trough, has

been traced southeast from Umm Wu'ftl (lat 31°47' N.,

long 38°54' E.) to the northern edge of the Al rjarrah

lava field, a distance of some 135 km. The structure,

5 to 8 km wide, changes along its length from a simple

syncline to a combined syncline and graben. Topo-

graphic relief on the walls of the trough does not exceed

100 m.

The margins of the khawr, in addition to being the

sites of major faults, are also the loci of basalt dikes,

plugs, and flows. Khawr Umm Wu'&l graben appar-

ently represents tensions! adjustment to the growth of

the tJfi' il arch. Presumably the arch is a residual high

between two areas of subsidence—the Sirbftn-Turayf

basin on the west and the Arabian Shelf on the east.

STRATIGRAPHIC SECTIONS

Detailed and generalized descriptions of stratigraphic

sections cited in text follow. Significant stratigraphic

details are shown graphically in figures 2 through 14 and

plates 3 through 10 for most type and reference sections.

Formations of constant, homogeneous and(or) incom-

pletely known lithology not depicted in plates or strati-

graphic sections are described in text. These include

the Saq, Wajid, Hith, Wasia, and Kharj Formations

and the Tertiary and Quaternary 9urficial cover. Char-

acteristic and diagnostic fossils are shown in the type

and reference section plates, and complete fossil lists

are included in the text. All section thicknesses are in

the metric system. Formation names and corres-

ponding place name spellings differ where the original

type locality name was later revised and (or) altered

through transliteration into the BGX/PCGN system.

The original formation name spellings are perpetuated

to avoid confusion in geologic nomenclature.

it« witldn hi HI km
Jremkamp. C W.

Sbction I.—Tabuk <

Tabuk Formation (top truncated)—Continued

7. Tawil 8andstone Member (177.0 m

TABUK

Section 1.— Tabuk and vicinity

(Tabak type iectlon description compoolu*! trom lereftl Increroe

reditu of Tabuk, meanusd end deecrtbed III 1M1 bjr R. A.

Brown. 8. J. Roscb, and A. E. Clement*]

Sandstone of Aruma Formation (Upper Cretaceous)

Unconformity.

Tabuk Formation (top truncated)

:

7. Tawil Sandstone Member (177.0 m thick): oS£t'™'

Sandstone, light-brown and red, croaabedded,

medium- to coarse-grained
;

fine-grained

ferruginous matrix common and pebble

beds abundant, locally hematitic and pisolit ic. 56 0

Sandstone, light-brown, strongly cross-

bedded, medium- to coarse-grained, mod-

erately cemented; occasional purple and

light-gray shaly partings, locally contains

a few quart* pebbles, considerable fine-

i in upper part 30. 5

of white to

slltatono and fine-grained

sandstone. Local tones are finely nodular

and ferruginous . . 24.0

Sandstone, yellowish-brown, medium- to

coarse-grained, in part croaabedded ; scat-

tered quarts pebbles, occasional layers of

soft purple to greenish-brown sandstone,

local partings of sandstone with ferrugi-

nous matrix 9. 5

Sandstone, yellowish-brown to brown,

strongly crossbedded, moderately co-

rnedium-grained ; abundant black

partings and ferruginous stain-

ing. A weak sandstone bench at top. ... 5. 0

Sandstone, reddish-brown,

croaabedded; in part with

matrix; surface weathers black with local

ironstone concretions 20.0

Sandstone, black- to brown-weathering,

strongly ferruginous, fine- to coarse-

grained; subordinate quarts conglomerate

with ferruginous matrix. Forma thick

ledge with prominent bench at top 5. 0

Sandstone, brown to golden-brown and

coarse-grained, ferruginous; many con-

glomeratic layers. Weathers black in

patches 10. 0

Sandstone, yellowfah-brown, moderately

cemented, crossbedded, coarse-grained;

scattered quarts pebbles 16. 0

,dstone (288.4 m thick):

Sandstone, buff to yellow-brown, medium-

to coarse-grained, massive-bedded, irreg-

ularly weathering. - 8.7

Sandstone, white to light-gray, fine-grained,

slabby-weathering 2. 0

Sandstone, pink-gray to buff, irregular

patches of purple, well-cemented; common
ironstone concretions in upper part.

Prominent bench at top. 2. 5

Sandstone, white, gray, and dark-brown;

many irregular ironstone partings, com-

i prominent ledge. 19. 2

T. gray, and purple, 6w-

14 4

Sandstone, gray to buff and purple, fine-

grained; abundant tubular casts - 20. 8

Sandstone, purple-gray to buff, semifriable,

massive; abundant vertical tubular casts,

sandstone with concentric structure 4 5

Sandstone, gray and purple, well-bedded,

fine-grained; many irregular, concentri-

cally banded masses of fine-grained aand-

15
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l.— Tabuk and vicinity—Continued

(top truncated)—Continued

6. Sandstone (286.4 m thick)—Continued

Sandstone, pink to gray, fine-grained, well-

cemented; many brown ferruginous part-

ings witli irregular organic (7) markings

(tracks?)

Sandstone, purple and gray, medium-bedded,

wcll-

, fine-

u-thick

part

Concealed

Sandstone, gray, buff, and brown,

bedded, silty, in part micaceous,

grained; forms cliff capped by 1.0

ledge of resistant sandstone...

Sandstone, buff to pale-green, in

limonite-stalned, friable, silty,

grained

Sandstone, brown-wcathcring, ledges of

gray, in part micaceous, silty, fine-grained;

ferruginous layers and splotches, rare

worm(?) trails

Sandstone, tan to white and purple-mottled,

moderately cemented, fine-grained; nu-

merous short straight tubular root(T)

casts. A brown-weathering, somewhat
harder sandstone forms weak ledge at

top _

Sandstone and siltstonc, purple to olive-

green, shaly, fine-grained; forms slope.

Outiana tracks in scree near middle

Sandstone and siltstonc; alternating thin

layers of purple, dark-red, greenish-gray,

light-gray fine-grained micaceous silty

sandstone and finely sandy siltstone

Sandstone and shale; olive-green micaceous

silty sandstone and sandy shale

TKicknm

a o

6. 4

12 8

fine-grained, micaceous

Concealed.

Shale and siltstone; medium-gray micaceous

silty shale and siltstonc; thin beds and
irregular lenses purplish-brown sand-

Upper 1.5 m thinly crossbedded
in part ripplo marked..

vhitc to gray and dark-red,

fine-grained, silly, micaceous; rarely ripple

marked and crossbedded _

Sandstone, gray, fine-grained, silty, mica-

ceous; platy to finely laminated beds 0.1

to 0.2 m thick in part separated by equally

thin beds of olive-green micaceous silty

red-brown, thinly

silty, fine-grained

;

gray and
micaceous,

weak bench at top

Covered; fragments of dark-grccti scree

suggest this interval largely shale with

minor sandstone

Sandstone, olive-green to brown, ripple-

d, micaceous, well-laminated, very

10. 8

1. 5

la 0

Section l.— Tabuk and vicinity—Continued

Tabuk

5.

7. 1

32.6

15. 0

5. 2

tt 2

2. 1

11. 7

2a i

20. 0

ft I

31. I

and siltstone (290.5 m thick):

8iltstonc and sandstone; complexly alter-

nating layers of olive-green to gray mica-

ceous siltstone and buff to gray-brown,

largely micaceous, well-bedded fine-

grained sandstone

Siltstonc and shale; gray to brown to olive-

green, slightly micaceous siltstone and
silty shale; few thin layers of brown
ferruginous fine-grained sandstone, thin

wavy bedding common
Sandstone, purplish-brown to brown, fer-

ruginous, slightly micaceous, fine-grained.

Shale and siltstonc; greenish-gray to olive-

gray, irregularly bedded, in part mica-

ceous, silty shale ond siltstone; thin

layers of pinkish-brown to brownish-gray

fine-grained, slightly micaceous sandstone.

Thin (0.5 B>) sandstone bed at top forms

prominent bench

Siltstonc, greenish-gray, micaceous; subor-

dinate shale and very fine grained mica-

ceous sandstone. Thin sandstone bed at

top forms prominent bench.

Sandstone, shale, and siltstonc; complexly

interbedded layers of brown fine-grained

sandstone, olive-green micaceous silty

shale, and siltstone. Formi

fine-grained

Shale, gray to olive-green and purple, strongly

micaceous, silty; few thin sandstone

interbeds

Shale, siltstone, and sandstone; olive-gray

to light-purple, strongly micaceous and

Qty shale and sQtatone; thin ripple-

marked layers of micaceous fine-grained

sandstone.

Siltstonc and sandstone; complexly mixed

and thinly interbedded olive-green to

gray micaceous siltstonc and fine-grained

sandstone; lower part includes some light-

gray and purple-weathering shale. Kn-

tirc interval poorly exposed and may be

34. 4

ft I

1. 0

35.6

15.8

4 4

0.3

62.5

14.8

17.5

to dark-brown, thinly

in part ripple-marked, fine-

grained, ferruginous, micaceous, and silty;

subordinate interbedded shale exposed as

a series of weak ledges 4. 0

Shale and siltstonc; purple-gray and some
greenish-gray, limonitc-staincd, strongly

micaceous silty shale and siltstone; thin,

platy layers of buff to gray micaceous

fine-grained sandstone with yellow stain-

ing in upper part 34. 8

Shale, brown to gray, strongly flaky, silty

and micaceous; poorly preserved grapto-

litea at several levels 18. 3

brown, croasbedded, moderately

0.5
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Section- I - Tabuk and vicinity— Continued

Tabuk Formation (top truncated)—Continued

5. Shale and siltstone (290.5 ni thick)—Continued

Shale, purple and gray, silty, micaceous

Sandstone, brown, crosabedded, moderately

cemented, fine-grained.

Shale, gray to brown and purple, in part

silty and micaceous; occasional irregular

platy beds of tan fine-grained sandstone.

Sandstone and shale; light-brown to buff and
yellow thin-bedded fine-grained sand-

stone; alternating layers of purple and

gray silty shale. Weak sandstone bench

at top

Sandstone, gray to brown, thin-bedded,

fine-grained; some purple and gray mica-

ceous silty shale. ..

4. Sandstone (104.9 m thick):

Sandstone, tan to brown, commonly black-

weathering, fine-grained, micaceous, in

part silty; partings of olive-green

jV, f I...(.!!

imtltrti

0.6

0.3

24.6

8.7

3. 4

Sandstone, tan to brown, ripple-marked,

fine-grained, micaceous, silty, thin-bedded;

exposed as series of thin sandstone ledges

followed by poorly exposed slopes of soft

sandstone -

3. l'oorly exposed (70.7 in thick)

:

Poorly exposed; few coherent sandstone beds

form thin resistant ledges separated by

scree-covcrcd slopes; digging indicates

covered intervals mostly brown and pur-

ple micaceous silty shale with occasional

thin beds of platy siltstone. . .

Shale, dull-gray to brown, white-weathering,

silty; Piplograplut 4 in above base of unit.

Interval considerably disturbed: probably

slumped

Concealed

2. Sandstone (129.8 m thick):

Sandstone, brown, Mack-weathering,

medium- to course-grained, moderately

cemented; some quartz lobbies. Interval

not measur«l ; thickness estimated

Sandstone, pink, fine- to medium-grained,

moderately cemented, er<*sbedded ; con-

glomeratic layers with quart*, pink lime-

stone, and shale i>ebble.«.

Shale and sandstone; red to purple and white,

thinly interbedded silty shale and light-

gray fine-grained, in part calcareous, mica-

ceous sandstone; poorly exposed

Siltstone, |H*arl-gray, study, in part mira-

Snndstone, pink and tan, moderately ce-

mented, in part crossb.-ddi-d .

Sandstone, off-white to gray, brown-

weathering: massively bedded in lower

part and strongly crossbedded in up|>er

part. Forms promient. ledge

72. 1

32.8

t
;

,:-; s

5. 2

I. 7

35. 0

2. 1

.'(J -

2 0

2 !)

29. 0

Section 1.— Tabuk and vicinity -Continued

Tabuk Formation (top truncated)—Continued

2. Sandstone (129.8 m thick)—Continued

Sandstone, gray to brown, moderately cross-

bedded, commonly ripple-marked ; thin

bedded with alternating hard and soft

layers

Shale, olive-green, in part micaceous and
silty; increasing interbedded platy sand-

stone toward top.

I. Hanadir member (12.2 ra):

Shale, purple and gray, thin-bedded, platy,

in ]<art calcareous, several ferruginous

limestone layers. Abundant Didymograp-

tu» protobijidu*

31. 0

7.0

12 2

Saq Sandstone.

Total thickness of Tabuk Formation... 1071. 5

Section 2.— Tayma' to At Huj

» Turns' 10 Al Hi), N. M . Ujrn, it

200.0

|U«nenUted section of Tsbuk Formation from T*jrmi

awl D O. Romc. 1«K]

Siltstone and limestone of Jauf Formation (l^jwcr

Devonian).

Tabuk Formation:

5. Tawil Sandstone Member: Sandstone, buff to

red-brown, weathering black and dark-brown,

medium- to coarse-grained, commonly gravel-

bearing; conspicuous corssbedding or graded

bedding throughout. Layers of ironstone at

base and several higher levels. Upper beds usu-

ally form cliffs or hills

4. Upper pre-Tawil sandstone: Sandstone, gray to

brown, fine- to medium-grained, in part cross-

bedded; vertical tubular structures (Scohlhut)

common. Much of interval is poorly exposed

and thickness of covered sections computed . 196. 0

3. Upper siltstone: Siltstone, dominantly gray,

gray-green and buff; Scolithut common. Silt-

stone is complexly inU-rbcdded with subor-

dinate sandstone and shale. Sandstone is

variously red, brown, gray, or tan, fine grained,

thin bedded, ferruginous, silty, micaceous, and

flaggy weathering, with some ripple marks.

The shale is olive green, gray, brown, and

micaceous 346.0

2. Lower sandstone: Sandstone, gray, brown, mi-
brown, fine- to medium-grained, thin-bedded

;

Scolithut common, occasional beds of gray and

greenish-gray shale and siltstone ....... 222. 0

Lower shale (Hanadir member): Shale, olive-

gray to reddish-brown, micaceous and silty:

thin inUrbods of reddish-brown, fine-grained,

silty and micaceous sandstone common. Didy-

mograptu* protobiftdut common . . . 60. 0

t

Total thickness of Tabuk Formation.

Saq Sandstone.

1024. 0
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Suction 3.—Qiifayba'

IttenenulMd tecthm ol Tabuk Formation new 1st tt Qujayba' measured by A, F-

Powk and R. P. Kopp. »od N. M. Layne, Jr . and II. W. Ellodiret, M»I

Limestone of KhitfT Formation (Upper Permian).

I'nconforrnity.

Tabuk Formation:

fx. Upper sandstone: Sandstone, brown, fine- to

(vxdrti

medium-grained, thin-bedded ; commonly ripple

marked. A yellow-gray gy|>sifcrous soft ghalc

txil with stringers of gray griablc fine-drained

crossbedded sandstone and red and yellow

friable crossbedded sandstone ca|*« the unit.

May include bed* equivalent to Tawil Sandstone

Member 32. 0

Cpper shale (QusaylA' member); Shale, vari-

colored, Iwit mostly gray-green, laminated; more

gyiwifcrous and with thin beds of rid, hematitic

siltstone in upper |xart; lower jxart is graptolitic.

I'oorly ported gray medium-grained thin-bedded

sandstone and highly weathered calcareous bids

at lop of unit 57, 4

Middle sandstone: Sandstone, li(elit-red and palc-

medium-graincd, distinctively cross-

mostly well-sorted: nodular weathering:

few very thin dark sercitle shale and silty beds

near middle. Diirierust locally covers expo-

sures 241. 5

3. Middle shale (Ita'an member): Shale, gray to

greenish-gray, seriritic; thin interbeds of silt,

silty sandstone, and fine-Brained sandstone.

Several rcd-browu to gray-brown flne-grained

well-sorted sandstone beds are near top, and
greenish-gray to yellow-gray sericitic shale

ca|»s the member. Graptolites at base . 07. (I

2 Lower sandstone: Sandstone, light-colored (yel-

low, white, pink), medium- to fine-grained,

crossbedded; occasional sericitic beds and some
nodular weathering. Sericitic siltstone in lower

part 220. 2

1 Lower shale (llanadir member) Shale, greenish-

gray to yellow-, in part gypsifcrons and sericitic:

inlcrboddcd brown and rfd-browu fine-grained

sericitic sandstone and some wcll-lamiualcd

siltstone toward the bottom ( iraptolites in

lower part. . . V) |

Total thickness of Tabuk Formation G77. 2

Sandstone.

Se. ikis I.

—

Jx Mix/ah to .Uh Shxt -a,,bah

' «ncra!i»<l wet tun of Tabuk Formation from JlHiyn.li lo Asli Shu-ay lm.li mwuml
by A F I'ocoek and H. V. Kopp, IMS]

Limestone of Jauf Formation (Lower Devonian),

ormntiou

L l'p|ter sandstone: Sandstone, poorly exposed,

light-brown and gray to white, fine- to medium-
grailnd, mostly crossbedded; greenish-gray

thin-bedded sericitic shale near top. May be

all or in part equivalent to Tawil Sandstone
Member . 125 2

Section 4. Jildlyah to Aih San'oyfeaA-Contimied

Tabuk Formation—Continued owtrw"

3. Upper shale (Qusayba' member): Shale, in part

unexposed, tan, gray, greenish-gray, commonly
sericitic and gypsiferous; interbedded with gray

fine-grained thin-bedded sandstone, a few silt-

stone stringers, and very thin, rare and impure
limestone lenses 125. U

2. Middle and lower sandstone: Sandstone, brown
and yellow-white, medium- to coarse-grained in

up|KT part, red to purple and fine-grained in

lower ]>art ; occasionally crossbedded and
nodular weathering. Thin sericitic siltstone

layers in middle and lower part common . 395 2

I. Lower shale (llanadir member): Shale, in part

poorly exposed, purple to olive-green, brown,

red, silty. sericitic; graptolitic in basal beds.

Several thin brown fine-grained, in part gypsi-

ferous, sandstone beds _ . . . . 6*. 5

Total thickness of Tabuk Formation 714. K

Saq Sandstone.

JATJT FORMATION SECTIONS

Section 5.'

—

Jauf and vicinity

IJouf Formation type aectlon measured and described by A F. Poeock, S. n*y*n. and
II. W. Schiirlder la 1*» In Al Jawt and vicinity)

Sandstone of Wasia (Sakaka) Formation (Middle

Cretaceous).

Uncomformity.

Jauf Formation:

4. Upper elastics (transition beds, 27.1 tn thick):

Sandstone, reddish-tan, very fine grained,

poorly bedded; tones of thinly laminated

sericitic sandstone

Siltstone and silty shale; brown siltstone and
gray-green to gray silty shale; occasional

laminations of marl and a few thin layers of

platy silty limestone in middle part .... .

Dolomite, reddish-tan, dense, very thin bed-

ded, microcrystalline to saccharoidal

. Sandstone and siltstone, thin, alternating

beds.

fine-grained, micaceous; becomes
at base

Limestone, gray-tan, thin-bedded, platy,

Sandstone, light-gray to tan, fine-grained,

well-sorted, subangular, friable, commonly
crossbedded: includes some gray and tan

sericitic und silty shale. Interval shows

rapid lateral lithologic change

3. Upper limestone (Hammamiy.it member, 100.3 m
thick):

Limestone, gray-tan, detrital; poorly exposed

on beveled dip slope. Entire interval thin

bedded. Some greenish-yellow fine-grained

limonite-stained, slightly silty limestone..

gray, medium-bedded, finely po-

, in part impure: weathers to steel gray.

Siltstone, musUrd-yellow, poorly exposed

Shale, gray, silty ; occasional thin beds of red-

dish-tan fine-grained

- I)

10. 7

0. 1

5. 0

2. 1

0. 2

7. 0

7 n

I 9

1. 5

5. 5
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Section .V—Jauf and ririnily- Continued

Jauf Formation--Continued

3. Upper limestone < Harainnmiyat member.

106.3 in thick)—Continued

Sandstone, reddish- tan, fine-grained,

friable, sericitic, highly lenticular 2.3

Shale, grny to grayish-green, silty; subordi-

nate gray fine-grained sandstone and silt-

stone . _ . 10. 7

Limestone, gray to tan, thinly Laminated,

platy, impure; grades upward to siltstone. - S. 7

Silt, white to light-greenish-yellow: pourly

exposed C. 3

Dolomite, grayish-tan, sacchnroidal: thin in-

terbeds of slate-gray lithographic limestone

and tan mottled detritnl limestone 0. 7

Limestone, greenish-tan, dense, silty ... O S

Siltstone and shale; interval includes equal

amounts of tan thin-bedded sericitic silt-

stone and grayish-green silty shale. 7. 0

Limestone and siltstone; complexly interbed-

ded tan marly limestone nnd gray sericitic

siltstone; occasional thin beds, of cream-

colored detrital limestone and fine-grained

sericitic sandstone .... 7. 0

Limestone, yellow to gray-tan, dense, very

finely crystalline to mierocrystalline; subor-

dinate silty limestone ... 1.7

Shnle, light-grccnish-gray, thinly laminated,

marly; thin beds of gray-tan silty, finely

detrital limestone near top 1.5

Shale, gray-green, silty. rare laminations of

reddiah-tan, slightly platy siltstone. Forms
laterally persistent shale zone 111

e, cream to gray, marly 1.7

md siltstone, tan, thin-bedded,

limestone; an approximately equal

amount of yellow-tan thin-bedded siltstone.

Poorly exposed . . . 5. 11

Limestone, tan (gray-mottled), dense, thin-

bedded, very finely crystalline to micro-

crystalline, in part slightly silty 6 5

Siltstone, c ream-colored to gray, capped by
0.5 n> of tan and whilc-spccklcd fine-grained

sandstone 10.5

LimeBtone, yellow to gray-tan, dense, f.iin-

bedded, in part impure; lower part poorly

exposed . 4.7

Limestone, brownish-tan, thin- to medium-
bedded, dense, finely crystalline; thin bed

of muatard-tan, slightly silty limestone at

base... . 2.7
2. Middle shale (Subbat member, 113.4 m thick):

Siltstone, creamish-tun, thinly laminated,

sericitic 0 2

Sandstone, brown, fine-grained, friable; grades

upward into brown, thinly laminated,

platy, impure limestone 2. 2

Sandstone, gray-brown, thin-bedded, friable.

fine-grained 5. 2

Shale, gray-green, silty; subordinate maroon

and gray-brown siltstone, occasional part-

ings of fine-grained sandstone 17. 7

Section S.—Jauf and vicinit)/—Continued

Jauf Formation—Continued

2. Middle shale (Subbat member, 113.4 m thick)

—

Continued.

Sandstone, light-brown, fine-grained, well-

ble, crossbedded to massive

gray, silty, common maroon hematitic

Thin interbeds of brown impure

sandstone and siltstone; alternating

laminations of gray-green, slightly silty

shale and fine-grained flaky micaceous

sandstone and siltstone; interval capped
by 1.0-m-thick bed of tan, moderately

hard, impure limestone

Sandstone, tan, thin-bedded, fine-grained,

friable

Shale, grayish-green, slightly silty; common
hematitic partings

Sandstone and shale; gray-green silty shale

overlain by white soft fine-grained

3. K

7. 1

Shale and siltstone; gray-green silty shale and
siltstone; Interval capped by a 10-m-thick

bed of gray-brown, very fine-grained,

platy sandstone

Shale, gray and maroon, very silty

Sandstone, white, fine-grained, well-rounded,

well-sorted, friable.. --

Shale, bands of maroon and light-gray, finely

silty; weathers to nodules. Lower 3.5 m
poorly exposed -

1. Lower limestone and shale (Qasr member, 52.4 m
thick)

:

Limestone, grayish-tan, dense, thin-bedded,

fossiliferous , abundant fossil casts give

weathered surface pisolitic

upper 3.4 ra poorly exposed in dip

Covered; probably yellow, marly i

Limestone and siltstone; yeilow-Un

bedded impure limestone; poorly cxp

interbedded soft siltstone

Limestone, gray-tan, thin-bedded; poorly

exposed subordinate yellow-tan platy silty

3.7

0.5

3 5

2. 1

17.6

21. 0

0.3

28.5

li

Limestone, gray-tan, weathering to stoel-gray,

commonly thin-bedded; abundant small

casts give weathered surface pebble-grained

appearance. Small reef buildups common
in this interval.. .

Limestone, gray-tan, dense, thin-bedded;

abundant weathered gastropod and brachi-

opod casts in upper part ........

Siltstone. green-tan, thin-bedded, platy,

marly; grades upward into tan, veiv fine

fine crystalline marl -

Shale, gray and some maroon, silty; grading

upward to tan silt at top

Shaio and siltstone; blue-green shale grading

upward to brown thin-bedded marly silt-

stone

Sandstone, pinkish-tan (black-mottled), very

fine-grained, well-cemented; grades later-

ally to I

7.2

4.0

2.5

2.0

2. 1

1.0

2. I

6 0

5 2

0 3
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J.uf

1. Lower limestone and ahalo (Qasr member, 52.4

m thick)—Continued ^£51"
Shale, gray-green; capped by a thin bed of

5. 3

1 2

Shale, gray and maroon, silty 4. 0

Sandstone, brown (black-mottled), fine-

grained, moderately hard, well-sorted,

block-weathering ft 3

Shalo, tan to gray; subordinate thin beds of

tan platy impure limestone. Shale be-

comes more silty toward top. Capped by
thin bed of pink-weathering platy impure
limestone 7. 2

Shale, gray and maroon; capped by 4-cin-

thick bed of platy impure limestone 2 0

Total thickness of Jauf Formation.... 299.2

Tabuk Formation (Tawil Sandstone Member).

i 6.—AI Holwai

Al ftUwit *t* N. M. L»yw. Jr.. ud

Sandstone of Wasia (Sakaka) Formation (Middle Creta-

ceous).

Unconformity.
, _

Jauf Formation:

thick):

medium-grained

friable sandstone. Single 5.0-m

thick bed of tan, finely crystalline, partially

dolomitiied, calcarenitic limestone forms

ledge at top of interval 41. 7

Limestone, mostly calcarenitic, gray and

reddish-brown, in part impure, partially

dolomitiied; subordinate thin interbeds of

brown medium-grained, slightly micaceous,

somewhat calcareous sandstone 19. 8

2- Middle shale (8ubbat member):
olive, reddish-brown and

jrpsiferoua; thin inter-

bedfl of gray to brown medium-grained

friable, often silty sandstone. A 1.7-m-

thick bed of off-white to cream impure

blocky-weathering limestone near base . 10ft. 7

1. Lower limestone and shale (Qasr member):

Shale, yellow, gray, and purple, chippy-

weathering, in part silty; banded gypsum
common in lower part. Several thin beds

of tan impure, in part foasjliferoua lime-

stone and gray dolomite. Single thin bed

of brown to black sandy gypsiferous iron-

» at base 3ft 7

Tabuk
Total

(Tawfl

of Jauf 206. 9

HacrioN l.—Ar

Shale (Upper Permian) of

KhufT Formation:

4. Aphanitlcand calcarenitic limestone (28.2 m thick)

:

Dolomite, tan to brownish-red, blocky-weath-

ering, medium-grained, crystalline; lo-

cally grades to strongly recrystallised,

fine-grained calcarenite. Forms prominent

bench
Limestone, yellow, limonite-stained, marly,

fine-grained; a few bedding planes in upper

part with abundant small clams on weath-

ered surface -

Limestone, medium-grained crystalline; many

i locally

Marl, yellow, Umonlte-stained,

indurated; in part with questionable

Limestone, white, finely crystalline; weathers

to heavy ledges with ellipsoidal boulders.

Basal 0.S m sandy

Covered
Limestone, golden-brown to gray, chippy- to

blocky-weathering, tight, finely crystalline:

brachiopods locally common
Aphanitlo limestone (71.1 m thick):

Limestone, tan to light-gray, rubbly-weathcr-

ing, compact, fine-grained; upper part

and forms moderate bench

1 ; probably marl or marly I

light-gray to tan,

brown, porous-weathering, fine-

grained; forms weak bench.

Covered; much gypsum in weathered rone .

Limestone, gray-white, nibbly-weathering,

fine-grained

Covered; probably shale; much gypsum in

weathered sone. -

Limestone, white, fine-grained

Limestone and shale; complexly interbedded

white to brown rubbly-weathcring fine-

grained limestone and olive-green shale;

shale intervals poorly exposed with

2.0

9.2

0.4

1.7

12. 2

1.0

1.7

4. 1

3.5

1.0

0. 1

0.3

0. I

0.8

0.2

2. 7

2.8

slabby-wea

light-gray to brown, rubbly- toto

compact,

ano pebbles and

(intraformaUonal conglomerate) and a

few small subspherical siliceous bodies in

upper 1.0 m.
Dolomite, gray-tan, finely crystalline; many

subspherical siliceous bodies, in part solid,

and in part miniature geodes —
Limestone, light-gray to brown, rubbly-

weathering, poorly exposed, compact, fine-

grained; thin interbeds off-white soft marl.

6. 0

0. 3

ft 1
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Section l.—Ar Rayn—Continued

Khuff Formation—Continued

3. Aphanitic limestone (71.1 m thick)—Continued 7*if»«r«»
Hi -

. 1 1 .'

Limestone, light-gray to brown, nibbly-

weathcring, compact, very- finely cryslal-

line, partially dolomitiied 1. 2

Poorly exposed; probably shale 0.0
Linn-atone nnd dolomite, tan, poorly exposed,

rubbly-weathcring, fine-grained limestone:

some marly-weathering, finely crystalline

dolomite 17
Limestone, off-white to gray, rubbly-weath-

ering, fine-grained; several thin oolitic

layers. Interval capped by thin oolitc-

coquina beds 1,7

Limestone, off-white to gray, soft, rubbly-

weMhering, fine-grained
;
commonly marly 24. (1

Shale, gray-green, partly covered 5. 1

Limestone, light-tan to light-gray, marly-

weathering, compact, partially dolomitixed,

finely crystalline 0. 8

Shale, olive-green, poorly exposed 1.0

2. Dolomite and limestone (33.7 m thick):

Coquina, Un to gTay, porous, partially re-

crysUllued; abundant indeterminate small

fossils 0.2

Dolomite, Un, soft, marly, finely crystalline. . 1. 6

Limestone, light-tan to gray, compact, fine-

grained . 0. 3

Dolomite, tan, light-gray-weathering, soft,

marly, finely crystalline; rare fragments of

sllicificd wood on surface, none definitely

in place ....... 6.0
Limestone, gray, flaggy-weathering, compact,

fine-grained .. I. 0

Limestone, tan, soft, marly, partially dolo-

mitiied, fine-grained ; a few thin slabby

gray-brown beds. Indeterminate nauti-

loidatbase 1.7

to fine-grained, oo-

lite(?) ; forms moderate bench 0. 8

Shale, olive-green, poorly exposed; many thin

beds of platy gray-brown, finely crystalline

limestone 3. 5

Calcarenitic limestone, brown to tan, partially

recrystalli ted, shelly 1.5

Calcarcnitc, tan, strongly cemented, partially

recrysUlliied, very fine to fine-grained

oolite(?) ; forms strong bench 1.3

Dolomite, light-gray, rubbly, thin-bedded,

compact, finely crystalline 6. 7

Limestone, tan to brown and gray, compact,

fine-grained; brachiopodal, shelly and oo-

litic(V) in lower part 5. U

Limestone, off-white, poorly exposed, marly-

0.1-m-thick bed of gray,

1, Foraminifcra-oolite cal-

carenite 0.7 m below top 3. 2

I. Dolomite and shale (3S.4 m thick):

Dolomite, light-tan, compact, finely crystal-

line; forms strong bench 0.4

Covered. 3.

8

8. 4

5. 0

Section 7.—At Rayn—Continued

KhufT Formation—Continued

1. Dolomite and shale (38.4 m thick)—Continued

Dolomite, off-white to light-gray, rubbly-

weathering, thin-bedded, compact, finely

crystalline; many veins of clear prismatic

calcite in lower part ._

Shale, olive-green, gypsiferou*

Dolomite, gray, tight, finely crystalline; rare

chert near top 1.3

Limestone and dolomite; Un to gray thick -

8. 8

10. 7

ant beds with rare indeterminate small

organic remains. .....

Shale, poorly exposed, Un, marly, gypsifcrous.

Conglomerate, pink and white, moderately

cemented, poorly sorted, angular granitic

sand and fine conglomerate. I 3

ToUl thickness of Khuff Formation 171. 4

Nonconformity.

Granite of basement complex.

Suction S— H'drfi Mof/hib

[Ueoenllietl wctloo of KhuH Formation to vkdnlty of Widl Mochtb (type wctim
by I>. A. Holm and A. Y.

Shale (Upper l'ermian) of Sudair Shale

Khuff Formation: dSmSj
3. lTp|x>r limestone (KharUm member): Limestone,

tan, commonly sandy; grades upward into gray-

to tan platy limestone with common oolitic

texture. Substantia) proportion of interval

Iw'lieved to ronUin marl although softer rock

types are not cleanly exposed . 25. 0

Middle shale (Midhnab member): Shale, gray-blue

to Un, plastic, often delicately banded, gypsif-

erous; subordinate marly limestone and bedded

gypsum 70. 0

Lower limestone (Khuff member): Lower half of

member gray platy-weathering crystalline lime-

stone; soft marly limestone at base. Grades

upward into Un crystalline limestone overlain

by gray hard limestone with iudivklual beds

usually 3 to 0 inches in thickness. Top of this

interval form* a rough, blocky upland surface

Ihnt become* red, pit (•<] , and scoriaceou* on

weathering. Upper half of unit contain* in-

creasing amount* of soft marly limestone and

tan to imistnrd-eoloml shale, e xposures largely

olwcured by blocky Ulus. Up|>ermost bed is

0.5 m of tight gray limestone forming persistent

dip sloi*' . . .... 140 0

I

Total thickness of Khuff Formation

Unconformity.

Saq Sandstone.

235 O
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Section 9 —Xear lot i^SO' .V.

i section of KhulT Formation north o( type locality near lai

imuml by A. F. Pocock and R. P. Kcrpp. 1MD)

N

(ln«Vri)

t>and and shale (U|)|kt Permian) of Sudair Shale.

Khuff Formation

3. Upper limestone (Kharlam member): Limestone,

light-brown to gray, poorly exposed; in part

oolitic and fossiliferous. Banal jiart is yellow

to off-white soft jjorous, rarely oolitic, impure

limestone thinly interbedded with platy crystal-

line limestone SIS
2. Middle shale (Midhnab member): Upper part is

poorly exposed yellow gypsiferous shale and

siltatone complexly interbedded with fine- to

medium-grained friable sandstone with fine,

(trained ooliths. Light-gray friable, highly

gypsiferous shale and gray subrounded, mod-
erately hard, thin-bedded fine-grained sandstone

occur at the base. Lower part is covered by

duricrust, but probably consists of gray to green,

finely laminated shale with thinly interbedded

gypsum and marl . 70. 2

I Lower limestone (Khuff member): Limestone,

gray to reddish-gray, hard, microcrystallinc;

gray to cream medium-grained, moderately

sorted subrounded soft sandstone occurs near

the bottom: base of interval unexposed . . 140. 5

Section 11—Al 'Arid

Total thickness of Khuff Formation

I'nconformity.

Tabuk Formation.

292. 2

Sbction 10.—Al Mulayk

, ol Khufl Formation near Al Mulayb <la» T-'Xf N.I

by R. D. Qlerhart and L. F. Rajnlros,

Shale (Upper Permian) of Sudair Shale.

Khuff Formation:

2. Upper dolomite: Dolomite, dominant, gray to

brown and red, thin-bedded, commonly platy-

weathering, occasionally shelly, in part gypsif-

erous; subordinate interbeds of light^colored

soft marly limestone, red and green gypsiferous

shale, red to brown siltatone, and off-white to

brown friable fine-grained sandstone

Lower limestone : Limestone, off-white to gray and
brown, soft, marly, rubbly-weathering; some in-

terbedded red and green shale. Single bed of

dark-gray fine-grained platy-weathering sand-

stone exposed near base. Nearly one-half of

e:

t,;»(r-. i

103. 0

I

121. 0

Total thick

Basement complex.

of Khuff Formation 224. 0

Section 11.— Al 'Arid escarpment

l -«rralii*d section of KbafT Formation ripoaed Ln Al 'Arid escarpment at

Klu-dum Sudayr and Jahal I'mm Uhiran Upper and middle Khuff measured
'> > D Henry and H. A Drainkamp. lt». lower KbufI by R l>.

and L I). Owens. 1*4*]

Taie«»«»
imeltrtf

Shale (Upper Permian) of

Khuff Formation:

3. Upper Khuff: Sandstone, dominant, white,

medium- to coarse-grained; subordi-

Khuff Formation—Continued

2. Middle Khuff: Sandstone, white to partly pink

and red, massive, fine- to medium-grained; mid-

dle part of interval is complexly interbedded

dark-brick-red silly shale and white sllty sand-

stone. ..

1. Lower Khuff: Sandstone, white, gray- and red-

mottled, poorly exposed, in part croasbedded

;

some lenses of red and green shale and fossil

Total

Wajid Sandstone.

thickness of Khuff Formation

50. 0

56.0

154.0

Section 12.-.4/ 'Arid

| Sudair tfliale type section composited from several measurements niado by R. l>.

Gterhart and L. D. Owens in Wis and R D. Gterhart and R. A. Bramaamp In

19» atans; Hi* Al 'And escarpment at

Sandstone of the Dhruma Formation (Middle Jurassic!

Unconformity.

Sudair Shale:

Shale, brick-red, platy, indurated; forms weak cliff.

.

Shale, alternating brick-red and gray

Shale, poorly exposed, apparently brick-red as above

Shale, gray, very sandy: forms weak cliff

Shale, alternating brick-red and gray, sandy. ._

Shale, poorly exposed, probably brick-red as above.

Siltatone and limestone; complexly interbedded light-

gray, strongly platy, slightly micaceous, calcareous

siltatone and off-white argillaceous and silty lime-

Shale, dark-brick-red

Siltatone, off-white to light-gray, putty, slightly mic

ceous, calcareous..

red and silty 4a 0

Shale, dark-brick-red

Siltatone and shale; greenish-gray, thinly platy,

slightly micaceous, calcareous siltstone and

greenish-white silty shale

Shale, dark-brick-red : thin layers of greenish-white

calcareous shale 1.0 and 2.4 m tielow top

Shah-, greenish-white, calcareous .

Shale, dark-brick-red ; a few I- to 2-cm layers of

greenish-white silty shale. ...

Shale, alternating greenish-white and dark-brick-red:

several thin beds of silty friable sandstone

Shale, brick-red

Shale, alternating greenish-white and mi —
Shale, brick-red, nutssive; silty and sandy near base.

Several band* of green shale

Shale and sandstone; thinly interlaminaUd greenish-

white silty and sandy shale and pink to white fine-

grained saitdstoue . . .

2. 4

22. 6

3. 4

1.7

1.7

34.0

0.C

0. 8

0. 6

1.0

I. 5

H.6

0 3

24. 1

3. 5

L 1

0. 3

6. J

1. (I

Total thicknes-s of Sudair Shale.

Khuff Formation.

116. 0
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13. Jilhal '/.**•

mint by M Mclaekt. E L B»rf . R. L. Mytn. ud W. T

Sandstone of the Minjur Sandstone (Upper Triassic).

Up|>er Jilh Formation (181.0 tn thick):

5. Sandstone, siltstone, and shale (66.2 m thick):

Limestone, yellow-brown, thinly

slabby-wtathering, fine-grained
;
alternating

with yellow marly limestone. Hare marine

4. 0

yellow; thin streaks of yellow platy

limestone and soft marl. Forms distinc-

tive marker bed 3. 4

Covered
;
probably shale . . 3. 0

Limestone, gray to dark-brown, sandy; top

forms prominent dip slope 2, 0

Sandstone, friable, fine-grained; common thin

stringers of siltstone 2. 0

Sandstone, gray, crossbedded, fine- to

medium-grained, very friable 0. 8

Covered; probably silt and fine-grained

sandstone 3. 4

Limestone, gray to tan, blocky-weathcring,

tight 0. 3

Covered
; probably silt and shale 8. 0

Sandstone, fine-grained, in part calcareous 2. 0
Covered; probably silt and shale . 3. 4

Limestone, golden-brown, thinly bedded, tight. 3. 0
Sandstone, fine-grained; very thin interbeds

of silt, shale, and golden-brown limestone. . 4. 0
Limestone, golden-brown, tight, slabby-

weathering . . . 0. 6

Shale 10
Limestone, golden-brown, sandy 0. 5

Siltstone and shalp, green to purple, soft, com-
plexly interbedded ; forms prominent ledge_ 2. 0

Covered
; probably shale 3. 4

Limestone, golden-brown, thinly bedded;

upper 0.5 m caps escarpment . 1.5

Shale, green; subordinate siltstone and some
soft sandstone 3. 5

Sandstone, gray to brown, massive, cross-

bedded, medium-grained; occasional lenses

of coarse-grained sandstone and gravel 2. 5

Siltstone, greenish-gray, soft, friable; some
shale and sandstone. Forms face of

escarpment 4.0

Sandstone, light-brown, crossbedded,

medium-grained.-. - . 1. 0

Shale, green, commonly sandy 1. 5

Sandstone, thinly bedded, fine-grained, platy. 0. 5

Shale, green, silty; common partings of

purple and gray sandy shale 5. 0

4. Sandstone (117.8 m thick):

e, brownish-black, crossbedded,

many black iron-stained

in marblelike clusters and
wood fragments throughout. Forms wide

valley . 50. 0

Sandstone, brownish-black, medium-grained,

friable; contains hard ledges. Forms
scattered black buttes 9. 5

8BCTION 13.

—

Jith ai 'J

Upper Jibl Formation (184.0 m Thick)—Continued
4. Sandstone (117.8 m thick)—Continued

Limestone, brown to golden-brown, slabby-

to blocky-weathering, tight; forms promi-

nent dip slope 2. 0
SUtatone and shale 2.0
Sandstone, gray to tan, friable; small con-

cretions and molda of fossil wood 11.4

Siltstone and mudstone, greenish-gray; thin

limestone bed near middle 3. 5

Sand*tone, gray, friable, fine-grained, cross-

bedded 3. 4

Shale 2. 0

Sandstone, gray, blocky-weathcring 3. 0
Shale, variegated; grades to red at base and

includes some sandstone _ 6.8
Sandstone, dark-brown, tightly cemented,

fine- to medium-grained, crossbedded

;

upper 2.0 m calcareous, forms ledge and
prominent dip slope 12.2

Covered; probably shale 3. 0

ne

!

8r*"*
.' a 5

2. 0

Sandstone, ten, well-cemented 1.0

Shale, olive-green 2. 1

Sandstone, tan, fine-grained; occasional thin

interbeds of siltstone. 3. 4

Lower Jilh Formation (142.1 m thick):

3. Limestone and marl (35.7 m thick)

:

Limestone, tan to brown, tight, brittle,

blocky-weathering, foaailiferous; thin bed
of calcareous sandstone at top. Caps
escarpment and forms dip slope 1. 0

Marl, yellow; some shale and rare fossils. 5. 0
light-brown, tight, blocky- and

weathering; some fossil casts

.

Pron"nen
!

A>P

.
./°

Pe
.

.°'

ma'n

7. 0

yellowish-brown, tight, slabby-

ithering. fine-grained; forms top of Jilh

escarpment. Lower 1.0 m sandy 3. 7

Sandstone, reddish-brown, in part marly,

commonly crossbedded, fine- to medium-
grained 8.8

Marl and marly limestone. 4. 0

Sandstone, dark-brown, fine-grained, mica-

ceous; forms weak ledge 0. 3

Marl; thinly interbedded marl and marly

limestone 3. 9
Limestone; alternating gray tight fine-grained

limestone and soft shaly limestone; occa-

sional bone fragments 2 0

2. Shale (25.6 m thick):

Shale, olive-green 4. 1

Limestone, gray-brown, fine-grained a 3
8hale, gray-green - 3. 9
Limestone, gray-brown, tight, blocky-

weathcring; fossil caste. Forms weak
bench 0. 3

Shale, green, gypeiferous 3.4

Gypsum, white to red; streaks of red lime-

stone 0. 5

8halc, green, very gypsiferous 3. 4

Jigiuzea Dy Google
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Section 13.—JOh al '.

Lower JQh Formation (142.1 m thick)—Con'

2. Shale (25.6 tn thick)—Continued

Shale, green, gypsiferous t 7

Limestone, brown-stained, tight, blocky-

weathering; forma weak bench a 2

Shale, green, gypsiferous . . 2. 2

tt 7

12

a 4

1. 0

0.3

a e

a 4

i

Upper 0.5 , |

Limestone, brown; fossil cast*

inent bench...

Limestone, soft, marly

Limestone, brown; fossil casts

1. Sandstone and shale (80.8 m thick):

Shale, light-green

Sandstone, light-gray, friable, fine-grained..

Sandstone, iron-stained, ripple-marked,

slabby-weathering, fine-grained; small con-

cretions common
Shale; reddish-brown shale and sandy shale..

Sandstone, fine-grained

Shale and sandstone; thinly interbedded green

sandstone

8hate, light-green, sandy
Sandstone, tightly cemented, medium-

grained

Shale, dark-green _

Sandstone, soft, shaiy.

Sandstone, slabby-weathering, iron-atained-

Shalc, light-green

Sandstone, well-cemented, iron-stained, me-

dium-grained; small concretions.

Sandstone, friable, fine-grained; t

andj

light-gray, slightly iron-stained,

thinly bedded...

Claystone and sandstone
;
green elaystone and

fine-grained sandstone.

Sandstone, black, slabby-weathering, iron-

ferruginous concretions .

Shale, dark-green, sandy

Sandstone, slabby-weathering, iron-stained,

medium-grained; lower part ripple marked.

light-gray, porous, friable, fine-

4. 0
1. 7

L 5

as
L 5

a i

L 2

a 5

a i

2 1

a 2

2. 7

a 3

2.6

0.4

ft 3

a 5

2 0

1. 0

clay.

Unexposed ; probably I

Total thickness of Jilh Formation.

4 5

41. 1

326. 1

Sudair Shall-.

Section 14.— Khaihm at Manjur
[.retrained section ot Jlth Fcrmattao west at Khuhra »1 Mjui|dr; R. A. Ui

and 8. H. Henry, IMS]

Sawtatone of Minjur Sandstone (Upper Triassic).m Formation:

Sandstone, yellow-brown, strongly calcareous, medi-

um-grained, locally oolitic; rare, |>oorly preserved

fossils. Forms main cap of upper Jilh escarpment. 2. 0

Section 14 —Khaihm at Manjtir—Continued

Jilh Formation—Continued

Sandstone, buff to brown, crossbedded, fine- to coarse,

grained; local layers of ironstone. Upper part

strongly calcareous and slabby weathering; middle

part poorly exposed, probably includes

stone and sandy shale

Sandstone, buff to brown, strongly

Icnticlcs and platy masses of black ironstone.

Layers with concentrations of quarts pebbles

common .... ...... ........
Dolomite, golden-tan, strongly ocherous and sandy,

finely crystalline; forms weak bench

Sandstone, light-brown, massive, friable, medium-
grained; common interbeds of red and green,

gypsiferous shale and sllty sandstone. Few beds

are poorly exposed or covered _

Sandstone, light-brown, croasbedded, medium- to

coarse-grained; few streaks with common quarti

pebbles up to 8mm in diameter. Upper 1.0 m
irregularly stained red. Thin bed of red and

Covered

;

Sandstone, light-brown to off-white, fine- to medium-
grained, crossbedded; exposed in pediment and
thickness calculated.

Covered; thickness calculated. A few 0.5-m beds of

gray to tan, purple-weathering, commonly sandy,

tight, finely crystalline limestone form very weak

cuestas. Remainder of interval

for two small ledges of brown

to

38. 5

27. 0

0. 5

22.0

29.0

25. 5

12.0

133.0

Total thickness if Jilh Formation. 2X9. 5

Sudair Shale.

SrcTioN 15 —Ad Duvayhuah

(OtMfstlMd stction of Jtth Form»Uao i

mrfrr.

Sandstone of Minjur Sandstone (Upper Triassic).

Jilh Formation:

Sandstone and shale; approximately equal amounts of

off-white to brown, fine- to medium-grained, mod-

erately sorted, commonly crossbedded, rarely

calcareous, gypsiferous, and silly sandstone and

mustard to greenish-yellow, soft, commonly

gypsiferous shale. Thin beds of gray to tan, tight,

platy-weathering, commonly sandy and impure,

very finely crystalline limestone are scattered

throughout interval

Limestone and sillslone; approximately equal

amounts of complexly ititerbedded, light-brown,

platy, impure and sandy, rarely fossiliferous lime-

stone and gray, yellow and green, in part gypsif-

erous siltslone. Occasional thin beds of gy|i«if-

erous shale utid gray sandstone .

Kandxtone, tan, well-sorted, fine- to medium-grained,

angular, slightly gypsiferous.. 12. 0

Shale, gray, friable, gypsiferous 7. 0

Covered; thickness calculated . 45.0

120. 0

4H.0

Total thickness of Jilh Formation . 232. 0

Covered

.
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IOC,

Settiok IQ.—'Ayn Ihn Fuhayd

i of Jllh Formation nrar 'Ayn Inn Fuhayd: A V.

H P. Kopp. IM°|

Sandstone of Minjur Sandstone (Upper Triassic).

Jilh Fornuitioti:
, mrlm

Gypsum, gray to white, thin-bedded, in part poorly

exposed; occasional thin beds of gray to tan, platy,

impure, finely crystalline limestone and dolomite.

Some sandstone and shale occurs in upper part.

Interval is capiKd by very thin bed of tan to brick-

red oolitic sandstone and oolit<—same unit typi-

cally cajw Jilh at other localities. . 78.0

Marl, limestone and shale; in part poorly exposed but

largely complexly interbedded tan to (tray platy

sandy marl, Un to reddish-brown thin-bedded',

commonly detrital-oolitic limestone, and gray-

green gypsifcrous shale. Tan to light-gray sand-

stone, in part calcareous, occurs at several levels

hut become* more common in lower part 166 0

Covered,

Total thickness of Jilh Formation. . . . . 244 0

Section 17.

—

Didah

of Jllh Formation n«r Pldah; A. V R V. Kopp.

Sandstone of Minjur Sandstone (Upper Triassic).

Jilh Formation:

Limestone and shale; alternating 2- to 4-m beds of

tan to brown, tight, very sandy limestone and
yellow, poorly exposed silty shale and soft marl 22, 0

Covered; probably shale and gypsum(?) . 53. 0
Limestone and shale; interval in large part poorly

exposed but apparently mostly Un thin-bedded

platy-weathering limestone and soft marly lime-

stone intimately interbedded with indeterminate

amounts of Un silty shale. A thin bed of red

friable sandstone occurs near base 1 78. 0

Total thickness of Jilh Formation..
Crowbedded Randstone of the Sudair Shale.

253. 0

MINJTTR 8AKD8TONE SECTION

Section 18.

—

Khashm al Khalfa"

IMinjur Bandftoru typo section meaaund and described at Khutira al Khalta' by
R. A. Bnunkamp, 8. B. Hwiry, S.J. Roach, R. B. Can, and Mr '

Shale of Marrat Formation (Lower Jurassic).

Unconformity.

Minjur Sandstone:

Sandstone, tan, massive; forms vertical cliff. Inter-

val measured by theodolite 48. 0
Shale and sandstone; complexly interbedded tan to

purple silty shale and tan sandstone 4. 5

Sandstone, tan, pink-stained, weakly crossbedded.

medium-grained 7.

0

Shale, buff, sphcroidally-weathering. 1.0

Sandstone, buff, massive, crossbedded, medium,
grained 4. 8

Shale, cream, spheroidally-weathering 1.9
Shale and sandstone; purple, tan, and gray variegated

shale; several beds of buff, massive, crossbedded
sandstone in lower part.. 10. 3

Section IH.-Kkeuhm al Khali*'—Continued

Minjur Sandstone —Continued

Sandstone, tan, massive, crossbedded, medium-
grained; some layers with a white earthy matrix.

Common pcbble-bearin g beds in lower 11 m.
Forma vertical cliff

Sandst one and shale; alternating bods of tan medium-
grained crossbedded sandstone and purple and
cream sandy shale

(*, buff, massive, crossbedded, medium- to

layers with quart* peb-

tan

lo

.-, complexly interbedded

crossbedded sandstone and variegated shale...

Sandstone, buff, massive, crossbedded, medium
coarse-grained; forms cliff

Shale, purple, tan and gray; some shaly sandstone.

About 600 m west of measured section interval is

replaced by coarse-grained sandstone „

Sandstone, buff, crossbedded, moderately cemented,
medium- to coarse-gTsined ; forms weak bench

Shale and sandstone; purple, light-gray, and tan

sandy shale and thinly interbedded silty

weak ledge. Thin layers of

medium- to coarse-grained; forms weak ledge

Sandstone and shale; light-gray, mottled purple,

well-bedded soft silty sandstone and sandy shale;

thin scum of ironstone at top .

Sandstone, light-brown, massive, strongly crossbed-

ded, moderately cemented, coarse-grained; streaks

with quartz pebbles common
Shale and sandstone; tan and purple sandy silty Bhale

and many thin lenses of sandstone; a thin irregular

ironstone layer at top Upper contact shows local

relief as great as 3 or 4 m
Sandstone, buff, pink-weathering, crossbedded; a

thin bed of ironstone forms weak bench at top,

grades laterally to shaly sandstone

Shale, purple and gray, sandy and silty; thin beds of

ironstone form weak benches 6.3 m above base and

at top. Lower part grades laterally to sandstone.

Sandstone, red-brown, pink-wenthering, crossbedded;

locally replaced laterally by sandy shale..

Sandstone, red-brown, strongly crossbedded, friable,

highly lenticular; some argillaceous gilt and sand-

stone. Thin beds of purple and black ironstone

occur nt several levels

Sandstone, red-brown, massive, highly crossbedded,

friable, common layers with ubundant small peb-

bles. In general, strongly lenticidar. Light-col-

ored argillaceous sandstone and silt occm

main lenses. A very thin purple-black

layer caps unit

interval calculated, mainly sandstone;

purple and gray i

21. I

13. S

15 7

18. 5

12 S

10. 5

5.4

9 5

2. 2

3. 5

12. a

12 2

12. 6

9 1

11. S

15 5

3. 7

48 5

Total thickness of Minjur

Jilh Formation.

315 0
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Section 19.—Khruhm adh J)Mbi

Mod ntmaer aKtlon measured ami iwnplod tn the bu* ol

adh Dhibl by R. W. Powen and H.

Gypsum of the Dhruma Formation (Middle

Upper Marrat Formation (24.2 m thick):

4. Aphanitic and calcarenitic limestone: (nttmt

Aphanitic limestone, light-brown, moderately

porous, partially recrystalliied, chalky;

forms massive cliff 110
Aphanitic limestone, light-brown, partially

recrystalliied, moderately porous, rubbly-

wcathering, chalky; common gastropod-

pelecypod debris 3. 0

Cakarenitic and aphanitic limestone, poorly

,
rubbly-weathcring 4.0

calcaronitic limestone, brown,

moderately porous, chalky; 30 percent

gastropod casts and common pelecypod

debris ... 2 0

Limestone, poorly exposed, chalky, calcareni-

tic and aphanitic. 1.6

Clastropod calcarcnitic limestone, brown,

moderately porous, chalky; 35 percent

medium- to coarse-grained gastropod casts

Forms weak bench 0.4

Shale poorly exposed, mainly yellow, fos-

sUiferous L8
Calcaronitic limestone, brown, moderately

porous, chalky; 20 percent pclecypod-

gastropod debris and 10 percent dark-brown

medium-grained well-rounded lime-mud

pellets. Forms weak bench 0. 4

Middle Marrat Formation (41.8 tn thick):

3. Shale, slitstone, and sandstone:

Shale, red 2.2

Covered 0. 4

Gastropod calcarcnitic limestone, brown, t ight,

partially recrystalliied; 60 percent calcite-

replaced and -infilled gastropod-pelecypod

shells set in continuous original lltne-mud

matrix. Cape weak bench .... 0. 2

Aphanitic limestone, light-brown, moderately

porous, chalky; forms weak bench 1.0

Shale, red; rare thin layers of green shale 7, 5

Sandstone, reddish-brown, moderately porous,

very fine grained, angular to subrounded,

croasbedded, calcareous cemented, quart-

ire; forms prominent massive ledge . 2.5

red; thin layers of green and yellow

. 7.0

Sandstone, red, silly, massively croasbedded;

forms prominent ledge ....... 1.0

red; rare green shale. 15,0

;
probably red shale 5. 0

F SAUDI ARABIA D121

Section 19.— Khathm adh DhM—Continued

Ijower Marrat Formation (36. 5 m thick)

:

2. Aphanitic and calcarenitic limestone and dolomite

(15.0 m thick):

Calcarenitic limestone, reddish-brown, tight,

partially recrystalliied; 15 to 20 percent

gastropod-pelecypod fragments and com-

mon hexacorals 0. 5

Aphanitic limestone, light-brown, moderately

porous, partially recrystalliied and parti-

ally dolomitiied; pelecypod-gastropod de-

bris common ............. 2.0

Calcarcnitic limestone, light-brown, moder-

ately porous, chalky; 15 percent medium-

to coarse-grained lime-mud pelleU» and

pelecypod debris 2. 0

Aphanitic limestone, tan, moderately porous;

5 percent pelecypod-gastropod remains

and rare dolomite rhombs 1.5

Calcitlc dolomite and aphanitic limestone;

dolomite as below; common patches of

essentially unaltered aphanitic limestone. 15
Calcitic dolomite, reddish-brown, moderately

porous, medium-grained crystalline; 20

percent original lime-mud matrix preserved

in intercrystalline spaces, ghosts of replaced

pellets common 1.0

Calcarenitic dolomite, dark-gray-brown,

medium-grained crystalline, tight; ghosts

of pelleta common. Rock originally cal-

carenitic limestone ........ - 1.0

Dolomite, golden-brown, moderately porous,

very finely crystalline, semifriable 2,0

Aphanitic limestone, golden-brown, tight,

partially dolomitiied; 5 percent pellet* and

60 percent finely crystalline dolomite

rhombs scattered uniformly throughout ... 1.0

Calcarenitic dolomite, reddish-brown, tight,

medium-grained, crystalline; 20 percent

ghosts of replaced pellets "floating" in

dolomite 10
Aphanitic limestone, reddish-brown, sandy;

50 percent medium- to coarse-grained,

angular to subrounded, quarti sand grains

in lime-mud matrix . I. 8

1. Foorly exposed; sandstone, siltstonc, and shale

(21.5 m thick):

Calcareous sandstone, reddish-brown,

medium- to coarse-grained, well-sorted,

angular to subangular, quartsosc; 30

percent reddish-brown carbonate cement.

Quarts sand grains not in c

matrix ..... 2.5

Poorly exposed; scarce exposures indicate

complexly interbedded sandstone, silt-

stone, and shale. 7. 5

Aphanitic limestone, golden-brown, tight,

partially recrystalliied ; forms weak bench.

Lateral continuity indicates this bed defi-

nitely in place on scree-covered slope 0. 5
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D 1-2-2 GEOLOGY OF THE ARABIAN PENINSULA

Section 19—Khuhm

Lower Marrat Formation (36.5 m thick)—Contin 1

1. Poorly exposed; sandstone, siltstonc, and shale

(21.5 m thiol

,

greenish-gray, moderately porous,

medium- to coarse-grained,

subrounded, quartiose 1.0

Poorly exposed; comparison with udjucent

sections shows interval to be mostly green

to olive-green shale 9. 0

Sandy pellet calcarenitic limestone, golden-

brown, fine- to coarse-grained; 40 percent

well-rounded fine-grained lime-mud pellets

and 30 percent medium- to coarse-grained,

angular to subrounded quart* sand.

Forms weak ledge — 1.0

Total thickness of Marrat Formation . . . 102. 5

M injur Sandstone.

Section 20.

—

Khothm al Jufayr

[OMMTtUMd section of Muni Formation at Khaahm al Joli

R. A. Brsmkanip, R. L. Ban. R. L. Myers, and W. T. Short. lMj]

Gypsum and shale of Dhruma Formation (Middle Jurassic).

Marrat Formation:

Upper Marrat (22 3 m thick):

Limestone, tan, chippy-weathering; several

with abundant limonitic and phosphatic nod-

ules. Forms prominent cliff 8. 0

Poorly exposed; mainly olive-green and tan shale;

well-preserved ammonites 2.0 m from base 7. 0

Limestone and shale; complexly intcrbedded

golden-tan chippy-weathering fossiliferous lime-

stone and tan to olive-green shale. Basal shale

bed contains well-rounded limestone pebbles . 7. 3

Middle Marrat (34.5 m thick):

Shale, red and brown, rarely green; few very thin

beds of fine-grained sandstone 4. 5

red to brown, thinly bedded, mica-

and silty; occasional thin beds of red

16.5

Shale, red, silty; in part poorly exposed 13. 5

Marrat (35.0 m thick)

:

Dolomite and limestone; equal amount* of inter-

bedded gray to tan, tight, fosailifcroua limestone

and brown, impure, finely crystalline dolomite;

sand grains! common in lower bed. Poorly

preserved fossils including ammonites, brachi-

opods and echinoids common .... . . 10. 2

Shale and sandstone, complexly interbedded; red

and green shale and golden-tan, ocherous,

limonite-stained, poorly cemented quartz sand-

stone, shidy sandstone, and sandy siltstone;

common gypsum veinlets in upper part . 12. 2

Limestone, brick-red, blocky-weathering, slightly

sandy, tight, aphanitic: forms weak ledge. 0 6

Shale, green to yellow, occasionally red; thin beds

of tun, slightly sandy limestone near the middle 1 2 0

Total thickness of Marrat Formation «.)1 8

M injur

21 Khatkm at Ma*j*r

|<J«r»raUi*d aac Ion of ^ ^ m atton^ MB aahm alManjJ^I

Covered; presumably shale of the Dhruma Formation (Middle

Jurassic).

Marrat Formation:

Upper Marrat (15.8 ra thick)

:

Limestone, tan to yellow, rubbly-weathering,

chalky, aphanitic; abundant limonitic and
Thin beds of tan marly

Forms prominent bench-. 8.3

Shale and limestone; dominanUy green to tan

shale with subordinate interbeds of golden-

brown, ocherous aphanitic limestone; abundant
limonitic and phosphatic ooUths in upper part,

rare marine fossils .. 7. 5

Middle and lower Marrat undifferentiated (34.1 m
thick)

:

Sandstone, partially covered, reddish-brown,

massive, micaceous and silty, moderately ce-

mented; occasional beds of reddish-brown

silutone 23. 4

Shale; mosUy covered but local exposures of red

silty shale. 8.7

Dolomite, yellow to tan, impure, finely crystalline. 2. 0

Total thickness of Marrat Formation 49. 9

Minjur Sandstone.

Section 22.—Khaskm Afauxin

[Qwwanaed aacttoo of stunt Fon^M^Mttaahm Ma«rta. R- A. Bramkamp and

Sandstone and Shale of Dhruma Formation (Middle

Jurassic).

Marrat Formation: V^utn"
Sandstone, red to brown; alternately strongly and

; strongly cemented layers form

ledges with intervening softer beds

2&2
Shale, light-gray, tan, dark-red, sandy 4. 0

Sandstone, brick-red, friable, in part orowbedded,

fine- to coarse-grained; rare shale, quarti pebbles

in lower part 4. 7

Approximate total thickness of Marrat For-

mation 36. 9

Minjur Sandstone.

Section 23.— Mar&h and vicinity

[danmUiad section of Marrat Formation In Tldnlty of Marih; l>. A. IlcUn ncd

A. F. Pocock, 1047 and R. A. Bramkamp. 3. B. Henry and N. 1

Shale of Dhruma Formation (Middle Jurassic).

Marrat Formation:

Upper Marrat (20.5 m thick): im*er,)

Limestone, tan, chippy- to slabby-weathoring,

compact, in part fosailiferous and detrital. 20. 5

Middle Marrat (57.0 m thick):

Shale, reddish-brown, in part micaceous and

silty; subordinate Interbeds of red-brown

57. 0
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Section 23 —Marah and vicinity—Continued

at Formation—Continued 1
(mtiM)'

Lower Marret (33.3 m thick)

:

Limestone, reddish-tan, thin-bedded; forma

caprock of basal Marrat scarp 4. 4

Sandstone, yellowish-green, friable, limonitic. . 1. 1

Limestone, tan, thin-bedded, impure. 0. 8

Dolomite, light-gray, medium-bedded, sandy. 0. 9

Sandstone and shale; interbedded tan friable,

in part calcareous sandstone and sandy shale 1. 0

Limestone, yellow, tan, and rarely purple-red,

alternating hard- and soft-bedded, in part

dolomitic: occasional shale interbeds ... 21. 2

Shale, gray to tan 2. 4

Limestone, tan, compact, thinly bedded 0. 6

Total thickness of Marrat Formation 110.8

Minjur Sandstone.

DHRUMA FORMATION SECTIONS

Section 24 —Kha*hm adh Dhlbi and eattward

r'tuuma Formation rriprrnrr rcUocl remeaaured and described by R W Powvrs

•od H. A. McClun In IMS tn Uw vkctnlty ol Ui* ort«1nal typt auction The

ud Uw Tuwmiq Mountain Lbnaalone uearpmcnl >bo

Limestone of the Tuwaiq Mountain Limestone (Upper

Jurassic).

I'pper Dhruma Formation (89.0 m thick) :

10. Hisyan Member (64.0 m thick) ™ *
Shale, poorly exposed, olive-tan, calcareous. 1. 8

Pellet calcarenitic limestone, tan, moderately

porous, chalky; 30 percent very line

grained, well-rounded aggregate pellets,

20 percent algal(T) trash, and 10 percent

calcito-roplaoed motluscan debris. Foram-
inifera common 0. 7

Pellet calcarenite, brown, poorly sorted,

clean-washed, tightly cemented; 40 per-

cent fine- to medium-grained aggregate

pellets, 20 percent algal (T) debris, and 10

fragments 2. 0

Coarse molluscan carbonate, reddish-brown,

poorly sorted, clcan-washod, strongly

recryataJlixcd; 50 percent calclte-replaced

tabular fragmenU of pclecypod and gas-

with 20

0.

8

poorly exposed, olive-brown, calcar-

eous - 1.4

Calcarenitic limestone, as 1.5-m-thick lime-

stone below 0. 5

Shale, poorly exposed, olive-tan, calcareous. 2. 6

Pellet calcarenitic limestone, brown, wdl-

bedded, well-rounded, chalk v; 40 percent

medium- to coarse-grained aggregate pel-

lets and abundant fragments of molluscan

shells and older limestone set in original

lime-mud matrix 1. 5

poorly exposed, olive-tan 5 4

e, as 1.4-m-

0.

5

Section 2A.—Kha»hm adh DhxlA and tartwurd—Continued

Upper Dhruma Formation (89.0 m thick)—Continued
10. Hisyun Member (64.0 m thick)—Continued ^*»«''

{mam t

Shale, poorly exposed, olive-tan, calcareous;

possible thin interbeds of soft chalky

3. 6

as 1.4-m-

thick limestone below 0. 4

Shale, poorly exposed, tan to olive-tan, cal-

careous, some very thin interbeds of

chalky aphanitic limestone 1. 6
Molluscan calcarenitic limestone, brown,

moderately porous, chalky; 25 percent

medium-grained to gravel-sire, tabular

fragments of pelecypod and gastropod

shells. Medium-grained well-rounded ag-

gregate pellets common 1.4

Shale, poorly exposed, olive-tan, calcareous. 2. 6
Pellet calcarenite, brown, well-sorted, very-

fine to fine-grained, well-rounded, lami-

nated, tightly cemented; composed dom-
inantly of fine-grained aggregate pellets.

Rare pclecypod and cchinoid debris 0. 7

Aphanitic limestone, golden-tan, moderately

porous, chalky; 5 percent molluscan de-

bris and scattered, finely crystalline dolo-

mite rhombs 1. 0

Pellet calcarenitic limestone, tan, moder-

ately porous, chalky; 30 percent yellow, in

part superficially coated, medium-grained

well-rounded aggregate pellets. MoUus-
can debris and Foraminifera common L 0

Aphanitic limestone, brown, moderately

porous, chalky; rare molluscan debris and
aggregate pellets 0. 7

poorly exposed, tan to olive-tan .... 7. 6

calcarenite, brown, well-sorted, well-

very' fine grained, tightly ce-

mented; almost exclusively fine-grained

aggregate pellets. Patches of tan chalky

aphanitic limestone common 0. 5

Shale, poorly exposed, olive-tan 4. 4

Molluscan- pellet calcarinitc, dark-red, poorly

sorted, angular to well-rounded olean-

waahed, tightly cemented; 30 percent re-

placed molluscan shells set in a strongly

rocrystallixcd matrix of red fine-grained

well-rounded pellets. Common cchinoid

derived from older

0. 5

Shale, poorly exposed, olive-tan 3. 3

Calcarenitic limestone, brown, moderately

porous, chalky; 20 percent coarse-grained

to gravel-sited, commonly calcite-replaced

fragments of molluscan shells. Abundant

fine- to medium-grained, well-rounded

aggregate pellets. Isolated pockets of fine-

grained well-sorted, tightly cemented,

clean-washed pellet calcarenite. Abundant

,
3. 7

olive-tan.. 8.6
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Section '24.

—

Khtuhm adh Dhlbl and eastward—Continued

Upper Dhruma Formation (89.0 m thick)— Continued

10. Hisyan Member (64.0 m thick)—Continued

Coarse molluscan carbonate, brown, very

poorly sorted, strongly recrystalliscd,

tightly cemented; almost exclusively pele-

cypod and gastropod debris. Most original

;11 material now replaced by

«y cryaUUine caJcite in crystal-

with

monly preserved aa internal molds of lime

mud
Covered; probably olive-tan shale

Molluacan calcarenitic limestone, reddish-

brown, tight, partially dolomitited; 60

percent calcite-replaoed, medium- to coarse-

grained, angular fragments of molluacan

shells. Common unidentifiable fine-

grained organic debris.

Covered
;
probably olive-tan shale ,

'Atash Member (25.0 m thick):

Calcarenitic limestone, tan, moderately po-

,
chalky; 20

|

ingular,

can shell debris. Rare i

Aphanitic limestono, light-brown, moderately

porous, chalky; calcite-replaced fragments

of molluacan shells common
Residual coral, brown, strongly recrystal-

lised; dominant constituent is in situ

hexacorals. Intcrseptal apace packed with

lime mud and original calcareous shell ma-
terial now altered to clear crystalline

calcite. Common mud-filled molluscan

Calcarenitic limestone, light-brown, moder-

ately porous, chalky; 15 percent fine- to

medium-grained, well-rounded

pellets and 5 percent algal (?) and i

debris

Aphanitic limestone, light-brown, moderately

porous, chalky; common angular, fine- to

coarse-grained calcite-replaced fragments

of pelecypod shells and corals

Pellet calcarenitic limestone, reddish-brown,

moderately porous, chalky ; 25 percent red

to yellow, very fine- to coarse-grained, well-

rounded aggregate pellets, 10 percent

coarse-grained algal debris and pelecypod

fragments. Few isolated colonial coral

heads

Aphanitic limestone, light-brown, moderately

porous, partially recrystalliied

Calcarenitic 1imcstonc, light-brown, moder-

ately porous, chalky: 15 percent fine- to

medium-grained aggregate pellets and 5

percent medium- to coarBe-grained, wcll-

Bgroents of older aphanitic

e, molluacan debris and algal trash

0.5

2.4

0.5

1.8

3.0

15

1.5

2.0

2.0

1.5

1.2

1. 1

rd—Continued

Upper
9.

'

(

2.0

2. 0

12

(25.0 m thick)—Continued

Oolito-delrital calcarenite, brown, poorly

sorted, tightly cemented; 30 percent me-
dium- to coarse-grained, well-rounded,

superficial ooliths and 25 percent medium-
grained to gravel-sised, angular fragments

of aphanitic limestone derived from older

rock. Common algal (?) debris. 1. 2

Pellet calcarenitic limestone, light-brown,

porous, chalky; 30
to coarse-grained,

ite pellets and 10

luscan debris. Rare algal(?)

fragments and isolated pockets of clean,

current-washed calcarcnitc

Calcarenitic limestone, golden-brown, sandy,

moderately porous, chalky; 10 percent

medium-grained aggregate pellets and

cotUUaia .. .

Aphanitic limestone, tan, soft, rubbly-

weathering, chalky; lenses of biogenic cal-

carenitic limestone. Gryphaea
Calcarenitic limestone, light-brown,

ately porous, chalky; 20 percent fine- to

medium-grained, well-rounded aggregate

pellets and 20 percent coarao-graii

rounded acorn-shaped algal(?)

Abundant molluscan shell fragments and
rare Foraminifera. Bed contains isolated

patches of clean, currentswashed, tightly

cemented pellet calcarcnitc. Grypkata
cotttUata

Middle Dhruma Formation (164.7 m thick):

8. Dhrumattet sono (54.0 m thick):

Algal (?) calcarcnitc, brown, moderately

sorted, well-bedded, fine- .to coarse-grained

well-rounded, tightly cemented; 30 percent

acorn-shaped coarse-grained algal(?) debris

20 percent fine- to medium-grained, well-

rounded aggregate pellets, and 10 percent

angular to well-rounded fragments of older

1.5

2. 8

era common caps prominent bench 1. 5

Aphanitic limestone, light-brown, moderately

porous, chalky; 5 percent medium-grained

well-rounded pellets and molluscan debris.

.

Poorly exposed; probably tan soft chalky

aphanitic limestone and marl with thin

interbeds of calcarenitic limestone - . 13. 0

Aphanitic limestone, tan, chippy-weathering,

soft, chalky 3. 2

Molluscan calcarenitic limestone, tan, tight;

50 percent molluscan debris and aggregate

pellets. Forms weak bench 0.4

Aphanitic limestone, tan, tight, chlppy-

weaUiering; local layers finely pelleted and

littered with organic debris. A weak
ledge at top formed by very thin bed of

calcarenitic limestone 7. 6
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Section 24.

—

Khathm adk DhlH and rattvard—Continued

Middle Dhruma Formation (164.7 m thick)—Continued

K Dkrumati,* zone (54.0 m thick)—Continued

Aphanitic and calcarenitic limestone; alter-

nating layers of cream-colored to ton, soft

aphanitic limestone and hard peUet-mol-

luscan calcarenltic limestone: weak benches

2.3 and 4.8 m above base 8. 7

Covered. 3. 3

Poorly exposed; scree slope littered with pellet

calcarenltic limestone; probably much soft

marly limestone in interval 2. 2

Aphanitic limestone, reddish-brown, tight,

partially recrystaUized 0. 5

Oolite calcarenitc, tan, medium-grained, mod-
ntly oolitic.

! above bench.. 0. 8

Oolite calcarenitic limestone, brown, tight;

forms prominent bench. ... 1.0

Aphanitic limestone, tan, tight, partially

recrystallised, brittle, foasiliferous; weathers

to small irregularly shaped chips . . . . 2. 9

Pellet calcarenitic limestone, reddish-brown,

moderately porous, chalky; 30 percent fine-

to medium-grained well-rounded aggregate

pellets and 10 percent medium-grained

angular fragments of moUuscan debris. I. 8

PeUet-moUuscan calcarenitic limestone, red-

dish-brown, moderately porous, well-sorted,

medium- to coarse-grained; 40 percent ag-

ate pellets and 30 percent moUuscan
t in partially dolomitised lime-mud

Rare Foraminifera ... 1. 2

Pellet calcarenitc, reddish-brown, poorly

sorted, very fine grained to fine gravel-

sized, tightly cemented; 25 percent very

fine to medium-grained, well-rounded,

commonly superficially coated aggregate

pellets, 20 percent red coarse-grained well-

rounded composite grains derived from
older lithified limestones, and 15 percent

fine gravel-sized tabular fragments of

moUuscan shells-. 1,0

Calcarenitic limestone, golden-brown, moder-

ately porous, chalky; 20 percent fine- to

,
well-rounded, superficially

to

of moUuscan shells. Rare Forami-

ofcfeim. a 8

Aphanitic limestone, brown, moderately

porous, chalky, rarely pelleted 1. 7

7. Micrompkalitet zone (32.3 m thick):

Oolite calcarenitc, golden-brown, porous,

poorly sorted, weakly cemented; 30 percent

fine- to medium-grained wcU-rounded

superficial ooliths, 20 percent medium-
bkserial Foraminifera, and 10 per-

of older limestone, mol-

ind ochinoid spines. Top
of major lodge-forming crossbedded oolite

bed 3 5

Section 24

—

Kkrukm adh DkltA and tattuard—Continued

Middle Dhruma Formation (164.7 m thick)—Continued

7. MieromphaliUt zone (32.3 m thick) -Continued

Oolite ealcarenite, golden-brown, moderately

porous, well-sorted, medium- to coarse-

grained, wcU-rounded, moderately ce-

mented; almost exclusively superficial

ooliths. Rare Foraminifera. . . _ 1.0

Oolite-molluscan ealcarenite, golden-brown,

moderately sorted, medium- to coarse-

grained, wcU-rounded; 50 percent ooliths

(generally superficial) and 40 percent

tabular fragments of moUuscan shells

oriented parallel to bedding. Rare algal

debris. Nuclei of ooliths almost exclu-

sively aggregate pellets and possibly frag-

ments of aphanitic limestone derived from

older rock. Base of massive orossbedded

ledge-forming oolite. 1.0

Covered... 11. 7

Aphanitic limestone, reddish-brown to light-

brown, moderately porous, chalky 11.8

Calcarenitic limestone, tan, tight, partially

recrystaUizcd, fosslUfcrous 0. 3

Aphanitic limestone, light-brown, moderately

porous, chalky; 5 percent medium- to

coarse-grained wcU-rounded peUcta and

fragments of moUuscan shells 3 0

6. Tuliles zone (36. 1 m thick)

:

PeUct ealcarenite, golden-brown, moderately

sorted, very fine- to coarse-grained, well-

rounded, tightly cemented; 50 percent

very fine to fine-grained weU-rounded

aggregate pellets, 10 percent coarse-grained

to fine gravel-sized weU-rounded fragments

of older aphanitic limestone, moUuscan

debris common. Forms prominent bench 1.7

PeUet calcarenitic limestone, golden-brown,

tight, well-sorted, medium- to coarse-

grained, wcU-rounded; 70 percent aggregate

pellets set in original lime-mud matrix.

Although individual grains commonly in

contact, all intcrgranular space is packed

with Umc mud. Pellets appear to be

detrital fragments derived from older lime-

stone. MoUuscan debris and Foraminifera

common 2. 5

Pellet calcarenitic limestone, reddish-brown,

tight, particaUy recrystolUzcd; 30 percent

medium- to coarse-grained well-rounded ag-

gregate pellets commonly with superficial

oolite coat, 10 percent medium- to coarse-

grained well-developed ooliths. MoUuscan

debris common - 1.

0

Oolite calcarenitic limestone, brown, moder-

ately porous, partially rccrystaUized,

chalky; 15 percent medium- to coarse-

grained superficial ooliths 1 0
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Section 24.

—

Khathm adh ZMlM and ttuttrard—Continued

Middlr Dhruma Formation (164.7 m thick I—Continued
6. TuhUt toiii- (301 in thick)—Continued ™rt*~"

Pellet calcurcuitlc, golden-brown, moderately

sorted, well-rounded, tightly cemented; Oil

percent very fine to fine-grained well-

rounded aggregate pellets and 10 percent

medium- to coursc-grained superficial

ooliths, molluscan debris commonly re-

placed by calcite. Hare pit trhen of lime-

mud matrix . I. 0

Calcarcnitic limestone, golden-brown, mod-
erately porous, chalky; 10 percent mcdium-
to coarse-grained well-rounded superficial

ooliths and 10 percent well-rounded medi-

um-grained aggregate pellets. Molluscan

debris commonly replaced by calcite 1. ft

Aphanitic limestone, light-brown, tight, par-

tially rccrystallicod
;

coarse-grained well-

rounded aggregate pellets common 1.5

Pellet calcarenite, light-brown, moderately

sorted, very fine to medium-grained, well-

rounded, tightly cemented; 6C percent ag-

gregate pellets and 10 percent calcite re-

placed molluscan debris. 0. 7

Aphanitic limestone, reddish-brown, tight,

strongly dolomitized; 70 percent very finely

crystalline dolomite rhombs irregularly

scattered through lime-mud matrix 1. 6

Aphanitic limestone, light-brown, moderately

porous, chalky; ran- pockets of clean, eur-

renUwashed, tightly cemented pellet cal-

carenite 4. I

Oolite calcarcnitic limestone, tan, moderately

porous, strongly recrystalltxcd ; 50 percent

medium- to course- grained well-rounded

superficial ooliths and rare molluscan de-

bris .'!.()

Pellet calcarenite, golden-brown, well-sorted,

very fine grained, well-rounded, tightly

cemented; dominantly aggregate pellet,

some fine- to medium-grained fragments of

molluscan shells and very rare coarse-

grained, well-developed ooliths . 1.0

Pellet calcarcnitic limestone, brown, mod-
erately porous, chalky; H0 percent very fine

grained, well-rounded aggregate pellet*,

rare calcite-rcplaccd pelecypod shells. I. 0

Aphanitic limestone, reddish-brown, tight,

strongly recryatallircd, in part siliceous. . 2. 0

Pellet calcarenite, reddiah-brown, well-sorted,

dominantly fine grained, moderately ce-

mented and porous, mostly aggregate

pellets, molluscan fragments common 3. 5

Aphanitic limestone, light-brown, moderately

porous, chalky; 5 percent calcite-filled out-

lines of monaxon sponge spicules, calcite-

re placed fragments of molluscan shells

common, rare aggregate pellets and pockets

of clean, current-washed, tightly cemented

pellet calcarenite. 1.8

.Sec-iion 24.

—

Khathm adh OnlM and taitward—Continued

Middle Dhruma Formation (164.7 m thick)—Continued
6. TuUlen tone (36.1 m thick)—Continued

Pellet calcarenite , golden-brown, well-sorted,

well-rounded, fine- to medium-grained,
tightly cemented; 10 percent coarse-

grained fragments of pelecypod shells 0. 4

Calcarcnitic limestone, golden-brown, moder-

ately porous, chalky; 20 percent medium-
grained, well-rounded, aggregate pellet*

and 20 percent medium-grained molluscan

shell debris 1.3

Aphanitic limestone, poorly exposed, tan,

soft, chalky 1.2

Pellet calcarenite, tan, well-sorted, very fine

grained, tightly cemented; mainly aggregate

pellets, superficial ooliths and organic

debris common. Forms ledge 0.5

Cnlcarenitic limestone, tan, moderately po-

rous, soft, chalky; 20 percent superficial

ooliths and aggregate pellets . . 1.6

Algal(?)-molluscan calcarenite, golden-brown,

very poorly sorted, fine- to coarse-grained

to gravel-siied, well-rounded to tabular,

tightly cemented; 25 percent coarse-

grained, irregularly shaped algaK?) debris,

25 percent molluscan fragment* (pelecypod

dominant), and 20 percent fine- to medium-
grained aggregate pellets 12

Pellet calcarenite, brown, well-sorted,

medium-grained, well-rounded, tightly ce-

mented; dominant constituent is aggregate

pellets, rare well-developed, coarse-grained

ooliths 1.0

5. TkambUa sone (42.3 m thick):

Covered 1. 1

Pellet calcarenite, golden-brown, well-sorted,

medium-graiacd, tightly cemented; forms

prominent bench ._ 1.7

Pellet calcarcnitic limestone, brown, chalky. 1. 5

Pellet calcarenite and pellet calcarenitic

limestone; complexly interbedded, golden-

brown, well-sorted, medium- to coarse-

grained, tightly (

tic limestone. Molluscan debris and al-

gal (?) fragments common, grains commonly
coated with single oolitelike layer 1.0

Pellet-molluscan calcarenite, golden-brown,

moderately sorted, porous, fine- to medium-

grained, poorly cemented I. 2

Aphanitic limestone, brown, moderately po-

rous, soft, chalky; single ammonite I. 5

Pellet calcarenite, golden-brown moderately

sorted, fine- to coarse-grained, well-rounded

tightly cemented; 50 percent limo-mud pel-

lets and 20 percent coarse-grained tabular

fragments of pelecypod shells, rare super-

ficial oolite coating on some pelleta and tab-

ular nuclei. 4.5
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Stc-noN 24—Khaikm adh DhlU and tattward—Continued

Middle DhrumA Formation (164.7 m thick)—Continued

5. ThambiUi lone (42.3 m thick)—Continued Vmtm"
Pellet calcarcnitic limestone, light-brown,

tight, partially recrystalliied; 40 percent

fine- to medium-grained aggregate pelleU,

2. 1

lighlly

Pellet-molluscan calcarenite, reddish-brown

poorly sorted, fine-grained to gravel-sized,

tightly cemented ; 40 percent fine- to coarse-

grained, well-rounded lime-mud pellets and
30 percent molluscan shell debris set in

pellet calcarenite matrix, Foraminifera

Trmw"
Pellet clacarenite and pellet calcarenitic lime-

stone; golden-brown, moderately porous,

fine- to medium-grained pellet calcarenitic

intimately admixed with pellet

calcarenitic limestone is soft

and chalkv Dellet calcarenite is hard and

Pellet calcarenite, golden-brown, moderately

sorted, fine- to coarse-grained, tightly

cemented, well-rounded; 60 percent aggre-

gate pellets, 10 percent calcite-replaced,

angular fragments of molluscan shells, and
rare Foraminifera

Pellet calcarcnitic limestone, tan, tight par-

tially recrystallited; 30 percent fine- to

medium-grained, well-rounded aggregate

pellets, abundant Foraminifera and caleltc

replaced pelecypod shells. Isolated patches

of tightly cemented, clean, current-washed

calcarenite common
Pellet calcarenite, golden-brown, moderately

; 70 percent ag-

coarse-grained

rouhdod, tightly

gregate pellets,

fragments of

debris

Calcarcnitic limestone, brown, soft, marly;

few fossils including ammonite in lower

part

Pellet calcarenitic limestone, light-brown,

tight, poorly sorted; 30 percent fine- to

medium-grained, well-rounded aggregate

pellets, 10 percent coarse-grained, calcitc-

Foraminifera common and pockets

of clean, current-washed, fine- to coarse-

grained, tightly cemented pellet calcarenite.

Pellet calcarenite, golden-brown, fine- to

well-sorted, tightly ce-

1 ; 50 percent fine- to i

aggregate pellets, 10 percent

bris, rare :

O 5

1. 3

O 6

1. 5

1. 5

1. 7

2. 5

1. 3

Section 24.

—

Khathm adh DhltX and toMtvard—Continued

Middle Dhrtima Formation (164.7 m thick)—Continued

&. Thambiltt xone (42.3 m thick)—Continued

Pelecypod-pellet calcarenite, reddish-brown,

moderately Borted, dominantly medium- to

coarse-grained, tabular to well-rounded,

tightly cemented; 40 percent coarse-grained

tubular fragments of pelecypod shells, 30

percent fine- to medium-grained, well-

rounded aggregate pellets and rare Foram-
inifera... _ 0.R

Aphanitic limestone and pellet calcarenite,

brown, complexly interbedded pellet cal-

carenite and aphanitic limestone 0. 5

Aphanitic limestone, tan, moderately porous,

chalky; 5 percent fine- to medium-grained,

well-rounded lime-mud pellets and mollus-

can debris, rare Foraminifers. 1. 4

Pellet calcarenite, golden-brown, well-sorted,

fine- to medium-grained, well-rounded,

tightly cemented ; 70 percent aggregate pel-

lets, ran- Foraminifera and pelecypod frag-

ments. Forms weak bench 0. 6

Pellet calcarenitic limestone, light-brown,

tight; 40 percent fine- to medium-grained,

pockets of clean, current-washed,

rounded, fine- to medium-grained, tightly

cemented pellet calcarenite, Foraminifera

common, and rare fragments of molluscan

shells 0. 4

Aphanitic limestone, brown, tight, partially

rccrystallized; 5 percent very fine to medi-

um-grained aggregate pellets, Foraminifera

und molluscan debris 0.8

Pellet calcarenite, brown, moderately sorted,

well-rounded, tightly cemented, fine- to

coarse-grained ; 60 percent fine- to medium-

grained, well-rounded aggregate pellet*,

and abundant molluscan debris and Fo-

raminifera - 2. 0

Covered - 3 5

Pellet calcarenite, golden-brown, well-sorted,

medium- to coarse-grained, well-rounded,

tightly cemented; 60 percent aggregate

pellets. Foraminifera common, algal

debris, and molluscan fragments. . . 2 1

Algal calcarenite, golden-brown, modorately

sorted, fine- to coarse-grained, tightly

cemented; dominantly medium- to coarse-

grained, well-rounded to tabular algal

debris; 20 percent fine- to medium-grained,

well-rounded aggregate pellets, abundant

angular fragments of molluscan shells and

Foraminifera common 1.4

Covered. _ 1.0

y, tan, soft, nibbly-

2. 3
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Skction 24.—KKathm adh Dhibi ami tattward—Conlw

Lower Dhrums Formation (120.8 ra thick):

4. Ermocerai lone (34.5 m thick)

:

Pellet calcarcnitic limestone, golden-tan,

moderately porous, chalky; 30 percent

fine- to coarse-grained, well-rounded,

aggregate pellets, abundant Foraminifera.

Lime-mud matrix shows distinct mottled

"algal" appearance. Top of Dhibi lime-

stone, caps major cliff, and forms wide-

spread dip slope

Aphanitic limestone, light-brown, tight to

moderately porous, partially recrystalliied,

chalky; ubundant medium-grained pellets,

gravel-si led algal nodules, and calcitc

blebs filling disrupted lime mud, Foram-
inifera common. .

Pellet calcarcnitic limestone, light-brown,

tight, partially recrystalliied; 30 percent

fine- to coarse-grained, well-rounded,

aggregate pellets; common "birdseye"

texture with mud apparently of algal

origin or algal-bound. Foraminifera and
stylolites common

Aphanitic limestone, medium-brown, tight,

partially recrystalliied;

siicd (2.0 to 8.0 mm) algal

well-developed concentric layering and
common calcite-fillcd openings, common
well-rounded, medium-grained pellets,

Foraminifera, and poorly preserved

brachiopods and stromatopora

Calcarenitic limestone, tan, tight, partially

recrystalliied; 20 percent light-brown,

well-rounded, fine- to medium-grained
pellets, Foraminifera and stylolites common.
Base of Dhibi limestone . .

Covered.

Shale, olive-green and golden-brown, gypsif-

crous ..........

3. Shale (20.2 m thick)

:

Shale, olive-green gypsifcrous; single, very

thin bed of gray-tan, chalky aphanitic

Shale, olive-green and golden-brown, gypai-

ferous-.

Impure pellet calcarenitic limestone, brown,

soft, chalky; abundant aggregate pellets

and some fossils

Shale, olive-green; some gypsum veinlets

Shale, olive-green, gypsifcrous; common
bedded, impure aphanitic limestone,

2. Shale, aphanitic limestone, and calcarentitic lime-

stone (35.6 m thick)

:

Impure aphanitic limestone, gray-tan, chalky;

sponges common
Shale, olive-green, gypsifcrous

Aphanitic limestone, light-tan, ruhbly-

weathering, chalky; forms weak bench. . .

Pellet calcarenitic limestone, tan, moderately

porous, chalky; common pellets. .

as

6.0

1. o

3. 0

0. 6

18. 5

ft 0

1.5

9. 7

a 3

4. 0

4. 7

2. 3

3. 0

4. 0

2. 1

THE ARABIAN PENINSULA

Section 24—Kkatkm adk Dhibi and

Lowe r Dhruma Formation (120.H m thick)—Continued

2. Shale, aphanitic limestone, and calcarentitic lime-

stone (35.6 m thick)—Continued ^mf""
Shale, golden-brown, rarely green 2. 1

Aphanitic limestone, gray-tan, soft, chalky. . L 3

Covered 1.3

Shale, golden-brown 1,0

Shale, poorly exposed, green, gypaifcrous; a

a few thin layers of chalky aphanitic lime-

5.2

Calcarenitic limestone, light-brown, moder-

ately porous, chalky; 16 percent badly

fragmented molluacan debris and
outlines of calcite-fiUed, monaxon
spicules. Caps moderate bench 0. 5

Pellet calcarcnitic limestone, light-brown,

moderately porous, chalky; 30 percent

pellets and 20 percent molluscan debris 1.5

Shale, green, gypsifcrous. - 2. 7

Molluscan calcarenitic, brown, poorly sorted,

fine- to coarse-grained, tightly cemented;

30 percent gastropod-pelccypod shell debris,

and abundant well-rounded aggregate pel-

lets. Top of weak bench a 4

Shale and aphanitic limestone; complexly

interbedded green gypeifcrous shale and
gray chalky aphanitic limestone 1. 6

Calcarcnitic limestone, golden-brown, tight;

Forms weak bench - 0. 5

Shale and aphanitic limestone; complexly

interbedded green gypaiferous shale and
gray chalky aphanitic limestone 3. 2

Calcarenitic limestone, golden-brown, moder-

ately porous, chalky; 20 percent strongly

recrysullixed pelecypod fragments tt 6

Aphanitic limestone, ten, tight; rare thin

interbedsof green shale... 2.3

1. Dorttltntia tone (30.5 m thick)

Sandstone, green, silty, gypaiferous; very

rare, tan aphanitic limestone I. 5

Aphanitic limestone, pink, tight, partially

recrystalliied 0.3

Shale, green, gypsifcrous 0.1

Aphanitic limestone, tan, moderately po-

rous, chalky 2.0

Shale, green; veined with gypsum 2.8

Pellet calcarenitic limestone, brown, moder-

ately porouB, fine- to medium-grained 1.0

Calcarenite, reddish-brown, porous, wcakly

cemcntcd; dominantly white, cylindrical

organic remains of unknown origin. 1 .0

Shale, green and purple, gypsifcrous 1 .6

Aphanitic limestone, brown, moderately po-

rous, chalky 0.2

Shale, green and purple, gypaiferous- . 1-0

Pellet calcarenite, dark-brown, porous,

strongly recrystalliied, fine-grained, mod-
erately cemented; entire bed recrystalliied

to finely crystalline calcitc mosaic; how-
ever, original texture still readily visible.

i weak ledge 0.7
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Section 2*.—Kka*km adh Dhibi and eaHward—Continued

Lower Dhruma Formation (120.8 m thick)—Continued

1 . D<rr$ttemia zone (30.5 m thick)—Continued o^^j'
Shale, yellow, calcareous 1.3

e, yellow, calcareous; few poorly

0.2

1.0

0.1

0.5

Aphanitic limestone, brown, moderately po-

rous, chalky.

Shale, green, gypeiferous

Coarse moUuscan calcareniUc limestone,

reddish-brown, poorly sorted, sandy, par-

tially dolomitiled ; 60 percent gravel-

sised, gastropod-pelecypod mixture set

in an almost completely dolomitise

rix o( lime mud
Covered

Shale, yellowish-green, gypeiferous

Aphanitic limestone, reddish-brown,

,
partially dolomitized.

Calcltlc dolomite, reddish-brown, very finely

crystalline, moderately porous, calcific:

20 percent original lime-mud matrix still

preserved between dolomite crystals.

Forms top of small rounded hill

Shale, yellowiah-tan, in part calcareous

Gypsum, varicolored; subordinate green and
purple shale

Oolite calcarenite, gray-brown, well-sorted,

tightly cemented, medium- to coarse-

grained; 80 percent well-developed ooliths

I with I

Gypsum, varicolored

Aphanitic limestone, golden-brown, partially

dolomitized

Gypsum, varicolored, well-bedded, crystal-

line

Coarse pelecypod-pcllct carbonate, brown,

poorly sorted, moderately cemented; 50

percent disarticulated gravel-sized peleey-

pod shells and some gastropod remains in

a matrix of pink, very fine grained, pellet

calcarenite. Forma thin bed in gypsif-

eroua and shaly unit

Gypsum, varicolored, well-bedded, crystal-

0.6

0.5

0.3

0.1

0.6

0.6

0.2

4.0

1.8

0.1

2.5

0.2

2.3

0.2

1.2

Total thickness of Dhruma Formation. . 374.5
Marrat

25. -Wadl Btrk

I'Xnmltud «Ktioa of Dhrem* Formation it Wldl Blrk; mwuitmnU by R A.

Rnmkamp, ISM. ud R. D. Gierturt and r. R. Arnnu. IM7)

Limestone of Tuwaiq Mountain Limestone (Upper Jurassic).

Upper and middle Dhruma Formation (193.5 m thick):

8. Hisyan Member (about 56.0 m thick):

Shale, gray-green; occasional gypsum veins

and very thin beds of limestone 34. 0

Limestone, gray, massive, marly; forma

- 6.0

Upper and middle Dhruma Formation (193.5 m thick)—

Continued

(about 56.0 m thick)—Con.

and very thin beds of 1

believed to be approximate level of Atash-

Hisyan contact.

7. 'Atash Member (about 19.5 m thick):

Limestone and shale; complexly interbedded

tan to gray, soft, marly limestone and
gray-green shale . . . .

Limestone, gray to brown, thin-bedded,

commonly marly; a few layers of hard,

platy-weathering, highly fossiliferous lime-

stone. Fossils are mostly pelecypods. .

6. DhrumaileM some (about 17.0 m thick)

:

Shale, poorly exposed, gray-green, calcareous,

in part gypeiferous

5. MicrompkaliUt zone (about 21.0 m thick):

gray, marly

* Tutifc* sonc (39.5 m thick):

Limestone, tan to brown, in part marly,

rarely sandy, commonly fossiliferous; thin

beds of calcarenite at several levels

3. ThambiUi zone (40.5 m thick)

:

Limestone, poorly exposed, off-white to tan.

thin-bedded, fossiliferous, aphanitic and

calcareniUc

Lower Dhruma Formation (67.6 t.- thick)

:

2. Post-Dorsetensio beds (51.3 m thick):

Limestone, buff, tan- to gray-weathering,

tight, aphanitic; massive cliff former—
Dhibi limestone. Unit plus underlying

interval of unknown thickness are lateral

equivalent of £rnw>e*ra» zone

Covered; thin (1.0-m-thick) bed of orange-

brown, strongly cemented, oolite calcarenite

in lower part . . .

Sandstone, brown, moderately to well-ce-

mented, medium- to coarse-grained, com-

monly silly

I. Dorultmia zone (16.3 m thick):

8hsle and sandstone; mainily green, some red

and purple shale with interbedded, gray,

friable sandstone.

Shale, yellow, red, green, purple, in part silty

and sandy; a thin gray, ripple-marked iron-

stone layer just below top

Dolomite, golden-brown, soft, shaly-weath-

ering, finely crystalline: becomes less dolo-

mitic and oolitic near base -

Sandstone and shale; golden-brown, ferru-

ginous, silty and coarse-grained quartz

sandstone intimately interbedded with

variegated shale; single thin bed of finely

crystalline dolomite near middle

16.0

9. 5

10.0

17.0

21. 0

39. 5

40.5

7.6

10.5

33.2

3.8

4. 0

ft 1

6. 4

Total thickness of Dhruma Formation. . 261. 1
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Section 28.- Khtuhm al Juwayfah and KHaskm 'Uthayrah

'

H-ha-rah; mnuumtwnu by R.

Brunkamp, 1(61, r-ap»etiv-]>
|

Limestone of the Tuwaiq Mountain Limestone (Upper

Jurassic)

.

Upper and middle Dhruma Formation (147.0 m thick): (

4. Dhrumaitet tone, Hisyan and 'Atash Members
(90.1 m thick):

Sliale, olive-gray, in part calcareous; a few

very thin layers of cream-colored to brown,

soft, marly limestone in upper part. Poorly

interval near middle, Oryphaea

cardium common

TXickntit

%

46.3

8. 7

24. 6

8. 5

4.0

Colcarenite and limestone; intimately inter-

bedded brown to pay, biogenic and oolitic

calcarenite and calcarenitic limestone; com-

mon interbedded olive-ton, sllty shale.

May be in part equivalent to 'Atash Mem-
ber. .....

Shale, poorly exposed, brown; several thin

indurated layers with biogenic debris

Aphanitic limestone, gray-tan, compact, im-

pure

Shale, yellow and olive-brown, calcareous. . .

3. Mieromphalilet tone (21.8 m thick):

Limestone, cream-colored to gray,

nibbly-weathering, aphanitic;

thin beds of porous, tightly

carenite. Base of unit is base of Microm-

phalvtts ione ............

i and TulUei zones (35.1 m thick):

Limestone, cream-colored, soft to compact, in

part biogenic and oolitic; common interbeds

of calcarenitic limestone, singlo calcarenite

bed at base 35. 1

Lower Dhruma Formation (about 50 m thick)

:

1. Pre- Thambitr* beds (about 50 m thick) :

n, cliff-forming; Dhibi lime-

7.0

Sandstone and shale; mainly white, red, and

21.8

e; nearly one-third of interval is inter-

bedded gray to brown, commonly sandy

shale; upper part poorly exposed. . . . about 43. 0

Total thickness of Dhruma Forma-
tion about 197. 0

Marrat Formation.

Section 27.

—

Al Haddir

al Dbrams Formation at 1st 1\'ti N (ntu Al llwlil&I).

mfuunrmcnU by R. I), Olrrrtart and L. D. Owtna, IMS]

Tuwaiq Mountain Limestone (Upper

J'Sicfiui

I rurtetr]

Sandstone of

Jurassic).

Upper and middle Dhruma Formation:

3. Approximate equivalent of Dhrumaitet xone,

Hisyan and 'Atash Members (about 82 m thick)

:

Shale, gray-tan to brown ; occasional thin beds

of impure and fosailiferous limestone 39. 3

Sandstone, white to gray, commonly red- and

purple-mottled, in part friable; interbedded

gray shalo near middle 29. 0

Section 27.— Al

Upper and middle Dhruma Formation—Continued

3. Approximate equivalent of DhrumaiU* tone,

Hiyan and "Atash Members (about 82 m
thick)—Continued T\kck%t$t

a few

very thick bands of

Bracketing marker beds indicate Microm-

phaliUt-Dhrumaitt* contact near base of

interval 13. 7

2. Approximate equivalent of MicromphaliU$ tone

(about 21.0 m thick)

:

Shale, gray, calcareous, gypalferous 6. 0

Limestone, tan to brown, chippy* to rubbly-

wcathering, aphanitic; thin 1.0-m-thick bed

of reddish-brown, calcite-cemented, silty

sandstone near middle 15.0

1. Thambitet and TulUet .ones (about 26.0 m thick):

Limestone, brown and olive-green, chalky,

rubbly-wcathering, in part fosailiferous; be-

comes sandy in lower part . 24. 0

Not measured; estimated 2.0 m to approxi-

mate equivalent of top of D hibi limestone. . 2. 0

Total thickness of upper

129.0

No

Section 28.—Khtuhm ath Shajari

Sandstone of Tuwaiq Mountain Limestone (Upper Ju-

rassic).

L ppcr and middle Dhruma Formation (about 122.1 m
thick)

:

4. Approximate equivalent of Dhrumailet loae,

Hisyan and 'Atash Members (76.9 m thick)

:

buff to yellowish-brown and

TTuctntu
(auto-)

in part

tionary ironstone masses, slobby black

ironstone, fossil wood, and yellow, pur-

ple, and green shale. . 76. 9

3. Approximate equivalent of Mieromphalilet xone

(18.3 m thick):

Shale, yellowish-tan, calcareous, sandy, in

part gypsiferous 6. 7

Limestone, cream-colored, cbippy-wcath-

,
soft, impure; thin interbeds of tan

near base. Base of unit corresponds to

TulUet- Micromphalite* contact further

north 11.6

2. Approximate equivalent of Thambitet and

Tulite* xones (26.9 m thick):

Sandstone, yellowish-brown, moderately

cemented, medium-grained; several thin

layers of tan sandy dolomiUc shale 11. 1

Shale, tan, soft, sandy, dolomiUc; common
thin layers of tan, very soft, sandy,

15.8
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Section 28.

—

Khathm a*h SKajari—Continued

Lower Dhruma:

1. Approximate equivalent of Dhibi

( 11.9 m thick):

can n o

Total thickness of Dhruma Formation. - 134. 0+
Sandatone of Dhruma Formation and (or) Minjur or

Jilh Formation*.

Section 29. Kh&thm ot Turd6

I ' fencrallxcd arcUon of Dhruma Formation near Khaahm Bl Turlfa; meaauremanU by
l», A. Holm and A P. Poeoek.lWS, R. A. Bramkamp, R. C. Kerr, B. Beverly. Jr.,

R. D. Olerhm, ud W. DtU 'On. 1M». nod R. A. Bramkamp, 8. B. Henry, and

If. J. Bander. 1M» 1

Limestone of the Tuwaiq Mountain Limestone (Upper

Jurassic).

Upper Dhruma Formation (about 86.0 m thick)

:

8. Hisyan Member (59.0 m thick) : fm«S?T
Shale, gray to olive-green; occasional beds of

off-white, marly limestone 59. 0

7. 'Atash Member (about 27.0 m thick)

:

Not measured; but dominantty cream-colored

to gray, marly rubbly-i

few interbody of olive-gray

...about 27.0

(about 162.7 m thick)

:

6. DhrumaiUi lone (52.0 m thick)

:

Covered; includes some olive-tan shale; inter-

val capped by 1.0-m-thick bed of golden-

tan, strongly cemented white calcarcnitc

that forms prominent bench 10.5

Limestone, cream-colored to tan, compact,

soft, rubbly-weathering, aphanitic; common
interbeds throughout of brown medium-
grained, tightly cemented, pellet calcar-

enite.. 26.2

Shale, poorly exposed, gray to olive-green,

thin interbeds of

5. MicromphaUUB sone (32.7 m thick):

Limestone, poorly exposed, cream-colored to

gray, soft, marly, rubbly-wcathcring 9. 0

Calcarenite, tan, massive, medium-grained,

tightly cemented ; forms prominent bench . . 7. 0

8hale and limestone; poorly exposed, com-

plexly interbedded, reddish-gray silty shcie

and gray-tan soft marly limestone 16. 7

4. 7U0m zone (38.0 m thick)

:

Limestone, poorly exposed, gray to tan, soft,

rubbly-weathering, chalky; occasional thin

ocas at Drown, tignti) cemented calcarenite.

About one-third of interval is covered; may
mask shale.. 38.0

3. Tkambitet tone (about 40.0 m thick)

:

Limestone, cream-colored, soft, chalky,

rubbly-weathering, rarely calcarenitic 23. 2

Shale, poorly exposed, olive-green; rare layers

of ironstone and chalky limestone 12. 0

Covered; calculated 4.8 m to top of Dhibi

limestone about 4.8

Section 29.— KKaahm ai Turtb—Continued

Lower Dhruma Formation (about 126.0 m thick):

2. PoeU Portttentia beds (about 102.3 m thick):

Covered .—
1. Dortelenria xone (23.7 m thick):

Shale, poorly exposed, red and green, gypslf-

erous; occasional very thin beds of tan

platy aphanitic limestone and calcarenite.

Interval capped by 1.6-m-thick bed of

dark-brown, fine- to medium-grained,

Thlckneli

102.3

23.

Approximate total

Formation

of Dhruma
374. 7

Section 30.

—

Al Jurayjah

[OeoeniUwd Mctlon o( Hi* Dhruma FormeUon near Al Juraytah; meaeureroenu by

R. A. Bramkamp, 8. B. Henry. M. C. CoffleM. B. J. Roach, and R. B. Carr. 1UI,

and A P. Pocock and R. V Kopp, IMS]

Limestone of the Tuwaiq Mountain Limestone (Upper

Jurassic).

Upper Dhruma Formation (82.9 m thick): tauttri)

6. Hisyan and 'Atash Members (82. 9 m thick):

Shale, olive-tan, brown, pale red, commonly

In lower part, rare

of reddish-brown oolitic calcarenitic

limestone and calcarenite in upper part 82. 9

Middle Dhruma Formation (about 147.8 m thick):

5. DhrumaiU* sone (47. 2 m thick):

Shale, olive-gray, calcareous, gypsiferous;

several thin beds of brown, ferruginous,

ripple-marked sandstone near top ... 25. 7

Covered; probably gypsiferous shale; single

0.9-m-thick bed of brown well-sorted

medium-grained sandstone exposed near

middle 21. 5

4. Micromphalittt sone (29.2 m thick):

Shale, dominantly olive-gray and yellow-

caaional thin beds of

platy limestone in lower part and tan

upper part .. . 29. 2

3. Tulita sono (36. 4 m thick):

Limestone, cream-colored to gray, soft, in

part shelly and oolitic; 1.5-m-thick bed of

tightly cemented calcarenite caps interval.

About one-third of interval is covered,

probably masks shale 20. 0

Shale, poorly exposed, gray, tan, olive-green,

gypsiferous; occasional very thin beds of

light-tan limestone . . _ 1 6. 4

2. Tkambita sone (about 35.0 m thick):

Shale, olive-green to tan, gypsiferous; occa-

sional thin beds of tan soft impure lime-

stone. Ba*e of interval marks approximnte

equivalent to top of Dhibi limestone- about 35.0

Lower Dhruma Formation (about 123 m thick):

1. VK-ThambiUt beds (about 123 m thick):

Shale, poorly exposed, olive-gray, rarely cal-

careous; essentially equivalent to Dhibi

limestone 13. V
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30—Al

Iawpt Dhruma Formation (about 123 m thick)—Continued
Prc-Thambittt beds (about 123 m thick)—Con. T»(e*i»w»

Shale and sandstone; poorly exposed but i

inantly red and tan shale with

interbedded yellow-brown to black, medlum-
to coarse-grained, in part

55. 1

54.0

of gray to tan, tightly cemented, shelly

oolitic calcaienite in upper part ...

Covered; interval calculated

Approximate total thickness of Dhruma
Formation 353. 7

Marrat

TUWAIQ MOUNTAIN LIMESTONE SECTIONS

Sbctiok 31.—Riyadh water wtU i

[Tuwaiq Mountain Limestone nferenn section (ran Riyadh water will 1 (let

M*aa'<r'N.,loniM*«m" E.) between drilled depthiJITesnJ U0.<m Detailed

description and llthotogte nummary by N. M. Leyne, Jr., and R. W. Powers, 1M71

of the Hanifa Formation (UpperImpure limes)

Jurassic).

Tuwaiq Mountain Limestone

Aphanitic limestone, gray to tan, compact, slightly

impure; thin bed of dark-gray, poorly sorted,

skeletal calcarcnite at base

Apanitic limestone, light-ton, moderately

Foraminifera common, rare gray to while

Calcarenitic limestone, tan, moderately

skeletal; thin bed of gray-tan, strongly cemented,

fine-grained, skeletal calcarenito at base

Aphanitic limestone, tan, slightly impure, moderately

porous; common "Wrdscye" texture, rare white

chert

Calcarenitic limestone, gray, partially recrygtallixed,

fine-grained, pellet-skeletal.

Aphanitic limestone and calcarcnite; complexly inter-

bedded tan oompact aphanitic limestone and gray

fine-grained well-cemented biogenic calcarenite;

common chert

Aphanitic limestone, tan, compact; common "birds-

eye" texture

, fine- to medium-grained,

partially rccrystallized, pellet-

a. tvuimon interbeds of tan aphanitic and
calcarenitic limestone

Aphanitic limestone, tan compact, rarely

commonly mottled with "birdseye" texture;

thin beds of tan, fine- to medium-grained calcare-

nitic limestone. Thin bed of gray, fine- to me-

dium-grained, weakly cemented calcarcnite at

km.. -

Aphanitic limestone, tan to gray, compact, in part

marly and impure, rarely partially doiomitized;

occasional thin beds of gray compact pellet cal-

carenitic limestone. Interval becomes progres-

sively more marly, impure, and pelleted in the

basal part . . _

TJkicktutt
(wllril

4.9

chert.. 24.4

6. 1

9. 1

5. 5

3. 7

4.9

Sbction 32.-AI Oha\

> of Tuwaiq Mountain Umeetone at Al Ohat.
s. 8. Reach, ISO]

Dolomite of Hanifa Formation (Upper Jurassic).

Tuwaiq Mountain Limestone:

Limestone, cream-colored to tan, gray- and yellow-

weathering, alternating hard and soft, finely gran-

ular, commonly clastic-textured and oolitic; abun-
dant masses of chert in upper beds 7. 6

Marl, tan, brown-weathering, soft, earthy, massive. & 3

6.0

carenitic; thin nodular bedding 10. 0

Residual coral, colonial corals in matrix of soft apha-
nitic and calcarenitic limestone; forms distinctive

brown-weathering band 8.3

Aphanitic limestone, light-gray to tan, compact,

massive, chalky; abundant coral heads throughout.

Lower 25.0 m forms vertical cliff. Thin 1.0-m-

thick bed of tan coarse-grained oolite calcarenite

20.0 m below top of interval is at top of first cliff

of Tuwayq escarpment 56.4

Calcarenite and limestone; dominantly tan coarse-

grained, tightly cemented, in part oolitic calcare-

nite intimately interbedded with tan chalky apha-

nitic and calcarenitic limestone; forms band in

cliff face 12.0

Aphanitic limestone, light-gray, soft, chalky, sparse-

ly detrital; common thin beds of tan, tightly ce-

mented calcarenite and calcarenitic limestone.

Coral heads occur at several levels 23. i

Total of Tuwaiq Mountain Lime-

131. S

13.4

33. 5

97.5

Total thickness of Tuwaiq Mountain Limestone. 203- 0

of the Dhruma Forma-

Limcstonc ,

lion.

of the

Section 33.

—

Khathm Fardah

[Oenersllsed ncUoo of Tuwaiq Mountain Limestone at Khaehm Fardah; au

menu by R. A. Bramkamp. B. Beverly, Jr.. and 8. B. Henry, ISM]

THiftero
(«

Dolomite of Hanifa Formation (Upper Jurassic)

Tuwaiq Mountain Limestone:

Dolomite and calcarenite; red, gray, and tan, medium-

grained crystalline dolomite with abundant ghosts

of branching stromatoporoids and head corals com-

plexly interbedded with tan, strongly

poorly sorted, fine-grained to gravel-sixed,

tan, partially dolomitiscd aphanitic and calcaren-

itic limestone . . - — - - 25. '1

Aphanitic limestone, cream-colored to tan, poorly

bedded, compact: forms vertical cuff with some ir-

regular ledges. Common corals at several levels . 3S, 1

Sandstone, yellowish-tan, scoriaceous-weathering,

well-cemented, massive . 6.5

Total thickness of Tuwaiq Mountain Limestone . . 69 8
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OsitnlUtd ateUcn of lh* Towaiq MoaoUtn Umertonc at lat IS*** N. (Al *Arl4

catarpoient) . nicuumupD la by R. A. Bramkunp, 8,B. Henry, and O .W. BtektlM,

Ml

Calcarenite of the Hanifa Formation (Upper Jurassic)

Tuwaiq Mountain Limestone:

tightly cemented, medium-grained to gravel-sUed!

trotnatoporoid-coral-ooUtG calcarenite with com-
mon interbeda of cream-colored soft aphanitic and
calcarenitic limestone; thin bed of red, finely crys-

talline dolomite is presently near base 32.4

Aphanitio limestone, cream-colored, soft, platy- and
rubbly-weathering, in part poorly exposed, chalky;

common thin beds of tan, tightly cemented, strom-

atoporofd-coral-oolite calcarenite throughout 15.1

Sandstone, brown to reddish-brown, well-cemented,

medium-grained, calcareous; rare fossil casts 4.1

Limestone, cream-colored to gray, compact, chalky,

aphanitic; alternating beds of sandstone in lower

3.3 m 6.9

3.4

61.9

i of the Khuff Formation

HANTFA FORMATION SECTIONS

Section 35.

—

Jabai al Abakkayn

Han'.fa Formation reference lection win mf*sarfid tn a contlnuatu travnraft at Jabal

1 Abakkayn by R. W. Pcnran, L. P, Ramlm, and N. M. Laync, Jr.. In 19491

Limestone of the Jubaila Limestone (Upper Jurassic).

Hanifa Formation:

Oolite calcarenite, yellow to reddish-brown,

tightly cemented, in part sandy, alabby-

weathering, coarse-grained; forms major
bench 2. 5

Poorly exposed; probably yellowish-cream,

chalky, oolite calcarenitic limestone; forms

scree-covered slope 4.8
Oolite calcarenitic limestone, dark-gray, hard,

in part sandy, slabby to rubbly-weathering,

partially dolomitised; interval capped by

very thin bed of golden-brown oolite and

calcarenite. Equivalent to top of Jabal

al Abakkayn 1.9

Oolite calcarenite, yellowish-brown, well-

cemented, sandy, medium-grained; abun-

dant organic detritus on weathered surface 2. 0

yellow, friable, calcareous, finc-

,
rubbly-weatbering 1.6

Oolite calcarenite, golden-brown, wcll-co-

mcnted, medium- to coarse-grained, in

part sandy; abundant fossil debris 1.1

Limestone, cream-colored, soft, chalky, in

part finely oolitic 1.6

Poorly exposed; probably limestone as below

grading upward into tan well-cemented

medium-grained oolite; marked color

3.4

D133

Section 35—Jabal al Abakkayn—Continued

Hanifa Formation—Continued
7
^H'"

1. Aphanitic limestone, calcarenitic limestone, and
shale (94.4 m thick):

Limestone, cream-colored to gray, soft, marly,

in part finely oolitic; forms massive ledge.. 3. 0

Limestone, poorly exposed, cream-colored,

chalky, in part finely oolitic; forms scree

slope with abundant fossils, becoming
harder in upper part at base of prominent
•edge 16.1

Limestone, gray to brown, chalky, rubbly-

weatherlng, in part finely oolitic and poorly

very thin interbeds of

tighUy cemented, coarse-

oolite calcarenite, abundant fossil

fragments throughout. Rubbly-weath-

ering scree slope covers lower part of

interval 18.0

Shale, yellowish-gray to brick-red, chippy-

weathering; several very thin layers of

golden-brown, well-cemented, finely oolitic,

slabby-wcathering, partly sandy calcar-

enite „ 10.1
Limestone, cream-colored to reddish-brown,

soft, chalky and marly, chippy- to rubbly-

ithering, in part finely oolitic, fossilifer-

occasional thin beds of dark-golden-

tightly

in lower part and chcrty at base of interval. 40. 6
Shale, yellowish-tan, chippy-weathering, gyp-

siferous; interval poorly exposed but lith-

ology verified by digging 6. 6

Total thickness of the Hanifa Formation. 113.3
Tuwaiq Mountain Limestone.

Suction 36.— Vicinity of Al Qkaf

I
UeoeraUtml aoctioo of the Hanifa Fonnauon near Al OhAJ; moaaurttntnU by 8. 1.

Roach. 1063]

Dolomite of the Jubaila(T) Limestone (Upper Jurassic). TXickw
Hanifa Formation: [tuttrii

Limestone, tan, granular, chippy-weathering, in part
calcarenitic; top of interval considered possible

equivalent of Hanifa-Jubaila contact but dolomiti-

of marker beds makes placement of

in this area 3.3
Dolomite, light-tan, thin-nodular-bedded, finely crys-

; common relic clastic texture and thin lnter-

of brown, tightly cemented calcarenite. 9. 0
Limestone, off-white to light-gray, abundantly coralUf-

erous, nodular to indistinctly bedded, in large part

calcarenitic; common thin interbeds of tan, tightly

cemented oolite calcarenite ... 23. 6
Calcarenite and limestone; dominantly tan, strongly

cemented, coarse-grained, oolite calcarenite com-
plexly interbedded with tan oolite calcarenitic lime-

stone; some thin interbeds of tan aphanitic lime-

stone; abundant coral heads throughout 1R 8

Dolomite, brown, coarsely crystalline; capped with

thin bed of chert 5. 0

Approximate total thickness of Hanifa Forma-
tion 59.7

Tuwaiq Mountain 1
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Section 37 - Kfnuhm al Fori' id

: mrtm,
Limestone of the Jubaila

Hanifa Formation:

Aphanitic limestone, poorly exposed, light-gray, loft,

platy-weathering, compact, partially doJomitized;

capped by 0.1-m-thick bed of tan, medium- to

coarse-grained, tightly cemented, skeletal-oolite

calcarenite 3. 6

Dolomite, dark-gray, porous, finely crystalline 4. 6

Covered; 1.0-m-thick bed of tan, coral-bearing, medi-

tightly cemented oolite calcarenitic

niddle 13.6

Calcarenite and limestone
;
mainly gray-brown, medium-

to coarse-grained, tightly cemented, corallifcrous-

stromatoporoldal-oolite calcarenite and coarse car-

bonate intimately interbodded with off-white, par-

tially dolomitixed aphanitic limestone 14. 4

Covered 7. 2

Oolite calcarenite, tan, tightly cemented, poorly sorted,

abundantly coralliferous and stromatoporoidal,

coarse-grained to conglomeratic

Calcarenite and limestone; dominantly tan, tightly

cemented, medium-grained to gravel-siied, corallif-

erous-stromatoporoldal-oollte calcarenite; subordi-

nate beds of cream-colored, soft, partially dolomit-

Sbction 38.— Widl NuOk—Continued

12. 5

Total thickness of Hanifa Formation.

Tuwaiq Mountain Limestone.

27.3

§13. 1

R. L. Myers In IMi.

by R. W.

imdtri\

JUBAILA LIMESTONE SECTIONS

Section 38.— Wadl Nitty

llubiila Linuotom nkmct Mellon cotnpodttd (rots three

Wtdl NU»h. The Imrer part <r» described by E. L.

tlM middle by R A. Br»mk«mp ud 8. B. Henry I

Pmn ud II A. McClure In I«8ll

Calcarenite of the Arab Formation (Upper Juraasic)

Jubaila Formation:

4. Aphanitic and calcarenitic limestone (0.0 m thick)

:

Aphanitic limestone, tan to yellow, tight,

chippy-weathering, partially rccrystalliicd

;

single thin bed of gray, tight, skeletal cal-

carenitic limestone near middle.

Calcarenitic limestone, tan to yellow, tight,

chippy-weathering, skeletal; occasional thin

layers of aphanitic limestone and beds of

gray-brown, tightly

• middle and at

(7.0 m thick):

Pellet-skeletal calcarenite, gray to golden-

brown, tightly cemented, fine- to modium-
grained, rarely sandy; thin bed of golden-

brown, tightly cemented, partially

dalomitired, coarse stromatoporoid car-

bonate near base Part of interval is

poorly exposed. . . 7. 0

2. Calcarenitic limestone and calcarenite (20.5 m
thick):

Dolomite, dark

finely crystalline

1. 5

4.5

1. 0

Jubaila Formation- Continued

2. Calcarenitic limestone and calcarenite (20.5 m
thick)—Continued

Limestone and calcarenite; complexly inter-

bedded, off-white to reddish-brown, par-

tially dolomitixed. tight, fine- to

calcarenitic

to golden-l

tightly cemented, partially recrystallised,

fine- to medium-grained, pellet-skeletal

calcarenite

Calcarenitic limestone, cream to yellow, tight,

partially dolomltiied, fine- to medium-
grained, pellet-skeletal; rare thin beds of

aphanitic limestone, common scattered

coarse-grained shell debris at various levels.

I. Aphanitic limestone (84.8 m thick):

Aphanitic and calcarenitic limestone, approx-

imately equal amounts of complexly inter-

bedded, cream-oolored to yellow, tight,

commonly partially dolomitised, very rarely

sandy aphanitic

brown, tight, fine- to

partially dolomitiied, pellet-skeletal cal-

carenitic limestone; occasional thin beds of

tan, tightly cemented calcarenite and finely

crystalline dolomite —
Aphanitic limestone, cream-colored to tan,

chippy- to rubbly-wcathcring, tight, rarely

chalky, commonly sandy; occasional thin

beds of brown, pellet-skeletal calcarenitic

limestone and tightly cemented calcarenite.

12. 5

7.0

22.0

02.8

Total thickness of Jubaila Limestone. . . 118. 3

Hanifa

Section 39— Widl HuraymilA

R. A Br»mi»mp mid S J Konfh, 1SRS]

Breociated calcarenite of the Arab Formation (Upper

Jurassic).

Jubaila Formation:

Dolomite, poorly exposed, light-gray, finely crystal-

line; some partially dolomitized aphanitic lime-

stone.. -

Aphanitic limestone, light-gray, chippy-weathering,

tight

Dolomite, dark-gray, massive, finely to

TkKk

Pellet-oolite calcarenite, cream-colored to

,
tightly cemented, medium- to

common coral heads. Interval

aphanitic and sandy toward top. Forms con-

spicuous ledge. —
Dolomite, gray-brown, medium-grained crystalline; a

few thin layers of aphanitic limestone

Aphanitic limestone, poorly exposed, cream-colored,

soft, chalky; common thin interbeds of calcarenitic

limestone and tightly cemented calcarenite

Sandstone, cream-colored, friable, fine-grained; some
interbeds of tan, soft, sandy, aphanitic limestone. . -

3. 7

4. 5

10.0

8. 4

a 9

5 1

5. 5
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Sbction 39— W&dl Huraymtia- Continued

Jubaila Formation—Continued

Aphanitic limestone, cream-colored, soft, rubWy- to

chippy-weathering, in part

thin beds of brown, tightly

; in upper part

Total thickness of Jubaila Limestone.,

of the Honifa Formation.

74.2

Section 40.— Widyin al Maj&mi

!
i »«wr»li»d BKtlcn ofJuball* Umrjtoo* along Ut 30*17 N. ; mouuremcnU by R. A.

. R. W. Fowcn.N. M Uyn«, Jr.. A. E Claiwnt-. and K R

Limestone of Arab Formation (Upper Jurassic).

Jubaila Limestone:

Dolomite, off-white to gray-brown, porous, in part

poorly exposed, commonly ledge-forming, mostly

medium-grained crystalline; capped by 2.0-m-

thick bed of tan limestone that IocaIIv gra<les to

black-weathering, strongly ferruginous, fine-

grained sandstone. Dolomite includes a number
of coral- and stromatoporoid-bcnrlng bioBtromal

layers

Sandstone, tan to gray-tan, crossbedded, poorly

sorted, friable, rarely conglomeratic; common
fragments of indeterminate marine fossils . .

Dolomite and limestone; poorly exposed but covered

surface littered with red-brown dolomite and gray

and yellow slabs of limestone..

Sandstone, tan, crossbedded, poorly sorted

Limestone, tan, sandy; complexly interbedded with

tan sandstone, yellowish-red dolomite, and brown
sandy coquina 10. 2

Sandstone, brown, crossbedded, poorly sorted, in

part conglomeratic; shell fragments

Total thickness of Jubaila

Hanifa Formation

ARAB FORMATION SECTIONS

Section 41.—Dammam tctll 7 and Abqatq well 71

81. 4

30. 4

12. 2

4. 4

well 7 ami Abqtlq well 71

raaptctmiy. R. A. Bnuukamp tjtd n. A. Kimball ta IMS described tbn type

f*ttl<xi; R. W. Paw-eri in 1M0 deslgnAtad tbr lowermost J7.0 m of Arab Formation
from Abqsli) w«ll 71 a nlnvnw auction bawd on mw D-Membrr
dmloptd through Ihla-wcUon analyata (Powers, 1903)1

Thicknut
to,)

1. 5

Anhydrite of Hith Anhydrite (Upper Jurassic)

Arab Formation'

A Member (16. 8 m thick):

Aphanitic limestone, tan to brown
No recovery .. .. 3. 1

Aphanitic limestone, tan to brown, tight 3. 0

Aphanitic limestone and calcarenite; complexly

interbedded, tan, tight aphanitic limestone and
brown, tightly cemented,

pellet calcarenitc

B Member (1(1 7 m thick):

Anhydrite, white, massive; subordinate

interbeds of tan, partially dolomitixcd, ap-

hanitic

limestone, tan, tight; minor thin

St. 2

4.6

moderately

4.6

Skction 41—Dammam veil 7 and Abqatq veil 71—Continued

Arab Formation—Continued

B Member (10. 7 m thick)—Continued
Dolomite, brown, finely crystalline; relic clastic

texture

C Member (41.5 m thick):

Anhydrite, off-white to gray, rarely brown,

massive...

Aphanitic limestone, brown, moderately porous,

impure; rare irregular blebs of anhydrite

Anhydrite, off-white, massive

Aphanitic limestone, tan, porous, chalky par-

tially dolomiticed; some intergrown brown
coarse anhydrite crystals ,

Dolomite, tan to light-brown, porous, finely

crystalline; relic clastic texture

Calcarenitc, light-brown, moderately cemented,

partially recrystailixed, fine-grained

itic limestone, light-brown, moderately

Calcarenitc, tan, partially recrystailixed, strongly

cemented, fine-grained; abundant intergrown

brown anhydrite in lower part.

Aphanitic limestone, light-brown, compact,

partially dolomitixcd.

Calcarenite, brown, partially recrystailixed and

dolomitized, fine-grained, moderately porous,

pellet

Aphanitic limestone, brown, tight

Calcarenitc, ten, moderately cemented, partially

recrystailixed, fine-grained

Aphanitic limestone, ligl.i-brown, moderately

to tight; thin interbeds of brown,

Calcarenite, light-brown, weakly to tightly ce-

mented, partially recrystailixed, fine-grained,

commonly foraminiferal

Aphanitic limestone, gray-brown, tight, litho-

graphic _

Calcarenite, tan, porous, partially recrystailixed,

flno-graincd

Aphanitic limestone, brown, tight, stylolitic

Calcarenite, light-brown, moderately to tightly

cemcnted, fine- to medium-grained, partially

recrystellixed, rare blebs of anhydrite in upper

part and some coarse fragments of older

limestone in lowor

Calcarenitic limestone,

set in lime-mud matrix.

Calcarenite, brown, moderately
]

clear calcite cement

Calcarenitic limestone, brown, moderately po-

rous, pellet-detrital . —
Calcarenite, tan to brown, porous to moderately

cemented, in part partially recrystailixed, fine-

to medium-grained; small high-spired gastro-

pods and indeterminate molluscs rather

common .......

Dolomite, brown, medium-grained, crystalline;

relic calcarenite texture often with voids in

place of grains. Ghosta of stromatoporoid

fragments

I. 5

12. 1

tt 1

0.6

I. 3

0. 1

2.2

0.4

0. 5

0.3

0. 2

a 2

a i

2. 0

X. 1

0.2

0 3

n i

2. 0

a l

0.3

a l

9. o

1.2
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Section 41.

—

Dammam wtlt 7

Arab Formation—Continued

D Member (55.0 m thick)

:

Anhydrite, off-white,

of

Abqaiq veil 71- Continued

Thietnen

,
very thin

and gray

1.5

Dolomite, brown, porous, finely crystalline; relic

clastic texture and common blebs of brown

and off-white anhydrite as
Anhydrite, off-white, massive; rare laminations

of brown limestone and dolomite 2. 0

Calcarcnlte, gray-brown, strongly cemented,

tight, fine-grained; common crystals of auto-

genic anhydrite- . . - _ tt 5

Dolomite, brown, porous, finely crystalline; relic

clastic texture. 0.7

Anhydrite and dolomite; approximately equal

amounts, complexly interbeddod mottled

white and brown anhydrite and dolomite a 5

Anhydrite, white to palc-gray, massive; occa-

sional irregular stringers of dark-brown limestone. 6. 5

Aphanitic limestone, gray, compact; some dis-

seminated pyrite. . --- a I

Dolomite, tan, porous, finely crystalline; relic

clastic texture and some irregular laminations

of white and brown anhydrite 0. 8

Calcarcnite, tan, moderately porous, strongly

recrystalliied, fine-grained; voids and ghosts

in place of clastic grains— 0. 3

Anhydrite, white to pale-gray, massive: rare

streaks of aphanitic limestone and dolomite. . 0 6

Anhydrite and calcarenite; complexly inter-

bedded white anhydrite and tan, moderately

porous, strongly recrystalliied calcarenite with

relic clastic texture . . 0. 7

Calcarenite, tan, moderately porous, fine-

grained, strongly recrystalliied; grains are

commonly voided 0.4

Anhydrite, white to palc-gray, massive 2. 6

Calcaronltic limestone, light-brown, moderately

porous, poorly sorted, fine- to medium-grained,

partially dolomitlied, aggregate pellet; core

of pellets commonly voided and filled with

chert (variety microcrystalline quarti) and
authigonic anhydrite. Some

Kara Foraminifera. 0. 2

Calcarenitic limestone, brown, tight, poorly

sorted, fine- to medium-grained, dominantly
aggregate pellet; very small patches of pellets

show void porosity and anhydrite filling as

above. Rare isolated coarse crystals of auth-

igenic anhydrite. Foruminifera common 0.4

Calcarenite, brown, tight to moderately porous,

poorly sorted, medium- to coarse-grained,

angular- to well-rounded, pellet-ngal; more

than 30 percent sign I debris, mostly dasyclud

forms. About 30 percent coarsely crystalline

authigenic anhydrite. Foraminifera common 0. 3

Coarse carbonate, brown, tightly cemented,

"algal" nodule; dominantly gravel-siicd aggre-

gates of fine particles with well-developed

concentric layering.. 0 3

Sbction 41.—Dammam veil 7 and Abqaiq well 7/—Continued

Arab Formation—Continued

D Member (55.0 m thick)—Continued

Calcarenitic limestone, dark-brown, tight, well-

sorted, partially dolomltixed and recrystal-

liied; 10 percent fine-grained, well-rounded

aggregate pellets. Dolomite, mosaic ealcite,

and coarse authigenic anhydrite scattered

uniformly through rock. 0.2
Coarse carbonate, brown, moderately porous,

partially recrystalliied, gravel-sited, "algal"

nodule; nodules are composed of lime mud
and sand-sixed grains of algal trash and
pellets, concentric layering is well developed.

Many grains surrounded by a thin crust of

needlelike ealcite crystals growing normal to

the grain surface (drusy coat) tt I

Calcarenite, brown, tight, poorly sorted, fine- to

medium-grained, in part strongly recrystal-

liied and partially dolomitlied, algal debris-

aggregate pellet; large patches have been

recrystalliied to very finely crystalline ealcite

mosaic and original texture is obscure 0.3

Calcarenitic limestone, light-gray-brown, tight,

fine- to medium-grained, partially dolomltixed

and partially recrystalliied, algal; rare Fora-

minifera 0.2
Calcarenite, lithology as in 0.3-m-thick cal-

carenite above 0. 1

Calcarenitic limestone, lighUgray-brown, moder-

ately porous, moderately sorted, partially

dolomitiicd, fecal pellet; pellets are fine to

medium grained, oval shaped, and set in

lime-mud matrix. Irregular flattening sug-

gests pellets soft at time of deposition. Some
algal debris and crystals of authigenic an-

hydrite in lower part; very rare Foraminifera o. 7

Aphanitic limestone, brown, tight, partially

dolomitisod; a few scattered fine-grained

aggregate pellets and fecal pellets 0 2

Dolomite, dark-brown, tight, cuhcdral to partly

0.3

coarsely crystalline anhydrite is intimately

Calcarcnite, brown, moderately porous, well-

sorted, medium-grained, heterogeneous but

dominantly algal debris; 10 to 15 percent

aggregate pellets and ooliths. Drusy coating

is well developed around individual grains.

Interval strongly recrystalliied with dolomite

and large ealcite crystals concentrated in

algal debris which is more susceptible to

alteration than other particle types. Very

Calcarenitic limestone, brown, tight, moderately

sortrd, dominantly fine- to medium-grained,

angular to well-rounded, heterogeneous but

mostly aggregate pellet-algal; some partially

dolomitlied, oolite calcarenitic limestone in

middle part. Much of original mud matrix

appears to be algal dust highly i

recrystaltiiation.

mon

0 I

I. 2
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9ICTION 41.—. f 7 and Abqaiq t

TftictamD Member (55.0 m thick)—Continued

Calcarenite, gray-brown, moderately porous,

well-sorted, medium- to coarse-grained, well-

rounded, aggregate pellet; some algal debris.

All grains surrounded by well-developed drusy

coat of acicular oaleite crystals. Some clear

calcite oement and coarse crystals of authigemic

anhydrite. Rare Foraminifera 0.6

Calcarcnitic limestone, dark-red-brown, mod-
erately porous, moderately sorted, fine- to

a 5

»; 10
i

Original mud
matrix discontinuous and makes up 20 percent

of rock. Some authigenic anhydrite crystals.

AphaniUc limestone, brown, tight, partially

dolomitised; 25 percent uniformly scattered,

finely crystalline euhedral dolomite. Rare
Foraminifera

Calcarcnitic limestone, brown, tight, well-sorted,

well-rounded, aggregate pellet; SO percent

finely crystalline dolomite rhombs and 20

percent medium-grained aggregate pellets in

original lime-mud matrix. Very rare Foram-

Dolomite, brown, finely crystalline;

developed intercrystalline porosity. Thin bed
near top contains about 30 percent chert

cement (variety microcrvstfiUine quarts) and
Home uuthigenic anhydrite that effectively

plug intercrystalline pore space. Dolomite

crystals vary in sise from 0.06 to 0.15 mm
AphaniUc limestone, brown, tight, partially

dolomitised

Calcarcnitic limestone, light- to dark-brown,

poorly sorted, fine- to ooarse-

suiar to well-rounded, moderately

highly irregular owing to odd
particlo shape and common disruption of mud
matrix. Rare Foraminifera -

Coarse carbonate, brown, moderately porouB,

poorly sorted, medium-grained to grnvel-eiied,

aggregate pellet-algal-"algal" nodule; rare

Foraminifera. Bed is moderately well ce-

mented with medium-grained crystalline,

clear calcltc

Calcarcnitic limestone, dark-brown, moderately
porous, "algal" nodule; rare Foraminifera. . .

Coarse carbonate, dark-brown, moderately po-

rous to tight, poorly sorted,

to gravel-sized, angular to

"algal"

Of!

"Algal" nodules commonly
composed of 3- to 10-mm fragments of »tro-

matoporoid encased in concentric layers of

2. 0

0.4

0.3

3. 1

0.2

3.0

0.2

0.2

0.7

Section 41.—Dammam well 7 and Abqaiq mil 71—Continued

Arab Formation—Continued

D Member (55.0 m thick)—Continued

Calcarcnitic limestone, gray to dark-brown,

moderately porous to tight, poorly sorted,

grains dominantly coarse-grained to gravel-

sixed, angular to well-rounded "algal" nodulc-

algal-aggregate pellet; rare Foraminifera and
stromatoporoid fragments. Percentage of

different types of sand- and gravel-ciied

grains quite variable but mud matrix usually

forms 50 percent or more of rock throughout

Pore space most commonly of dis-

type.

3 1

dark-brown, slightly porous,

ledium-grained to dominantly

gravel-slxcd, angular to well-rounded, hetero-

geneous, "algal" nodule; 10 to 15 percent each

of aggregate pellets, stromatoporoid fragments,

and algal debris, rare Foraminifera. About 5

percent mud-sixed grains trapped between

larger clastic particles tends to seal porosity. . 0. 2

Calcarcnitic limestone, dark-brown, poorly

sorted, medium-grained to gravel-aised,

strongly disrupted and channeled, aggregate

pellet; 10 percent algal debris and 15 percent

"algal" nodules; Foraminifera common 0. 2

Calcarcnite, dark-brown, poorly sorted, fine-

to gravel-si sed, angular to

0.2

Calcarcnitic limestone, gray-brown, moderately

porous, poorly sorted, fine-grained to gravel-

sixed, subangular to well-rounded, aggregate

pellet ; 20 percent stromatoporoid fragments

and "algal" nodules occur at several levels;

rare Fornininifera. Some channel porosity

and calcitc cement filling intragranular pore

within individual

Calcarenito, brown, moderately to very porous,

poorly sorted, fine-grained to gravel-sixed,

algal ; about 20 percent each of stromatoporoid

fragments and aggregate pellets, very rare

Foraminifera. Pore shape highly irregular

and often channeled wider than original pack-

ing sixc between grains

Calcarcnitic limestone, medium-brown, poroits,

poorly sorted, medium-grained to gravel-eiied

utromatoporoid-aggregate peUet-"algal" no-

dule-algal; nearly equal amounts of the four

main grain types are set in 15 percent original

mud matrix, rare Foraminifera. Porosity is

highly irregular and involves intragranular a»

well as channel type

Calcarcnite, dark-brown, very porous (20 per-

cent visual), well-sorted, dominantly medium-

grained, well-rounded, moderately cemented,

0 9

a 5

0. «

0. 3
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Section 41 — wtU 7 and Abqaiq vtll 71—Continued

0. 6

0. 2

Arab Formation—Continued

1) Member (55.0 m thick)—Continued

Aphanitic limestone, brown, partially

mitixed; some channel porosity filled with

clear crystalline calcite, some stylolitea, rare

Foraminifera .

Calcarenite, dark-brown, tight, moderately to

strongly cemented, moderately sorted,

medium- to coarse-grained, aggregate pellet;

most pore space filled with clear, coarsely

crystalline calcitc cement (about 30 percent).

Middle part strongly altered to deeply sutured

mosaic of aggregate pellets in stylolitic contact

with adjoining pellets. Significant amounts
of algal debris and selective recrystallixation

of algal fragments and stromatoporoid grains

in lower part. Foraminifera common
Coarse carbonate, light-gray-brown, low poros-

ity, moderately cemented (about 10 percent),

poorly sorted, medium-grained to gravel-sited,

"algal" nodule; each grain surrounded by
drusy coat of acicular calcite crystals generally

followed by calcite cement. Many individual

particles strongly recrystalliicd to mosaic

calcite. Rare Foraminifera

Calcarenite, dark-brown, very low porosity,

well-sorted and rounded, medium-grained,

strongly cemented (about 25 percent), aggre-

gate pellet; about 10 percent medium-grained,

well-rounded fragments of stromatoporoid,

Foraminifera common
Calcarenite, brown, porous, well-sorted, mcdium-

drusy coat around individual

stromatoporoid fragments, algal debris, and
clear calcite cement, Foraminifera very-

common
( 'oarse carbonate, light-gray-brown, very porous,

poorly sorted, dominant!)- gravel-sized, stro-

matoporoid-"algal" nodule; small patches of

aggregate pellets and algal debris, small

amount of mud matrix, rare Foraminifera.

Pore shape is highly irregular and in part

solution channel

CalcarcnlUc limestone, dark-brown, porous,

poorly sorted, fine-grained to gravcl-siscd,

dominant!)- aggregate pellet; common "algal"

nodules and algal debris, some molluwan frag-

ments and Foraminifera common. From 20

to 50 percent original mud matrix 0 4

Coarse carbonate, brown, very porous, gravel-

sised, skeletal

Calcarenitic limestone, light-brown, porous,

poorly sorted, medium- to coarse-grained,

aggregate pellet; Foraminifera common 0. 3

Calcarenite, light-brown, porous, well-sorted,

medium- (o coarse-grained, rarely angular to

very well-rounded, aggregate pellet; 10 to 20

percent each of algal debris, Foraminifera, and
"algal" nodules, rare stromatoporoid frag-

as

0.5

1.6

0.4

0.2

Hbction 41.—Dcmmam wU 7 and Abgaiq iceU 71

Arab Formation—Continued

D Member (55.0 m thick)—Continued

imestone, light- to

to very porous, poorly sorted,

rounded to angular, partially dolomitixed,

dominantly aggregate pellet; abundant stro-

matoporoid fragments, "algal" nodules, and
algal debris at several levels, very rare Foram-
inifera. Common channel porosity, some
intergranular pore shape very irregular LI

Coarse carbonate, light-gray, very porous (in-

tragranular), gravel-aised, stromatoporoid;

about 5 percent well-rounded aggregate pellets.

Very rare Foraminifera.. 0. I

Calcarenite, light-brown, highly porous,

ately sorted, medium-grained to

grain,

0.2

Calcarenitic limestone, dark-brown, highly po-

rous, moderately sorted, dominantly fine to

medium-grained, aggregate pellet; 10 percent

algal debris, rare Foraminifera. "Fecal"

pellets occur in lower part. Irregular shape of

algal debris plus some channeling makes pore

shape highly irregular 0.9

Calcarenite, brown, very porous, well-sorted

and rounded, medium- to coarse-grained,

weakly cemented, aggregate pellet: rare Fo-

raminifera 0 2

Coarse carbonate, gray-brown, very porous,

weakly cemented, moderately sorted, coarse-

drusy coat. Rare Foraminifera ^ 0. 2

Calcarenitic limestone, brown, tight, partially

dolomitixed, moderately sorted, dominantly

fine to medium-grained, aggregate pellet;

some algal debris near top, rare stromatopo-

roid, Foraminifera, and echinoderm fragments

throughout 4.0

Dolomite, light-brown, tight to porous, open

euhedral to strongly sutured anhedral mosaic,

finely crystalline, (average crystal sise about

0.12 mm); 10 percent chert (variety micro-

crystalline quarts) and authigenic anhydrite in

part 1.0

dark-brown, finely cry-

stalline, tightly sutured; small percentage ag-

gregate pellets, stromatoporoid fragments, and

brachiopod debris as well as mud matrix

visible in patches, trace authigenic anhydrite. . 0. I

Calcarenitic limestone, light-gray-brown, mod-

erately porous, tight, poorly sorted, fine-

grained to gravel-sixcd, commonly disrupted,

angular to well-rounded, partially dolomitixed

aggregate pellets; significant amounts of algal

debris, "algal" nodules, and echinoid frag-

ments occur at various levels, very rare Fo-

as
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Section 41.—Dammam veil 7 and Abqaiq well 71—Continued

Arab Formation—Continued

D Member (55.0 in thick)—Continued

Calcarenitc, light-brown, compact, moderately

sorted, angular to well-rounded, aggregate

pellet; pore space is intcrgranular and clean;

however, many grains appear to have been

soft on deposition and later compacted and
distorted. Rare Foramlnifcra 0. 5

Total thic

Jubaila Limestone.

of Arab Formation 124. 0

Section 42.— WAdl Nitty

lOotrellnd taction ot tlx basal Artb ForniaUoc at Wldl NUt; measureir.cnu by
R. W. Power, sad H. A. MeClure In 1MI)

Carbonate of the middle and upper Arab Formation (Upper
Jurassic).

Basal Arab carbonate:

Calcarenite, gray, tightly cemented, fine- to medium-
grained, pellet-skeletal; thin bed of gray, tight,

aphanitlc limestone near middle _ 3.5
Soiution-coUapse breccia, gray-brown, coarse lime-

stone breccia; fragments up to 1.0 m in diameter,

usually angular, set in heterogeneous matrix of jum-
bled carbonate fragments 12. 0

Sandstone, yellow, fine-grained, moderately cemented,

calcareous, rounded to subrounded, quartzose 1. 5

Aphanitic and calcarenitic limestone, alternating layers

of tan, tight, aphanitic limestone with rare blebs of

of anhydrite and reddish-brown, tight, pellet-skel-

etal calcarenitic limestone 3. 5

Calcarenite, yellow-brown, tightly cemented, fine- to

1.

5

Total thickness of basal Arab
Jubaila LlmesUmc.

unit. 22.0

ANHYDRITE SECTION

Section 43.—DM Hit

IHIth AnhydrlU) taction at Dab I BRn tint described md recocnlied aa tbtt type

Oolite (Upper Jurassic?) of 8ulaiy

Diacooformity.

Hith Anhydrite:

gray-tan, thin to platy,

12. 7

bed of gray-tan aphanitic and calcarenitic lime-

stone occurs in lower part . May represent slumped
Sulaiy beds rather than residuum of Hith carbon-

ates but interval originally contained at least one

bed of anhydrite :

Anhydrite, blue-gray, thin, regularly bedded, common
color banding and lamination ; some laminae of yellow

clay shale in upper part. Highly irregular sinuous con-

tact at top with thin beds of anhydrite clearly trun-

cated; knobs and sharp pinnacles of anhydrite

extend up to 0,5 m into the overlying breccia 32. 0

Anhydrite, blue-gray, massive, finely nodular; few

' of white gypsum 2.0

Section 43.— Dahl Hit—Continued

Hith Anhydrite—Continued

Anhydrite, massive; contains alternating bands of

blue and white color a 5

Anhydrite, blue-gray, massive; finely nodular part-

ings . 12.0
Anhydrite, blue-gray; some small nodules in a matrix

of yellow-weathering argillaceous dolomite 2. I

Anhydrite, blue-gray, massive, laminated to platy;

common sinuous partings and blue and while lam-

inations and banding. Wavy flow structure prom-
inent in parts of interval 20. 0

Total thickness of Hith Anhydrite 90. 3

Arab Formation,

8UXAIY FORMATION SECTIONS

Section 44.

—

DM HU

ISalaiy Formation cipoerd in Dabl HU; cliff above and back ilope were ttudMd and

dsdfnatad Bulaly type taction by R A. Bnunkunp and T. C. Barm Id IMS.

Tbe sum* outcrop, reworked tn more detail by ». 1, Roaeh In H83, la fleeo as

Maws]

Calcarenite of the Yatnama Formation (Lower Cretaceous).

Sulaiy Formation: ™
Aphanitic limestone, off-white to tan to gray, thinly

bedded, commonly nodular-weathering, rarely

sandy; common thin interbeds of pellet-skeletal

calcarenitic limestone and tightly cemented

calcarenite — 14.3

Aphanitic limestone, light-gray, cream- colorcd-

wcathcring, thinly bedded, moderately porous . . . 7. 0

light-gray, cream-colorcd-

nodular-bec

thin interbeds of yellow-tan,

pellet-skeletal calcarenitic limestone and calcar-

enite 40.0

Aphanitic limestone, light-gray, cream- colored-

weathering, thinly bedded, tight to moderately

porous; a few thin beds of yellow-tan, pellet-

skeletal calcarenitic limestone and calcarenite- ,

Top of interval caps escarpment above Dabl Hit 44. 5

Calcarenitic limestone, tan to brown, rarely sandy,

pcllct-skelctal; some interbeds of aphanitic lime-

stone and skeletal calcarenitc 20. 0

Aphanitic limestone, tan, thinly bedded, nodular,

moderately porous; rare shell fragments 5. I

Calcarenite, tan, thinly bedded and nodular, tightly

ccmcnted, pellet-skrletal ; at places grades to co-

quinoid calcarenite with pellet matrix. Small

pebbles of older limestone are common in calcar-

enite beds. A few thin interbeds of tan, moder-

ately porous aphanitic limestone. . . 12. 6

Aphanitic limestone, gray, tan-weathering, tight to

moderately porous, thinly bedded and nodular;

rare thin interbeds of calcarenitic limestone. All

beds ore about 0.1 m thick and separated by

well-defined bedding planes - - - UL 7

Calcarenite, tan, tightly cemented, irregularly bedded,

pellet-skeletal. 12.0

Total thickness of Sulaiy Formation. 170. 2

Hith Anhydrite.

-TTft O—AO JO
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Section 4S.-Ntar lot tS'SO' S.

H. W. Pcnrtra tad H. A. McChirr, 1MZ|

Calcarenite of Yumama Formation (Lower CreUccoua).

Sulaiy Formation:

Aphanitic limestone, golden-brown, tight, partially

dolomitizcd _ 2. 0

Pellet calcarenite, golden-brown, moderately sorted,

medium- to coarse-grained, tightly cemented; abun-

dant Foraminlfera and pcleeypod debris 1.8

Calcarcnitic limestone, light-brown, moderately po-

rous, chalky; 20 percent coarse-grained pelccypod

and gastropod shell debris. Original shell material

altered to clear, coarsely crystalline calcitc. Lower
1 .0-m-thick bod is tan aphanitic limestone 3. 2

Pellet calcarenite, tan, fine-grained, well-sorted, tightly

cemented ; abundant Foraminifcra 2. 0

mestone, tan, moderately porous, chalky;

thin beds of brown, moderately porous,

.. 35. 5

Covered interval; thickness unknown T

Aphanitic limestone, tan, moderately porous, chalky;

thin beds of tan chalky, medium- to coarse-grained,

pellet- molluscan calcarenitic limestone occur near

top 5. 1

Pellet calcarenite, dark-brown, well-sorted, fine- to

medium-grained, tightly cemented; thin bed of tan

chalky aphanitic limestone occurs in upper part . 4. 0

Aphanitic limestone, tan, moderately porous, rarely

1; common outlines of monaxon sponge spic-

A 2.0-m-thick bed of brown, rarely sandy,

chalky, pellet calcarenitic limestone occurs near

.. 5.5

.. 1. 5

Aphanitic limestone, tan, moderately porous, chalky;

rare scattered molluscan debris and some sponge
spicules. Occasional thin beds of brown tight, fine-

to medium-grained, pellet calcarcnitic limestone. 14. 5

Base of section probably near slump contact of Arab and Sulaiy

Formations.

YAMAMA FORMATION SECTION

Section 48.— Vicinity of lot U'Ol' N.

1Yamama Formation nferaooe kcUoo via nuuurad sad samptod la detail by R. w.

Powon and II. A. McClun In IM2 near Tldalty of ljrp« aacUon about » km wrath

of Al Yamamah (tee pL 17)]

Caleiruditc of the Buwaib Formation (Lower Cretaceous).

Unconformity.

Yamama Formation: (stSrS*

3. Calcarenite and aphanitic limestone (16.0 m thick):

Pellet calcarenite, golden-brown, well-sorted,

fine-grained, sparsely sandy 3. 0

Covered; rare exposures of off-white, chalky,

aphanitic limestone; upper 0.5 m forms cap
of off-white nodular limestone 3. 4

Aphanitic limestone, light-brown, tight; 5 pcr-

gc spicules. Oyster bed 1.1 m
top. 1.6

\
Section 46.-V'.Wnt7

tf
of lot H'OV S.-

Yamama Formation:—Continued

3. Calcarenite and aphanitio limestone (16.0 m thick)—

Continued

PeUet-foraminifcra calcarenite, brown, mod-

erately well sorted, tightly cemented ; 20 per-

cent tabular disarticulated pcleeypod valves

showing strong linealion parallel to bedding

and set in matrix of medium- to coarse-

grained pellets and Foraminifera all tightly

cemented with clear secondary calcitc.

Hill-capping unit 0. 4

Calcareous sandstone, golden-brown, tight,

quartxosc; 50 percent fine- to medium-

grained, subrounded to angular quartz sand

uniformly admixed with lime-mud matrix . 0. 6

Covered .. 1.0

Pellet calcarenite, golden-brown, well-sorted,

fine-grained, rounded, tightly

abundant calcitc-replaced monaxon

spicules and scattered pelccypod debris 1.5

Covered 2. 0

Pellet calcarenite, golden-brown, moderately

well sorted, medium- to coarse-gralDcd,

tightly cemented, clean-washed; 5 percent

ratine pcleeypod debris and Foraminlfera

commonly scattered through the pellet cal-

carenite matrix .. 2.0

Pellet calcarenite, dark-golden-brow u, well-

sorted, very fine grained, tightly cemented;

calcarenite so uniformly sorted and tightly

nilic limestone with well-developed coochc-

idal fracture. Rare chert nodules. Exten-

sive bench former; bed caps all hills in the

area 0. 5

2. Aphanitic and calcarenitic limestone (10.1 m thick):

Aphanitic limestone, tan, moderately porous,

chalky, slightly sandy 1.5

Coarse pcleeypod calcarenitic limestone, tan

to medium-brown, tight, poorly sorted; 50

percent disarticulated pelccypod valves,

in a Ught-cr

Isolated
]

of clean, current-washed, tightly cemented

Foraminifent-pcllct calcarenite. Pelccypod

debris replaced by clear crystalline calcitc.

Echinoids rather common 1.0

Aphanitic limestone, light-tan, moderately

porous, chalky 0.7

Koramin ifera-pellet calcarenite, golden-brown,

tightly cemented, well-sorted; 5 percent re-

crystallized pelccypod shells 0. 5

Aphanitic limestone, light-tan, moderately

porous, sparsely sandy; abundant monaxon

(?) sponge spicules scattered throughout;

very rare molluscan debris 13
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Sbction 46.— Vicinity oflalU'Ol' N.—Continued

Varnama Formation—Continued

2. Apbaniiic and caicarcnitic limestone (10.1 m
thick)—Continued fti*"'

II

mately intci bedded with

caicarcnitic limestone aa below,

and Foramlnifcra uniformly scattered

through both rock type*. Weathered bench

surface contains abundant, well-preserved

pelecypods, cchinoids, and scarce ammonites.

Pygvrut cf. P. rottraiut common 0.5

Coarse molluscan calcarenitic limestone, brown,

tight, poorly sorted; 60 percent calcite-re-

placcd, gravcl-sixed pclccypod and gastropod

shells randomly oriented in lime-mud matrix

and commonly infilled with lime mud.
Forms brown, biogenio limestone bench 2. 5

Partly covered; probably off-white, soft,

chalky, aphanitic limestone 2 1

I. Calcarenite and coarse carbonate (19.4 m thick):

moderately well sorted, fine-grained, strongly

laminated, tightly cemented; disarticulated

pclccypod valves show definite lineation par-

allel to laminations. Foraminjfera and

gastropod debris common. Very thin bed of

pclccypod calcarenitic limestone near top.

Upper 0.3-m-thick bed forms prominent dip

... a 3

gastropod carbonate, brown, poorly

60 percent

gastropod remains commonly infilled with

cream-colored lime mud. Some gravel-cited

fragments of tan aphanitic limestone appar-

ently derived from older limestones. About

20 percent fine- to medium-grained Foram-

inifera.. L 6

Pellet calcarenite, golden- to reddish-brown,

generally well-sorted, tightly cemented, very

fine to medium-grained; Foraminifora and

molluscan debris common. Occasional thin

beds of brown, poorly sorted, tightly ce-

to gravel-eised,

gnatropod carbonate. Single 0.3-m-

thick bed of golden-tan, tight aphanitic lime-

stone 2.7-3.0 m below top of interval 9. 5

Covered 1.0

Pellet calcarenite, as below, top of unit forms

extensive dip slope. 1. 5

Covered _ 1.0

Pellet calcarenite, brown, poorly sorted, tightly

cemented ; poorly preserved arenaceous Fo-

raminifera common. About 20 percent of

debris is of organic origin, dominantly mol-

luscan 1.5

Total thickness of Yamama Formation. . . 45 5
Sulaiy Formation.

47.-AW Khaf. Dagkrah

IBtmlb Formation reference accUoo »u measured end Mm pled In 1W2 In detail by
K. W. Powsn ud 11. A. MeCrore 14 km norths* or Khef. Dsftinh la rtetattr of

IMHW N)

Sandstone of the Biyadh Sandstone I,owcr (Cretaceous)

B.. r ,. ,

r'.:U-"
uwaib Formation: (ntMrt)

Coarse pclccypod carbonate, golden-brown, gravel-

siied, poorly sorted, sandy; almost exclusively pclc-

cypod hash. Most pclecypod shells leached or

replaced by clear crystalline calcite, rare original

shell material. Angular to mibroundcd medium-
uarts sand common 0. I

reddish-brown, rarely sandy, medium-
grained crystalline; abundant ghosts of ealeile-

replaccd pelecypod shells 1.9

Coarse pclccypod carbonate, reddish-brown, poorly

sorted, strongly rccrystallizcd and partially dolo-

mitiicd; original texture partially obliterated by
recrystallitation

;
however, still possible to recognize

original textural elements including pclecypod shells,

pellets, and secondary calcite cement. 0. 2

Pellet calcarenite, golden-brown, moderately cemented
very commonly sandy, well-sorted, fine- to medium-
grained 0. 6

Aphanitic limestone, brown, tight, partially reerystal-

litcd; forms soft rubbly bench.. 1.0

Coarse pclccypod carboi.-.te, golden-brown, dominantly

gravel-sized, moderately cemented; pclccypod shells

replaced by coarsely crystalline calcite or leached;

remaining internal molds of lime mud are most com-

mon gravel-sized grain 0. 2

Poorly exposed; probably olivc-grocn shale and impure

aphanitic limestone; 0.1-m-thick beds of brown,

rarely sandy, tightly cemented pellet calcarenite,

form weak benches 2.0, 4.0, and 4.4 m above base of

interval 6. 3

Sandstone, dark-brown, strongly weathered, quartzose. 1. 0

MoUuscan-foraminifcral calcarenite, golden-brown,

poorly sorted, tightly cemented, partially rccrystal-

liicd; large amounts of indeterminate molluscan?

shell debris, Foraminifcra, and pellets I I

Dolomite, reddish-brown, medium-grained crystalline,

moderately porous; 10 percent original calcific matrix

preserved in intcrcrystalline areas 1.5

Pellet calcarenite, golden-brown, very fine grained,

angular to well-rounded, tightly cemented, well-

sorted; angular naturu of many of the carbonate

grains indicates possible derivation form older

limestone. Top of bed forms major dip slope. . 0. 3

Pellet caicarcnitic limestone, light-brown, tight, par-

tially recrystallixed
;
rccrystallixation of mud pellets

and mud matrix tends to obscure caicarcnitic nature

of bed 0.5

Aphanitic limestone, tan, porous, rarely sandy, chalky;

scarce monaxon sponge spicules and scattered mol-

luscan remains and pellets 2.0

Total thickness of Ruwaib Formation I". 7

Sulaiy Formation.
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Section 48.

—

Qatr Him&m

Sandstone of the Biyadh Sandstone (Lower Cretaceous).

Buwaib ForroaUon: oll^'
Sandstone, yellowish-brown, silty, Bnc- to medium-

grained, friable; common interbeds of light-gray

sandy limestone and some reddish-brown dolomite. 8. 2

Aphanitic limestone, gray to tan, soft, shelly ; common
thin interbeds of greenish-gray marl and shale and
tan, coarsely skeletal calcarcnitic limestone and
tightly cemented calcarcnite 14.6

Aphanitic limestone, cream to tan, foasilifcrous, platy

to rubbly-weathering; occasional thin beds of cal-

carenitic limestone and calcarenite - 22. 2

Arab Formation.

BIYADH SANDSTONE SECTION

Section 49— Al B\y04

[Biyadh Sandstone typo •ectlon wu mosind mod dtscrtbod by I). A. Holm tod
N M Lsyne, Jr . In IMS In Al Blytd about X km loath of Widi
BaliM']

Sandstone of the Wasia Formation (Middle Cretaceous).

Unconformity (not exposed at type locality).

Bivadh Sandstone:

4. Sandstone (101.8 m thick) : V&Z,"
Covered 23. 8

Sandstone, black-weathering, massive-bedded;

forms weak bench 1.0

Sandstone, poorly exposed, coarse-grained to

pebbly 20. 0
Sandstone, gray, nodular-weathering 1. 0
Sandstone, coarse-grained, in part friable,

crossbedded ; common quartz pebbles 35.0
8andstonc, gray, sugary, hard, crossbedded.. 7. 0
Covered; probably friable quarts sandstone;

some shale at base 14.0

3. Shale, limestone, and marl (10.8 m thick)

:

Limestone, brown to tan, tight, bench-

forming; weathers to black chips on dip

slope. 0. 5

Shalo, green to tan, soft, gypsifcrous - - - 3. 7

Marl, tan to buff; forms weak bench 0. 3

Shale, red, sandy _ 0. 9

Marl, brown to yellow, sandy; forms several

weak ledges 3. 3

Shale, red to tan to gray, in part hematitic. - 2. 1

2. Poorly exposed sandstone (205.2 m thick)

:

Sandstone, cream-colored to gray, cross-

bedded, fine-grained, sugary, porous,

friable 1. 7

forms weak bench, weathers to chips of

ironstone 1. 8

Covered 23.0
Sandstone, black-weathering; forms thin

lodge 0. 1

Covered 37. 0

Sandstone, brown, coarse-grained; forms

low bench 2.0
Covered

; sandy plain . . 40. 0

Sandstone, gray, massive, tightly cemented. 1. 0

Section 49. -Al Bit*] -Continued

Biyadh Sandstone—Continued

2. Poorly exposed sandstone (205.2 m thick)

—

Continued VJ?J0?.'S

Covered & 0

Sandstone, gray, tightly cemented, massive. . 6. 0

Poorly exposed ; soft shale and sandstone. ... 43. 0

Sandstone, black-weathering, conglomeratic. 0. 1

Covered 6. 0
Sandstone, white, massive 0. 5

Covered; probably soft shale and sandstone . 15. 0

Sandstone, gray, massive 1. 0

Poorly exposed; red clay shale. 19. 0

1. Sandstone (107.2 m thick):

Sandstone, brown, massive, coarse-grained . . 17. 0

Covered; probably soft shale and sandstone. 34. 0

Ironstone, thin, black-weathering, nodular;

caps low hill 0. 1

Shale and sandstone; poorly exposed, gray

shale and brown friable sandstone 15.0

Sandstone, brown, platy; impressions or casts

of tree trunks - 4.0

Sandstone, platy, black-weathering; forms

low bench.. 0.1

Covered; probably friable sandstone; forms

flat plain - - 110
Sandstone, black to brown, platy, ferruginous,

nodular. . 2. 0

Sandstone, brown, iron-stained, coarse-

grained... — ... 4.0

Sandstone, brown, massive, coarse-grained.. 20.0

Total thickness of Biyadh Sandstone 425. 0

Buwaib Formation.

WASIA FORMATION SECTIONS

Section 50—RW
|WuU Formation typo tccttoo wu measured ind described by R A Bramkanp end

8 J R<«Khtal»M»tWi«l1

Dolomite of the Aruma Formation (Upper Crctaeeous).

Disconformity.
nut*»**»

Wasia Formation: (i«rrr.>

Sandstone, brown and yellow-weathering, very fine to

fine-grained, in part silty; scattered quarts pebbles.

Crossbcdding is usually well developed except in

uppermost part. Fossil wood is present as ferru-

ginous molds. 18. 2

Shale, red and purple, silty; some green clay shale,

and thin brown to black ironstone partings common.

A single 0.1-m-thick reddish-brown sandy, silty

dolomite with white-filled vugs at base. Elsewhere

nearly similar dolomite layers occur at higher levels.

At one locality just cast of WasJ' a local lens of

cream-colored, colored, nodular, fine-grained lime-

stone up to 2 m in thickness, containing rare ammo-

nites, extends laterally for about 200 in. NeolobiUt

vibrayeanui, cidaroid cchinoids, and pelocypods

occur in carbonate lens.. --- 8-1

Sandstone and siltstone; buff and red-banded, fine-

grained; shows small-scale crossbedding 5. 3

Shale, green, brown-weathering, silty sandy 6. 4
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Ml
and siltstone; gray, green, and red, rcla-

thin-bedded, silly fine-grained sandstone and
3. 0

Total thickness of Wasia Formation 42. 0

Biyadh Sandstone.

Section 51.— Vicinity of SakOkak

[(Xoenllaed action of Ihe Wult (Sekeka) ForauUon near Seklkeh; meaaaramenu
by D. A. nolin end 8. D. Bonn, IMJ]

Limestone of the Aruma Formation (Upper Cretaceous).

Unconformity. Amaiwu,
Wasia (Sakaka) Formation:

Siltstone and sandstone; thin, alternating beds of

variegated siltstone and off-white to gray, red- to

tan-weathering, commonly croasbedded sand-

stone;, some reddish-brown micaceous laminae.

Thin layers of ironstone occur at several levels 100

Sandstone, off-white to gray-brown, brown- and
red-weathering, massive, crosebedded, fine- to

medium-groined, micaceous; occasional lenses of

mottled clay shale 145

nc; thinly interbedded red,

., friable,

Approximate total thickness of Wasia (Sakaka)

Formation 285
Jauf Formation.

Section 52— WOdlal <Alk

i typo mcUoq ru——si and described by 8 I. Roecb la INS
In ana )mt muiIi of WM1 el 'Atk]

Dolomite of the Umm er Kadhuma Formation (Polco-

eene and lower Eocene)

.

Amma Formation: (meim)

4. Shale and dolomite (Linn member, 32.9m thick:

Shale and dolomite; complexly interbedded

yellow-weathering dolomitic shale and
pink-, blue-, and yellow-mottled, platy,

Dolomite, yellow-, pink-, and bluc-motUcd,

thinly bedded, platy, argillaceous 7.8

Dolomite, blue-gray, sucrose crystalline, ir-

regular rubbry bedded; abundant forami-

nifera 3.2

Limestone, tan, gray-weathering, fine-

grained; irregular nodular bedding . 0.6

Marl, grooniah-gray, granular, silty. 2.0

Limestone, cream-colored- to yellow-weather-

ing, granular, massively bedded; thin beds

of crystalline, nodular limestone at top

and bottom __ 1.0

Shale, brown-weathering, flaky, calcareous:

a few Hi

Section 52 Wdtfl al 'Atk—Continued

Aruma Formation—Continued
Disconformity.

3. Dolomite (upper Atj member, 27.8 m thick:

Limestone, tan, brown-weathering, detrital

and oolitic; a few thin beds of sucroso gran-

ular dolomite. Orbitoids and large gas-

tropods locally abundant. Upper part of

interval is commonly silicified. Strong

bench at top

Dolomite, tan, brown-weathering, sucrose

granular, in part argillaceous and rubbly-

wcathcring; scattered patches of oolite and
detrital limestone. Forms strong bench

at top

(middle Atj member, 41.0 m thick:

olored, tan-wcalliering,

chalky, granular, sparsely detrital, mas-

sively bedded, mostly rubbly-weathering;

alternately forms strong and weak benches.

Limestone, cream-colored, brown-weathering,

massively bedded, soft, chalky and slightly

argillaceous

Shale, green, brown-weathering, flaky, fissile;

in port calcareous varying to a marl and
argillaceous limestone along strike. Abun-
dant corals and Foraminifcra (Lojlutia) . .

.

1. Calcarenitic limestone flower Atj member, 40.0 m
thick):

Molluscau calcarenitic limestone, tan, brown-

of abundant rudistids,

istropods set in matrix

of chalky limestone. Bedding is irregular,

rubbly weathering, and biostromal

Calcarenitic limestone, cream-colored, tan-

wcathcring, chalky, nodular; abundant

carbonate material . . . _ -

Calcarenitic limestone, cream-colored, tan-

weathering, chalky, nodular; abundant

clastic carbonate debris. Nodules are set

in a matrix of sandy marl

Dolomite, reddish-brown, dark-red- to brown-

weathering, granular, sandy; a few small

pebbles and abundant vugs, many filled

with white coarsely

Total thickness of Aruma Formation -

Wasia Formation.

5.0

22.6

34.0

3.2

3.2

0.4

16 0

16. 0

1.6

141. 5

KADHUMA FORMATION SECTION

Section 53.— Al Bafin

1 1'mm »r Redhiuna FanneUun reference tccUon

W. II. Rcles end K. 1). MaclKuxaU In IMS In the Al Ilitln <

Sandy limestone of Miocene and Pliocene age.

Unconformity.

Umm er Kadhuma Formation:

2. Calcarenitic limestone, aphanitic limesto

dolomite (140.4 m thick) :

Covered 2- 0

Dolomite, light-brown to gray, medium-

groined to finely crystalline, upper 1.0 m
relic clastic texture *• »

fmKert
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4.2

cherty limestone surface

Marl, off-white to light-yellow, soft, dul

pure, fine-grained

Aphanitic limestone, light-gray, tight, sili-

Calcarcnitic limestone, gray, tight, skeletal..

Dolomite, light-gray, tight, finely crystalline;

common relic clastic texture. Abundant
fossil trash in upper part.

Calcarcnitic limestone, light-brown, tight,

Aphanitic limestone, light-gray, tight, thinly

laminated, chalky, slightly fossiliforous. .

.

Dolomite, brown, medium-grained crystalline;

weathers dark gray

Aphanitic limestone, light-gray, chalky,

slightly fossiliferous, partially dolomitized.

Covered ......

Aphanitic limestone, light-gray, black-mot-

tled, tight, slightly fossiliferous; some
patches strongly fossiliforous, siliceous,

and partially dolomitized

8. 5

7. 0

Section 53. Al Bdfin— Continued

I'min cr Itadhuma Formation Continued

2. Cnlcarenitie limestone, aphanitic limestone, and
dolomite (140.4 m thick)— Continued

Covered

Dolomite and limestone; browi>, medium to

coarsely crystalline dolomite alternating

with thin beds of pellet calcarcnitic lime-

stone and tan soft chalky limestone 8 0
Aphanitic limestone, light-gray to tan, vuggy,

partially dolomized; some megafoasil shell

debris. Upper bed strongly dolomitized

and weathers to nodular surface

Calcarcnitic limestone, gray to tan, irregu-

larly bedded, partially dolomitized, pellet

;

total interval has brccciated appearance,

rare Kornminifera

Aphanitic limestone, gray-brown, tight, par-

tially dolomitized, commonly fossiliferous:

interval capped by thin bed of fine-grained

pellet calcarenitic limestone U. 0

Calcaronitic limestone, dark-gray, irregularly

bedded, fine- to medium-grained, commonly
fossiliferous, pcUet-detrital; thin bed of

brown, friable, coarsely crystalline dolomite

at top

Aphanitic limestone, gray, tight, rarely fos-

siliferous

Calcarenitic limestone, gray, tight, partially

dolomitized, pellet-fossilifcrous; red-brown

to black and cherty on weathered surface.

Aphanitic limestone, gray, tight, rather com-
mon pelccypod shells

Calcarenitic limestone, gray, tight, in part

partially dolomitized, coquinoid; thin bed

of nibbly-weathering dolomite near middle.

Aphanitic limestone, gray, finely laminated,

tight, hard, Biliceous 1.2

Calcarcnitic limestone, gray, tight, fossilif-

crous-detriul; pcleeypods rather common.
Aphanitic limestone, off-white, brittle to

partly chalky, slightly siliceous; capped by

7.5

2. 8

3 I

0. 5

It -

2. 5

I. 0

1. 0

2. 0

2.6

2. 0

0. 5

4. 7

3. 7

1. 5

J I!

l.G

Id

2. 0

2. 6

2 M

4 6

1.0

Section 53. -.4f J9<J{in Continued

Umni er Hadhuma Formation— Continued

2. Calcarenitic limestone, aphanitic limestone, and
dolomite (140.4 m thick)— Continued

Tmrffrl"

Covered 2.0

Aphanitic limestone, tan to gray, tight,

slightly fossiliferous, irregularly bedded,

chalky, partially dolomitized; rather rare

gastropods throughout and some r'oram-

inifera near top

Calcarcnito, light-gray, moderately friable,

skeletal (coqulna)..

Aphanitic limestone, off-white, tight, very

thin bedded, fossiliferous; siliceous in upper

part becoming chalky in lower; small pele-

cypods, shell debris, and r'oraminifera

common _.

Calcarenitic limestone, light-gray, soft, po-

rous, slightly fossiliferous, in part siliceous,

pellet - - .

Aphanitic limestone, yellow, porous, fossilif-

erous, thinly laminated, alternately chalky

and siliceous 2.2

Calcarenitic limestone, gray, fossiliferous.

pellet

Aphanitic limestone, gray, in part siliceous,

fossiliferous

Dolomite, gray, tight, finely crystalline; sur-

face weathers to small nodules

Aphanitic limestone, off-white to gray, tight

to slightly porous, rarely fossiliferous,

partially dolomitized; large vugs lined with

coarse calcite crystals in lower part and
common veinlels of calcite in upper 3, 3

Calcarenitic limestone, gray, tight, coquinoid;

upper part with common pellets -

Aphanitic limestone, gray, tight, commonly
chalky, partially dolomitized, foseilifcrous,

rarely siliceous; beds with concentration*

of gastropods common
Calcarenitic limestone, gray, tight, coquinoid.

1. Aphanitic limestone (102.7 m thick);

Aphanitic limestone, gray, tight, partially

dolomitized, chalky, commonly fossilifer-

ous; 4.0 m thick covered interval in lower

put..........
Dolomite, blue-gray, tight, fossiliferous, very

finely crystalline; common vugs and rare

small gastropods and pcleeypods .

Covered.. 3. 2

Dolomite, gray, light, finely crystalline;

weathers gray to black 10
Covered 1- 8

Dolomite, gray, mottled black, fossiliferous,

finely crystalline; fossils completely re-

placed by dolomite 1,0

Aphanitic limestone, off-white to light-gray,

thin-bedded, partially dolomitized, chalky,

commonly fosaillferous
;
poorly exposed in

lower part 18.2

Aphanitic limestone, mostly concealed, prob-

ably white, chalky - - - 3. 2

4. S

7.3
1. 0

22. 4

5. 7
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Ihi;: ri'ir

Section 53.—Al ,

['mm cr Radburna Formation—Continued

1. Aphanitic limestone (102.7 m thick)

Aphanitic limestone, off-white to light-Bray,

stained in lower part, commonly
chalky, rarely siliceous

;
gas-

tropods and pclccypods at several levels,

rare Foraminifera throughout. Rare vugs. 34. 4

Aphanitic limestone, dark-gray, tight, vuggy,

platy-wcathcring, strongly dolomitized, in

part siliceous; conchoids! fracture. 3. 0

Aphanitic limestone, mottled tan and dark-

gray, rubbly-wcathcring, tight, partially

dolomitUed; vermiform weathering surface

in lower 2.0 m. Rare, poorly preserved

Foraminifera 7. 2

Dolomite, dark-gray to yellow and white-

mottled, light, sugary, finely crystalline;

off-white to tan nodular wcAthercd surface. 1. 0

Total thickness of I "ram cr

Formation

Formation.

243. 1

RUB FORMATION SECTION

Section 54. Umm ar Ru'Ut

! Ru» Formation type aacUoo wm measured and described bjr R. A. Bramkamp In

lMflat Umm at Ku'oi)

.Shale (lower Eocene) of Dammam Formation.

Rus Formation: (Mml
3. Limestone, whiU', soft, chalky, porous; several thin

beds of calcarcnitc at top 3. 6

2. Marl and limestone; light-colored marl with local

irregular masses of crystalline gypsum and occa-

sional thin harder limestone beds; geodal quartz

is present al several levels 31. S

I Limestone, gray to buff, compact, commonly par-

tially dolomititcd; minor bods of soft limestone

made porous by leaching of small organic remains.

Rare quartz geodes in lower part and are typical

of uppermost beds 21. 0

Total thickness of Rus Formation. . 56. 4

Dolomite of the Umm er Radhuma Formation.

DAMMAM FORMATION SECTION

Section 55.

—

Near Dhahran

IDaomam Formation refcreoot atcUon waa nwaaured and described by R. W
Vawen. al C Ooffleld, and R W. Schneider to ISM to the Ttetolty at Dhahran)

Sandy limestone of the Hadrukh Formation (lower Miownc?).
Inconfonnity.

Alat Member (15.0 m thick)

:

Limestone, cream-colored to tan, chalky, porous,

commonly dolomitic; abundant molds of mol-

luscs and other indeterminate organic debris. 9. 0

Marl, light-colored, commonly cream-colored

—

orange in subsurface—locally strongly argil-

laceous, dolomitic; abundant discrete dolomite

it in marl or clay matrix 6. 0

Section 55. Near Dhahran- Continued

Dammam Formation Continued

Khobar Member (9.3 m thick)

:

Limestone, Light-brown, partially rccrystallized,

tight, nummulitic 3. 0

Limestone, yellow-brown, soft, marly.. t. 2

Limestone, off-whit<\ partially recrystallizcd,

tight, nummulitic 3. 0

Marl, off-white to tan, dolomitic 1.5

Alvoolina Limestone Member (1.0 m thick):

Limestone, light-tan, partially rccrystallized, tight

;

abundant Akeolina tliplica vnr. floteulina. . . 1.0

Saila Shale Member (4.2 m thick)

:

Shale, dark-brownish-yellow, mibfiseile clay-shale 3. 0

Limestone, gray-buff, tight, Akeolina cf. A
decipiens common 0. 6

Midru Shale Member (3.0 m thick)

:

Shale, yellow-brown, fissile, very thinly laminated. 3. 0

Total thickness of Dammam Formation 32 5

Rus Formation.

HADRUKH FORMATION SECTION

Section 56.—Jahal al HaydarQk

irmaUoo typo jocliun waa mfasurvd and described t.y \Ux Stetoeke

and T W. Koch to IBM al Jaliol al IlaydarOk)

Limestone of the Dam Formation (middle? Miocene)
TAlrtafJ*

Hadrukh Formation: imttm)

Sandstone, buff, conrw-grained, foseiilifcrous . abun-

rlant calcite crystals, fish and echinoderm remains. 3. 8

Marl, white, conglomeratic 0. 5

Sandstone, buff to yellow-green. . 1. 5

Clay, green --. - 2. R

Sandstone, gray-green, medium-grained. 0.3

Clay, green - L 8

Gypsum and abundant chert; becomes marly eastward. 1 6

Sandstone, green, medium-grained. 1.8

Clay, green, gypsiferous - - - L 8

Sandstone, buff, fine-grained, marly. . 3. 3

Sandstone, buff and brown, medium-grained .
5. 0

Marl, white, platy-weathering. L 0

Clay aud sandstoue; alternating green clay and gypnif-

erous sandstone; abundant chert concretions o. 0

Marl, white, clayey 0-3

Clay and sandstone; alternating green clay and

mcdium-grained sandstone: abundant cliert con-

cretions :J 0

Clay and sandstone; green gypsiferous clay and fine-

grained sandstone; abundant chert 1.6

Sandstone, buff and gray, mcdium-grained, marly. .
10

Clay, green; thin bed of green fine-grained friable

gypsiferous sandstone in middle. . . 4. 0

Sandstone, green, hard 5 e

Sandstone, green, fine-grained, friable; common lam-

inations of green clay, gypsum, and chert 2. 5

Sandstone and marl; white marly sandstone and con-

glomeratic marl - 2. 0

to pebbly - 1"
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Section 56.—Jabal at HaydarUk—Continued

Hadrukh Formation—Continued

Marl, gray, very sandy; occasional thin beds of off-

white sandy limestone and tan friable sandstone. 32. -

r
>

Total thickness of Hadrukh Formation. - - 84. 0
Dammam Formation.

DAM FORMATION SUCTION

Section 57.

—

Jabal al Lidim
|l>am Formation typ* taction measured and described by Mai Htelnrt* and T, w.

Koch In lUS at Jabal al Lldbn)

Clay of the Hofuf Formation (Miocene or Pliocene).

Dam Formation : V™*""
Marl, gray, fragmental, fossiliferous 1.0

Marl, pink, strongly argillaceous ... 1. 0

Mod, white, tough.. l. 0
Clay and sandstone ; red and green sandy and silty

clay and red sandstone. . 8. 0

Marl, buff to white, pebbly; abundant red marl frag-

ments. Thin bed of conglomerate at top. ... 1.7

Marl, white, chalky 1. 6

Chalk and sandstone; white chalk and gray cross-

bedded sandstone; fossils at base.. . 1. 0

Marl, gray and buff, thin-bedded, fossilifcrous 1.0

Marl and clay; white marl and green clay I. 8

Marl and clay
;
yellow foasiliferous marl and green clay . 1.0

Sandstone and marl; gray-green sandstone and buff

conglomeratic fossiliferous marl 1.0

Clay, green 7. 5

Covered 0. 5

Limestone and marl; tan tight sandy limestone and
buff fossiliferous marl L 4

Marl, limestone, and sandstone; buff and white marl,

yellow fossiliferous limestone and sandstone. .- 12.6

Covered . . 0. 5

Limestone, tan, sandy 0. 5

Marl, greenish-tan, fossiliferous, sandy. 2. 6

Sandstone, greenish-yellow. . 1.0

Marl, white, chalky. 0. 2

Marl and sandstone; white tough foraminiferal marl

and gray oolitic sandstone 2.0

Marl, while, fossiliferous & 8
Marl, off-white to yellow, chalky, sandy, fossiliferous;

Foraminifera common - 4. 8

Limestone, tan, marly, fossiliferous; abundant Foram-
inifcra. 3.6

Marl, buff and white, tough 1.0

Clay, green . . . 1. 8

Limestone, greenish-tan, fossiliferous, sandy 1. 8

Marl, grccnish-gray, fossiliferous, chalky 7. ,'l

Marl, abundant echlnoids form "Button bed" essen-

tially an cchinoid coquina.. 1.0

Marl, white, chalky, foraminiferal.. 3. 5

Sandstone, marly 2. 0
Marl, buff, fossiliferous 1. 5

Sandstone, hard, oolitic; few fossils 1.0

Sandstone, white, very fossiliferous, marly; few echi-

noids 2. 8

Clay, green 0.5

Marl and sandstone; white sandy marl and marly sand-

stone 0. 5

Total thickness of Dam Formation 90. 8

Hadrukh Formation.

HOFUF FORMATION SECTION

Section 58.—.War Al liufaf

[Hoful Formation type SKUonm measured and described by Mai Strtnokit and
T. W. Koch in IMS near Al nufuf]

Surficial deposits (Quaternary).

Unconformity.

Hofuf Formation:

4. Conglomerate (9.1 m thick):

Conglomerate, gray, marly, limestone; lime-

stone boulders in mnrly quartz sand matrix. !i. 1

3. Sandstone (48.6 m thick)

:

Sandstone, alternating rod ami white, argil-

laceous.... 48. 0
2. Limestone (18.2 m thick):

Limestone, white, chalky, sandy; weathers to

granular calcitic sand 16.2

Limestone, brown, bench-forming 2 0

1. Conglomerate (19.1 m thick):

Conglomerate; rod and white limestone boulder

and pebble 17. I

Marl, mottled greenish-gray and reddish-

brown 2. 0

Total thickness of Hofuf Formation 05. 0

Dam Formation.
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FOREWORD
This volume, "The Otology of the Arabian Peninsula," is a logical consequence of the

geographic and geologic mapping project of the Arabian Peninsula, a cooperative venture

between the Kingdom of Saudi Arabia and the Government of the United States. The Arabian-

American Oil Co. and the U.S. Geological Survey did the fieldwork within the Kingdom of

Saudi Arabia, and, with the approval of the governments of neighboring countries, a number of

other oil companies contributed additional mapping to complete the coverage of the whole of

the Arabian Peninsula. So far as we are aware, this is a unique experiment in geological

cooperation among several governments, petroleum companies, and individuals.

The plan for a cooperative mapping project was originally conceived in July 1953 by the

late William E. Wrather, then Director of the U.S. Geological Survey, the late James Terry

Duce, then Vice President of Aramco, and the late E. L. deGolyer. George Wadsworth, then

U.S. Ambassador to Saudi Arabia, and Sheikh Abdullah Sulaiman, then Minister of Finance

of the Government of Saudi Arabia, lent their support to the plan. In November of the follow-

ing year, 1954, Director Wrather approved the U.S. Geological Survey's participation and
designated G. F. Brown responsible for the western Arabian shield region in which he had
previously worked under U.S. foreign-aid programs. In January 1955 F. A. Davies, Chairman,
Board of Directors, Arabian-American Oil Co., approved Aramco's participation and appointed

the late R. A. Bramkamp, chief geologist, responsible for compilation of the area within the

Kingdom where the sediments crop out. This responsibility fell to L. F. Ramirez following

the death of R. A. Bramkamp in September 1958.

R. A. Bramkamp and G. F. Brown met in New York in February 1955 and planned the

program, including scales of maps, areas of responsibility, types of terrain representation,

and bilingual names. Thus there was established a cooperative agreement between the King-

dom of Saudi Arabia, the U.S. Department of State, and the Arabian-American Oil Co. to

make available the basic areal geology as mapped by Aramco and the U.S. Geological Survey.

The agreement specified publication of a series of 21 maps on a scale of 1 : 500,000, each

map covering an area 3° of longitude and 4° of latitude. Separate geologic and geographic

versions were to be printed for each of the quadrangles; both versions were to be bilingual—in

Arabic and English. A peninsular geologic map on a scale of 1 : 2,000 ,000 was to conclude the

project.

High-altitude photography, on a scale of 1:60,000, of the Kingdom of Saudi Arabia was
initiated during 1949 by the Aero Service Corp. and completed in 1959. Both third-order

vertical and horizontal control and shoran were utilized in compiling the photography. This

controlled photography resulted in highly accurate geographic maps at the publication scale

which then served as a base for the geologic overlay. The topography of the sedimentary

areas was depicted by hachuring and that of the shield region by shaded relief utilizing the

airbrush technique.

The first geographic quadrangle was published in July 1956 and the last in September

1962. While preparation of the geographic sheets was in progress, a need arose for early

publication of a 1 :2,000,000-scale peninsular geographic map. Consequently, a preliminary

edition was compiled and published in both English and Arabic in 1958. The second edition,

containing additional photography and considerable new topographic and cultural data, was
published in 1963. The first of the geologic map series was published in July 1956 and the

final sheet in early 1964. The cooperative map project was completed in October 1963 with

the publication of the 1 :2,000,000-scale "Geologic Map of the Arabian Peninsula" (Miscel-

laneous Geologic Investigations Map 1-270 A).



IV FOREWORD

As work on the quadrangles progressed, geologists, companies, and governments working

in areas adjacent to the Kingdom of Saudi Arabia were consulted by Aramco and invited

to participate in the mapping project. The number of cooperating participants was expanded

to 11, which included the operating oil companies in the peninsula and which are identified

elsewhere in this text; the Overseas Geological Surveys, London; the Government of Jordan;

F. Geukens, who had worked in Yemen; and Z. R. Beydoun, who had studied the Eastern

Aden Protectorate. With the close cooperation of the authors, the new data were added to

data already plotted on the base map of the Arabian Peninsula.

As the geological coverage of the peninsular map grew, the need for a text to accompany
the map became apparent to both the U.S. Geological Survey and the Aramco geologists.

Exploratory conversations were begun by Aramco with companies working in the other countries

of the Arabian Peninsula for their participation in the preparation of a monograph on the

geology of the Arabian Peninsula. Each author prepared a description of the geology of the

area for which he was responsible, as shown in the sources of geologic compilation diagram

on the peninsular map. The U.S. Geological Survey undertook the publishing of the volume

as a professional paper, and the Government of Saudi Arabia was to finance its printing.

It was early agreed that there would be no effort to confine the contributions to a standard

format and that no attempt would be made to work out an overall correlation chart other

than shown on the "Geologic Map of the Arabian Peninsula." Thus, the individual style

of authors of several nationalities is preserved.

Cooperation and relations have been of the highest order in all phases of the work. The
project would not have been possible without the full support of the U.S. Department of State,

the Kingdom of Saudi Arabia, and all contributors. In fact, the funds which made publi-

cation of this volume possible were contributed by the Saudi Arabian Government.

The data provided by the maps and in the professional paper provide information for

an orderly scientific and economic development of a subcontinent.

0*.
Arabian-American Oil Co. (Retired).

W. D. J^h/ston, Jr., C/
Former Chief, Foreign Geology Branch,

U.S. Geological Survey.
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SOUTHWESTERN IRAQ

By K. M. Ah Naqib'

ABSTRACT
Southwestern Iraq covers all Iraqi territory sooth of lat

82* N. and west of the Euphrates River. Slightly to the north,

the areas oldest rocks (Lower Triasslc?) crop out In the

Gaara depression where they are succeeded by Middle and
Upper Triasslc, Rhaetlc, and Lower and Middle Jurassic

rocks. The Middle Jurassic sequence is unconformably over-

laln by Cenomanlan sandstones and limestones; the gap in

sedimentation diminishes away from the Ga'ara area. The
Cenomanlan deposits are succeeded by Upper Cretaceous lime-

stone. The Cretaceous sedimentation In southwestern Iraq

was due to periodic epelrogenetic withdrawals, which are re-

flected in a series of sedimentary cycles characterised by

strong dlachronlsm of the sediments. A sequence of Paleocene

and Eocene deposits corers most of the area In long scarpy

strips. On the east side the Miocene limestones, evaporites,

overstepping, however, seems to be more extensive and covers

large areas in the west Ollgocene deposits are not recognized

in the area. Indicating a major pre-Miocene unconformity. The
Pliocene and Pleistocene sequence covers the southeastern

part of the area, the transition from Miocene to Pliocene dep-

osition seems to be gradatlonal. Descriptions of 27 forma-

tions have been made In some detail.

Structurally, the area constitutes a small part of the Interior

Homocllne of the Arabian Peninsula. It la simple, flat-lying

country with very gentle dips to the east and northeast. There

are a few depressions in the central parts which may be In-

dicative of deeply buried graben systems accentuated by the

solution-collapse effects. There is evidence of relatively

times, which Influenced the realms of sedimentation more than

the epeirogenetic movements during Cretaceous and Tertiary

times. In southern Iraq these movements are still active

and influence the retreat of the Persian Onlf. Minor linear

structural elements, oriented north-northwest and north, occur

in the area of Tertiary outcrops. These were possibly Initi-

ated on deeply buried old faults which were activated by re-

Oll was found In commercial quantities In the sand reser-

voirs of the Zubalr Formation, In the Zubalr and Rumalla

fields, after considerable effort, energy, and Investment by

the Iraq Petroleum Company, Ltd., and its associate the

INTRODUCTION

The area of present review covers a territory of more
than 82,000 square kilometers lying south of lat 32° N.,

and is limited by the Euphrates and Shatt al Arab
Rivers on the east and by the Iraq-Saudi Arabia and
Iraq-Kuwait borders on the west and south.

During the early 19th century many scientists and
scholars who were interested in the archaeology of

southern Iraq, a classic area, attempted to explain

their findings geologically. Beke (1835) described

the geological evidence of the advance of the land at

the head of the Persian Gulf and commented on the

alluvium of Babylonia and Chaldaea. Ainsworth
(1838) gave the geological results of the Euphrates
Expedition wluch was conducted by Colonel Chesney.

With increased demand for oil, interest in the

petroliferous area of Mesopotamia and in its geology
grew. In 1905, II. Bucking, C. Porro, and Kissling

reported on the seepage areas of the Euphrates and
Tigris Rivers. Two years later, P. Grosskoff reported

on the petroleum deposits of the area for the Turkish
Civil List. Geological interest increased and author-

ities such as Pascoe (1922) made more serious and
prolonged surveys and evaluations of the general area.

G. W. liaise in 1918 examined the bituminous districts

west of Euphrates River.

These surveys in southwestern Iraq, however, were

only reconnaissance in nature. Greater attention to the

geology of western Iraq was paid by A. H. Noble and
L. D. Evans, who spent parts of 1919 and 1920 conduct-

ing a general geological reconnaissance of Iraq, the pri-

mary aims of which were the establishment of a strati-

graphic section for the area and the investigation of

the most important structures from the point of view

of petroleum.

With the 1925 Oil Concession agreement, the Turk-

ish Petroleum Company, Ltd. (later renamed the Iraq

Petroleum Company, Ltd.), commenced an intensive

geological reconnaissance in Iraq. In the course of

Gl
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this, H. de Hoeckh, who had made some investigation

in western Iraq in 15)24, revisited the area in the spring

of 1925 with S. L. James, G. M. Lees, and F .D. S.

Richardson. During 1023-29 A. C. Trowbridge, E.

W. Shaw, A. H. Noble, Bourchicr, and II. De Boeckh

undertook general geological reconnaissance and in-

spection of the possible oil prospects in western Iraq.

Exploratory activities were cut back in 1929 after

a decision was made to devote all available resources

to the development, of the Kirkuk field, where oil had
been struck in October 1927.

Interest in the western desert was not confined to

petroleum exploration alone. Geologists were inter-

mittently active in investigating potential ground-

water supply. An excellent work reporting on the

progress of hydrological inquiries in the area was
made by W. A. Macfadyen and S. D. Bekhor during

April and May 1934. Macfadyen (1938) described

the geology of the area in some detail, discussing both

stratigraphy and structure in relation to water

resources.

Interest in the petroleum possibilities of southern

Iraq led to the incorporation, on July 22, 1938, of the

Bashrah Petroleum Company, Ltd., an associate of

Iraq Petroleum Company, Ltd. A week later a con-

vention was made with the government of Iraq, where-

by the Company was granted a 75-year oil concession

covering southern Iraq, which extended from the 33d
parallel southward to the borders of Iran, Kuwait, and
Saudi Arabia. The area of the present review, which
comprises most of the southern desert west of the

Euphrates River, together with the District of Brasa,

occupies the western and southern part of this conces-

sion. The convention became operative on November
30, 1938, on which date its ratifying law was published

in the Iraqi Government Gazette. Article 4 of the

convention required the Company to conduct a detailed

geological survey before July 30, 1939.

Company geological field parties and a torsion-

balance survey party under contract, from the Torsion

Exploration Co., Texas, began operations in the area

in January and March of 1939, respectively. This

early geological investigation varied in scope and
nature; it embraced reconnaissance geologic mapping
as well as detailed mapping of selected areas and strati-

graphic as well as structural studies. It included

systematic aerial reconnaissance as well as topographic

surveying. The geological field parties operated con-

tinuously until May 1941, when exploration was tem-

porarily suspended because of civil disturbances within

Iraq and because of the general stringencies imposed

by world war. By this date a considerable area of the

western desert of Iraq had been examined by geol-

ogists. The early investigators in this field included

T. F. Williamson, D. C. Rogers, W. T. Foran, II. L.

Thompson, H. Hotchkisa, H. Huber, H. Badoux, and
F. Kubba under the general direction of the Chief

Geologist, N. E. Baker. In September 1940 the tor-

sion-balance party was replaced by a gravimeter party
from the Mott Smith Corp., Texas, which left Iraq

in April 1941 at the time of the revolt

During the war years attention was chiefly paid to

solving difficult, detailed problems of stratigraphy,

partly through laboratory studies of samples collected

prior to 1941. Fieldwork was on a restricted scale

because of the shortage of staff.

During the years following World War II, geo-
logical exploration activities continued in the southern
desert. Geological field parties engaged in detailed

structural mapping, stratigraphic investigations, and
reconnaissance surveying. These were supported by
photogeologieal and topographical surveys and by a

limited program of structural drilling of shallow holes

with an M. I. Failing rig. The structure drilling was
restricted to selected areas such as Luqait, Shagra,
Abu Ghar, Takhadid, Dimana, and Galaib and had as

its objectives the investigation of gravity anomalies,
the confirmation of localized structures, and the clari-

fication of fncies changes. Field investigations were
discontinued when the Iraqi Government ordered sus-

pension of the Company's exploratory activities in

April 1961 as a result of the breakdown of oil negotia-

tions. During the period 1946-61 a great many Com-
pany geologists, under the successive guidance of N. E.

Baker, F. E. Wcllings, and C. E. Thiebaud, con-

tributed to the geological knowledge of the area

through field investigations, subsurface studies, labora-

tory and stratigraphic correlations, and palcontolog-

ical studies. These contributors, whose work is

contained for the most part in unpublished reports of
the Company, include C. Andre, A. S. Abbo, R. V.
Browne, R. C. van Bcllen, Z. R. Beydoun, M. Chatton,

J. M. Cox, E. J. Daniel, H. V. Dunnington, E. K.
Elliott, G. F. Elliott, II. A. Field, T. Fothergill, D.
Glynn Jones, A. S. Halliwell, E. Hart, F. R. S. Hen-
son, J. M. Hudson, R. G. S. Hudson, J. P. Jaccard,

A. V. James, K. D. Jones, F. A. Al Kasim, A. P.
Leggat, J. McGinty, J. M. Macleod, S. Marchant, S.

C. McKinley, G. Medaisko, D. M. Morton, K. M. Al
Naqib, S. Nasr, R. M. V. Rabanit, R. M. Ramsden,
M. Roy, I. Rolleigh, A. Th. C. Rutgers, V. M. Safar,

H. M. Saleh, A. S. Sayyab, A. H. Smout, T. P. Storey,

W. Sugden, K. F. M. Thompson, F. J. Venn, P.

Walmsley, R. Wetzel, and E. Williams-Mitchell. Non-
Company geologists who published reports on the

geology of the region are included in the bibliography.
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Geophysical work by a combined gravity and mag-
netic survey party recommenced after the war years

in Novemtar 1945, the first area to be investigated

being Zubair. In the following year, geophysical ac-

tivities were increased to a scale greater than at any

time since 1940. Three geophysical survey parties

(ono seismic and two gravity and magnetic) of the

Robert Ray Co. were engaged on extensive explora-

tory work in the western desert during 1918 and 1949.

Seismic parties of the Independent Exploration Co.,

Ltd., London, using reflection and refraction techni-

ques, were also doployed in this area. In 1951 two

double gravity-magnetic geophysical parties of the

Robert. Ray Co., and one party of Seismograph Serv-

ices, Ltd., operated intermittently in the area and were

employed in different parts of Iraq according to sea-

son. The geophysical surveys were supplemented by

topographic as well as aerial surveys. The geophysical

investigation continued at about this intensity through

ensuing years. In June 1956 the Company, in addition

to the contractors' crews, organized its own seismic

crew which started operation near Karbala.

After the Suez crisis and sabotage of the Syrian

pipelines in 1956, exploration activity was redured dur-

ing 1957. However, during the following years, until

the suspension of exploration by order of the Iraqi

Government in April 1961, full-scale exploratory ac-

tivities were carried on. By 1964 the gravity survey

had covered the entire area of the present review, while

seismic-survey coverage was largely confined to par-

ticular areas for example. Basra, Qasr Shagrah dis-

trict, and Shawiyat.

The results of the early geophysical surveys sug-

sested the existence of some potential oil-bearing struc-

tures. Accordingly, test wells were drilled on the

most promising of them at Zubair No. 1 (Feb. 14, 1948,

to Mar. 13, 1948), Xahr Umr No. 1 (Mar. 23, 1048, to

Feb. 13, 1949), and Ratawi No. 1 (Nov. 30, 1948, to

Mar. 18, 1950). The first two wells penetrated oil

sands, Zubair No. 1 between 10,200 and 11,100 feet and

Nahr Umr No. 1 below 8,000 feet. In September 1948

the Iraq Petroleum Company informed the Govern-

ment that oil in commercial quantities had been dis-

covered. More wells were drilled at both places, but

the second well at Nahr Umr encountered water; to

produce oil for export at the earliest possible time, all

the drilling efforts were concentrated at Zubair.

Drilling activities were greatly intensified during

1950, and the transition from exploratory operations

to the development of the Zubair field was accom-

plished. By the end of the year the laying and welding

of the entire Zubair-Fao 12—16-inch pipeline was com-

pleted, and work on terminal and field installations

and facilities was progressing well. At the end of 1951

the first jetty (No. 3) at Fao was completed, together

with berthing and mooring dolphins. The M. V. Niso

was the first ship to berth at. the jetty. She sailed with

a cargo of 11,043 tons of oil on December 21, 1951.

The official inauguration of production from the Zu-

bair field took place on January 10, 1952. In February

of the same year, a 50-50 profit-sharing agreement,

negotiated in 1951, ws approved by the Iraqi Chamber
of Deputies and ratified by the Senate, retroactive to

January 1951.

Prior to the commencement of production, 12 wells

had been completed in the Zubair field. The increasing

exploratory activities of the Company were rewarded

by the discovery in 1953 of the Rumaila field, 20 miles

west of Zubair. Drilling on a geophysical prospect

began on February 21, 1953, and oil was found in the

first well, under conditions similar to those prevailing

at Zubair.

With this discovery, attention in the following years

was directed to the development of the Rumaila field.

For the purposes of immediate production, however,

reliance was mainly placed on Zubair, where 38 wells

had already been completed. The Company switched

the emphasis of its activities from Zubair to the de-

velopment of the Rumaila field in 1955, with the object

of increasing the production rate to 8 million tons per

year.

In 1953 a 24-inch pipeline was laid between Zubair

and Fao. As the development progressed as planned,

some effort reverted to exploratory drilling. The ex-

ploratory well Rachi No. 1 (June 11, 1956, to Jan. 11,

1957) was drilled to a depth of 12.959 feet, but the re-

sults were disappointing. Exploration activities were

intensified, and the western desert received further at-

tention which continued until the suspension of ex-

ploration in April 1961.

During this period the following wells were drilled

west of the Euphrates River: Samawa No. 1 (Aug. 31,

1958 to Nov. 9, 1959) ; drilled to a depth of 12,602

feet, was plugged back owing to disappointing results;

Tuba No. 1 (Mar. 3, to Dec. 27, 1959), on reaching

depth of 11,940 feet, was completed as an observation

well; and Nahr Umr Xo. 3 (.Mar. 2 to Oct. 11. 1958),

with a total depth of lit, 109 feet, found oil in the Nahr

l
Tmr sands. North-northwest of An Najaf, two wells

—

Kill Xo. 1 (Sept. 21, 1959, to July S. 19C.H) ami Kid

Xo. 2 (Jan. 23, to Fel>. 2«, 1961)—were drilled to total

depths of 10,681 and 6,293 feet, respectively, some oil

having been found in the Zubair Formal ion in the first

well.

On the deep wells Ideal 100 rigs were used. How-
ever, an H 525 Rambler rig was used to drill shallow
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stratigraphic and structural test wells such as Shawiya i

No. 1, Ghalaisan No. 1, Safawi No. 1, and Ubaid No.

1, which did not exceed 6,000 feet in depth. Shawiya
No. 1 (Feb. 15, to Apr. 20, 1960), which was completed

at a depth of 5,8.53 feet, found the Zubair Formation
waterlogged. Except for the presence of some gas

in the Nnhr Umr Formation, the findings were similar

in Ubaid No. 1 (Nov. 2, to Dec. 12, 1960), which was
completed at a depth of 6,050 feet. The results of the

wells Ghalaisan No. 1 (May 15, to July 25, 1960
; 6,533

ft) and Safawi No. 1 (Aug. 17, to Oct. 9, 1960
; 6,000

ft) were also disappointing, but oil in good quantity

was found in the Zubair Formation in Luhais No. 1

(Jan. 17, to Apr. 15, 1961). This well was plugged at

a depth of 9,616 feet after the general suspension of

exploration in April 1961.

By 1964 there were 39 wells in each of the two oil

fields of Rumaila and Zubair. The productive length

of the Rumaila fields has proved to be at least 60

kilometers.

Oil production from these fields is maintained by an

elaborate modern system of pipelines, degassing sta-

tions, tank farms, and oil-terminal facilities. A 16-inch

pipeline between Rumaila and Zubair was commis-

sioned in October 1957. To handle an envisaged in-

crease in production rate, the deep-water terminal of

Khor al Amaya was constructed in the Arabian Gulf
during 1959-62, and a 30- to 32-inch pipeline between

Zubair and Foa was laid parallel to the 24-inch pipeline.

The old 12- 16-inch pipeline was realined and converted

for gas transmission.
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GENERAL GEOMORPHOLOGY

Southwestern Iraq as a whole is relatively flat, though
there are very gradual and gentle rises in altitude from
east to west and from south to north. The rise in alti-

tude along the Shatt al Arab and Euphrates Rivers is

gentle, between Al Faw (Fao) and Bahr al Mill), west

of Karbala, amounting to only 245 feet (74.6 meters),

whereas southwestward from Al Basrah on the Shatt
al Arab to the Iraq-Saudi Arabia Neutral Zone, the

rise in altitude is five times as great in about one third

of the distance. In the extreme west, at Jabal Unazah
(Anciza), where the borders of Iraq, Saudi Arabia,

and Jordan intersect, altitudes are as much as 3,084

feet (940.1 m) above sea level. Even here, the region

has a general east-northeast slope, toward the Eu-
phrates—the only perennial river.

The region has been subdivided by various authors

into a number of physiographic areas (Macfadyen,

1938; Mitchell, 1956). For purposes of the present re-

view the following subdivisions are recognized:

Mesopotamian alia rial plain covers the area between

the Euphrates and Tigris Rivers and comprises flat

country surfaced by Recent alluvium (or locally by the

marine Hammar Formation).

Sand done belt, according to Macfadyen (1938),

forms an area 10-15 kilometers wide on the east border

of the southern desert of Iraq, and separates it from
the Euphrates River. It extends from south of An
Najaf to the Wadi Batin in the extreme south.

Ad Dibdibba gravel and sand region occupies the

southern part of Iraq and is bounded roughly to the

north and west by Jaliba, Abu Ghar, Al Busayyah,

Jahmah, B'ir Juraybt'at, and Al Waqisa. Outlying

areas of physiographic similarity are to be found near

An Najaf and Karbala, in the north.

Al Hajara limestone region includes most of the area

under review. The surface is largely made up of lime-

stone outcrops, at some places obscured and littered

with residual flints and cherts.

Al Widyan country covers a large area south of the

Ga'ara in lat 33°30' N, and west of long 43° E. It

consists of a vast plain gently rising westward so as to

appear almost flat. The geomorphic expression of the

region is largely a function of the geologic framework

of the area and particularly of the lithologic character-

istics of the constituent outcrops. The different phys-

iographic belts or areas are discussed below in some
detail.

MESOPOTAMIAN ALLUVIAL PLAIN

In southwestern Iraq the Mesopotamian alluvial

plain extends west of the Euphrates River as a mi rrow

belt and consists of mudflats and sabkhas, which re-

ceive the drainage of the numerous shaibs and wadis
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during the wet season. The s&bkhas are soft rather

saline mudflats, which in many places hold moisture

even through the dry season; they are, as a result, very

difficult to cross. They cover extensive areas between

Ur Junction and As Samawah, and hinder transport

from the desert to the railway. In the south, sabkhas

also occur along tho margins of Hawr al Hammar ;
they

extend northward as far as An Najaf. Their magni-

tude and characteristics vary from place to place.

SAND-DUNE BELT

The rather mobile sand-dune belt covers the eastern

part of the territory. It may transgress to any of tho

other adjacent physiographic zones, the Mesopotamian

plain, Al Hajara, or the Dibdibba.

AD DIBDIBBA QRAVEL AND SAND BEOION

The Ad Dibdibba zone is distinctive in its physi-

ography ; it is largely flat, low, and scrub covered. The
Wadi Bat in, cut into the Dibdibba plain, forms a con-

spicuous negative feature which defines part of the

Iraq-Kuwait boundary. In southwestern Iraq the Dib-

dibba extends westward from the Shatt al Arab and

Euphrates (Hawr al Hammar) Rivers in the cast to

the vicinity of Qasr Shaqrah and Al Busayyah and
into the Iraq-Saudi Arabia Neutral Zone. Here the

terrain is rather flat, having but a few slightly higher

isolated elongated hills. The country is covered with

gravel and sand. The gravels are of various igneous

and quartz pebbles, and the coarse sands are in places

cemented into hard grit.

South-southwest of Az Zubair village and very close

to the Iraq-Kuwait border, the Jabal Sanam stands

out as a solitary and isolated hill. It has an altitude

of more than 500 feet in a low-lying region whose alti-

tude elsewhere ranges between 50 and 150 feet above

sea level. This prominent and impressive feature is a

piercement salt dome (the only one in Iraq), tho de-

tailed geology of which is still obscure. The drainage

system of Ad Dibdibba is apparently controlled by the

Boliya-Ar Rachi topographic feature. The surface is

sandy and gravelly with good porosity; and because

the rainfall is generally slight, drainage lines have not

been significantly incised, except for the long, deep,

and very straight Wadi Al Batin, which runs north-

eastward. The other shaibs and wadi courses on the

east side of the Boliya feature show a gradual swing

in direction northeast to north toward Hawr al Ham-
mar, as evidencod in Shaib ash Shich, Shaib al Ubtain

(Butayn), and Shaib al Adhbi. Most of the courses

west of the Boliya-Ar Rachi feature end in gentle

closed depressions, forming a kind of internal drain-

age basin, such as that at Khor Ash Shihiyat.

AL HAJARA LIMESTONE BEOION

The Al Hajara region takes its name from the

weathered rocky limestone tcrrane of Huweimi and
Shawiya outcrops that extends between Shabicha and

Xisab (Ansab), where travel by vehicles is extremely

difficult. In this region Ad Dibdibba morphology gives

way to a topography which is controlled by a sories of

scarps that, radiate around a point just to the south of

the Iraq-Saudi Arabia Neutral Zone. These scarps and

alinements, of variable form and size, are from cast to

west as follows : Al Busayyah, At Traq, At Takhadid,

Al Waqisah (Wagsa), AlQasas, and Al Batn. Each
scarp line passing northward takes on a general north-

northwest trend extending toward Wadi Al Ghadaf,

north of the area. The scarps coincide with different

beds of the Dammam and Umm er Radhuma Forma-

tions. Their general distribution can clearly be appre-

ciated from the geologic map (pi. 1). In the Hajara

region there are a number of broad depressions which

form internal drainage systems.

Westward from the Euphrates Limestone Forma-

tion, the outcrops are almost flat. The topography

changes in the area of Dammam limestones. The main
feature in the southern part, beginning north of Aim
Ghanzir (lat 30° 17' N., long 45' •>.'»' E.), is the big

scarp of At Traq, trending generally southward; local

cmbayments face towards the east (for example, Fay-

dat az Zahrn, near Shibrumiya, Ad Dayir). Near

Kashmat al Muharh, the trend of the scarp swings due

east, toward Tuqaivid, and from there it again trends

southward and then disappears east of the north tip

of the Neutral Zone. The difference in altitude be-

tween tho scarp and the low-lying ground west of it is

as much as 50 meters.

West of At Traq, a higher ridge trends north-north-

west. Toward the north it disappears in the vicinity

of Zuin, and in tho south it plunges underneath the

Dibdibba Formation. Another prominent feature is

Ohabd (Kabd), which is a flat-topped hill farther west,

rising SB meters above the surrounding low-lying coun-

try and characterized by the steep cliffs which delimit

it. Some distance west of this is another scarp that

trends north-northwest.

Still farther west, there are two dominant topo-

graphic features: the Wagsa-.Iil Raschid scarp and the

Al Batn scarp. Both are alined roughly north-north-

west and face westward, forming three distinct paral-

lel strips or zones, which are gently tilted to the north-

east. The most easterly zone extends from Xisab ( An-

sab) to Ash Shabakah (Shabicha), and then to the

west edge of tho very rocky area known as Al Hajara.

The second strip, between tho Batn and Wagsa scarps,

is named Al Basita; this is also rocky in parts, but is
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not marked by any very distinct drainage system. The
7-one below the Batn scarp, known locally as Hamrat
al Batn, is more dissected than the Basita area; its

drainage is poorly defined, and the terrain is dotted

with numerous small depressions, each having its own
catchment.

Farther north, all these scarps and features tend to

lose their distinctive characteristics. West and south-

west of An Najaf and Karbala the area becomes rather

tabular. Hills (mesas) capped by silicified limestone,

occur in the eastern belt and are generally small, being

some 10-20 meters alx>ve the plain or wadi floor. Old

wadis, dating from pre-Zahra or even pre-Fars times,

cut only slightly into the stratigraphic succession and

reveal minor scarps from time to time, although col-

lapse structures, slumping, and bending of beds general-

ly smooth out the morphology.

Two major scarps dominate the topography of this

part of the region: The first of these is the Upper Fars

scarp, which forms the first major scarp on the west

side of the Mesopotamian structural valley. Its aver-

age height is 50 meters; it has a rouirhly northward

trend; and it extends far beyond the limits of the area

considered. The second is the Batn az Zawr scarp,

which like the Upper Fars scarp is due to differential

erosion of regionally tilted rocks. Near the top of the

Dammam chalks is a bed of chert, 0.5 meter thick, so

competent and resistant to erosion that it virtually

controls the sleep scarp face which extends for a long

distance, and it can lie considered as the extension of

the Wagsa scarp. This scarp forms the eastern bound-

ary of an extensive Miocene Zahra-Euphrates embay-

ment of deposition that transgressed over all forma-

tions in the area, from Miocene to Cretaceous. Erosion

of these later sedimentary rocks is responsible for the

varied irregular hummock and plain topography of

the broad area to the south of Nukayb (Nukhaib).

A number of wadis. including Wadi Arar, Wadi Ha-
mir, and Safawiyat (Shaib) Al T'baydat, which have

their origin in Saudi Arabia drain into gentle depres-

sions south of Nukhayb, such as Khabra al Qatah and

Faydat al Adyan.

Tn the extreme southwestern part of Al TTajara. north

of Al Busayyah toward Abu Ghar, the Euphrates

limestones form numerous isolated hills, especially in

the region of Al Afaif. The flower Fars Formation,

which occurs between the Euphrates limestones and
Dibdibba beds, generally forms a pronounced ridge.

The drainage here flows toward the north into the

sand-dune belt on the west bank of the Euphrates
River. The principal intermittent water courses are

the Shaib Abu Ghar with its tributaries, Shaib Juda
and Shaib Luwaihadh. Some distance farther west,

Shaib Sudayr drains a big part of the territory covered

by Tuqaiyid limestone, which underlies the Euphrates

Limestone Formation. The drainage system in the

western desert is characteristically subdivided between

those shaibs which drain into the Euphrates River and
those with interior drainage into inland depressions,

mudflats, and lakes.

The Tuqaiyid. Barbak, and Ghanimi sedimentary-

rock units extend north-northwestward from the Al
Busayyah area toward al Khirr, where they overlie the

Euphrates limestone. The regions covered by these

units are generally flat, the dip and slope commonly
toward the northeast. The drainage lines have the

same trend. These include Shaib al Ghanimi, with its

tributaries Shaib al Arjawi and Shaib Abu Finajin,

Shaib Ashali, Shaib al Haisam, Rijlat As Salhnbiya,

Shaib Firk (Firch), Shaib Iluwaymi, Shaib Ilisb, and
Wadi Al Khirr. Most of these lead northeastward to

the mudflats and sabkhas bordering the Euphrates

River.

Beyond An Najaf, tho drainage from the desert is

interrupted by the long Upper Fars sandstone ridge of

Al Lisan Tar as Sayyid, which trends northward from
Tuqtuqanah. The presence of this ridge has given rise

to the salt lakes of Bahr Al Milh, which lie east of

Shithatha.

Numerous wadis that cross the area from west to east

drain info these salt lakes, following a general easterly

direction. These include the Wadi al Ubaiyih and
Wadi al Ghadaf, which have their origin in Saudi
Arabia to the west. In the central parts of Al Hajara
there are several depressions into which numerous wadis

drain in the rainy season. The Ghanimi depression,

which is drained by Shaib al Ghanimi, forms a con-

spicuous inland drainage system southwest of Al
Q.usayr. To the south of Ghanimi, the drainage flows

mostly into a number of isolated systems each emptying
into a depression with no outlet, such as Jahama,
Tukayvid, and Faydat as Zahra. Farther west, in the

neighborhood of As Salman, there is a group of very

deep depressions completely surrounded by cliffs, some
of which have a relief of as much as 50 meters. These
have no surface outlet, owing to the flatness of the coun-

try, and form several topographic closed basins of vary-

ing diameter, which may be as much as 15 kilometers.

Extensive pools form in some of these depressions after

rains. Northwest of this area, the vicinity of Ash
Shabakah (Shahicha) and Baraibir is marked by a

few important depressions. Several solution holes, such
as Ashuriyah and Chebritiyah, occur in the area.

AX WIDYAN COUNTRY
Al Widyan area, within the study region considered,

includes outcrops of the Umm er Radhuma, Tayarat,
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and M'sad Limestones west of the Zahra and Euph-
rates limits. The topography is more undulating west-

ward, beyond the Tertiary-Cretaceous contact. The
country is deeply diss-octcd, with broad, deeply incised

wudis, many more than 1 kilometer across, bounded by

steep scree-covered and slumped walls attaining alti-

tudes of 10-50 meters. The eastern part of the area

is drained chiefly by the Wadi al ITbayyid and its trib-

utaries Wadi Tibaland and Wadi al Mira and by

the Wadi al Ghadaf and its tributaries, which all flow

generally eastward, ultimately ending in the Hahr al

Milh, west of Karbala. The western part of this area

is drained by Wadi al Ilauran, which flows northeast-

ward. Within this catchment several solution holes of

various sizes are irregularly distributed and are limited

mostly to the Paleocene beds. These include Wadi al

Ghadaf (E. 1188, X. 1195), Jelta (E. iiOii, X. 1173),

Kursii (E. 22l>, X. 11C0), and Wishwashia. Al Um-
chaimin, in the Al Hamand plain, to the west of the

area, is a similar feature (Merriam and Holwcrda,

1957).

The origin and mode of formation of these solution

holes may vary widely, and some may be attributed to

the combined effect of several different mechanisms.

For example, for the Al Umchaimin, which is a large

depression, Merriam and Holwerda (19.VT) postulated

meteoritic origin, whereas Mitchell (1958) argued for

a possible volcanic origin. The majority of the geolo-

gists of the Basrah Petroleum Company, however,

considered it best explained in a less dramatic manner.

They maintained that the initial dissolution probably

began along fracture surfaces and so lead to the de-

velopment of a rudimentary underground drainage, pat-

tern. Evidence of this pattern remains in the small

tunnels now partly blocked by collapse debris. The
vertical drainage through fractures then apparently

augmented the underground streams and swallow holes

were formed. This stage is possibly represented by

holes at Kursa and Wishwashia. Continued dissolu-

tion finally resulted in the foundering of the roof and

in the formation of a large collapse structure of irreg-

ular outline, as at Jelta and Wadi al Ghadaf. The-

oretically it would seem that this kind of topographic

feature can originate in different ways: the effect of

climate on geological structures and rock facies, vol-

canic activity, or meteoritic impact.

STRATIGRAPHY

GENERAL FEATURES
PHILOSOPHY OF NOMBLNCLATURH

The incompleteness of the geological record is not

peculiar to the systems in Iraq. Establishment of the

stratigraphic sequence in virgin territory depends pri-

marily on tho background of the investigators and the

amount and type of data available. Through tho

efforts of a great many geologists of the Iraq Petrole-

um Company and its associated companies, a great mass
of geologic, stratigraphic, and paleontologic informa-

tion and material has been accumulated. After 33

years of investigation the progressive synthesis had
reached a stage, toward the end of the last decade, at

which the broad patterns of the sedimentation in Iraq

were fairly well established. A statement of the strati-

graphic synthesis was published by Dunnington, Wet-
zel and Morton for Paleozoic and Mcsozoic units and
by Hellen for Tertiary units (Hellen and others, 1959)

in the Stratigraphical lexicon for Iraq sponsored by
the Commission on Stratigraphy, International Geo-
logical Congress.

The system of rock-unit, classification and naming
employed by Iraq Petroleum Company geologists is ad-

vocated in tho code of rules compiled by Ashley and
others (1939) as supplemented in recent papers and
rulings of the Commission ou Stratigraphy.

It has been generally realized that the sedimentation

realms were dominated by the proximity of the Ara-

bian shield on one side and by the Zagros (Tethys)

geosyncline on the other and that the sedimentary

characteristics followed the natural shore-to-basin pat-

tern from the Arabian shield east and northeastward.

Furthermore, the sedimentary patterns showed clear

diachronism following epeirogenic cycles in western

and central Iraq and diastrophic and orogentic move-

ments in northern and northeast Iraq. Of course, an

attempt has also been made to define the basic units of

the sedimentary cycles. However, liecauso of gaps in

knowledge and especially because of paucity of infor-

mation on the deep subsurface stratigraphy of central

Iraq, separate stratigraphic nomenclatures were de-

veloped for northern and southern Iraq.

Description of some of the rock units of southwest-

ern Iraq was published by Owen and Xasr (195S), and

all the formations except for the newly defined Safawi

and lately defined Kill Formations were redes^ribed

and expanded by Hellen, Dunnington, Wetzel, and

Morton (1959).

The present report is chiefly based on the above

works, supplemented by Inter unpublished works of a

number of geologists, including especially M. C. Chat-

ton and E. Hart. Some of the original descriptions of

individual formations have been revised, redescribed,

and expanded, where necessary, to take into account

the findings of recent investigations and especially of

recent deep wells in the southern and western areas.
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TIME UNITS* KEPKKHXNTED

In western Iraq the oldest rocks exposed, the Nijili

Formation and the overlying Ga'ara Sandstone Forma-

tion, are of Middle Triassic ape; the Ga'ara is followed

unconformably by the Upper Triassic Mulussa Forma-

tion, which is succeeded upward by the Rhaetic( ?) Zor

Hauran Formation and the IJassic (pre-Toarcian)

Uba'id Formation. The Bathonian-Bajociun Muhai-

wir Formation overlies the Uba'id Formation with

probable unconformity. A major unconformity exists

between the Middle Jurassic Muhaiwir and the over-

lying Middle Cretaceous Rutbah Sandstone. All the

Middle Triassic, Jurassic, and Lower and middle Cre-

taceous units are exposed in the Ga'ara depression and

Wadi Hauran, which are to the north of the area of

review. No detailed account will therefore be given

of them.

In the area of present consideration, the exposed

rocks range in age through middle and late Cretace-

ous, Paloocene, Eocene, Miocene, and Pliocene Epochs

to Pleistocene and Recent. With the exception of

the Al Hamad plain in the extreme western part of

Iraq, where the Cretaceous units are succeeded west-

ward by Paleocene formations, the general sequence

of the exposed formations is in ascending stratigraphic

order to the east The Oligocene Epoch is not repre-

sented by any rock unit in the area, owing to the great

unconformity between the Eocene and Miocene Epochs,

though there was some tendency in the past to assign

an Oligocene age to the Tuqaiyid beds of the Dam-
mam Formation.

In the subsurface sections of the area, the oldest se-

quence found is the Butmah Formation in the BPC
(Basrah Petroleum Company) well Samawa No. 1,

which was completed at a total depth of 12,602 feet.

This formation is Early Jurassic in age.

GENTSRA I. DISTRIBUTION OF SYSTEMS AND DOMINANT

The surfnee occurrences of the different systems and

their general areal distribution in the defined area are

illustrated on the geological map (pi. 1). This map
shows the presence of a major stratigraphic gap be-

tween the Bathonian and Bajocian Muhaiwir Forma-

tions, and the overlying Cenomanian Rutbah Sand-

stone Formation in the Ga'ara area, a little to the

north of the area that is considered in detail. This

hiatus becomes less important away from the Ga'ara-

Khlcisia high. The sequence is almost complete in the

wells of the Basrah area, but there are successive con-

vergences northwestward, beneath the pre-Cenomanian

unconformity. Thus the Cretaceous System is only

partly represented in outcrop, the oldest exposed rock

units being the Cenomanian and lower Turonian Rut-

bah Sandstone and M'sad (Mishrif) Limestone, which

come to the surface only in the region of the Ga'ara

depression, especially in the Wadi Al Hauran area.

The Upper Cretaceous (upper Campanian and Mae-

strichtian) is represented by the Tayarat limestones,

which include subsidiary marls and thin shales. They
cover most of the Al Widyan region, where between

the Upper Cretaceous and middle Cretaceous (Ceno-

manian) there is an extensive hiatus. The missing

rock units include those of the middle Turonian and
lower Campanian cycle, which are widespread in the

subsurface in the eastern parts of the region. These

rocks include the basinal Khasib limestones, neritic

Tanuma shales, and Sadi subbasinal chalks and lime-

stones. Also, the upper Campanian Hartha limestones

and the related Safawi evaporites, which are well

represented in Ihe subsurface section in western Iraqi

wells, wedge out between the westernmost well and the

outcrop belt.

The Paleocene series embraces the Umm er Radhuma
Formation, which consists of two main limestone units

in the surface exposures. These trend north-north-

westward along the western Iraqi-Saudi Arabian

border. In the Al Widyan area the Umm er Radhuma
limestones are exposed both east and west of the Cre-

taceous outcrops. The Umm er Radhuma is very ex-

tensive in the subsurface beneath the western desert.

The overlying Eocene Dammam limestones crop out

along parallel belts that are also oriented north-north-

westward. These limestones also have a widespread

subsnrfaw distribution in the area. The evaporitic

Rus Formation is present in the Basrah area as a

lateral facies variant at the base of the Dammam.
The Oligocene series is not represented in the area.

The relations of the rock units of the Miocene series

are complex. The lower Miocene is perhaps represented

by the Euphrates Limestone, which crops out along

the east margin of the area and in the Al Busayyah
region. The stratigraphic position of the Zahra beds

is rather problematical, but they are generally included

in the Miocene. They occupy old depressions and wadi

floors, occurring as isolated outcrops in the southern

and central areas and as extensive sheets in the north-

ern and western parts of the area where they overlie

rocks of both Paleocene and Eocene ages. The middle

Miocene Lower Fars evaporites cover the Basrah area

and follow the general distribution of the Euphrates

Limestone. The Lower Fars evaporites are underlain

by the elastics of the Ghar Formation, the relationship

between the two rock units being one of facies change

by intergradation, the incidence of evaporitic compo-

nents diminishing westward.
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In the north the Lower Fare evaporites are succeeded

by Upper Fars sandstones and siltstones in the region

of Karbala, where they underlie the Recent Mesopo-

tamian alluvium, whereas in the south the Lower Fars

is directly followed by the niditea of the Dibdibba

Formation, which covers the Dibdibba physiographic

region of southern Iraq. In the Basrah area the Dib-

dibba Formation dips under the Recent marine sedi-

ments and alluvium of the Hammar Formation.

The 27 formations recognized in the area are de-

scribed below, in ascending stratigraphic order, begin-

ning with the Lower Cretaceous Ratawi Formation.

The relations of these units to each other and to corre-

lative units in other areas are illustrated on plate 2.

The schematized regional correlation of the current

rock units (pi. 2) is based on plates 4 and 6 in Bellen,

Dunnington, Wetzel, and Morton (1959), or work by

Naqib (1960), and on unpublished diagrams by M.

Chatton, E. Hart, and the writer. It illustrates the

general horizontal and vertical distribution of the

different rock units in broad terms and their relation

to counterparts in Arabia. A broad and general tenta-

tive subsurface stratigraphic correlation of the rock

units in the area is shown on plate 3.

UNCONFORMITIES

The geological column of Iraq contains numerous

erosional and nondepositional hiatuses. Most of the

unconformities which are recognized and accorded im-

portance in the area are disconformities in which two

units of stratified rock are parallel but separated by an

erosion surface having appreciable relief. Discernible

angular discordance is very rare, except for localized

and surficial unconformities of the Zahra beds on ir-

regular topography in the western and southern desert

areas. Some of the major disconformities involve very

considerable convergences, with progressive cutout of

hundreds or thousands of feet of sediments, but the dis-

tances over which the convergences are distributed are

so large that the angularity is not visible.

In Iraq the geological sequence, from Triassic time

to possibly late Miocene, consists of units that preserve

their general characteristics over large regions in which

the more significant variations are related to paleo-

geographical position within a basin. The recogniz-

able erosional unconformities relate to epeirogenic

movements.

According to Dunnington, Wetzel, and Morton (Bel-

len and others, 1959), the Upper Triassic (Mulussa

Formation) is unconformable on the Middle Triassic

(Ga'ara Sandstone). Though there is no apparent

angular discordance or convergence, there is a well-

marked erosional surface indicating subaerial exposure

at the top of the Ga'ara Sandstone.

Only one major unconformity of any significant re-

gional extent has been detected in the Jurassic succes-

sion, this being the well-marked break between the

Middle Jurassic and Upper Jurassic. There is no
recognizable unconformity or sedimentary break at the

Cretaceous-Jurassic boundary. According to Dunning-
ton, Wetzel, and Morton (in Bellen and others, 1959),

the subsurface sections, especially in the north, show
an erosional unconformity lying within the Bcrriasian,

though unpublished work by E. Hart and M. C. Chat-
ton has cast doubt on the existence of this break.

The Cretaceous sequence is divided by a number of

widespread unconformities of Albian-Aptian, Ceno-
manian-Albian, Turonian-Cenomanian, and upper
Campanian-lower Campanian ages. Near the area of

review the most spectacular of these is the onlap of the

Cenomanian over eroded extremities of units as old as

Middle Triassic. The Cretaceous rock succession ter-

minates at a widespread major erosional unconformity
(disconformity) of post-Macstrichtian (or very late

Maestrichtian) date, which is followed by Paleoeene or
younger sediments, the Danian being unrepresented.

The unconformities in the Paleocene and Eocene suc-

cession may be of paraconformity type. The most im-
portant gap recognized is between the transgressive

Eocene (Dammam Formation) and Paleocene (<) and
Lower( II) Eocene (Umm er Radhuma Formation).

A major discontinuity exists between the Eocene
units and the overlying Miocene sequence, the Oligo-

ccne being unrepresented throughout the entire area of

study. The southwestern shoreline of the Oligocene

sea lay to the northeast of the Euphrates, and the

Eocene rock units were subaerially exposed over the

whole area through Oligocene time.

In the Miocene and Pliocene succession, unconform-
ities on both largo and small scales can be detected.

These include the disconformity between the middle
Miocene (Lower Fars) and lower Miocene (Euphrates
Limestone), the disconformity between the Pliocene

(Dibdibba Formation) and middle Miocene (Lower
Fars), and the commonly angular unconformity of the

Zahra beds on the underlying older rocks, as well as

paraconformities and diastems within each of the main
units. Finally, the Dibdibba Formation is unconform-
ably overlain by the Recent Hammar Formation.

The present-day erosion surface exposes a sequence

ranging from Triassic to Recent The topography on
the whole is flat with gentle east-northeasterly dip and
slope. Intermittent wadis cross the region in this gen-

eral slope direction. Interior drainage basins and de-

pressions locally interrupt the general pattern, which
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is largely dictated by the dip slopes and strike escarp-

ments of the almost flat-lying sedimentary sequence.

RTCIONAX 8KDIMBNTABY PATTERN AND HISTORY

The individual formations from the surface and sub-

surface type or reference sections have been treated

independently in some detail elsewhere, but in any

stratigraphic work it is not sufficient to describe s{>e-

cific rock ty]>es or individual sedimentary environments

without discerning the broader sedimentary patterns.

The reconstruction of these patterns is primarily based

on good correlation by fossil content (biostrutigraphic

units) but also on equivalences in lithology (rock

units). Thus a pattern advanced today may later be

modified or completely altered in the light of new
evidence that leads to a completely different history

and picture. With proper correlation and the knowl-

edge of mode of sedimentation, it may be possible to

reach a reasonable pattern which could convey the

actual history of sedimentation in time and space. The
pattern presented here is, of course, subject to the

validity of the correlation and to a proper assessment

of the mode of sedimentation and modifications intro-

duced during subsequent geological history.

Southwestern Iraq occupies a position between the

relatively stable Arabian shield in the west and the

highly mobile Zagros belt in the east. The Zagros

mountain l>elt has risen on the site of the great "Tethys

geosyncline" which persisted from at least Permian
until middle Miocene time.

In this work only the period from Early Cretaceous

to Recent is treated because the present information on

older rocks in the area is scanty. The Cretaceous to

Recent stratigraphic sequence is similar to rocks nor-

mally found on stable continental platforms. It is

made up of units that are rather widespread. Fades
changes are not unusual, but they are generally grad-

ual. The type of sedimentary rocks and emsional un-

conformities in the successive geological periods indi-

cate that the area was the scene of periodic epeirogenic

movements; some tectonism, as evinced by broad swells,

depressions, and perhaps block faulting, accompanied

regression and transgression of the seas. The western

shorelines during these geological periods followed the

margins of the Arabian shield, the axis of the basin or

geosyncline being far away to the cast in western Iran

and eastern Iraq. The effects of geosynclinal deposi-

tional conditions upon sedimentation in the platform

region must have been very small. The Arabian shield,

and to a lesser extent the Ga'ara-Khleisia high, must

have been the primary source of the sediment that was
deposited over western Iraq. In recent unpublished

work on the region, great stress has been put on the

importance of diachronism as a factor controlling the

sedimentary pattern. Dunnington (1958) and Dun-
nington, Wetzel, and Morton (in Bellen and others,

1959) recognized the prevalence of diachronous con-

tacts of many of (lie Mesozoic rock units, and Bellen

(1956; Bellen and others, 1959) dealt in some detail

with the age relationships of facies-dictated Tertiary

rock units in which diachronous lateral passage is a

characteristic feature. Lately, M. C. Chatton and
E. Hart, in as yet unpublished studies, have endeavored

to simplify the correlation problems between northern

and southern Iraq by recognizing a more extensive con-

tribution of diachronism of rock fades to the sedimen-

tary pattern. Their work affects chiefly the Cretaceous

sedimentation cycles, which are briefly defined as

follows

:

1. Tithonian (Upper Jurassic) to Aptian cycle in-

cludes the following formations, in order, from
the shore to the center of the basin : Zubair, Ra-
tawi, Yamama, Qamchuqa, Sarmord, Chia Gara,

and Balambo.

2. Albian cycle includes the following formations

from shore to basin: Burgan, Nahr Umr, Xahr
Umr Shales, Qamchuqa, and Balambo.

3. Ccnomanian to lower Turonian cycle includes the

following basic formations from shore to basin:

Rutbah Sandstone, Admadi, Mishrif, Rumaila,

Dokan, and Balambo. The Kill Formation is con-

sidered as the lagoonal-evaporitic facies on the

shelf at the terminal phase of the cycle.

1. Middle Turonian to lower Campanian cycle in-

cludes the following basic recognized formations

from shelf to basin : Khasib, Tanuma, Sa'di, Ko-
metan, and Balambo.

5. Upper Campanian to Maestrichtian cycle includes

the following formations from shelf to basin:

Safawi, Hartha and Tayarat, Sbiranish. and Tan-
jero. The Bekhme and Aqra Limestones may be

considered to be the respective equivalents of the

Hartha and Tayarat Formations in northern

Iraq.

The Tertiary group of sediments in Iraq follows

broadly similar sedimentary patterns; however, owing
to lack of adequate information the general picture

seems rather confused for the Miocene and Pliocene

series. The main cycles follow.

1. Paleocene cycle may extend into the lower Eocene.

The main formations composing this cycle from
shelf to basin include: Upper Radhuma, Aaliji,

Sinjar, Khurmala, and Kolosh.

2. Eocene cycle is chiefly confined to the middle and
upper Eocene, and it includes the following for-
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mations from shelf to basin : Dammam, Rus, Jad-

dala, Avanah, Pila Spi, and Gercus (red be<ls).

.*$. Oligoccne cycles are characterized by three reef-

controlled cycles that are recognizable in central

and northern Iraq; however, they have not been

found in southwestern Iraq.

4. Miocene cycles:

a. Ix)wer Miocene cycle (s) may bo more than

two cycles. An older cycle includes the

Euphrates limestone, Dhiban Anhydrite,

and Sevikagni Formations. A second cycle

includes the Jeribe Limestone.

b. Middle Miocene cycles include the evaporitic

I^wer Fars sequence and Ghar Formation.

The Zalira Formation is problematical and

difficult to include in any of the recognized

cycles with any certainty. There may bo

many cycles, as evidenced by the rhythms

of the Lower Fars sediments, particularly

in the region of full thickness in northern

and eastern Iraq.

5. Pliocene and Pleistocene cycles: The Dibdibba,

Rakhtiari, Upper Fars, and Lower Fars Forma-

tions. These formations certainly represent more

than one cycle, but lateral and vertical relation-

ships remain somewhat obscure.

The above Mesozoic and Tertiary and Quaternary

cycles constitute merely the main patterns of sedimen-

tation over the whole of Iraq. These broad patterns,

however, should not rule out the possibility of minor

patterns due to localized cycles, or local movements

and environments. Indeed, local divergences from this

simple pattern are by no means rare: many minor

cycles do in fact occur within the major cycles, some-

times perhaps to the extent of obscuring the broad

and generalized (and therefore somewhat oversimpli-

fied) outline.

In the general sedimentary province, southwestern

Iraq lay in the shelf zone from Triassic to Recent

time. During this long interval the area underwent a

series of periodic epeirogenic movements with fluctu-

ating intensities which resulted in periodic emergence

or submergence of the land. Thus almost all the sedi-

mentary rocks that occupy the area have characteristics

of the shelf facies. For a general understanding of the

sedimentary history, brief recourse is made to the older

outcrop systems of the Ga'ara area.

During Triassic time the sea covered most of the

area; its shorelines must have been not far west of the

Ga'ara, as (according to Dunnington, 1958) the elastics

of the lower parts of the Nijili show continental fea-

tures. During Middle Triassic time the Nijili salifer-

ous marls and shales and their overlying Ga'ara sand-

MJ-A8T—«7 .1

stones and quartzites were deposited. These were suc-

ceeded unconformably, though without angular dis-

cordance, by the Upper Triassic Mulussa limestones.

These were subsequently covered by the Rhaetic Zor

Hauran gypsiferous marls, shales, and marly or

oolitic limestones and by the dolomitized and reerystal-

lized Liassic Uba'id limestones, which were succeeded

by alternations of limestones and evaporites, indicat-

ing intermittent barred-basin conditions during Lias-

sic time. This alternating evaporite sequence is repre-

sented in the Rutmah shales and limestones, Adaiyah
anhydrites, Mus limestones, and Alan anhydrites. The
Liassic sequence has not yet been recognized in out-

crop, though it is well doveloped in subsurface sections

in the area, as in Samawa well No. 1. According to

Dunnington, Wetzel, and Morton (in Bellen and

others, 1950), however, it is possible that Liassic

equivalents do occur at outcrops in the Wadi Hauran
area. Toward the basin, during Rajocian and Rath-

onian times, bituminous black limestones, dolomites,

and shales of the Sargelu Formation were laid down;
westward, however, the ncritic Muhaiwir limestones of

the Ga'ara area were deposited. The Middle Jurassic

sedimentation was terminated by a major regional

unconformity (Bellen and others, 1959). During Late

Jurassic time, as a result of a marine transgression

cycle over the area, the Xajmah limestones and Gotnia

evaporites were deposited. Later they were succeeded

by the shallow-water Upper Jurassic and Lower Cre-

taceous Sulaiy Formation.

According to M. Chatton (unpub. data, 19C0), sedi-

mentation during the Tithonian-Aptian cycle was con-

tinuous, but involved a single major regression and
transgression of the sea. It seems that Yamama
calcarenites and oolitic limestones were first deposited

on Sarmord-type sediments (as in wells Samawa No.l
and Kifl No.l) with which they intergrado. The over-

lying Ratawi neritic shales and limestones (with sub-

ordinate sandstones, Zubair sands, neritic shales, and
subordinate limestones) were being deposited contem-

|Kiraneously in their respective belts of sedimentation.

The oscillatory migrations of the belts are distinctly

observable in the ratios of sand to shale components

that make up the Zubair Formation, and apparent

overlap of one formation on the other may be best

interpreted as being due to diachronism. The Shu'aiba

limestones represent the rapid transgression of the sea

at the close of the cycle. In most localities shales sim-

ilar to the Ratawi were deposited between the Zubair

sands proper and the Shu'aiba limestone.

During Albian time, after a brief period of emer-

gence evidenced in the unconformity between the Nahr

Umr Formation and the Shu'aiba Formation, the Bur-
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gan sands and Nahr Umr shales and sands were

deposited during a transgresHive-regressive phase,

which was followed by a rapid Mauddud transgres-

sion. The Mauddud neritic limestone sedimentation

ended with epeirogenic withdrawal and emergence.

The Cenomanian cycle followed the same general

pattern, with the additional complication that some

kind of high must have formed to account for the

growth and deposition of the Mishrif bioherms and

biostromes in the Basra area. These are distributed in

an arcuate belt, trending north-northwest. As might

be expected, the sediments on the two sides of the

biohermal belt are different.

In the Ga'ara area the Cenomanian cycle is repre-

sented by the Rutbah sandstones, whereas in Kuwait

and southern Iraq the corresponding sedimentary

sequence comprises the thin sandy Wara Formation,

followed by a thick sequence of rock units comprising

in turn the neritic shales and marls of the Ahmadi
Formation, subbasinal Rumaila chalks and limestone,

and Mishrif neritic limestones. The cycle was ter-

minated locally by the deposition of the lagoonal

eraporitic Kifl Formation. This indicates that an

enclosed basin covered the western part of the region

during latest Cenomanian and (perhaps) early Turo-

nian times.

Clastic and neritic limestone sediments of the middle

Turonian and lower Campanian cycle limestones are

not recognized in the area. The Khasib subbasinal

limestones, the Tanuma neritic shales, and the Sa'di

basinal chalky limestone are represented in the eastern

subsurface sections only. This may indicate that the

sea during this period had transgressed over such a

large area that the clastic components could not reach

the region. The greatest recognized thickness of the

Khasib, Tanuma, and Sa'di Formations is found in

the Rumaila-Rachi area. It may be that the sand and

neritic limestone sedimentation belts of the Turonian

and lower Campanian cycle may lie as yet unknown in

the area between the westernmost subsurface sections

(Glmlaisan well No.l, Samawa well No.l) and the

easternmost outcrops (Wadi Hauran and Rutbah
areas).

Some indications of the imposition of a new tectonic

framework within the depositional basin are apparent

in the sediments of the Turonian and lower Campan-
ian cycle. During the succeeding upper Campanian
and Maestrichtian cycle, this framework was firmly

established. A major uplift of the Middle Cretaceous

and older basinal sediments occurred on the site of the

present Zagros mountain belt northeast of the area of

study, and a deep trough, trending northwest, sank at

the foot of this uplift to accomodate vast volumes

of flyschlike elastics derived from the newly emerged

highlands. At the same time major east-west troughs

formed in the Sinjar area of northwestern Iraq and
northeastern Syria and at Anah, on the Euphrates

River, north of the Ga'ara high. In the Basrah area

some warping of the platform on east-west swells and
troughs is evidenced in the thickness and facies distri-

bution of the Upper Cretaceous rock units.

These rock units fall into two subcyclcs, or phases,

in southwestern Iraq. The lower subcycle consists

largely of the neritic limestones and shales of the

Hartha Formation, with its newly recognized evapo-

ratic lagoonal equivalent, the Safawi Formation. The
upper subcycle was inaugurated by widespread deposi-

tion of globigerinal marls, formerly named the Qurna
Formation but now identified with the Shiranish For-

mation of northern Iraq. It terminated with the

deposition of the neritic Tayarat limestone over the

whole area.

The energetic tectonism of northeastern Iraq at

this time was apparently in the south and west. The
relations of the rock units here imply that toward

the close of the Hartha sedimentation came a period of

quiescence; and in the extreme west, lagoonal basins

formed, as evinced by the Safawi Formation. The
subsequent deposition of Shiranish marls implies

deepening, but there may be a minor unconformity

between the two phases. The second phase, wherein

the basinal Shiranish marls were deposited over much
of the area (except for the extreme west where Tay-
arat limestones were being laid down), was manifestly

transgressive. Toward the end of the Maestrichtian,

the area apparently underwent a regressive period

whereby the neritic Tayarat limestones migrated east-

ward in the wake of the Shiranish belt of sedimenta-

tion. This cycle was terminated by the major Creta-

ceous-Tertiary unconformity.

The Cretaceous-Paleocene transition period was one

of widespread regression, which exposed most if not all

of the region, resulting in a major and extensive uncon-

formity, after which sedimentation recommenced with

the deposition of neritic and lagoonal Umm er Rad-
huma limestones (Palcoecne and lower Eocene?) over

most of the area.

Bellen (Bcllen and others, 1959) state that the

proximity of the Ga'ara high resulted in a garland of

neritic reef and shoal deposits (the Umm er Radhuma
Formation) east, of it. This facies has been found to

extend to Kifl well No.l, to cover almost the entire

area of discussion, and to extend west and southwest-

ward into Saudi Arabia, where the proximity of the

Arabian shield has been the deciding factor in the

mode of sedimentation of this cycle. In the transi-
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tion belt the ncritic shoal facies of Umm er Radhuma
pass eastward, with intergradation, into basinal Aaliji

marls and marly limestones. There is also strong

evidence for shallowing of the sea and gradual north-

easterly retreat, resulting in the migration of the

neritic facies line toward the basin.

This regression was followed by a gradual advance

of the sea that permitted the formation of semibarred

restricted basins in which the evaporitic Rus Forma-

tion was deposited in the central and southern parts

of the area during early stages of the early Eocene

sedimentation. Good evidence of this marine advance

exists in the relationship of the open sea basinal sedi-

ments of Aaliji and the overlying Rus cvaporites in the

Kifl region. Northward the neritic Dammam Forma-

tion passes into the basinal Jaddala Formation.

The Eocene cycle was terminated by a period of

uplift during which the uppermost part of the Dam-
mam Formation was eroded over an extensive area,

including parts of the Arabian Peninsula. Bellen

(1959) stated that after the deposition of the Eocene

a regression of some importance occurred, followed by

a transgression of smaller extent, introducing the first

Oligocene cycle.

Three Oligocene cycles are recognized in northern

and central Iraq where the sedimentation was con-

trolled by immigating and emigrating organic reefs

(Bellen, 1956) back reef, reef, fore reef, and basinal

sediments) : ( 1 ) Anah Limestone, Azkand Limestone,

and Ibrahim Formation, (2) Bajawan Limestone,

Baba Limestone, and Tarjil Formation, and (3)

Shurau Limestone, Sheikh Alas Limestone, and Palani

Formation.

The Oligocene series has not been recognized in out-

crops nor in sul>snrface sections in the area including

the Afaq well No.l area. However, there are occur-

rences of back-reef and reef Shurau in Awasil well

No.5: the back-reef and reef Shurau Limestone, the

back-reef and reef Bajawan Limestone, and fore-reef

Baba Limestone in Falluja well No.l; the basinal

Palani, fore-reef Sheikh Alas, back-reef and reef lime-

stone of the Shurau, fore-reef Baba Limestone, and

Bajawan back-reef and reef in Musaiyib well No.l;

and the basinal Palani and Tarjil, fore-reef Baba
Limestone, and back-reef and reef Bajawan Limestone

in Dujaila.

These widely scattered occurrences suggest that back-

reef and reef Shurau of the first cycles trended north-

westward from the area of Awasil well No.5 to

Musaiyib well No.l and Dujaila well No.l in an arcu-

ate belt and that the lithological belts of the three

superimposed cycles apparently shifted repeatedly

basinward. Although it may be possible to visualize

the present westerly limits of these cycles, their orig-

inal extent cannot be detected because the Ogliocene

Series is absent in southern Iraq, probably removed by

erosion during a period of emergence prior to Miocene

transgression.

The Miocene transgression resulted in the deposition

of the Euphrates Limestone Formation over a wide

area presently covering the northern and eastern parts

of the study region. The Ghar elastics suggest that

it belongs to this early cycle and forms the near-

shore deposits; this attribution is, however, arguable.

The evaporitic (Dhiban) equivalent, of the Euphrates

was found in Musaiyib No.l, northeast of the area.

This evaporitic unit succeeded the Euphrates Lime-

stone and according to Bellen (Bellen and others.

1959), was precipitated from sea water after the

access to the sea arm, probably in the south, became

wholly or partly closed.

This cycle was succeeded by the transgressive Jeribe

limestones which have been found in wells Awasil No.5,

Fallujah No.l, Kifl No. 1, Musaiyib No.l, and Afaq
No.l. The transgression may have reopened access to

the gulf, a condition that may have brought the evap-

oritic precipitation to an end and introduced lagoonal

sedimentation once again. It is difficult to determine

the westerly extent of the Jeribe limestone. Its areal

distribution suggests that before the deposition of the

Lower Fars evaporites there had been a short period of

emergence and erosion of some of the Jeribe Lime-

stone in the west. The position of the Zahra Forma-

tion is rather obscured by the lack of knowledge of the

stratigraphic relationships of several formations.

Tho Lower Fars evaporites were laid down in a

restricted basin in the form of a barred gulf or arm
of the sea, where the sedimentation was governed by

events near the exit of the gulf in which the sediment

was deposited. Restriction of (lie basinal exit, acc ording
to Bellen (Rellen and others, 1959), caused the deposi-

tion of nnyhydrite and salt. Its opening resulted in

limestone and in silt stone and shale sedimentation.

After tho deposition of t lie Lower Fars, rapidly

rising mountains in northeastern Iraq produced large

quantities of detritus. This material was at first de-

posited in a marine environment and formed tho

clastic I'pper Fars Formation of late Miocene age.

Representatives of this formation are seen in the east-

ern part <if the deposit iomtl area. Meanwhile, less

clastic Middle Fars limestones and si It stones were de-

posited in (lie southern part of the depositional area.

Tlie larfre quantity of mountain-derived detritus rap-

idly forced the sea to retreat. A continental environ-
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ment spread southward ; and sands, sandstones, gravels,

and finally thick conglomerates (the lower and upper

formations of the Bakhtiari Group of Pliocene age)

spread over the marine Upper and Middle Fare For-

mations.

In the area of the Ga'ara high, the Lower Fare

Formation is missing. The western known limit of

this formation lies a little to the west of the Euphrates

River in the Awasil area. In the south the position

of the formation is not clear. The clastic Ghar Forma-

tion may be a somewhat detrital facies of the basal

bods of the Lower Fare Formation, whereas the Zahra

Formation may have been deposited as lacustrine, in

places Cham-bearing, limestone in landlocked depres-

sions at the end of the period of Lower Fare deposi-

tion. Further fieldwork is needed to elari fy the stratig-

raphy in this area.

In the south, land-derived detritus subsequently

formed the thick Dibdibba Formation, roughly com-

parable in lithology to the rocks of the Bakhtiari

Group of the north. Part of the Dibdibba may repre-

sent part or all of the Middle and Upper Fare Forma-

tion of northern Iraq. The Middle Fare, Upper Fare,

lower part of the Bakhtiari, and upper part of the

Bakhtiari are all absent from the area of the Ga'ara

high. Alluvium in the form of lacustrine, estuarine,

and fluviatile deposits overlies the upper part of the

Bakhtiari Group and the Dibdibba Formation. In

the southern part of Iraq, however, a small subreeent

transgression is present between the Dibdibba For-

mation and the alluvium. This has been recently

defined as the Hammar Formation.

MESOZOIC

The Mesozoic Era is represented in western Iraq by

sedimentary units of Triassic, Rhaetic, Jurassic, and

Cretaceous ages, though there are several important

gaps in the geological sequence. Triassic and Juras-

sic units crop out in the Ga'ara area, which lies slightly

beyond the study region. Jurassic units have been

found in some deep wells in the area, but information

on pre-Cretaceous units is generally scanty. Descrip-

tions of the formations are therefore confined to Cre-

taceous and post-Cretaceous units.

CRETACEOUS

Of the 43 established rock units of the Cretaceous

period in Iraq, 18 occur in southwestern Iraq; surface

and subsurface sections of these units are described in

some detail. The general time gaps in the geological

history of the Cretaceous Period have been dealt with

in the section on "Unconformities." The Cretaceous

sedimentary rocks are as much as 10.000 feet thick.

RATAWI rO&XATIOM

The type section of the Ratawi Formation in BPC
well Ratawi No.l (lat 30°33'22" N., long 47°05'45"

E.; alt 107.9 ft; completed Mar. 18, 1950). The for-

mation lies between drilled depths of 10,870 and 11,585

feet (715 ft thick) and takes its name from this well.

It is not exposed in the western desert but is found in

BPC wells Nahr Umr No. 3, Zubair Nos. 24, 38, and
others; Rumaila No. 4; Samawa No. 1: Ghalaisan No.

1; and Safawi No. 1. It is also found in Kuwait, in

the Kuwait Oil Co. wells Burgan No. 113, Magwa No.

1, and Umm Gudair No. 1. This formation decreases

in thickness northward and westward, mainly owing

to a change of facies; thickness in wells Samawa No.

1, Ghalaisan No. 1, and Safawi No. 1 are 285, 219, and
146 feet, respectively.

DETAILED LITHOIOOIC DESCRIPTION

The Ratawi Formation consists of greenish-black

shales that are slightly pyritic, massive in tho upper

part, interbedded in the lower part, and contain string-

ers and beds of buff pyritic pseudo-oolitic detrital

fossiliferous limestones. The upper shaly beds con-

tain some fine quartz silt.

The Ratawi Formation becomes thinner and less

slmly to the northwest, for example, in Samawa well

No. 1 where it is divisible into three units:

fMolMM
[)M)

3. Limestone, compact, slightly porous, dolomitized, det-

rital, and dolomite with thin shale intercalation* 29

2. Sandstone, porous, fine-grained, calcite-eemented, in-

terbvdded with thin shales and sandy dolomites ... 40

1. Limestone, generally tight, finely detrital, commonly
characterised by pyritic mud rimming the constit-

uent fragments; locally silty and argillaceous 210

At Ghalaisan well No.l the sequence is dominantly

calcareous. It comprises 219 feet of buff pyritic fine-

grained limestones some of which are leached and
vugular. Some of the limestones have a chalky matrix

and locally grade to buff-gray or gray indurated marls.

Minor shale intercalations occur at the top of the

sequence and also near the base. There is a consider-

able and progressive reduction in thickness westward.

At Safawi well No.l the sequence comprises 146 feet

of marly gray to white indurated limestones, shelly

algal limestones, and arenaceous limestones. North-

ward and westward this formation grades into Yam-
ama or Garagu Formations.

Pftnt/iort/filammina litum (Yokoyama), Ostrea rec-

tangular™ Sowerby, and Terebralula cf. squamosa

Mantell are diagnostic of the Ratawi Formation. The
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lower part of the Ratawi, containing detrital lime-

stone intercalations, has a fauna which includes

Cyclammina greiffi Henson at the top, and Pseudocy-

clammina lituus (Yokoyama), P. cf. lituus, P. cf. fal-

len Henson, Trocholina spp., Cristellaria Bp., and
algal, bryozoan, and stromatoporoid fragments. Mac-
ro fossils include Exogyra sinuata Sowcrby, Tcrebra-

tula cf. T. squamosa Mantell, Anomia sp., Pecten

(Synocyclonema) cf. P. alpinus Mayer, Wenus pil-

atina Mayer, Cylindrites sp., and Kingena spp., includ-

ing K cf. Zeilleria tamarindus (Sowerby) in Douville.

The shaly part carries locally abundant microfauna,

with Choffatclla decipiens Schlumberger, Cyclammina

spp., Trocholina 9pp., and Pseudocyclammina sp.,

including P. cf. lituus (Yokoyama) and P. cf. kcllcri

Henson. Abundant Cyclammina grcigi Henson occurs

at the base of this interval.

The thin pellety limestone which marks the bound-

ary with the overlying Zubair Formation contains

abundant debris of the alga Lithocodium aggregatum

Elliott.

In Samawa well No. 1 the formation contains

Cyclammina sp., NautUoculina sp., Pseudocyclammina

hedbergi Maync, P. kelleri Henson, P. lituus (Yoko-

yama), Trocholina conica (Schlumberger), T. alti-

spira Henson, T. arabica Henson, tcxtularids, val-

vulinids, algae, gastropods, and ostracodes.

AOE

The age of the Ratawi Formation is Noocomian

(Owen and Nasr, 1958), probably Hauterivian and

Valanginian by regional correlation (Dunnington and

others, 1959). The lower part of the Ratawi is con-

sidered to be of Valanginian age, largely from cor-

relation with the better dated Garagu Formation.

The ago of the upper shaly division is probably

Hauterivian, on the basis of the foramini feral assem-

blages. This attribution is strengthened by the presence

of Lima cartcrontana d'Orbigny in the immediately

overlying Zubair Formation; this form is especially

abundant in the Hauterivian of other Tethyan regions

(K. G. S. Hudson, unpub. data).

CONTACTS AND EQUIVALENT UNITS IS ADJACENT AREAS

The contacts of the Ratawi Formation are easily

detected on electric self-potential and resistivity logs.

The base of the underlying Yamama Formation is set

at the top of a thick sequence of fine-grained marly

commonly pellety limestone, which has been variously

treated in unpublished work by P. M. V. Rabanit, S.

X. Nasr, W. Sugdcn, and others. The upper parts of

these limestones should perhaps best be referred to the

Yamama Formation of Qatar (W. Sugden, unpub.

data), and Owen and Nasr (1958) did identify them
with tho Yamama of Saudi Arabia.

The age equivalents of the upper shaly measures at

the type section of the Ratawi are probably repre-

sented by sandstone in the Zubair Formation in

Samawa well No. 1. Tho boundary with the Zubair

Formation is diachronous.

The Ratawi Formation is conformably overlain by

the Zubair Formation. The contact is placed at the

top of a thin pellety limestone that contains abundant

algal debris. In Samawa well No. 1 the Ratawi and
Yamama contact is recognized by the first appearance

of pellety limestone.

The lower part of the Ratawi Formation, containing

limestone intercalations, probably corresponds approx-

imately in stratipraphic position to the Garagu Forma-
tion of northern and central Iraq. The upper part of

the formation is represented by coarse-grained sand-

stones, silts, and silty shales in the wells of the Awasil

area, which have been identified as Zubair Formation.

Hence, the upper part of the Ratawi Formation is

equivalent in age to the lower part of the Zubair For-

mation of Awasil, Fullujah, and Mileh Tharthar wells.

rVBAU fORXATIO*

TYPE SECTION, THICKNESS, AND EXTENT

The type section of the Zubair Formation is in BPC
well Zubair No. 24 (lat 30°22'00" N., long 47 : 36'46"

E.; alt 42.53 ft; completed Aug 22, 1953). Tho forma-

tion lies between drilled depths of 10,36S and 11,645

feet (1,277 ft thick). In the vicinity of the type area in

the Zubair oil field, this formation has an average

thickness of 1,250 feet. It is widespread in the sub-

surface sections of southwestern Iraq, where it has

been penetrated in HPC wells Ghalaisan No. 1, Kin
No. 1 and 2, Luhais No. 1, Nahr Umr No. 3, Rachi No.

1, Ratawi No. 1, Rumaila wells, Safayi No. 1, Samawa
No. 1, Shawiya No. 1, Tuba No. 1, Ubaid No. 1, and

Zubair wells and in the Mosul Petroleum Co. well

Awasil No. 5.

In a belt extending from Luhais well No.l (incom-

plete thickness) to Samawa well No.l (1,581 ft) and

Kifl well No.l (1,612 ft), the formation shows slight

thickness variation. Westward from this belt, tho

formation abruptly decreases in thickness to 785 feet

in Ghalaisan well No.l; therefore, the maximum thick-

ness is to be expected northeast of a line between wells

Kill No.l and Samawa No.l.

The Zubair Formation is heterogeneous and exhibits

rapid lateral and vertical variations, though it has
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a widespread distribution. In the type locality it con-

sists of the following broad, main lithologic units:

(/««)

fi. Shale, black, pyrltie. fissile, with rare Intercalations

of gray slltstone; four beds (10-15 ft thick) of very

fine grained gray cemented sandstones, calcareous

In places and grouped Into two beds separated by

shaly partings In upper half of unit ; 18 ft of sandy

limestone toward top Is separated from overly-

ing Shu'alba limestone by a shale band 286

5. Sandstone, light-brown, oll-stalned, naturally white,

fine-grained, with subangular grains; contains

subordinate shale alternating with sllUtone; com-

prises possibly 9 sandstone beds; grades abruptly

Into overlying shales; forms "Third Pay" of

Zubalr field and "Main Pay" of Rumalla field 428

4. Shale, black to greenish-black, subsidiary gray cal-

careous slit intercalations, especially toward
middle 144

8. Sandstone, light-brown, oll-stalned, very fine grained,

current-bedded; In places contains thin ahaly and
carbonaceous or lignltlc foliations; Intercalated In

places with gray slltstone, greenish-gray mudstone,

and bard greenish-black fissile resinous shale con-

taining plant remains ; grades to underlying and
overlying shale through slltstone; constitutes

"Fourth Pay" of Zubalr field 239

2. Shale, greenish-black, fissile, pyrltic, hard; some
Intercalations of gray locally calcareous slltstone

In lower half 127

1. Sandstone, white. In places oil-stained, very fine

grained, locally adlty, separated from underlying

Ratawl Limestone by 10 ft of black sbnle; grades
upward Into shale through slltstone S3

At Samawa well No.l the Zubair Formation, apart

from a thin shale band at the top, is represented

throughout by characteristically weakly cemented or
loose crossbedded quartz sands; streaks of lignitic shale

are common but insignificant in amount. Silt and
silly shale intercalations are chiefly confined to the

lower part of the formation. Northward at Kifl well

No.l, the Zubair comprises buff, gray, or white fine to

medium unfossiliferous sand and sandstone with

pyritic calcareous cement that alternates with thin

bands of silt stone, shales, and rare lignite.

The Zubair Formation interfingers basinward later-

ally and vertically into the Katawi Formation. The
occurrence and relationship of the two formations were

dependent on their position on the shield and in the

basin. The influence and significance of this phenom-
enon is indicated in the shale units of the Zubair For-

mation in the type area.

DIA0N08TIC FOSSILS AND AGE

Fossils diagnostic of the Zubair Formation are

OrhitoUna cf. O. dhcoidea Gras, Choflatella decipiem

Schlumberger, Crittellaria spp., Cuneollna sp., Troch-

olina sp., L'xogyra sp., Ceritkium sp., and Lima car-

Uroniana d'Orbigny (at base).

According to recent investigation and stratigraphic

rointerpretation by M. Ohatton, the age of this forma-

tion ranges from Valanginian to Barremian over south-

western Iraq. Owing to the strong diachronism of the

formation, its age varies according to the paleogeo-

graphic position and sedimentary history. In southern

Iraq this formation is of Hauterivian and Barremian

ages only. Though the full Valanginian to Barremian

sequence has been found in wells Samawa No. 1 and
Kifl No. 1, farther north the sequence of Zubair For-

mation may extend into Aptian as it docs at Awasil

well No. 5. Elsewhere, these age limits may be ex-

panded, extended, or restricted.

CONTACTS AND EQUIVALENT UNITS ADJACENT TO SOUTHWESTERN
DtAQ

The contact of the Zubair Formation with the under-

lying Ratawi Formation is comformable, gradational,

and diachronous and is placed at the highest Ratawi
limestone bed underlying the shale and siltstone of the

Zubair Formation. In wells Kifl No. 1 and Awasil No.

5 the Zubair Formation overlies the Yamama Forma-
tion. The contact with the overlying Shu'aiba Forma-
tion is conformable and is placed at the top of black

fissile shales. In Safawi well No. 1, where the Shu'aiba

Formation is missing, the Nahr Umr Formation over-

lies the Zubair Formation directly, presumably with

unconformity.

In Saudi Arabia the Zubair Formation may pass

into the Buwaib and Biyadh sandstones, predominant-

ly into the Biyadh.

Commercial quantities of oil have been discovered

in the sands and sandstones of the Zubair Formation in

several localities in southwestern Iraq, including the

Zubair oil fieid, Rumaila oil fieid, Luhais well No.l,

and Kifl well No.l. Present oil production of the Bas-

rah Petroleum Company comes from the two oil fields.

The details and reservoir characteristics follow.

Zubalr field

Tho "Third Pay" oil occurs in sands of the Zubair

Formation under a cover of dark shales and units of the

formation itself. The reservoir section is thus a sand-

stone shale complex, some 320 feet thick, in which four

main and significant members can be distinguished,

averaging about 200 feet in total thickness. The oil is

undersaturated by roughly 2,000 psi and, therefore, no

primary gas cap is present Water has been struck on

both flanks at approximately the same elevation. The
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quality of the oil varies with structural position, so

that crcstal wells have a gas-oil ratio of approximately

800 cu ft. per bbl (cubic feet per barrel) and low flank

wells, of 600 cu ft per bbl. Oil gravities show a similar

trend, suggesting some gravitational segregation of oil

within the reservoir. The average value is 36° API.
Porosity averages 20 percent permeability, 250-400

rnillidarcies. A spacing of 1 well to 866 acres on a

diamond grid, has been adopted and pressure interfer-

ence on a small scale has been noted.

The wells average 11,000 feet in depth and are com-

pleted by selective-shape charge perforation of the

5V2-inch oil string which is cemented through the pro-

ducing section. Initial flowing pressures average 1,600

to 1,800 psi at 5,000 barrels per day. A feature of pro-

duction has been the large salt content of wells high in

the structure. No water has been detected, but the oil

may contain as much as 1,000 pounds of salt per 1,000

barrels. It is believed that this salt is derived from

water-saturated siltstones associated with oil sands; a

desalting plant is being installed. The reservoir mech-

anism to date has been expansion of the undersaturated

oil. This process has resulted in a steep pressure de-

cline. A poorly effective water drive may be operative

on one flank.

The "Fourth Pay" oil occurs in sands of the Zubair

Formation, but is separated from the "Third Pay" by

some 220 feet of black shale and siltstone. It consists

of a thinner but similar sandstone-shale complex, con-

taining, however, a better quality oil of average grav-

ity, 42 e API. A large primary gas dome is present.

Sand characteristics are less favorable than the "Third

Pay", and high-pressure drawdowns are associated

with relatively low production rates.

Somitlt field

The reservoir section at Rumaila is in the same geo-

logical formation as at Zubair but contains a much

higher proportion of sand and the shale and siltstone

members are noticeably absent. Porosity averages 25

percent and permeability, 1,000 rnillidarcies. The oil

is even more undersaturated than at Zubair; that is,

saturation pressure is 2,500 psi below initial reservoir

pressure. A horizontal oil-water level was proved to

exist throughout the reservoir.

Some variation of quality with structural position

is present but is not nearly so marked as at Zubair. The

gas-oil ratio averages 700 cu ft per bbl, and the gravity

of the crude, 36° API. The field has otdy recently

gone on production and, so far, by oil expansion.

From the characteristics of the reservoir sand, a water

drive may be expected.

TYPE SECTION, TBICXXIM, AND DtMT
The type section of the Shu'aiba Formation is in

BPC well Zubair No. 3 (lat 30°23'01" N., long 47*

43'29" E.; alt 51.9 ft; completed Feb. 21, 1951). The
formation lies between drilled depths of 9,962 and
10,132 feet (170 ft thick) and forms a transgressive

limestone unit which is fairly widespread in the sub-

surface sections of southern Iraq wells. It has not yet

been found in the Cretaceous outcrops in the western

desert. In the subsurface sections throughout the Al
Basrah area, its thickness ranges between 150 and 350

feet. West of the Euphrates River it thins to about

100 feet between As Samawah and An Najaf. Farther

west the thickness decreases to about 80 feet in the vi-

cinity of Ash Shawiyat and Al Ubaid. In Ghalaisan

ash Shabicha the thickness is not more than 30 feet.

The Shu'aiba Formation disappears by pinching out

in the Safawi well east of Birkat az Zafiri on the

Iraqi-Saudi Arabian border.

DETAILED UTHOLOOIO DESCRIPTION

The Shu'aiba Formation consists mainly of cream-

colored orbitolinid, detrital, in places chalky, pseudo-

oolitic limestones and recrystallized skeletal limestones.

Some argillaceous, sandy, and shaly intercalations

occur toward the base.

DIAGNOSTIC rOBSIUJ AND AGE

Orbitolina cf. O. discoidca Gras, ChofiateUa deci-

pkns Sehlumberger (at base only), and globigerinids

in upper parts are diagnostic forms in the Shu'aiba

Formation, which is Aptian in age.

CONTACTS AND EQUIVALENT UNIT* IN AULAS ADJACENT TO

BOUTUWEBTEUN IKAQ

The contact with the underlying Zubair Formation

is conformable and gradational and is taken at the top

of the first shale bed below Orbitolina cf. O. ditcoidta

limestone. Normally the contact is easily picked on

the electric logs; however, owing to the gradational

nature of the contact, it is sometimes difficult to detect

on the logs. The top of the shale is taken as a marker
and called the Z/l marker (see section on "Zubair For-

mation").

The contact with the overlying Nahr Umr Forma-
tion may be unconformable, and it indicates a sharp

lithological change from the porous elastic limestones

of the Shu'aiba Formation to the silts and shales of the

basal Nahr Umr Formation. The contact has been des-

ignated as the SII/1 marker and can easily be located

at a sharp negative deflection of the selfpotential curve

of the electric log, which coincides approximately with

a substantial increase of rate of penetration. Above
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this marker there are local beds of limestone which

some authors include in the Shu'aiba Formation ; how-

ever, for the present purpose they have been considered

as reworked limestone deposited in the wake of a re-

gressive 96a.

The Shu'aiba Formation passes laterally into the

Zubair Formation in Iraq and Kuwait. This explains

in part the westward thinning from the Basrah area.

It is possibly represented in part by the Biyadh Forma-

tion, with which a gradational relationsliip is pos-

tulated.

The Shu'aiba Formation is of no direct economic

significance, although its equivalent, which has good

porosity, contains oil in the Abu Hasa area, Abu Dha-

bi. In Iraq the formation is marked by a zone in

which circulation, is lost.; thus drilling is hazardous.

VABE CXB FORJfATIOir

The type section of the Nahr Umr Formation is in

BPC well Nahr Umr No. 2 (lat 30°44'15" N, long

47°41'45" E.; alt 21.7 ft; completed Mar. 4, 1950).

The formation lies between drilled depths of 8,G88 and

9,321 feet (G33 ft thick) and is named after the well.

It is extensive in the subsurface, and has been found

in all deep subsurface sections in the Basrah area, in

the western desert, and in central Iraq and also in the

wells of Nahr Umr, Zubair, Tuba, Ruinaila, Ratawi,

Kachi, Luliais, Ubaid, Samawa, Shawiya, Safawi,

Ohalaisan, Kifl, Awasil, and Nafatah.

In its greatest development, the formation trends

northward, parallel to the Euphrates River. The max-
imum thickness of alwut 1,100 feet is in the subsurface

sections of Zubair field. This thickness is comparable

to that recorded in Kuwait (average thickness 1,150

ft). This area of great thickness is seemingly confined

to a narrow belt, to the cast of which the formation

is sharply reduced in thickness, whereas to the west the

change is gradual. The thickness of this formation in

the Rumaila-Luhais area ranges between 900 and 800

feet. Farther west, in the Ubaid Ghalaisan area, the

thickness diminishes to between 400 and 600 feet.

Northward there is a general reduction in thickness;

in the Samawa-Shawiya area the formation ranges

between 200 and 500 feet. Farther north in the Awasil

and Nafatah areas the formation thins to between 200

and 300 feet

DETAILED LITH01.00 1C DESCRIPTION

In the type locality the Nahr Umr Formation can

be subdivided from core and electric-log evidence into

throe distinct lithologic units. These units from top to

bottom are:

(feet)

3. Shale, hard, homogenous, black, lnterbedded with black

erous skeletal black limestones aome of which con-

tain molluscan shells and sponge spicules 144

2. Limestone, marly and In places dolomltic, orbltoUnid,

in part globlgerlnal, with streaks and intercalations

of greenish-black shale; predominantly black shale

rich In sruaU molluscs and In places containing; py-

rltized slightly calcific ostracodes, with bands of

detrltal ?orbltollnld skeletal limestones. (Dair Lime-

stone Member) 118
1. Sandstone, fine- to medium-grained, brown; loosely

or well-cemented with well-rounded quarts grains

or. In places, gUueonlte; a few Intercalations of

black slltstones, shale containing fossil plants,

amber, and lignite; streaks of chalky partly detrltal

limestone - - — 371

These units maintain their general characteristics

throughout a large area including Samawa, Ratawi,

Kachi, Kifl, Rumaila, and Zubair. Westward and
northwestward, however, the shales interdigitate and
intergrade laterally into sandstone, and distinguishing

the Nahr Umr Formation from the Zubair Formation
becomes difficult when one reaches the Safawi area,

where the underlying Shu'aiba is missing. Eastward,

marl, shale, and limestone replace this sandstone and
its terrigenous components. Southward, in Kuwait,

the Nahr Umr Formation is lithologically divisible

into two members which have been called the Third
and the Fourth Sands.

In central Iraq the Nahr Umr is recognized only in

the subsurface sections of the Mosul Petroleum Co.

wells Awasil No.5, Fallujah No.l, Nafatah No.l, and
Milch Tharthar No.l. In these wells the thickness of

the formation ranges between 200 and 300 feet, and
the formation comprises coarse- to medium-grained

sandstones and subordinate shales. Correlation of the

unit, as found in the wells of the Awasil area, with

the Nahr Umr Formation of the Basrah area, rests

upon lithology and upon homotaxy relative to the pre-

ceding Shu'aiba Formation and succeeding Mauddud
FonnatioiL In the Awasil and Nafatah areas the unit

was originally named the "Nafatah Sand" (H. Huber,
unpub. data) , but this name has never been sustained

by publication and is now obsolete.

The view was prevalent at. one time that the Nahr
Umr Formation was directly equivalent to the Rutbah
Sandstone Formation of the Rutbah-Wadi Hauran
region of western Iraq, and the name Rutbah (or Rut-

bti) Sand was originally applied to the unit in Basrah
and also to the sequence of formations (Ware, Maud-
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dud, and Nahr Umr) which are now included within

the Burgan subgroup of Kuwait (Owen and Nasr,

1958). The name Rutba Sand is a collective name
that includes the current Ahmadi, Wara, Mauddud,
and Nahr Umr Formations of the Kuwait succession.

The term Rutbah (or Rutba) Sandstone is not now
applied in the subsurface sections of southern Iraq and

Kuwait, as it is now thought that the Rutbah Sand-

stone Formation of western Iraq is of Cenomanian
ago and is separated from the Mauddud Formation and

underlying Nahr Umr sands by a widespread erosional

unconformity. (The Wara Formation of the Basrah

area may be directly equivalent to and continuous with

the Rutbah Sandstone Formation.)

The Dair Limestone Member thins westward and

southward, being replaced by shales and sands. It is

not discernible in the Kuwait area.

OrbUolina cf. O. discoidea Gras, Haplophragmoidea

sp., Cytfierei* sp., and \Exogyra sp. are diagnostic of

the Nahr Umr Formation. The prominent Dair Lime-

stone Member contains OrbUolina cf. 0. diicoidea Gras,

and O. cf. O. concava (Lamarck), algae, and a mol-

1usean fauna including Plicatula cf. P. anrememU
Coquand, Orbiculoidea sp., Neithea dutmgei (Co-

quand), and Exogyra cf. E. dle.tteri (Blanckenhorn).

The formation is Albian in age.

CONTACTB

The contact of the Nahr Umr Formation with the

underlying Shu'aiba Formation is conformable and

gradational ; it is placed at the base of the lowest

bedded shales of the Nahr Umr Formation and the top

of the shale-streaked limestones that make up the high-

est division of the Shu'aiba Formation. However, in

the Awasil area the Nahr Umr Formation rests upon

dolomitizcd Shu'aiba Formation that includes coarse-

grained sandstones in direct contact with coarsely

granular dolomites that are entirely free from detrital

quartz. An emergent episode and deposit ional break

has thus been inferred between the two formations.

This contact becomes undistinguishable in the extreme

west, where, owing to absence of the Shu'aiba Forma-

tion, it is difficult to separate the Nahr Umr Formation

from the underlying Zubair Formation. The overlying

Mauddud Formation is both conformable and grada-

tional ; the contact is placed at the base of the limestone

of the Mauddud Formation and at the top of a black

iqCn'lUKT CM ITS I.N AREAS ADJACENT TO

Between the Awasil area and Makhul well No.l,

the Nahr Umr Formation passes laterally into the

limestone-anhydrite-shale-marl sequence of the Jawan
Formation, which is between recognizable Mauddud
Formation and Shu'aiba Formation. This sedimentary

sequence, which is of near-evaporitic facies in its upper

parts, contains a marine macrofauna that includes the

Albian index fossil Globiconeha altinpira Whitfield

near the base; correlative beds in the Jawan Formation
at Jawan have yielded Knemiccra* gyriacum (von

Buch), confirming Albian age for the basal Jawan
Formation and supporting Albian age for the lower

part of the laterally equivalent Nahr Umr. Thin silt-

stones and silty shales and limestones in the lower

part of the Jawan of Makhul well sections may be

regarded as far-reaching tongues of Nahr Umr Forma-
tion, lying far to the east or northeast of the recognized

limits of the unit. The Nahr Umr Formation has been

recognized in Kuwait, and correlates very well with

that in Iraq. In Saudi Arabia its equivalent is in-

cluded in the Wasia Formation.

The upper shaly units of the Nahr Umr Formation
form caprocks for any accumulation of oil in the lower

sandstones, as they do at the type locality. The Nahr
Umr Formation, the Wara Formation, and to some
extent the intervening Mauddud Formation, together

composo the main reservoir for oil in the Burgan-Mag-
wa-Ahmadi area.

The sand to shale ratio of the unit varies consider-

ably between the various oil fields of the Basrah-Ku-
wait area. Generally speaking, the sand content

increases souii,westward and southward. In the Bur-
gan field, for example, this unit is 1,150 feet thick and
is made up almost entirely of sand, whereas in its type

locality at Nahr Umr well No.2, the sand to shale ratio

is 40:60.

The Mauddud Formation was defined from the sub-

surface section of Dukhan well No. 1, in Qater, by
F. R. S. Ilenson in 1940, but the definition was revised

and amended by W. Sugden in 1958, and a reference

section in the Basrah area was described by Owen and
Nasr (1958).

The reference section of the Mauddud Formation is

in BPC well Zubair No. 3 (lat. 30°23'01" N., long 47°

43'29" E.; alt 51.9 ft; completed Feb. 21, 1951). The
formation lies between the drilled depths of 8,517 and

8,923 feet, based on the sharp change in lithology as

well as the distinct change in the self-potential curve

on electric logs. The limits of the formation were put

at 8,457-8,910 feet by Owen and Nasr (1958) ;
however,
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those are based solely on electric logs without lithologic

evidence.

The formation is 406 feet thick and is fairly exten-

sive throughout southwestern Iraq. It is recorded in

the wells at Nahr Umr, Zubair, Tuba, Rumaila, Rat-

awi, Rachi, Luhais, Ubaid, Samawa, Shawiya, Safawi,

Ghalaisan, and Kifl. From the Shatt al Arab River

the thickness of the formation decreases southwestward

from 570 to 430 and 350 feet at the Zubair and Rumaila

fields and to 380 and 320 feet at Ratawi and Rachi.

At Luhais No. 1 it further decreases in thickness to

291 feet. Northward the decrease is also noticeable

at Samawa and Kifl, where 90 to 95-foot thicknesses

were recorded. These are less than at Shawiya (111

ft) and in the extreme west at Ghalaisan (125 ft). At
Safawi and Ubaid there is a great decrease in thickness

to about 35 feet. These decreases have generally been

attributed to erosion marked by the unconformity be-

tween this formation and the overlying Ahmadi For-

mation.

DETAILED UTHOLOOIC DKSCBDTTON

The Mauddud Formation consists mainly of cream-

colored microdetrital pseudo-oolitic orbitolinid locally

recrystal lized limestones and a few thin blue shales;

tight, marly, chalky limestones are intercalated espe-

cially in the lower half and middle. The limestones

are spotted with pyrite. Glauconite has been noted

toward the base. These limestones become more porce-

laneous northward.

diagnostic fossils

Diagnostic fossils of the Mauddud Formation are

Iraqia simplex henson, Trockolina altispira Henson,

T. arabica Henson, Orbitolina cf. O. concava (Lam-
arck, Rabanitina baxraensis Smout, Archeolithotham-

nium sp., and Wairdia sp.

A. S. Sayyab (unpub. data, 1956) studied a suite of

Cretaceous ostracodes from the Persian Gulf area, in-

cluding the Cretaceous section from Zubair well No.5.

He described a rich characteristic fauna, mostly com-
posed of hitherto undescribed species, from the Maud-
dud Formation.

In the Mauddud Formation in the western desert

wells, the fauna includes rare Cyclammina sp., Oligo-

stegina sp., Globigerina sp., Cune.olina sp., Pseudo-
chrysalidina sp., Gumbelina sp., rotalids, gastropods,

bryozoans, and algae.

The Mauddud Formation is Albian in ago. Owen
and Nasr (1958) considered the age of the Mauddud
Formation in the Basrah-Kuwait wells as Cenomanian.
Smout (1956) concurred, though admitting the possi-

bility of Albian age, which was favored by Dunning-

ton, Wetzel, and Morton (in Bcllen and others, 1959),

who made the following statement:

In tbe Basrah and Kuwait wells, according to Owen and
Naur (1068), tbe Mauddud la represented by organic, detrital,

sometime* pseudo-oolitic, cream-colored limestones with oc-

casional green or bluiah shale streak*. It range* In thlckneaa

from only 6 feet within the Bureau field, to a maximum of

over 500 feet in parte of the Zubair field. It overlies Albian

N'nhr Vtnr Formation conformably, and la overlain by the

Ware Formation, which comprises black slit; shales and silt-

stones (Basrah) and sandstone (Kuwait). The War* under-

lies the Cenomanian Ahmadi shale and the contact of the Ware
with the Mauddud suggests slight disconformity (Owen and
Nasr, 1058).

The fauna of the Mauddud in the subsurface sections

previously mentioned includes Orbitolina cf. 0. con-

cava (Lamarck), 0. concava var. qatarica Henson
(Awasil and Nafatah), T. lenticularis Henson, and
Cyclammina spp. Orbitolina cf. 0. diticoidea Gras is

recorded from the lower part of the formation at Mak-
hul, Awasil, and other wells.

It is manifest that the Mauddud has been correctly

identified in the Basrah-Kuwait area and in northern

Iraq, and it is equally clear that the formation must
have been deposited more or less synchronously over

the whole region from Qatar to Makhul well 1. The
acceptance of Albian age for the formation in Qatar

(W. Sugden, unpub. data, 1958) is incompatible with

the Cenomanian attribution made by Owen and Nasr

(1958) and accepted by Smout (1956).

The evidence assembled from northern Iraq unequiv-

ocally favors a late Albian age. The cooccurrence of

Orbitolina cf. 0. concava (Lamarck) and 0. cf. O.

dhco'ulea Gras is sufficient to demonstrate pre-Ceno-

manian age for the lower part of the formation at

Makhul, and the constancy of the associated fauna

throughout the formation is strong evidence that the

age range of the formation is not great Orbitolina

cf. O. concava is not restricted to the Cenomanian, as

suggested by F. R, S. Henson (unpub. data, 1948) , but

in northern Iraq, at least, it seems to be indicative of

Albian age. Specimens attributed to Orbitolina cf. O.

concava occur below a middle and upper Albian ammo-
nite fauna at Naokelekan. Hence the absence of Ceno-

manian forms, as Praealveolina spp. and others may
be more significant in determining between Albian and
Cenomanian age than is the presence of Orbitolina cf.

O. conca va.

Orbitolina conclava var. qatarica certainly lived on
into Cenomanian time, for this form is found with a
normal Cenomanian fauna of Praealveolina spp. in the

Rumaila Formation of Basrah and other places (Owen
and Nasr, 1958).
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Smout (1956) commented that the type locality of

Iraqia simplex Honson is either Cenomanion or so high

in the Lower Cretaceous that a Cenomanian occur-

rence would not be surprising. In fact, the type local-

ity of this species lies about 700 feet below the top of

the Qamchuqa limestone in the Rowanduz Gorge. In

that section the top of the Quamchuqa is now con-

sidered to be of Albion age, and Iraqia simplex ranges

here through late and early Albian, in association

with Orbitolina cf. 0. concava (Lamarck) and Orbito-

lina cf. O. discoidea Gras. Hence the presence of

Iraqia simplex in the Maududd Formation of Basrah

wells is supporting evidence for Albian rather than

Cenomanian age.

In Awasil and Nafatah the Mauddud is separated

from the Mahilban by an erosional unconformity,

though the Mahilban is of sufficiently late Cenomanian
age to allow an early Cenomanian age for the Maud-
dud. It is tempting, however, to correlate the Mahil-

ban-Mauddud unconformity, at Awasil, with the slight

disconformity reported by Owen and Nasr (19.'<3)

between the Wara Formation and the Mauddud For-

mation in Basrah and Kuwait.

The Wara Formation (Owen and Nasr, 1958) may
be early Cenomanian or even perhaps late Albian,

because, according to R. G. S. Hudson (unpub. data),

the overlying Ahmadi Formation contains Turritella

amotzi Shalem, T. blanckenhorni Shalem, Corbuia sp.

juv., Exogyra conica (J. Sowerby), ?£'. luynesi (Lar-

tet) and AspidUcus (HeUadastrae) juv. cf. A. semhae

Kossmat. Early Cenomanian age is probable for this

assemblage (the late Cenomanian age, suggested by

fragmentary Neolobites sp. from within the Ahmadi,
and by Metoicoceras sp. (undescribed species) from the

basal Cyikereis bahraini limestone, is ruled out by the

occurrence of Aspidiscus sp.).

CONTACTS WITH AJJJACEST CHITS

The contact between the Mauddud and the under-

lying Nahr Umr Formation is conformable and grada-

tional and is placed at the top of a black shale section.

The Ahmadi Formation overlies the Mauddud, per-

haps with slight disconformity. In Kuwait, the Wara
Formation overlies the Mauddud. The Wara has been

observed in certain Zubair wells and in Rachi well

No. 1. In the Awasil and Nafatah area the Maddud
is unconformably overlain by Mahilban. The Maud-
dud Formation does not crop out in Saudi Arabia nor

in southwestern and western Iraq.

ECONOMIC ASPECTS

The Mauddud Formation is the "Main Pay" lime-

stone or "Second Pay Limestone" of the Bahrain

field, and it produces oil in parts of the Burgan field

of Kuwait, In the Basrah area these limestones as

a rule are barren of oil.

RUTBAH SANDSTONE TOHJtATIOH

TYPE SECTION, THICKNESS, AND EXTENT

The type section of tho Rutbah Sandstone Forma-
tion is at the northeast end of a promontory lying

between the Wadi Ubeila and Rutbah, and about 4

kilometers northwest of the settlement of Rutbah,

after which the formation is named. The base of the

formation is at approximately lat 33°04'20" N., long
40°12'50" E.

Tho formation has a thickness of 23 meters, accord-

ing to Dunnington, Wetzel, and Morton (in Bellen and
others, 1959). This formation is widely exposed

around Rutbah and as isolated outliers overlying the

Mulussa limestone plateau to the east of Rutbah. It

occurs also in the Wadi Hauran, east and west of

Muhaiwir. The Rutbah Sandstone Formation trans-

gresses an extensive eroded surface which exposes the

Bathonian Muhaiwir Formation in the eastern Wadi
Hauran and Ga'ara Sandstone of probable Middle
Triassic age in the western part of tho Ga'ara depres-

sion area. The formation pinches out abruptly to the

north and northwest between Ga'ara Sandstone and
the M'sad Formation. It thickens considerably to tho

east where it overlies the Bathonian Muhaiwir Forma-
tion and is unconformably overlain by Miocene lime-

stone in the vicinity and east of Muhaiwir.

The Rutbah Sandstone Formation at one time was
considered to be of Aquitanian (Oligocene) age in the

Muhaiwir area, the confusion arising through mis-

dating of the coral fauna of the Muhaiwir Formation
as Oligocene. The name "Hauran sandstone" (Haur-
an Quartzite) wa9 informally applied to the sandstone

during this period of misunderstanding, and, though
never defined or published, this name lias been fairly

widely used for sandy sediments, which occur below

the lower Miocene limestones in other areas. The un-

published "Hauran sandstone" is a junior synonym
for the Rutbah Sandstone Formation; and its use is

now abandoned; it should not be confused with the

"Zor Hauran Formation", which is now formally de-

fined as tho rock unit which intervenes between the

(Liassic?) Uba'id Formation and tho (Upper Trias-

sic?) Mulussa Formation, in the Wadi Hauran, below

the Rutbah Sandstone Formation, west of Muhaiwir.

The name Rutbah (or Rutba) sand (or sandstone)

was formerly applied to the Nahr Umr Formation of

southern Iraq, and also to those units of the Kuwait
succession which are now collectively designated as the

Burgan subgroup (Owen and Nasr, 1958). For the

most part, such usage was confined to unpublished
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reports of oil companies, but Barber (1948) included

in his publication a stratigraphic table for the Kuwait
succession which groups the Ahmadi, Wara, Mauddud,
and Nahr Umr Formations of current classifications as

subdivisions of the Rutbah sand.

Varicolored, white and ferruginous coarse to fine

sands and sandstones, locally cemented to quartzites,

make up the formation. Basal parts are possibly of

continental origin; the upper parts are marine. No
diagnostic fossils have been found.

The Rutbah Sandstone Formation is pre-Cenoman-

ian or early Cenomanian, as it is overlain by the upper

Cenomanian M'sad Formation. It is Upper Triassic

to post-Triassic or Upper Triassic, as it is underlain

unconformably by Upper Triassic Mulussa Formation.

Its age is not ascertained within these units at the type

locality.

CONTACTS AND EQUIVALENT UNITS IN ADJACENT AREAS

The Rutbah is underlain by the Mulussa Formation;

the contact is unconformable, erosional, and discordant.

Overlying the Rutbah is the M'sad Formation, with

transitional, gradational contact which is placed at the

base of the first definite limestone bed above the con-

tinuous sandstone of the Rutbah sandstone.

According to Dunnington, Wetzel, and Morton (in

Bellen and others, 1959), the Rutbah Formation is

homotaxial with the "gres lignitifere" of Zumoffen

(1926) and with the so-called Nubian sandstone of

the Lebanon and other places. It has been loosely

equated with the Nahr Umr Formation of the sub-

surface sections, with which it may be continuous, but

it is much more probable that these two units are

genetically distinct and that the Rutbah Sandstone

Formation overlies the eroded outcrops of tho Nahr
Umr in the area between Muhaiwir and Awasil.

Whereas the Nahr Umr Formation is considered to

be of early Albian age, grading upward into the late

Albian Mauddud Formation, the Rutbah is probably

of Cenomanian age at its type locality, where it is

overlain by tho upper Cenomanian M'sad Formation.

The M'sad Formation is probably approximately cor-

relative in age with the Mahilban Limestone of the

Awasil area, and the Rutbah Sandstone Formation at

Rutbah is probably the same age as part of the hiatus

between the Mauddud and Mahilban Formations at

Awasil. This interpretation is preferable to the earlier

held concept that the Rutbah and Nahr Umr Forma-

tions compose a single diachronous sandstone deposit.

The Rutbach may also be equated with the Wasia
Formation of Saudi Arabia.

The Rutbah Sandstone Formation forms a good
aquifer in western Iraq, where a number of Iraq

Petroleum Company water wells along the pipeline

draw their water from this formation.

AHMADI TOBJfATTOH

HEVEKENCE SECTION, THICKNESS, AND EXTENT

The reference section of the Ahmadi Formation is

in BPC well Zubair No. 3 (lat 30°23'01" N., long
47°43'29" E., alt 51.9 ft, completed Feb. 21, 1951)

between drilled depths of 8,070 and 8,517 feet (447 ft

thick). The formation is widespread in the subsur-

face sections of southwestern Iraq in the wells of the

Nahr Umr, Rumaila, and Zubair fields and in wells

Tuba No.l, Ratawi No.l, Rachi No.l, Luhais No.l,

Samawa No.l, Kifl No.l and 2, Shawiya No.l, Ubaid
No.l, Safawi No.l, and Ghalaisan No.l. Thus far the

greatest thicknesses of the formation are in the Basrah
area and are between 400 and 550 feet. This thickness

trend extends to Samawa well No.l (437 ft thick) and
nlmost to Luhais well No.l (382 ft thick). Over Ash
Shawiyat and Ubaid areas the thickness decreases to

about 300 feet. In the extreme west at wells Safawi

No.l and Ghalaisan No.l, recorded thicknesses are 185

and 249 feet, respectively. At Kifl well No.l a thick-

ness of only 56 feet is recorded.

DETAIIXD LTTROLOOIC DESCRIPTION

The Ahmadi Formation at the reference subsurface

section can be subdivided into three lithologic units,

which are from top to bottom

:

(/*•«)

3. Shale, grecnlnh-gray, fissile, ort racodc-l>c«ring, lnter-

bedded wlcb (fray ostracode-bearing mart and streaks

of arenaceous detrital limestone containing Cyther-

ci* sp. and Cythcrtlla sp. 163

2. Limestone, gray, marly with streaks of green shale

(Tuba Limestone Member) 177

1. Shale, light-blue to gray, pyrltic, fissile, with streaks

of gray soft locally calcareous marls containing

Haplophrugmoidet, Cyihcrti* sp., and Cythcrclla

sp. 107

A similar sequence has been recognized in wells

Luhais No.l and Samawa No.l. However, this forma-
tion changes its character westward where it becomes
more like the Wara Formation. At Safawi well No.l

it becomes predominantly red, brown, and green fissile

somewhat silty shale containing glauconite toward the

base. Northward in the Kifl area, the sequence is

highly dolomitized and predominantly calcareous.

lyiiizec Dy Google



SOUTHWESTERN IRAQ G23

Glauconitization at the base of Ahmadi may be indica-

tive of shallowing, and a possible unconformable con-

tact with the underlying Mauddud Formation was

thus postulated. Southward the Ahruadi Formation

has been considered to grade laterally into the Wara
Formation of Kuwait, and northward into the Rutba

Sandstone Formation.

The neritic Tuba Limestone Member in the Basrah

area increases in thickness eastward toward the basin

by replacing the shaly components, and the facies be-

comes more and more Oligosteginal till it cannot be

distinguished from that of the Rumaila. In the more
basinward areas the upper shales of the Ahmadi merge

into the neritic Mishrif Formation.

DIAGNOSTIC FOSSILS AKD AGE

Turritelia spp., Corbula sp., Exogyra conica (J.

Sowerby), Exogyra luyneM (Lartet), Neolobites sp.,

Para&milia sp., Metoicocerat sp., Aspiditscus (Hel-

ladastraea) juv. cf. A»pid!smu semhae Kossmat,

and species of Haplophragmoidcs, Flabcllina, Vaginu-

Una, Ammobaculites, Oumbelina, Lenticulina, Fran-

keina, Ilaplophrngmhtm have been recognized nt most

places, but. elsewhere Praealveolina crctarea (d'Archi-

ac), Pseudocyclammlna cf. P. hedbcrgi Maync and

JJeandro psina sp. have been recognized and indicate

Mishrif influence.

In 1956, Sayyab described a suite of ostracodes from

the Ahmadi Formation of the Zubair well No. 5. Tlus

suit* includes C. ovata Roemer and a large and char-

acteristic assemblage of undescribed now species, in-

cluding some new genera.

The formation is Cenomanian; Sayyab (1956)

favors Albian age for this formation on the basis of

the ostracode fauna, and W. Sugden (unpub. data,

1958) argues for late Albian age for the presumably

correlative lower parts of the Khatiyah Formation of

Qatar.

In most of the wells in southern Iraq, the Ahmadi
Formation lies unconformably over the Mauddud
Limestone, although it is underlain by Wara Forma-

tion in places; however, recognition of the Wara in

these wells is difficult. The base of the Ahmadi For-

mation is placed at the base of a shale (at times a

gray dense limestone), the M/l marker. The Ahmadi
is overlain by the Rumaila Formation, with which a

conformable and intergraduational contact has been

postulated. Equivalent units in adjacent areas are

the Khatiyah. Wasia, Rutbah Sandstone, and Wara
Formations, in part.

The Ahmadi Formation constitutes the caprock that

retains oil within the underlying sands of the Burgan

232-387—67 1

Subgroup in the Kuwait oil fields. In the Basrah oil

fields area of southern Iraq, although the formation is

present, there is not thus far any indication that it

functions as a caprock. The Ahmadi here is the cause

of a great deal of caving in drilling wells, if a well-

controlled drilling-fluid system is not maintained.

BVXAILA FORMATION

TTPE SECTION, THICKNESS, AND EXTENT

The type section of the Rumaila Formation is in

BPC well Zubair No. 3 (lat 30°23'01" N., long 47°

43'29" E.; alt 51.9 ft; completed Feb. 21, 1951), where
is lies between drilled depths of 7,605 and 8,070 feet

(465 ft thick). This formation has widespread distri-

bution in southwestern and central Iraq, and owing
to facies changes at the expense of its thickness the

formation varies considerably from one place to an-

other in the oil fields of southern Iraq. Generally, it

ranges in thickness between 1-10 and 5(H) feet. Except
for local variations, the general thinning is gradual

and westward. At wells Samawa No.l and Shawiya
No.l the thickness decreases to slightly more than 200

feet. In the south between wells Vbaid No.l and
Safawi No.l, the thickness ranges between 170 and
ISO feet. Westward the thickness increases slightly,

as compared with the thickness at wells Samawa No.l

and Shawiya No.l, to 239 feet at Ghalaisan well No.l.

At Kifl well No.l the equivalents of this formation

attain the exceptional thickness of about 900 feet

DETAILED LITUOLOGIC DESCRIPTION

Lithologically the Rumaila Formation can be sub-

divided into two unite as follows:
Thlcknui
(/««)

2. Marl, buff to brown, chalky, forainlnlferal, ollBosteg-

inol ; Intercalation* of crystalline leached-ont lime-

stones ; chalky to dense limestones ; shale streaks 203

1. Limestone, cream-colored, dense, cryptocrystalllne

;

oligosteginal ; some 1b marly with some streaks of

The lithology of this formation undergoes consid-

erable lateral and vertical variation, depending on the

interdigitation of chalky marls and limestones. One
such manifestation is observed in wells Kifl No.l and

Awasil No.5, where the formation has been subdivided

into three formations—Mahilban, Fahud, and Maotsi.

The Rumaila interdigitates with the overlying Mishrif

Formation and the underlying Ahmadi Formation,

and in the Rutba area it is postulated to merge into

the exposed M'sad Formation.

DIAGNOSTIC FOSSILS AND AGE

Diagnostic fossils in the Rumaila Formation are

OUgortegiixa Globigerina spp., OrbitoUna concava var.
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qatarica Henson, Gumbelina sp., Nummohculina sp.,

Begia sp., miliolids, valvulinids, and rotalids. The for-

mation is Turonian and Cenomanian in age.

CONTACTS AND EQUIVALENT UKITB IN ADJACENT AREAS

Tlie Ahmadi Formation underlies the Rumaila For-

mation conformably. The contact is placed at the top

of the black fissile ostracode-bcaring shales. The Ru-

maila may rest directly on the Mauddud limestones in

central Iraq. It is overlain by the Mishrif Formation;

the contact is conformable, diachronous, and intergra-

rlational at the top of Oligostrgina-bt-rirmp limestone.

In tlie area of wells Samawa No. 1, Ghalaisan No. 1,

and Kill No. 1, the Rumaila Formation is directly

overlain by the lagoonal evaporitic Kifl Formation.

The Rumaila Formation is composed of subbasinal

facies and may pass into the more basinal Dokhan fa-

des. In facies and age the Rumaila Formation is

equivalent to the Mahilban, Fahud, and Maotsi For-

mations of central Iraq. if. Chatton (unpub. data)

recommended adoption of the name Rumaila Forma-

tion to replace the three formation names. This forma-

tion is not differentiated from the Mishrif Formation

in wells of southeastern Kuwait, where the.se two for-

mations are replaced by the Magwa Formation. The
Magwa Formation has been eroded from the crest al

areas of the Burgan, Magwa, and Ahmadi structures,

but occurs in progressively increasing thicknesses down
the flanks.

KIFL FORMATION

The Kifl Formation has been defined by M. Chatton

(unpub. data) to include the evaporite facies of the

Cenomanian-lower Turonian sedimentary cycle in

southern Iraq.

TYPE SECTION, THICKNESS, AND EXTENT

The type section of the Kifl Formation is in BPC
well Kifl No. 1, (lat44°ll'14.55" N. long 32 <> 15'08.04"

E.; alt. 141 ft; completed July 8, 19G0). The forma-

tion lies between drilled depths of 4,738 and 4,8:30

feet (02 ft thick).

The unit has been found in the BPC wells ITbaid

No. 1, Shawiya No. 1, Samawa No. 1, Ghalaisan No.

1, Kifl No. 2, and the Mosul Petroleum Co. wells at

Nafatah and Awasil. The distribution of this forma-

tion is not limited to the region already mentioned but

extends to other parts of the country. In southern

Iraq, however, the formation passes laterally by in-

tcrdigitation into the Mishrif Formation, within a

zone extending from east of Ubaid to Shawiya and

Samawa. Northeastward the two facies are inter-

bedded. At Kifl itself, Kifl evaporates indicate down-

ward gradation into the Rumaila chalks.

OCTAILED LITHOLOOIC DESCRIPTION, FX)SAILS, AND AOE

Tlie Kifl Formation is predominantly white crystal-

line anhydrite with streaks of green marl and chalky

pelletal limestone locally having an anhydritic matrix

;

cream-colored porcelaneous anhydritic marly limestone

occurs at the base. The Kifl contains uncommon milio-

lids and textularids. Its age is probably late Cenoman-
ian and early Turonian.

CONTACTS WITH ADJACENT UN ITS

The Kifl is underlain by the Rumaila Formation

(formerly called Maotsi Formation) ; the contact is

conformable, gradational, and is placed at the change

from continuous white, creamy Oligoxteglna-be&fmg

chalky limestone below to anhydritic marly limestone.

The Khasib Formation overlies it. The contact is un-

conformable, with a sedimentary break, and is placed

at the change from anhydrite below to shale above.

No equivalent units in adjacent, areas are recorded.

ECONOMIC ASPECTS

The Kifl Formation has no known economic signifi-

cance; it may induce trapping of oil in the porous sec-

tion of the Mishrif Formation.

M'SAD FORMATION

TYPE SECTION, THICKNESS, ANO EXTENT

The type section of the M'sad Formation is in Wadi
M'sad al Rutbah, which runs due north for 20 miles

from Jebel Tarayat (lat 32°46' N., long 40°l7' E.) to

join the Wadi Hauran at Rutbah (lat 33°02' N., long
40°07' E.). The formation is about. 211 feet thick. It

is widely exposed in the area north of Rutbah; sec-

tions have been measured at An Nadhara, Khasm Mu-
lussa, Wadi Scmhat, Ras Semhat, Rutbah, Wadi Mu-
lussa, and "Hill 270."

The occurrence of sands and sandy limestones within

the unit is a feature of this heterogeneous formation

in the area of the type locality. One thin sand bed,

remarkably constant over the area of exposure, sepa-

rates the main, limestone-dominated upper part of the

formation from the thin, basal limestone unit

The M'sad Formation consists of alternating shallow

marine limestones, shell breccias, microdetrital lime-

stones, chalky buff and white limestones, pink marls,

and sandy marls and sands; a thin sandstone tongue
occurs near the base.

In the vicinity of the type locality the M'sad Forma-
tion grades conformably into and perhaps interdigi-

tates laterally with the underlying Rutbah Sandstone
Formation. It underlies an erosional unconformity

II. II. Boesch, (unpub. data) over which the Maest rich-
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tian Tayarat Formation transgresses. The Turonian,

lower Senonian, and Campanian Stapes are not repre-

sented by sediments in the Rutbah-Jebel Tayarat area,

though formations of these ages enter the succession in

the area to the east, southeast, and south.

DIAGNOSTIC FOSSILS AND AGE

No fossils are recorded from the type locality of the

M'sad Formation. The limestones of this unit else-

where carry a rich if ill-preserved macrofauna from

which .Vi'riiwa coehifaeformia Conrnd was identified

by A. Keller and H. II. Boesch (unpub. data). Ru-

dists, including Caprimila sp. and Eoradiolitea Uratua

Conrad, were also recorded by A. Keller (unpub. data)

but have not been confirmed in postwar collections.

Recent collections, identified by R. G. S. Hudson and J.

Robinson, include Nerinea cretacea Conrad and N. cf.

X. gem-mifera Conrad, indicating Cenomanian age,

probably late Cenomanian.

The associated microfauna, which is represented

throughout the formation, both above and below the

thin sandstone previously mentioned, includes Mean-

dropxina cf. .V. vhhdi Schlumberger, CumoUna cf. C.

cylindrica Henson, Dicyclina cf. D. qatarica Henson,

rare Praealveolina sp., Begia spp., Pseudochrysalidina

conica (Henson), and Tahcrina cf. T. bingistani (Hen-

son). The microfauna is probably of late Cenomanian

rather than early Cenomanian age and is unlikely to

be younger than Cenomanian.

The age of the formation has not been ascertained at

the type locality. Elsewhere in the vicinity of the sec-

tion the formation is middle Cretaceous, early Ceno-

manian at the base and probably early Cenomanian

throughout.

CONTACTS AND EQUIVALENT UNITS IN ADJACENT AREAS

The underlying unit of the M'sad Formation is the

Rutbah Sandstone Formation ; the contact is gradation-

al and conformable and is placed at the base of the

lowest limestone bed above the continuous Rutbah.

The 31 'sad Formation is overlain by the Tayarat

Formation; the contact is unconformable owing to an

erosional break in sequence which omits sediments of

Turonian to intra-Maestrichtian ages. The contact is

placed at the base of the localized basal conglomerate

of the Tayarat Formation.

On the basis of age, microfauna, and microfacies,

the M'sad Formation is considered to be correlative

with the Mahilban limestone of the Awasil area and

the Mishrif Formation (part) of southern Iraq, from

both of which it may be distinguished by its hetero-

geneity. Distinction will be difficult in areas where

the sand and marl components are subordinate, and in

intermediate areas the name M'sad and Mahilban For-

mation may be necessary.

MISHRIF FORMATION

TYPE SECTION, THICKNESS, AND EXTENT

The type section of the Mishrif Formation is in

BPC well Zubair No. 3 (hit 30e 23'0I" N., long 47°

43'29" E.; alt 61.» ft; completed Feb. 21, 1951). The
formation is between drilled depths of 7,204 and 7,605

feet (401 ft thick).

In the Basrah fields this formation ranges between

350 and 550 feet in thickness. Its eastern extension is

unknown. Thickness trends follow a northerly direc-

tion, as if the Mishrif were deposited over a shoal ex-

tending basinward from the Arabian shield across the

Kuwait-Basrah region, bordered on the east by the

main Balambo basin and on the west by a subsidiary,

shallower "Rumaila" basin. Thus, geographically,

rocks of Mishrif type may be restricted to a narrow

belt. To the west the Mishrif is only a few feet thick

at wells Samawa No. 1 and Safawi No. 1 and is absent

at. Ghalaisan well No. 1.

According to Dunnington, Wetzel, and Morton (in

Bellen and others, 1959), in the Rutbah area of the

western desert the Mishrif is probably represented in

outcrop by the correlative M'sad Formation which car-

ries a microfauna similar to that of the Mishrif For-

mation. The rudist Eoradiolitea Uratua Conrad, re-

ported here by A. Keller, is believed to occur also in

the subsurface Mishrif Formation (W. Sugden and E.

Hart, unpub. data, 1957). The Mishrif Formation is

not represented in southeastern Kuwait, where equiv-

alent sedimentary rocks form the upper part of the

Magwa Formation.

DETAILED UTHOLOGIO DESCRIPTION

The Mishrif facies, which is thickly deposited

throughout the Basrah area, consists of neritic sedi-

mentary rocks, mostly limestones and, in places, shales.

The limestones are variable in texture and may be

oolitic or pelletal, shelly, and coquinoid types which

contain algae, rudists, bryozoans, corals, and miliolids;

in places there are indications of offshore deposition.

The following is a detailed lithologic sequence in

the type section, based on reinterpretation of the elec-

tric logs:
TMeln»e»t

</«»)

8. Limestone, fine-grained, llmonltle, fresh-water, con

tainlng Charophytct and marl; interbedded with

black shale having some llght-boff streaks B0

7. Limestone, white-buff, fine-grained, fractured or stylo-

lltic. marly, partly pseodo-oollOc and roirrobrecclons

with streaks of greenish-black shale and pale-buff

marl toward base 26
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8. Marl, whitish-buff, algul, and greenish-black shale 12

6. Limestone, brown and white, dense, detrital, contain-

ing gastropods, rotalids, and sponge spicules; partly

pseado-oolltlc and contains rare chalky streaks and
thin green shale intercalations 68

4. Limestone, cream to white or brownish-buff, porous,

partly very shelly and foraminlfcral; contains band*

of rudlsts, CUolvcotina sp., Begia sp., Dicyclina xp..

Dicttrocontu sp.. miUoUds, and others 136

3. Marl, white to buff, chalky, oil-stained In places 16

2. Limestone, porous, oll-stalncd, brown to light-buff;

leacbed-out fossils ; contains calotte veins and floods

of miliolids, bcgia sp., Citolccolina sp., Dicyclina

sp. Tabcrina sp., Praeatvcotina sp. and others B8

1. Limestone, buff to brown, algal, contains miliolids or

Citalveolina sp. ; very dense at base 35

Total 401

At Samawa well Xo.l the formation is very thin

and barely recognizable, consisting of 32 feet of tight,

fine dolomite containing some miliolids.

According to Dunnington, Wetzel, and Morton (in

Bellen and others, 1959) the Cham limestone which
occurs at the top of the Mishrif in near-crestal wells

in the Zubair field is missing in most other areas. The
limonitization of the upper beds of the Mishrif and the

abrupt facics change from algal limestone to globig-

erinal marly limestones strongly suggests nondeposi-

tion and an emergent episode, with erosional termina-

tion of the Mishrif. On the other hand, close correla-

tion between wells and fields in the Basrah area does

not confirm any significant erosional convergence below

the base of the Khasib Formation. In Kuwait, how-
ever, the Mishrif and Rumaila Formations and the

upper parts of the older Ahmadi Formation wero
eliminated at the erosional unconformity which pre-

ceded the Upper Cretaceous transgression, and the hia-

tus narrows, significantly, to the limonitized surface

atop the Mishrif as the Basrah area is approached

(Owen and Nasr, 1958, fig. 5).

Fossils found in the Mishrif Formation include

Cham sp., Permocalcuhts ireane Elliott, Cualveolina

sp., C. faUax Reichel, C. lehnr.ri Reichel, Pmealveolina

cretacea (d'Arehiac), P. cretacea var. tenuis Reichel,

Mullispirina iranemis Reichel, Dicyclina qatarica Hen-
son, Taberina bingUtani (Henson), Pseudochrysalidina

conica (Henson), Bcgia spp., Coxites subairensis

Smout, and Trocholina spp.

Recent stratigraphic work in Iraq by M. Chatton

and E. Hart (unpub. data) dates the Mishrif Forma-
tion as Cenomanian and early Turonian. Owen and
Nasr (1958) attributed this formation to the Turonian;
however, according to Dunnington, "Wetzel, and Mor-
ton (in Bellen and others, 1959)

:

A. II. Smout (1956) has described numerous species of the

foraminlferal genus, Bcgia, from the Mishrif formation of the

liasrah area. He argues for Turonian age for the rich faunas

of the lower part of the unit, but the Alveoiinidae are of Ceno-

manian rather than Turonian age In Iran, and the rudlst

evidence from Rumaila wells and macrofossll evidence as to

age of the correlative M'sad Formation are strongly in favour

of a Cenomanian attribution also. The upper part of the

formation could be Turonian, but the Pcrmocalculut flora near
to the top of the unit matches that from the Mahilban Forma-
tion of the Awaail area (G. F. Elliott, unpub. data) which la

separated by unconformity from the presumably Turonian Fa-

00NTACTS AND EQUIVALENT UNITS IV ADJACENT AB£A8

The contact of the Mishrif Formation with the under-

lying Rumaila Formation is conformable and is placed

at the change from oligosteginal-globigerinal limestone

below to neritic limestones, with miliolids, Begia spp.,

and larger Foraminifera above; thus, the contact is

one of normal lateral and vertical gradation. The con-

tact with the overlying Khasib Formation is discon-

formable, owing to a considerable sedimentary hiatus

(Bellen and others, 1959). The Mishrif Formation
commonly is conformably overlain by a thin evaporitic

lagoonal Kin Formation, as in some of the western

desert subsurface sections. In tho extreme west, for

example at Safawi well Xo.l, where the Khasib is ab-

sent, tho Tanuma shales rest directly but unconform-
ably on a few feet of the Mishrif Formation.

The Mishrif Fonnation may be equated with at

least the upper part of the Wasia Formation of Saudi
Arabia, though the Wasia is a different fades.

ECONOMIC ASPECTS

According to staff members of the Iraq Petroleum
Company (oral comtnun., 1956), medium oil (26° API)
can bo produced from the limestones of the Mishrif

Formation in the Zubair and Rumaila oil fields of the

Basrah Petroleum Company, where it constitutes what
is called the "Second Pay."

KHASIB FORMATION

TYFK SECTION, TUICKNE8S, AND EXTENT

The type section of the Khasib Formation is in BPC
well Zubair no. 3 (lat 30°23'01" X., long 47°43'29" E.;

alt 51.9 ft; completed Feb. 21, 1951). The formation
lies bet ween drilled depths of 7,(M0 and 7,204 feet (164
ft thick). It has been found in all subsurface sections

in southern and western Iraq except in well Safawi
Xo.l. To date (1964) these sections include wells in the

Nahr Umr, Zubair, and Rumaila fields; in the wells

Rachi Xo.l, Ratawi Xo.l, Luhais Xo.l, Samawa No.l,

Kifl No.l and 2, Ubaid Xo.l, Ghalaisan Xo.l, and
Shawiya Xo.l; and in the wells in northeastern Ku-
wait. The formation was not identified, however, in
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southeastern Kuwait, where it probably has equivalents

in the lower part of the Gudair Formation that are

complete. The Gudair thins toward the structural

uplift of Burgan, and equivalents of the Khasib and
Tanuma Formations are probably eliminated by pro-

gressive overlap (Owen and Nasr, 1958). The thick-

ness distribution and variation is complicated by

fades interrelation with the overlying Tanuma For-

mation. The Khasib thickens basinward to the north-

east to as much as 300 feet, whereas a belt, 200 feet

thick, may follow the Euphrates River very closely

between wells Kifl No.l and Nahr Umr No.3. In the

Basra fields the thickness ranges between 17 and 195

feet. At wells Ratawi No.l and Rachi No.l thick-

nesses of 140 and 118 feet respectively, were recorded.

"Westward, at wells Ubaid No.l and Ghalaisan No.l,

the thickness decreases to 95 and 77 feet, respectively,

and in Safawi well No.l the formation's identity is

completely lost.

DETAILED UTBOLOOIC DESCRIPTION

Lithologically, the type section of the Khasib For-

mation can be subdivided into two units as follows:

Thlckneu
Uect)

2. IJmestone and chalk, light-gray, very marly, slightly

dolomitic, with subordinate streaks of black shale _ 95

1. Shale, dark-gray or greenish-gray, fissile, alternating

with globigerlnal-gumbelinid and dolomltlc fissile

huff marly limestones 69

DIAGNOSTIC FOSSILS AND AGE

Fossils found in the Khasib Formation arc Globlg-

erina sp., Gvmbelina spp., and Oligostegina. Sayyab
( 1956) identified three new ostracode species from the

Khasib Formation of Zubair well No. 5. Other micro-

fossils, which include Globotruncana lapparenti sub-

spp. and G. hupoldi Bolli from Zubair well No. 1 and
G. stuart i (de Lapparent) from Nahr Umr well No. 1,

were recognized in this formation by Dunnington, Wet-
zel, and Morton (in Bellen and others, 1959). The
Khasib Formation is Senonian (early?), according to

Owen and Nasr (1958).

Since Owen and Nasr did not recognize any break

within the Mishrif Formation, or within the overlying

sequence of the Khasib, Tanuma, and Sa'di Forma-

tions, the interpretation that the Khasib-Mishrif con-

tact involves no hiatus in sedimentation implies an

older age than late Campanian for the base of the

Khasib. The Mishrif Formation is considered to be

not younger than Turonian (Owen and Nasr indicated

Turonian age, but Cenomanian age for at least the

lower part of the Mishrif was argued by others. See

section on "Mishrif Formation.") Recently, however,

M. Chatton and E. Hart (unpub. data) established the

age of this unit as middle Turonian and early Conia-

cian.

CONTACTS AND EQUIVALENT UN ITS IN ADJACENT AREAS

The contact of the Khasib Formation with the

underlying Mishrif Formation is disconformablo, being

between oligosteginal shales above and limonitic lime-

stones with Charophytao below. In Ubaid No. 1 and
Kifl No. 1 and 2, the Khasib Formation rests directly

on the Kifl evaporites. Owen and Nasr (1958) indi-

cated that the contact between the Khasib and the

underlying Mishrif is disconformable in the Basrah
area and unconformable on structural highs in Kuwait.

In the Basrah area this unconformity is represented

by a thinning of sediments and by a fresh-water limo-

nitic CVwra-bearing limestone at the top. This lime-

stone is overlain conformably by the transgressive

Khasib Formation of the Annua Group. The con-

tact with the overlying Tanuma Formation is conform-
able at the change from black fissile shales above to

gray marly limestones below.

In northeastern Iraq the Khasib passes into the

basinal lower limestones of middle Turonian and lower

Coniacian Kometan Formation and Gulneri shales. It

is represented in southeastern Kuwait in the lower part

of the Gudair Formation.

ECONOMIC ASPECTS

The Khasib Formation has no economic value. It

causes some trouble in drilling wells by caving and
sloughing.

TAVUM4 rO&KATIOX

TYPE SECTION, THICKNESS, AND EXTENT

The type locality of the Tanuma Formation is in

BPC well Zubair No. 3 (lat 30 &23'01" N., long 47°

43'29" E.; alt 51.9 ft; completed Feb. 21, 1951). The
formation lies between drilled depths of 6,9<x) and
7,040 feet. (140 ft thick). It occurs in all the following

deep subsurface sections in south western Iraq: wells in

the Zubair, Rumaila, and Nahr Umr fields and Ratawi
No.l, Luhais No.l, Ubaid No.l, Samawa No.l, Shawi-
ya No.l, Safawi No.l, Ghalaisan No.l, and Kifl Nos.

1 and 2. According to Dunnington, Wetzel, and Mor-
ton (in Bellen and others, 1959), this formation has

not been formally recognized in southeastern Kuwait,

where equivalents are probably represented by the low-

er part of the Gudair Formation, though cut out by

onlap convergence in areas of structural uplift; how-

ever, it is recognized in northeastern Kuwait (Fox,

1957) in a stratigraphic position similar to that of

the type area. In southwestern Iraq the greatest thick-

ness of Tanuma occurs along a trend extending from

wells Rachi No.l (190 ft) to Ratawi No.l (170 ft),
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Samawa No.l (163 ft), and Kifl No.l (130 ft). West-

ward from the Basrah area there is gradual thinning

of the formation from wells Ubaid No.l (54 ft) to

Shawiya No.l (49 ft), except ut Safawi No.l (83 ft)

where an observable thickness anomaly is due to a com-

plete change of facics of the underlying Khasib For-

mation. Northwestward there is appreciable thinning

toward Ghalaisan well No.l (15 ft).

DETAILED LITHOLOOIC DESCRIPTION

The Tanuma Formation consists of black shale with

streaks of detrital limestone. The shales are fissile and

the limestones are gray, marly, microcrystalline, py-

ritespotted, and detrital; glauconite and dolomite crys-

tals occur throughout. An oolitic limestone streak

appears in the upper part of the formation; the ooliths

have a core of pyrite or glauconite.

01AQN0STIC rOBSILA AND AGE

In the type locality of the Tanuma Formation the

detrital limestones contain Monolcpidorbis sp., Crls-

tcllaria sp., ostracodes, and bryozoans. A. S. Sayyab

in 1956 described some ostracodes, mostly new species,

from the Tanuma Formation of Zubair well No. 5.

The ago of this formation was considered as late Seno-

nian by Owen and Nasr (1958), but the fauna, accord-

ing to Dunnington, Wetzel, and Morton (in Bellen

and others, 1959), seems to justify a late Campanian

age. llecently, however, M. Chatton and E. Hart

(unpub. data) have considered the age of this forma-

tion as late Coniacian. Here it should be remembered

that because of the diachronous sedimentation of the

formation one may expect extension of the total age

limits.

CONTACTS AND EQUIVALENT UNITS IN ADJACENT AREAS

The Tanuma Formation is underlain by the Khasib

Formation; the contact is conformable and is placed

at the change from black fissile shales above to gray

marly limestones below. The contact with the over-

lying Sa'di Formation is conformable and gradational

at the change from globigerinal marly limestone above

to black fissile shales below. The Tanuma Formation

is recognized in the northern Kuwait subsurface sec-

tions. To the southeast it passes into the Gudair For-

mation. The Tanuma may be correlated with one of

the Aruma shales in Saudi Arabia.

ECONOMIC ASPECTS

The Tanuma Formation may be good caprock for

the trapping of oil in the Mishrif limestones and to a

lesser extent in porous parts of the Khasib Formation.

Owing to the tendency of the shales to cave, there may

be considerable difficulty in drilling operations.

SA'DI POUCATIO*

The type section of the Sa'di Formation is in BPC
well Zubair No. 3 (lat 30°23'01" N., long 47°43'29" £.;
alt 51.9 ft; completed Feb. 21, 1951). The formation

lies between drilled depths of 6,013 and 6,900 feet (887

ft thick). No outcrop in southwestern Iraq has so far

been designated as Sa'di Formation, although the unit

reaches a thickness of 1,279 feet and widespread sub-

surface distribution, which seems to be in the Rumaila
area. Wesward, this thickness decreases to from 500

to 600 feet between wells Samawa No. 1 and Ubaid
No.l. Further decreases in thickness to 400 ft, were

observed near the Iraqi-Saudi Arabian border. A sim-

ilar decrease occurs northward, where at Kifl well

No. 1. Further decreases in thickness to 400 ft were

thickening is recognized at Awasil well No.5 (475 ft)

and at Nafatah well No.l (575 ft). The Sa'di Forma-
tion, because of nondeposition and erosional cutout, is

not represented in the general Gaara-Rutbah area.

The true thickness variation cannot be evaluated real-

istically without paleogcographic and paleogeologic

reconstruction of the conditions which prevailed during

and after the formation of the Sa'di sediments.

DETAILED UTHOLCMIO DESCRIPTION

The Sa'di Formation can be subdivided into two
units in the type locality as follows:

Tklcknut
</««>

2. Limestone, white to buff, chalky, marly. Blightly dolo-

mitic, fo-isillferous with fossil contents decreasing

upward ; rare green calcareous shale streaks 562
1. Marl, greenish-gray to gray, with rare dolomite crys-

tal!, and pyrite; globigerinal ; ostracode bearing:

contains some calcareous dark-gray to greenish gray

shale intercalations ; upper 100 ft of this unit Is rec-

ognized as Hamrina marl 325

These general characteristics persist westward to the

vicinity of Ubaid well No.l, and they are also obvious

in Kifl well No.l. "Basinwards, as in Nahr Umr No.2
well," according to Dunnington (1958), "the sequence

becomes practically all marl with only a few marly
limestone beds." Southward toward Kuwait the Sa'di

in Bahra well No.l is between 5,025 and 5,600 feet

thick, but thins considerably toward Burgan and even-

tually disappears.

DIA0N08TIC rORSILS AND AGE

The Sa'di Formation is very fossiliferous and con-

tains abundant microfauna and flora, especially in the

lower part. The fossil generaly listed are Bairdia sp.,

Cytherella sp., Brachythere sp., Nodosaria spp., Globig-

erina spp., O. cretacea d'Orbigny, Oligottegina, Tex-

tukiria sp., Palmula sp., ifargmulina sp., Crutettaria
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ap., Glcbotruncana angustiearinata Gandolfi, G. forni-

cate Plummer, G. lapparenti lapparenti Brotzen, G.

lapparenti coronata Bolli, G. sigali Reichel, G. margi-

nata (Rcuess), and Praeglobotruncana concavata

(Brotzen). Elsewhere, the list may be augmented by

the algae Archaeolithamnium digitatum, Pfender Di»-

*ocladeUa undulata (Raineri) Pia, and Trinocladus

tripolitanus Raineri.

The Sa'di formation is Santonian and early Cam-
panian in age. Owen and Nasr (1958) considered this

unit to be late Senonian age. Recently, however, M.
Ohatton and E. Hart (unpub. data), because of the

discovery of Praeglobotruncana concavata (Brotzen)

associated with the other fossils, advocated an age of

late Coniacian to early Santonian for the Sa'di; the

upper part of the Sa'di being younger, they maintained

that its age extends to early Campaniun. This may
well be the case, at least at some localities, owing to

the diachronic sedimentary history of the formation.

CONTACTS ADO EQUIVALENT UNITS IN ADJACENT AREAS

The contact of the Sa'di Formation with the under-

lying Tanuma Formation is conformable at the top of

black calcareous shale and at the base of white chalky

limestone. The contact with the overlying Hartha
Formation is an erosional unconformity correspond-

ing to that noted between the Bahra and Gudair For-

mations in Kuwait (Owen and Nasr, 1958). West-
ward and southward the subbasinal Sa'di Formation
passes into the neritic Aruma and Gudair Formations

in Saudi Arabia and Kuwait.

ECONOMIC ASPECTS

The Sa'di Formation has no known economic value.

Owing to the swelling nature of the rock constituents,

it may cause stuck-pipe problems during drilling op-

erations.
RA&TBA FORMATION

TYPE SECTION, THICK NEHB, AND EXTENT

The Hartha Formation type section is in BPC well

Zubair No. 3 (lat 30°23'01" N. long 47 <>43
,29" E.; alt

51.9 ft; completed Feb. 21, 1951). The formation lies

between drilled depths of 5,590 and 6,013 feet (423 ft

thick).

The distribution of this formation in the subsurface

sections of southwestern Iraq is extensive: Its thick-

ness ranges between 370 and 765 feet in the Basrah

area; gradually increases westward to 1,048 feet in the

Ash Shawiya area; and, together with tongues of the

Safawi Formation, reaches a maximum of 1,210 feet

farther west. From the Kifl area northward toward the

Ga'ara massif, the Hartha Formation thins out. Owing
to the absence of the intervening Qurna Formation, it

is difficult in some places to differentiate the Hartha

Formation from the overlying Tayarat Formation, ex-

cept possibly by detailed micropaleontologic studies.

On the east side of the Ga'ara massif the Hartha

Formation is only 210 feet thick at Nafatah well No.l.

According to Owen and Nasr (1958), this formation

thins out toward northern Kuwait but shows little

facies change. They maintained that this lithologic

unit has not been precisely delimited in low structural

wells in Kuwait, and is missing in structurally high

areas of southern Kuwait, owing to erosion or nondep-

osition. "In the Burgan-Ahmadi area erratic varia-

tion in thickness from 50 to 300 feet suggests that the

earliest deposits of this formation were laid down in

hollows eroded at the top of the underlying Gudair

Formation, and the lithology suggests a transgressive

phase in this area."

DETAILED LITBOLOOIO DESCRIPTION

The Hartha Formation consists of the following

lithologic units:

(/«*)

4. Limestone, thin-bedded, gray, pyrlte-spotted. algal,

glauconltle, alternating with dark-Bray flK*lle Kbnlo. 36

3. Limestone, buff to gray, recryntallUed. globigcriual,

algal, with some ehalky matrix ; passes upward into

very marly limestone 86

2. Dolomite, light-brown, crystalline, with shale streaks

toward the base 214

1. Marl, light-buff, ostracode-bearing, alternating with

green calcareous shale which In places passes into

argillaceous pyrltlc mottled glauconltle limestones— 88

This lithologic sequence varies from place to place

and changes laterally according to the paleogoograph-

ic position of the formation; for example, in the west-

ern desert there is a general tendency toward increase

of dolomite content and interfingering of the Safawi

anhydrite.

DIAGNOSTIC FOSSILS AND AOS

Fossils recognized in the Hartha Formation are

Globotruncana cf. G. stuarti (do Lapparent), Cosinella

sp., Valvulammina sp., Ammobaculitcs sp., Monolepi-

dorbu sp., Pseudcdomia complanata Eames and Smout,

Brachycythere spp., and Bryozoa. In sections other

than the type section, the Hartha has yielded Om-
phalocyclws nutcropora (Lamarck) and Orbitoidt* me-

dia in association with Monohpidorbis spp. from close

to the base of the formation. On the basis of this asso-

ciation, the lower part of the Hartha and the uncon-

formity at its base may be dated fairly closely as being

of earliest Maestrichtian or latest Campanian age,

probably the latter.

Elsewhere the following fossils were recognized:

Archcwcyclwt m'ulorkntali* Eames and Smout, Sid-
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erolite* heracleae (Ami), Rotnlin *kourrn*l* Pfender,

Ogivalia paruierutii d'Orbigny, Dicyclina tchlumber-

geri Munier-Chalmas, and Cuneolina rylindrica Hen-

boil Tho formation is Maastricht ian and late Cam-
panian in age.

CONTACTS AND EQUIVALENT UNITS IS ADJACENT AREAS

The contact of the Ilartha Formation with the

underlying Sa'di Formation is an erosional uncon-

formity in the Basrah area and also in Kuwait, where

it overlies the Gudair Formation. The contact with

the overlying Shiranish Formation (formerly Qurna)
was stated to bo disconformable by Owen and Nasr

(1958), and was placed at the top of white chalky

glauconitic limestone and at the bottom of soft gray

marl. This relationship has recently been contested

by Nf. Chat ton (unpub. data), who believes that the

contact is conformable. In the extreme west at Safawi

well No. 1 this formation is overlain conformably by

the newly defined Safawi Formation. Northwestward,

where the intervening formation is missing, the Hartha
is overlain directly by the Tayarat Formation.

In southeastern Kuwait the term Bahra Formation

has been used to include tho combined lateral equiva-

lents of the Ilartha and the overlying Shiranish Forma-
tions, which are apparently less distinguishable in that

area than in the northern Iraq fields, or in northern

Kuwait, owing to the lateral southward passage of the

Shiran ish marls into limestones. The Ilartha Forma-
tion may have its equivalent within the Aruma Forma-
tion of Saudi Arabia.

SAFAWI FORMATION

The Safawi Formation is newly defined to include

the evaporitic fades of the upper Campanian and
Mae.strichtian cycles of sedimentation. As exploratory

drilling operations progressed westward from the Bas-

rah area, an appreciable amount of evaporite stringers,

increasing in thickness westward, was observed in the

Hartha Formation. In the BPC well Safawi No.l

these evaporifes arc so thick that they merit definition

as a formation.

The tyjie section of the Safawi Formation is in BPC
well Safawi No. 1, (lat 30°2'45" N. long 43°15'50" E.;

alt 1,302 ft; completed Oct. 9, 1960). The formation

lies between drilled depths of 2,058 and 2,200 feet (232

ft thick).

This unit, thus far, occurs in the subsurface sections

interfingering with the Ilartha Formation in the wells

Ghalnisan No.l, Kill Nos. 1 and 2, Shawiva No.l,

Uhaid No.l, and Awasil No.5. The occurrence of

evaporites in a similar stratigrnphic position was ob-

served in tho well Makhul No.l, and defined as Dibs

Anhydrite Member of the Pilsener Limestone Forma-
tion by Dunnington, Wetzel, and Morton (in Bellen

and others, 1959).

The Safawi Formation is predominantly white, com-
pact hard crystalline anhydrite, with subordinate

brown hard crystalline dolomite and buff to gray soft

marls. No fossils have been found in it thus far. A
Maestriehtian and late Campanian age is assigned to

the formation on the basis of its stratigrophic rela-

tions with the underlying Hartha and overlying Taya-
rat Formations.

CONTACTS AND EQUIVALENT UNIT* IN ADJACENT AREAS

The lower contact of the Safawi Formation with
the Ilartha Formation is conformable, and the unit

grades into Hartha Formation laterally eastward. The
contact with the overlying Tayarat Formation is not
well defined owing to the lack of cores; slight uncon-
formity is postulated because of the transgressive na-

ture of the Tayarat.

The Safawi Formation is equated with the Dibs
Anhydrite Member of the Pilsener Formation in Mak-
hul well No. 1 ; the formation has not been recorded in

Saudi Arabia.
BHIRANISn FORMATION

In the Basrah area the Shiranish Formation was
formerly known as the Qurna Formation; the synony-
my is now recognized.

REFERENCE SECTION, THICKNESS. AND EXTENT

The reference section for the Shiranish Formation
is in BPC well Zubair No. 3, (lat 30°23'01" N., long-

47°43'29" E.; alt 51.9 ft; completed Feb. 21, 1951).

The formation lies between drilled depths of 5,202 and
5,590 feet (388 ft thick). It occurs in all deep sub-

surface sections in the Basrah area and in Kuwait.
According to Owen and Nasr (1958), tho Shiranish

Formation ranges in thickness between 250 and 450
feet, being thinnest in the Kumaila field. There is a
general thickening of the formation northwestward,

and in the Samawa area it attains a thickness of 550
feet. Westward from that area it thins to about 450
feet in the area of Ghalaisan well No. 1. It passes

latterally westward into the neritic Tayarat Formation.

The Shiranish Formation consists of buff or ash-gray

globigerinal marl, in some places dolomitic, and some
marly and detrital limestone beds; it is glauconitic

toward the base and contains a rich microfauna.
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According to Owen and Nasr (1958), the Shiranish

marls in the Basrah area pass in southern Kuwait
into white to gray dense marly microcrystalline lime-

stone, which in many places contain gray chert nodules.

This calcareous facies has not always been distin-

guished from the adjacent formations. Similar changes

have been observed west of Ubaid well No.l; at Sa-

fawi well No.l it appears that all the Shiranish marls

have passed into chalky and marly limestone within

the Tayarat Formation.

DIAGNOSTIC rOBULa AND AOS

Fossils found in the Shiranish Formation are Cy-

therella spp., Bairdia spp., Nodosaria sp., Globotrun-

cana spp., CrisUUaria spp., Gyroidina naranjoetuiis

White, Anomalia sp., Maraaanslla oxycona (Reuss),

Gaudryina sp., Bolivina ino rcusata Rcuss, Buliminella

laevi* (Beissel), Cibicide* beaumontianwi (d'Orbigny),

Bolii'inoidejt draco (Marsson), Textularin eretorn

Plummer, Gumiclina sp., and others. The formation

is Maestrichtian in age.

CONTACTS AND EQUIVALENT UNITS IN ADJACENT AKZA8

The Hartha Formation underlies the Shiranish with

slightly disconformable contact. The overlying Taya-
rat Formation is conformable and gradational; the

contact is placed at the junction of dolomitic lime-

stones above and globigerinal marls below. In the

Kifl area the Shiranish is directly overlain by the

Aaliji Formation with unconformable contact. In
southeastern Kuwait the Shiranish Formation passes

into the Bahra Formation and in Saudi Arabia into

the Aruma formation.

TAYARAT FORXATION

TTPE SECTION, THICKNESS, AND EXTENT

The type section of the Tayarat Formation is the

scarp face and crest of Jebel Tayarat (Tayarat, not

Ayarat), 21 miles nearly due south of Rutbah, lat

32°46' N., long 40°17' E. A reference section in the

BPC well Zubair No. 3 lies between drilled depths of

4,482 and 5,202 feet. The formation is about 98 feet

(incomplete) thick at the type locality.

According to Macfadyen (1938), this formation has

a widespread outcrop distribution in the Wadian area,

south of Rutbah. H. A. Field and K. D. Jones (unpub.

data, 1958) described good, but incomplete, sections at

Abu Ghar (E. 1183, N. 1156), Jelta solution hole (E.

1202, N. 1173), Wadi Ithayna (E. 1195, N. 1183), Al

Jandali (E. 1156, N. 1065), and Wadi Tubal west of

Abu Nufuq (E. 1193, N. 1184). (Grid coordinates are

shown on pi. 1.) In this general area Field and Jones

assigned a minimum thickness of 250 feet for the incom-

plete Tayarat. South of the Widyan and Kifl areas,

this formation was found in all deep subsurface sections

and in some of the shallow structural holes in the south-

ern desert west of the Euphrates River.

Owen and Nasr (1958) maintained that in the Bas-

rah-Kuwait area this formation is essentially in the

same facies as in the type locality, but it is thicker

than in outcrop section. Its greatest thickness, 970

feet, seems to bo localized in the Rachi well No.l area,

decreasing westward to about 600 feet in the area of

wells Ubaid No.l and Shawiya No.l. It also de-

creases in thickness northward from Rachi well No.l;

in the wells Samawa No.l and Ghalaisan No.l, thick-

nesses of 344 and 296 feet respectively, were recorded.

Dunnington, Wetzel, and Morton (in Bellen and
others, 1959) stated:

Passing northwards from Jebel Tayarat through Jebel Tboha,

and towards the western rim of the Qa'arn depression, the

Tayarat limestone Is cut out progressively, by the erosion of

Its upper parts, and also perhaps by onlap convergence. In

the section of Hill 270 (Lat 33'IS'OO" X., long 40*10'30" E.),

and Khasm Mulusna (lat 33*lS -30" X.f long 4C07' K.), the

formation Is absent, the Palaeocene Umm er Radhuma forma-

tion resting discordantly on eroded M'sad formation. The con-

vergence increases northwards, so that, at Kas Semhat. the

Vmm er Radhuma rests directly on Triasslc Oa'ara sandstone.

The detaiU of the erosional convergence from Tayarat to An
Xadhara have not been studied.

Owing to the formation's abrupt local lithologic

changes and closeness to the Ga'ara massif, further

study is needed to elucidate the detailed geological

history.

The Tayarat Formation consists of rubbly porous

limestone that is white, buff, and pink; it is rather

chalky, fossiferous, recrystallized, dolomitized, local-

ly sandy, and is conspicuously more massive at the base.

W. T. Foran (unpub. data, 1940) described the com-

posite Upper Cretaceous section in the Widyan area

as follows:
fMgtaaai
(/•rl)

llmm er Radhuma white chalky limestones with slllcl-

fled limestone nodules (flint?).

Unconformity, especially in Wadi Tlbal region.

6. Limestone, purplish-gray, fosstllferous, contains Lof-

tu»ia; yellow marls locally passing to sandstone;

gray to white granular gnstropodnl limestones

;

and soft yellow limestone - 27.2

5. Marl, yellow, varying locally to shale, especially

toward southeast ; numerous corals in upper part. 19.7

4. Sandstone, yellow, has marly matrix to west, passing

Into current-bedded ferruginous oolite with

rhombobedral calclte In Wadi Ohadfat at Tawll

;

unit thins out and passes to normal marly shale in

region of Wadi Tibal, where it is overlain dlscon-

formably by I'mm er Radhuma Umestoues; Is

comparable with yellow sandstone bed (2 m thick)
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near middle of Tayarat section east of type lo-

cality 8.S

8. Marl, yellow, varying to shale 10.7

2. Limestone, gray, hard, dolomltlc, rudlstld, with sev-

eral gray marly Intercalations (1.4 ni) having

gritty marly xones, especially toward top and
base; contains Omphalocyclut macropora (La-

marck), EoradioUtvt, and corals 32.8-08.4

1. Marl, yellow, with some thin limestone lutercala-

TUnconformlty.

M'sad soft yellow limestones containing Xerinea sp.

W. T. Foran (unpub. data, 1940) called unit 2 the

Tibal dolomitic limestone; units 3, 4, and 5, the Tawil

marl; and unit 6, the Tayarat limestone. However,

F. R. S. Henson (unpub. data, 1940) and H. A. Field

and K. D. Jones (unpub. data, 1958) included all these

units in the Tayarat Formation.

Macfadyen (1938) pointed out the presence of a fish

bed, in presumably CretaoeouB sandy limestones at Our
Ayarat, where abundant teeth but fewer bone frag-

ments and vertebrae were found.

Fossils in the Tayarat Formation include Loftusia

morgani Douville and Omphalocyclus macropora (La-

marck). According to H. A. Field and K. D. Jones

(unpub. data, 1958), the Tayarat limestones contain

corals, rudists (including Eoradioliteg\), gastropods,

lamellibranchs, and algae. They maintained that gen-

eric identification is often difficult as most of the

original structures have been destroyed by recrystalli-

zation and some by dolomitization. In addition to the

fossils recognized in the typo section, the following

microfossils have been determined from the subsurface

sections: Lepidorhitoid&t socialis (Leymerie), Orbito-

idea media (d'Archiac), 0. apiculata, Ogivalia parisi-

enaU d'Orbigny, Iiotalia skourensis Pfcndcr, Ii. trochi-

diformis Lamarck, Globotruncana spp., Dictyoeonus

sp., Dicyclina scklumbergeri Munier-Chalmas, and
Pseudnchrytalid'ma sp.

For complete faunal assemblages of the Tayarat

Formation, reference to the equivalent Aqra Limestone

of northern Iraq is recommended. (See Bellen and

others, 1959.) The formation is Macstrichtian in age.

The lower contact of the Tayarat Formation with

the M'sad Formation is an erosional unconformity

placed at the base of a localized conglomerate. In

southwestern Iraq, with the exception of the extreme

western region in the vicinity of Sawafi well No.l,

where it is underlain by Safawi anhydrites, this forma-

tion overlies the Shiranish Formation (formerly Qur-

na) conformably with lateral interdigitation.

The upper contact is not present in the type locality,

owing to the complete erosion of the overlying forma-

tion; however, in the Al Widyan area of western Iraq,

though the structural grain of the country is flat, there

is strong evidence of an overlap relationship between

the Paleocene rocks and the underlying Upper Cre-

taceous Tayarat Formation.

Macfadyen (1938) described this area as follows:

"Nearly the whole of the Wadian (Al Widyan) is

covered with flat-lying limestones occasionally conglo-

meratic. These are believed to be wholly of Eocene
and Cretaceous age. Since the lithology is generally

similar, and recognizable fossils mostly leached out, the

Eocene-Cretaceous boundary appears to unmappable
without a great expenditure of time and labour."

According to W. T. Foran (unpub. data, 1940), the

contact of the Cretaceous with the overlying Paleocene

formations is readily recognizable throughout the ex-

posed area; he placed the contact at the level of the

lowest appearance of Loftusia and the lowermost chalk

containing bluish opaline quartz geodes. One or both

of these are commonly near the contact. Later investi-

gators such as II. A. Field and K. D. Jones (unpub.

data, 195S) agreed with this view and have placed the

contact a short distance above the last appearance of
Loftusia, at the first recognizable break below the chalk

containing nodular cherts and flints. In the deep sub-

surface sections of southwestern Iraq, the Tayarat
Formation is generally overlain by the Umm er Rad-
huma Formation.

EQUIVALENT CTI1TB IK ADJACENT AMA 8

According to Dunnington, Wetzel, and Morton (in

Bellen and others, 1959), "Formations closely com-

parable with Tayart are known at outcrop in Saudi
Arabia (Aruma formations; R.A. Bramkamp and M.
Steincke 1952; W.H. Thralls and R.C. Hasson, 1957,

and so forth) and in well sections in Arabia, and in

Qatar (Sismisima formation, W. Sugden 1958, MS).'*

ECONOMIC ASPECTS

The Tayarat limestones are porous and occupy an
extensive area in Al Widyan. Macfadyen (1938)

stated that this area is an almost flat-lying Eocene and
Cretaceous limestone terrane that has very gentle slop©

and drainage to the east. The annual rainfall averages

less than 10 millimeters, and in summer and autumn
this area constitutes the most waterless part of Iraq.

A very considerable proportion of the rainfall prob-

ably percolates deeply underground through solution

channels in the limestone, and the ground water is

thus beyond reach of shallow wells; however, deep

I
drilled wells near the underground solution channels
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would probably yield water. A detailed account of

this subject was given by Macfadyen (1938, 127-135).

Minor quantities of phosphatic material may be found

in the fossiliforous and chert beds in the area south

and west of Rutbah.

CENOZOIC

The Tertiary System includes the Paleocene, Eocene,

Oligocene, Miocene and Pliocene series. Rocks of Oli-

gocene age are not recognized in southwestern Iraq

because of a major break due to nondeposition, pre-

Miocene erosion, or both. Tertiary rocks there are com-

posed of more than G,500 feet of sediments.

PALEOCENE AND EOCENE

Rocks of Paleocene and Eocene age are represented

by four formations that are described in succeeding

discussion. The upper Eocene is not represented, per-

haps because of pre-Miocene erosion.

VMM EE BAOHUMA POHMATIOX

Reference sections and thickness

The Umm cr Radhuma Formation was originally

named in Saudi Arabia. Owen and Nasr (1958) re-

ferred to a supplementary type section from the Basrah

area in BPC well Zubair No. 3 (lat 30°23'01" X., long

47°43'29" E., alt 51.9 ft, completed Feb. 21, 1951).

The unit occurs here at drilled depths of between 2,980

and 4,482 feet. The formation crops out in the western

desert of Iraq, where for the convenience of field map-

ping the exposed part has been subdivided into the

Basita Beds and the Ghurra Beds.

The type location of the Basita Beds is at the section

of a scarp about 50 kilometers west-southwest of Wa-
qisa wells and 2 kilometers southwest of triangulation

point S 85. The type location of the Ghurra Beds is

about 8 kilometers southwest of Aydahah, near the

track at Saddat al Batn. The formation is 1,502 feet

thick (458 m) ; it has been found in all deep surface

sections west of the Euphrates and Shatt al Arab

Rivera, more specifically in the wells of Nahr Umr,
Zubair, and Rumaila oil fields, Tuba No. 1, Ratawi

No. 1, Rachi No. 1, Luhais No. 1, Ubaid No. 1, Sama-

wa No. 1, Shawiya No. 1, Ghalaisan No. 1, and Safawi

No. 1. The thickness of this formation is extremely

variable; the greatest thickness (1,683 ft) was recorded

in the Ubaid well No. 1. The thickness appears to de-

crease both westward and northward, for at wells

Shawiya No. 1 and Ghalaisan No. 1 the thickness is

1,202 and 975 feet, respectively. At the extreme west-

ern wall, Safawi No. 1, where the formation is exposed,

the thickness in the subsurface section is only 858 feet.

Ex lent

According to Bellen (Bellen and others, 1959), the

Umm er Radhuma Formation is exposed over the

western part of Iraq, west of a line joining Nisab

(Ansab), Ash Shabakeh, and Al Lasaf. For field-map-

ping purposes, H. Huber (unpub. data, 1911) recog-

nized two units there, mainly on the basis of their

topographic expression as scarps in the otherwise

rather flat desert.

The Umm er Radhuma outcrops form a strip 20

kilometers wide that extends northwestward from
Qalib ar Rufayat-Nisab (Ansab), with a few inliers

over Ar Ruwagarea, through Habbas and Jal Al Batn.

About 25 kilometers southeast of Al Jumaymah,
another strip of the Umm er Radhuma Formation

crops out under the Zahra Formation and follows the

general northwesterly trend. Between Jumaymah and
Jal al Batn, the Umm or Radhuma Basita Beds com-
monly crop out as inliers in the erosion depressions

within the Zahra Formation. Farther north, owing to

the absence of the Zahra Formation, the two strips of

the outcrops form one major belt more than 45 kilo-

meters in width in the region of Hagai al Hawara.
especially between Al Lu'a'ah in the east, and Birkat

al Al Aqabah in the west. The region is strewn with

outliers of Zahra Formation. Between As Shubrum
and Aydahah, several outliers of the Dammam Forma-
tion Wagsa Beds occur directly on the Umm er Rad-
huma Basita Beds. Southwest of the Jal al Batn scarp

the Basita Beds are folded and fluted and contain

minor contortions from the foot of the scarp itself

along a belt 2-5 kilometers wide. In this area the

Basita limestone has an extensive outcrop. Farther

north, the width of the outcrop on the Iraqi side con-

stricts to 30 kilometers between Al Jill and Athamin,

mainly because the greater part of the formation ex-

tends into Saudi Arabia. At Athamin as well as Al
Athman, outliers of "Wagsa Beds of the Dammam
Formation can be recognized on the Umm er Radhuma.
From Al Jill toward Wagisuh (Wagsa) there is a

sharp westward swing, or curve, in the distribution of

the outcrop, resulting in the Basita plateau. In this

area the Umm er Radhuma is generally confined be-

tween the Hagai al Basita-Ash Shaba-Hagai Al Wag-
sa feature and Al Ghurra. This nearly continuous

outcrop ends near Chebritiya, north of where the for-

mation occurs as isolated inliers, seen either within

the Zahra Formation on the Dammam Formation.

These inliers, which are of variable dimensions, occur

in the area of Wadi al Khirr, Al Ghurabiya, Sahb
Nauwman, Guwairat al Halib, and Ruwaiyat as Sahal.

From this extensive outcrop, northward from Al Mak-
min (Machmi), only a narrow belt of the Umm er Rad-
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huma crop9 out along the Az Zawr feature to Wadi
Al Ubayyid, where it follows this wadi eastward. In

this region the Umm er Radhuma disappears under

the Dammam Formation on one side and under the

Zahra Formation on the othor; however, it reappears

west of a line from Faidha al Ad}ran, Aglat al Khail,

and Abu Infuq. Here it covers a large territory south

of the Wadi Tibal where dissection causes the Upper
Cretaceous Tayarat Formation to form the wadi floors,

especially in the Wadi al Jaudali, Shaib al Ubaydat,

Wadi al Ubayyid and Wadi al Mira. The general

outcrop distribution elsewhere is clearly indicated on

the geological map (pi. 1).

In the type locality of the Ghurra Member, the sec-

tion is only 118 feet (36 m) thick; however, in Safawi

well No.l the unexposed part has a greater thickness.

A true thickness measurement for the Basita Beds is

difficult to make, owing to the width of the exposure

and its relation to the overlying formation. Denuda-
tion has removed the highest beds from most of the

Basita plain, but the most complete section is probably

that of Al Batn at the type locality, where its thick-

ness is only 49 feet (15 m). Here, as the overlying

Dammam Formation Wagsa Beds are unconformable,

the top of the section may show the highest existinp

Basita Beds. According to Bellen (Bellen and others,

1950), the thickness of a composite section near Ayda-
hah, in the Batn scarp near the frontier with Saudi
Arabia, is 705 feet (215 m).

W. T. Foran (unpub. data, 1940) reported a thick-

ness of 348 feet (105 meters) for the Umm er Radhu-
ma Formation. In the Wadi Ghadaf the thickness

was estimated by II. A. Field and K. D. Jones to be more
than 50 meters. They found representative sections at

Al Hisichiyat (E. 1166, N". 1160) and Al If Hada
(E. 1140, N. 1110).

Bellen (Bellen and others, 1959) stated

:

This formation also occurs at surface in western central Iraq.

Along the western rim of the Ga'ara depression it transgresses

oTer the pre-Tertiary outcrops of the Macstrlchtlan Tayarat
Formation and the Onomanlan M'sad Formation and Rntbah
Sandstone Formation onto deeply eroded Middle Triasslc
Ga'ara Sandstone. It Is absent from the southwestern partR
of the Ga'ara and from the Wadi Ilauran.

Detailed lltbologlc description

The Umm er Radhuma Formation consists of anhy-
dritic and dolomitic limestone, which is mostly dull

white or buff, microcrystalline, and porous. Chert oc-

curs in the higher part of the formation (Bellen and
others, 1959).

In the outcrops at the typo location, the Ghurra Beds
comprise limestone that is white to gray, partly very

hard and recrystallized, saccharoidal, partly leached,

and well bedded and that contains oblate siliceous con-

cret ions and chert nodules and layers at some levels.

The Basita Beds at the type locality consist of gray
marly hard thick to massive-bedded limestones alter-

nating with white and yellow saccharoidal well-bedded

limestones and gray dense recrystallized dolomitic thin-

bedded limestones containing chert nodules. Hard
roughly concentric limestone concretions as much as 75

centimeters in diameter occur sporadically on the Ba-
sita Beds between Aydahah and Nisab. Their origin is

not fully understood.

In the Al Widyan country the Umm er Radhuma
Formation consists mostly of alternating soft friable

chalks, sporadic dolomitic chalks, bedded chalky lime-

stones, and thin porcelaneous silicified limestones con-

taining subordinate marl, shale, and chert horizons.

Chert, (lint, quartz vugs, and geodes are distributed

generally throughout the sequence, but are better de-

veloped to the south. Some shell banks occur in the

limestones, for example, 2 kilometers north of Wish-
ashia (E. 1202, N. 1167). The upper chalky zone con-

tains Opereulina libyca Schwager. Southward, the

formation becomes a fissile yellow shale overlying the

OpermUna horizon and the chalky zone includes sev-

eral irregular zones of ferruginous and siliceous lime-

stone. In the Al Widyan area a zone composed of large

oblate spheroids of siliceous limestone occurs about 20
meters from the base. Owing to the differential hard-
ness, tliese also strew the plain after erosion of their

soft chalky crust. Eastward, the Umm er Radhuma
passes into basinal Aaliji facies, as in the Kill wells.

Diagnostic fossils and a*e

Fossils in the Umm er Radhuma Formation are rare,

but one horizon at the top contains Alveolina dolioli-

fornus Schwager, A. oblonga d'Orbigny, and .4. ovoi-

dca d'Orbigny. Opereulina libyca Schwager has also

been reported. R. G. S. Hudson (unpub. data, 1951)

recorded Pseudomilthat (Lucina) giganlea Deshayes

and \Turritclla cf. T. carinifera Deshayes.

The fossils of the Ghurra Beds are both nondiagnos-

tic and scant; they consist chiefly of Valvulina sp., mi-

liolids, rare Alveolina sp., molluscs, ostracodes, and
algae. In contrast the Basita Beds contain a great

variety of fossils. The following were originally de-

termined by F. R. S. Henson and R. G. S. Hudson:
Alveolina spp., A. primaeva Rcichel, Higenerina sp.,

Dictyoconoideni, Dietyoc&nus gr. walnutensis Carsey,

miliolids, Xummulites spp., Operculina libyca Schwa-
ger, peneroplidti, Saudia spp., S. cf. discoidea Henson,

Spirolina sp., Textularia, Valvulina sp., ostracodes,

Lucina sp., Cardita sp., C. aegyptiam Frass, ILima
sp., Dcntaliuml, Worbula sp., Area sp., Tellinn sp.,
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Venus sp., Anomia sp., Turritetta sp., Valuta sp., Cono-

cfypewi aff. C. delanouei do Loriol, Echinolampas sp.,

and various other molluscs and echinoids, as well as

fish fragments and algao. The formation is Paleocenc

and early ? Eocene in age.

Contact* and equivalent units

The Upper Cretaceous Tnyarnt Formation underlies

the Umm er Radhuma with major unconformity. In

the outcropping areas "in western central Iraq, along

the western rim of Ga'ara depression it transgresses

over the pre-Tertiary outcrops of the Maestrichtinn

Taynrat Formation, and the Cenomanian M'sad For-

mation and Rutba Sandstone Formation, onto deeply

eroded Middle Triassic Ga'ara Sandstone" (Bellen and

others, 1059). For further comments about the con-

tacts, see the section on "Tayarat Formation."

The Rus Formation overlies the Umm er Radhuma
conformably in the supplementary type section. In the

outcrops of western Iraq, where the Rus Formation is

absent, the Dammam Formation Wagsa Beds overlie

the Umm er Radhuma Formation unconformably.

The Umm er Radhuma Formation is recognized in

Kuwait and Saudi Arabia, the type section of the

formation being within Saudi Arabia.

Economic upocil

Ground water—The areas where the Umm er Rad-
huma limestones crop out are very dry and arid. From
data of Macfadycn (1938) it is inferred that the water

supply in these areas is in direct relation to the rain-

fall and that in deep wells the supply is duo to perco-

lation downward by means of solution holes—such as

those of Chebrctiya, Kusra (E. 1225, X. 1160), Jelta

(E. 1202, X. 1173), Wishashia (E. 1202, N. 1167), Mus-
sir al Awaij (E. 1205, X. 1228), and Wadi Ghadaf
(E. 1188, N. 1195)—with storage in such cavities or in

some porous horizon at depth. He also maintained

that because of apparent scarcity of faulting and fold-

ing in the desert, the geologic structure is generally of

little help in locating water. The varying quality of

the waters, where not due to concentration by evapora-

tion, is due to the heterogeneity of the rocks and to the

rainfall being in contact with somewhat variable solu-

ble constituents on its way down from the surface. The
lithologic character of the strata is extremely variable,

and gives rise to some marked quantitative and qualita-

tive differences in the analyses of the waters. For full

details, reference to Macfadyen's (1938) work is

recommended.

Sulfur and gypsum.—Macfadyen (1938) referred to

the occurrence of native sulfur and gypsum at Chebre-

tiya, some 60 kilometers west of Ash Shabakah (Sha-

bieha), where he described the occurrence and forma-

tion of solution structures.

A dry wadl lend* into a double swallow hole, and two rant,

roughly circular chambers being 35 metres and 00 metres deep,

respectively, and each 00 metres In diameter. They are sit-

uated close together, so that the chambers Intersect, though

at the surface they are n short distance aimrt, the second,

deeper, chamber being partially roofed over. At the base of

the first a great mass, some 30X20X'.!5 metres In sixe, of an

admixture of white secondary Krpsutn and native sulphur,

which latter has been worked by the Bedouin for ages, the

marks of their tools being seen everywhere. The mass must
presumably coutatn something of the order of 1.000 metric

tons of free sulphur. Traces of malachite are also found
associated. The whole phenomenon seeing to have been caused

by an acid spring, or the oxidation of underlying pyrites, which

has resulted in the presence of free sulphuric acid. The gyp-

sum tastes strongly acid, and is reported to rot the clothes of

those who work there, u report fully confirmed by the rotting

effect on the cotton bags and paper In which the samples col-

lected were stored. The swallow holes were clearly dissolved

out of the limestone seen In the walls, the portion converted

into gypsum having now vanished In solution. A channel five

metres square, unexplored, leads out underground from the

base of the second chamber, in which there Is neither gypsum
nor sulphur de|x>sited. A rough section was measured In the

walls as follows

:

0-3 m. Weathered white shale.

3-00 in. A series of rather soft limestones, marly limestones,

and white chalk. Conspicuous bands of flint at 0 ni. and 12 m.

At 11>-13.S m. a band of small calclte nodules, simulating casts

of larger foramlulfera, geodes of auartz crystals, and chalcedony

are common, particularly In the lower part. No fossils were

The strata are nearly flat bedded, but a very slight westerly

dip was seen In the section of the walls of the chambers.

Phosphates—Soma traces of phosphates may be

found in the Umm er Radhuma Formation in the

fossiliferous horizons and in horizons containing chert

and flint.

Reference section, thickness, and extent

The type locality of the Rus Formation is in Saudi

Arabia "at lat 26'19'.5 N., long 50°10'.() E. A supple-

mentary section in Iraq was given by Owen and Xasr

(1958) "in BPC well Zubair Xo.3 (hit 30°23'01" N.,

long 17
D 15'29" E.; alt 51.9 ft; completed Feb. 21, 1951)

and between drilled depths of 2,673 and 2,980 feet (307

ft, or 94 m, thick)
;
however, the formation is thicker

elsewhere in the Basrah area, especially between the

Zubair Held and Luhais well Xo.l, where evaporites

ranging in thickness between 300 and 700 feet have

been drilled. Xorthward, this thick Rus facies extends

to wells Samawa Xo.l and Shawiya Xo.l, where it is

represented by 200 to 350 feet of evaporites.

This formation does not cropout in the western

desert, and it seems to change its facies and pass into

limestone east of wells Ubaid Xo.l and Ghalaisan Xo.l,
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where no Rus Formation has been recognized. The
stratigraphic position of the Rus Formation equivalent

in outcrop is difficult to define. Bellen (Rellen and

others, 1959) has equated the Huwoimi (chalk), Sha-

bicha and Sharaf units, and the Wagsa unit of the

Dammam Formation with this formation. This would

imply that the Rus evaporitos pass westward into the

Dammam limestones. None of these units has been

correlated as yet with any of the limestone beds within

the Rus Formation in the subsurface sections. Bellen

(Bellen and others, 1959) maintained that none of them
is rccognizablo in wells east of the outcrop area.

Detailed Utnologlo description

The Rus Formation is predominantly massively

bedded white and blue tinted crystalline anhydrite

with alternations of thin unfossiliferous limestone, blue

shale, and marl. Westward, this evaporitic sequence

passes laterally into the Dammam Formation.

Ate

The Rus Formation is probably early Eocene ( Bellen

and others, 1959) in age; no diagnostic fossils have

been found. The exact age of the formation is difficult

to demonstrate. In the subsurfaco sections the Rus
Formation is sandwiched between the overlying Dam-
mam Formation and the underlying Umm er Radhu-
ma Formation.

According to Bellen (Bellen and others, 1959), the

base of the Dammam Formation is of middle Eocene

age in subsurface sections but contains a lower Eocene

fauna in outcrop. He maintained that it is perfectly

possible that the two lower units of the Dammam
Formation in the field (the Wagsa Beds and the Sha-

raf, Shabicha and Huweimi Chalk Bods) change facies

toward the offshore regions into part of the Rus Forma-
tion as found in the wells. ThuB the age of the Rus
Formation can indeed be early Eocene. Similar age

attribution has been given to this formation in Saudi

Arabia (Steineke and others, 1958).

Contact* and equivalent units

The lower contact of the Rus Formation with the

Umm er Radhuma Formation is possibly conformable,

and the upper contact with the Dammam Formation
is unconformable, according to Bellen (Bellen and
others, 1959). However, this may be locally conform-
able, and a gradational contact is advocated on the basis

of the lateral facies passage of the two formations.

DAMMAM FORMATION

Type and reference section*

The type locality of the Dammam Formation is

in Saudi Arabia at lat. 26°17'03" N., long 50°07'07"

E. The supplementary type section chosen by Owen

and Nasr (1958) from Al Basrah (Basra) area is in

the BPC well Zubnir No. 3 (lat 30"23'01" N., long

47°43'29" E.; alt 51.9 ft; completed Feb. 21, 1951).

The formation lies between drilled depths of 1,935 and

2,673 feet (738 ft thick).

Outcrops of this formation in western Iraq were

divided into 10 field units for mapping convenience by

H. Huber and R. M. Ramsden (unpub. data, 1944-45).

According to Bellen (Bellen and others, 1959), these

units have no status as formations or even as members,

but it is essential and convenient for future investiga-

tion to mention their type localities, which are in de-

scending stratigraphic order as follows:

Tuqalyid Beds, about S.6 miles (9 km) west of Tukayyld water

well on the Tukayyld scarp.

Ghaniml Beds, east of trlangulatlon point C 20, near Khasmn
ad Duda on the At Trsq scarp.

Barbak Beds. In prominent hill* at Barbak and Dlud In the

soulheaxtern port of the Galalb area.

Budhuma Beds, tn the cliff to tho northwest of Chsbd. west of

Abu Radhuma.
Chabd Beds, at the north end of the Chabd "structure."

Shawiya Beds, in a small wadl, north-northwest of triangula-

tlon point 5.2, to the north of the Ash Shawlyat depression.

Huwelml Beds, 4.3 miles (7 km) west of Ash Shabakah (Shab-

icha ) police port, along the Nukhayb track.

Shabicha Beds, at trlangulation point S 23 about 4.3 miles (7

km) west of As Shabakah (Shabicha) police post, along the

Nukhayb track.

Sharaf Beds, northeast of the JU water welts along the track

leading to Sulman.

Wagsa Beds, In the vicinity of Waqlsah (Wagsa) water wells.

The greatest thickness of the Wagsa Beds Is oo the white
cliffs east and north of Wagsa wells, from which the name
Is taken. At the prominent point S 86, C km south of the

wells, tnere I* u swtlou nearly 30 meters thick.

Tnldineee and extent

The Dammam Formation is 738 feet (225 m) thick

in Zubair well No. 3. This formation is extensive in

subsurface and surface distribution west of the Euph-
rates and Shatt al Arab Rivers. Its thickness in the

Al Basrah oil fields and in the Basrah Petroleum Com-
pany exploration wells Luhais No. 1 and Rachi No. 1

ranges between 600 and 800 feet A slightly greater

thickness (835 ft) was found in Ratawi well No. 1. The
Company's other exploration wells, such as Samawa
No.l, Shawiya No.l, Ghalaisan No.l, and Ubaid No.l,

which were drilled directly into the exposed Dammam
Formation, penetrated incomplete sections of less than

400 feet, excluding the 350- and 245-foot Rus equivalent

section of wells Shawiya No.l and Samawa No.l, re-

spectively.

The 10 units of the Dammam Formation cover a

territory exceeding 200 kilometers in width, in which

they generally stand out as scarps and recognizable

topographic features. They crop out in ascending se-
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quence toward the east and trend generally north-

northwest, almost parallel to the Euphrates River.

Minor irregularities in this pattern are due to local

topographic depressions such as those found in the As
Salman and Ash Shabakah regions, where younger

rocks have escaped erosion and thus occur in anomalous

position.

Detailed Utholooio description

In the reference section, the Dammam Formation

consists of cream to gray limestones that arc recrystal-

lized, leached out (leaving a honeycomb appearance),

very porous, and fossiferous (abundant Nummulites

spp.). Blue silty waxy shale streaks or partings occur

toward the base; toward the top, the cream to gray

limestone passes upward into dark-gray to black lime-

stone, which in places is spotted by pyrite, is porous to

fairly dense, and is variably recrystallized and dolomi-

tized.

Because this formation crops out in the western

desert in broad, flat-lying, and extensively denuded

exposures, the width of which may exceed 200 kilo-

meters, selection of one surface reference section is

difficult; no measured thickness can convey the true

thickness of the entire formation at one particular

point. The great lengths of typical sections on the

ground, the distances between sections, the possibility

of lateral and vertical variations, and the possibilities

of minor intraformational breaks and of extensive

differential erosion of the various beds that make up

this formation make thickness assessment very difficult.

However, for the purpose of field studies, 10 distinct

but informal units were recognized in the field. Their

t\"pe sections are scattered throughout the territory,

and their measured thicknesses are valid only for the

respresentative sections; therefore, their cumulative

thickness cannot be a measure of the true thickness for

the Dammam Formation in any of the type sections,

except perhaps by sheer coincidence.

The different beds, which generally stand out as

scarps on the plain, crop out in ascending order east-

ward and in belts of variable width that, apart from

the few exceptions previously mentioned, generally

trend north-northwest. The lithologic descriptions of

the informal field units, in ascending stratigraphic

order, are as follows

:

Wagsa Beds: Limestone succession, white, chalky. Intercalated

with some yellow more marly bed*, particularly In the lower

few meter*; thickness, 96 ft (23 m).
Sharaf Bed* : Limestone, white and fTay, aaccharoldal, partly

"TURKS'. fossil Iferoua, well-bedded, becoming massive bedded;

recrystallized and siliceous with Increase of quartz upward

;

weathers reddish brown and black toward top ; thickness, 62

ft (16 m).

Shablcha Beds : Limestone, gray and white, recrystallized, mas-

sive, with tbtn-bedded Intercalations; dense to va^gy ; fossil-

iferous ; chert nodules In upper half ; weathers grayish brown

;

thickness, 131 ft (-10 m).
Huwelnii Beds: Limestone, white and gray, sacchnroidal. vuggy,

recrystallized. leached-out, nummulltic, well-bedded, with

sporadic thick to massive beds; thickness, 102 ft (31 m).

Shawlya Beds: Limestone, white, friable, detrltal, succeeded

upward by whlto siliceous nuuimulitlc coarsely recrystallized

hard limestone, which weathers red brown and block, thick-

new, 13 ft (4 m).

Cbabd Beds : Limestone, white, soft in the upper part ; well

bedded with sporadic and local massive or thick beds ; wea-

thers gray; thickness, 80 ft (12 m).

Budhuina Beds: Limestone, mainly gray and white, well-bedded,

aaccharoldal, some chert nodules; siwradlcally Tuggy and re-

crystallized. According to H. Huber (unpub. data, 1944),

this unit contains a thin bed of gypsum in vicinity of Aa Sal-

man-As Samawah track near Faydat Ash Shaykh. This pos-

sibly Indicate* Influence of the Bus Formation ; thickness,

33 ft (10 m). Possible discoufonnity between this unit and
overlying Barbak unit in southern part of Galalb "struc-

ture."

Uurbuk Bods : Limestone, white and gray, medium hard ; some
marly limestone incalated with siliceous detrltal material;

also bryozoan and algal hard ringing limestone; weathers

reddish brown and black; gray and brown chert nodules

throughout; thickness, 81 ft (25 m).
Ohanimi Beds: Limestone, white, generally thlnbedded. some
massive bedB, especially toward base; Includes dense to vug-

gy, commonly aaccharoldal limestone ; followed by soft leached

out and friable aaccharoldal limestones, some of which are

highly siliceous and weather dark reddish brown and black;

mlcrobrecclas and rare stringers of halite and gypsum oc-

cur In the limestones, especially near Abu Khanzir
;
thickness,

52 ft (18 m).
Tuqalyld Beds: Limestone, gray and white, maasive, recrystal-

lized, very hard, passing upward into white thin-bedded

saoeharoldal sporadically siliciAed limestones.

A number of these informal units were subsequently

combined by R. M. Ramsden and C. A. Andre (unpub.

data, 1053) into four informal units, as follows:

1. Tuqaiyid, Ohanimi, Barbak, and Rudhuma unit,

consisting of bryozoan-pcneropl id limestones and
shelf limestones, with a rich fauna containing

Coskinolina balsillei Davies, Dictyoconus kohati-

cus Davies, Opertorbitolites douviUei Nuttall,

Orbitolites complanatus Lamarck, Peneroplh da-

mwini Henson, P. dutenburyi Ilenson, Praerha-

pidionina huberi Henson, Rhapidionj-na uremia

Ilenson, var. minima Henson, R. willianuoni

Henson, Somalina danieli Henson var., and Splr-

olina eylindracca Lamarck.

2. Chabd, Shawiya and Huweimi (nummulitic) unit,

consisting of nummulitic limestone containing

Ah'eolina elliptica (Sowerby), Dictyoconut ko-

haticus Davies, Halkyardia minima (Liebus),

Nummulities disoorbintu (Schlotheim), iV. ffize-

Kenris (Forskal), Orbitolites complanatu* La-
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marck, Peneroplis dwenburyi Ilenson, Rhapi-

dionina urenxii Henson, R. uremia Henson var.

minima Henson, and Somalina danieli Henson.

3. Huweimi (chalk), Shabicha and Sharaf unit, in

which chalks alternate with chalky limestones

that contain badly preserved lamellibranchs. The
chalks are white or pink and have a fresh-water

uppearanee,

4. Wagsa unit is a chalky, moderately fossiliferous

limestone, with Operculina libyca Schwager oc-

curring as a prominent fossil.

Attempts to correlate these field units with the sub-

surface Dummam Formation have been made by many
geologists; however, none of their conclusions can be

considered satisfactory because of lack of adequate

information and study materials. A most plausible

correlation was advanced by Bellen (Bellcn and others,

1959). lie stated that in the subsurface sections east

of the area of outcrops, the base of the Dammam
Formation contains middle Eocene fauna consisting of

Alveolina eUiptica (Sowerby), Nummuliten dixcorbi-

nus (Schlotheim), .V. gkehtn.ii* Forskal, and N. Iwnxa-

niM d'Archiac. This fauna occurs in the rocks that

overlie the Kus Formation directly in the well sections

but not in the base of the Dammam Formation in the

field. There the basal limestones at the base of the

"Wagsa Beds contain a lower Eocene fauna with Oper-

ctdina libyca Schwager. The Wagsa Beds in the field

appear to lie unconformably on the Umm er Radhuma
Formation without intervention of the Kus Formation.

In well sections the middle Eocene fauna of the Dam-
mam Formation occurs higher up in the limestone fa-

des of the Huweimi Beds. We also may argue that

the limestones containing Operculina libyca fauna of

the surface exposures grade toward the ofTshore area

into strata of the Kus Formation as found in the wells,

and so does the second field unit of the Dammam For-

mation (Huweimi chalk, Shabicha, and Sharaf Beds)

which has no apparent equivalent of Dammam Forma-

tion in the wells sections in which the Rus facies is

developed. Bellen (Bellen and others, 1959) main-

tained that both the offshore facies were subsequently

covered by the middle Eocene nummulitic limestones,

which are normally found in the field at the base of the

third unit of the Dammam Formation, the Huweimi
(limestone)

,
Shawiya, and Chabd Beds. This unit cor-

relates very well with the base of the Dammam Forma-

tion in the wells. The above interpretation, advanced

by Bellen, finds further support in the subsequently

drilled wells of Samawa No.l, Shawiya No.l and Gha-

laisan No.l. In Samawa well No.l the sequence consists

of the following three units:

Thirkirtt

Uttt)

3. Dolomite, buff, leached-out, vacuolar, and dolomitic

limestone* with gastropods and lnmelllbranchs at

certain horizons 91

2. Llmextoae, white. recrjrstolUied. locally chalky 00
1. Limestone, white, recrystalliMd, In places chalky and

containing .Vummiifilii spp 200

At Samawa well No.l the Rus Formation itself com-
prises 245 feet of crystalline anhydrite with marl lime-

stone and marl intercalations. A. Sayyab (unpub.
data, 19G0) considered this sequence to be very similar

to that of other subsurface sections in the Al Basrah
area, except for the absence of the upper bryozoan-

miliolid limestone, which has possibly been eroded.

Furthermore, the nummulitic facies of the above-men-
tioned unit No.l which directly overlies the Russ For-
mation, according to H. A. Halliwell (unpub. data,

1902), can possibly be correlated with Huweimi (lime-

stone), Shawiya, and Chabd Beds.

Farther west, in the wells Shawiya No.l and Gha-
laisan No.l, which were spudded directly into the Hu-
weimi (limestone), Shawiya, and Chabd Beds, the Rus
Formation shows indication of gradual change of the

facies. In Shawiya well No.l, stringers of anhydrite
persist in an otherwise completely dolomitic limestone

.sequence with a thickness of 350 feet, but in Ghalaisan

well No.l the facies change from evaporite to lime-

stone seems to be complete where the evaporites have
not been leached out. If this is true then it is another
possible explanation for the absence of the Rus Forma-
tion in the surface sections. Bellen (Bellen and others,

1959) maintained that it is possible that percolating

ground water may have removed the anhydrite, so that

the apparent unconformity is not an original one.

Facies change from Wagsa Beds and lower part of the

Huweimi (chalk) Beds to Rus Formation remains a
possibility because the correlation of upper Huweimi
part of the Beds with the lower part of the Dammam
Formation in the wells is probable.

The fossils contained in the rock samples from the

reference section of the Dammam Formation are on
the whole badly preserved; they include such forms

as Lockhartia hunti Ovey var. puntulosa Smout and
Xummulitex dixeorbinus (Schlotheim). However, a

more numerous fauna determined from the surface and
subsurface sections, includes algae, silicified wood, fish

remains, ostracodes, lamellibranchs, Meretrix (Cordi-

op*!s) hurasMta Sowerby, Pecten sp., Ostrea sp., O.

(Pycnodonta brongniarti) Bronn., cf. 0. multiscostola

Deshayes, gastropods, echinoids, sponge spicules, bry-

ozoans, Alveolina spp., A. aff. elongata d'Orbigny, A.
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elliptica (Sowerby), A. elliptica (Sowerby) var. nut-

talli Davies, A. globosa, Articulina sp., A. iraqii Hen-

son, A&silina sp., Bigenerina sp., B. cf. truncata d'Or-

bigny, Coskinolina sp., C. baliilliei Davies, Dictyo-

conoides spp., D. kohatieut Davies, D. cooki\ (Carter),

Dictyoconus sp., D. indicusi Davies, D. aegyptien&i*,

Discorbis sp., Halkyardia sp., H. minima (Liebus),

Linderina sp., L. buranensti Nuttall and Brighton,

L. brugesi, Lituola sp., Lituonella sp., Lockhartia tip-

pcri Davies, Mcandropaina sp., miliolids, NummulileJi

spp., A', beaumonti d'Archiac and Haime, A'. dUcorbi-

nusi Schlotheim, A', gizehensis (Forskal), A', luca&anm

d'Archiac, AT

. Imbaticious Douville, Operculina sp., O.

Ubyca Schwager, OpertorbitoliUs douvillei Nuttall,

OrbitoUtcH spp., O. complanatus Lamarck, Peneropli*

*pp., P. aff. carinatu*, P. dame*ini Henson, P. du-rten-

buryi Henson, Praerhapidionina huberi Henson, Pyrgo

sp., Rhapulionina spp., R. macfadyeni ?Henson, R.

ureusis Henson, R. uretutis Henson var. minima Hen-

son, Rhipidionina sp., R. willianutoni Henson, Rotalia

sp., Sakimria sp., Saudi sp., S. dkcoidea Henson, <S»-

derina sp., SUmondia sp., Somalina sp., S. danieli Hen-
son, Spirolina sp., S. huberi Henson, S, cylindracea

Lamarck, Textvlaria, Valvulina sp., and V. kitchini

Henson.

The Dammam Formation is middle Eocene, accord-

ing to Owen and Nasr (1958); however, absence of

the upper Eoceno has not been proved in Saudi Arabia

(Sander, 1952; Steineke and others, 1958). Bellen

(Bcllen and others, 1959) maintained that the possi-

bility of the base of the formation being late early

Eocene cannot be excluded.

Contact* *nd equlralent units

The contact of the Damman Formation with the

underlying Rus Formation is possibly a minor discon-

formity. There is slight indication of an unconformity

between the Rus and the Dammam Formations in well

sections, where a gray-green shale approximately 7

feet (2.5 m) thick occurs near or at the base of the

Dammam (Bellen and others, 1959). No such uncon-

formity is known to have been found in the field, but

the lower part of the Huweimi (chalk) Beds contains

white or pinkish chalks of fresh-water appearance (R.

if. Ramsden and C. Andre, unpub. data, 1953). On the

other hand, the upper part of the Huweimi (limestone)

Beds is definitely representative of marine deposition.

Within these chalks of fresh-water appearance, how-

ever, are chalky limestones containing lamellibranchs.

This disturbing fact has not been properly investi-

gated in the field as yet. To date there is little reason

to doubt the existence of a major facies change between

lower and upper parts of the Huweimi Beds. In ex-

posures in western Iraq, the "VVagsa Beds of the Dam-
mam Formation rest directly on the Umm er Radhu-
ma Formation, presumably with unconformity.

The contact with the overlying Ghar Formation is

unconformable. In the eastern sector of this area the

Dammam Formation is overlain trangressively with

great, unconformity by the younger units: Euphrates,

Zahra, Lower Fars, and Dibdibba Formations, and Re-

cent alluvium. The Zahra and P^uphrates Formations
rest directly on the Dammam throughout an extensive

sector in the northern part of the area.

The type locality of this formation is in Saudi Arabia
at lat 26°17'03" N., long 50*07'07" E. The typical

Dammam extends into Kuwait. North and northeast-

ward from the study region the formation passes later-

ally into the basinal Jaddala Formation (as in wells

Awasil No.5, Anah No.2, and Falluja No.l).

Kconomlc aspects

Owen and Nasr (1958) stated that :

due to its Batumi porosity, enhanced by leaching of fossils, the

Dammam Formation is an excellent aquifer, and losses of cir-

culation while drilling through this formation are a common
occurrence. In Ituinalla and Zubair fields, saline sulphurous
waters are encountered. This Is also the case in the Ilurgan-

Magwn-Ahrandi area of southeastern Kuwait. However, west-

ward from Burgan the quality of the water progressively im-
proves and In the vicinity of Abdulla the Kuwait Oil Company
has developed a supply of Industrially usable water carrying
some 3,700 ppin of total dissolved solids, some I.4O0 ppm of
calcium sulphate.

The Dammam limestones cover an extensive part of
western Iraq, including most of Al Hajara physiogra-

phic belt. A considerable number of wells have been
dug and drilled in the area. Many of these wells

reach into the Dammam. Most of them are in surface

depressions, or not far from the base of scarps, or in

some wadi system. Macfadyen (1938) stated that:

A comparison of altitude and depth of water, taking Into ac-

count so far as possible the topography and geological struc-

ture, does not appear to show any definite relationship between

the water wells. Chemical analyses show wide variations,

though the general type of water Is, with few exceptions, sim-

ilar throughout the area In both shallow and deep wells and

It may be said with a measure of confidence that the evi-

dence Is sufficient to show that there is no true water table In

the strong part of the southern desert. i.e.. the Hajara. so that

a well sited for convenience cannot be expected o priori to find

water at any known depth. All ground-water supplies seem to

be due to local accumulation of rainwater, and successful wells

are those sited In or close to natural drainage lines, or In actual

storage features, such as depressions with no outlet.

The water supply is thus In very direct relation to the rain-

fall, and In deep wells the supply Is due to percolation down-
wards by means of fissures or solution holes, and storage in

such cavities or lu some porous horizon at depth. Thus, wells
are best located ill close relation to favourable surface features.
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Faulting and folding appear to be rare in this desert, ao that

generally little help is available from the geological structure of

the rocks. The varying quality of the waters, where thla U
not due to concentration by evaporation, la due to contact with

more or less soluble constituent* in the strata on its way down
from the surface. The strata vary from place to place, and ao

give rise to some marked quantitative differences in the analy-

se* of the waters in question.

XIOCUTE AJfD PLIOCEMX

The Miocene and Pliocene are represented by five

formations having a maximum aggregate thickness of

more than 3,:J50 feet. The stratigraphic correlation of

the units is rather tentative because of lack of adequate

information. The correlation adopted is that generally

accepted by geologists of the Iraq Petroleum Company.

ZAHRA FOSMATIOn

The Zahra Formation type section is in the small

anticline that lies northwest of the depression Faydat

Az Zahra, which lies 4.3 miles (7 km) south of Al
Busayyah-As Salman track and 40 miles (65 km) west

of Al Busayyah.

The Zahra Formation is 328 feet (100 m) thick at the

typo locality; elsewhere, the thickness of the formation

is extremely variable, and it has a widespread but

sporadic occurrence. Between the typo locality and As
Samawah, the Zahra Formation occurs as isolated out-

liers on the Dammam Formation, predominantly oc-

cupying the old topographic depressions and former

wadi floors. Typical outcrops are the Zahra outliers of

Shaib Abu Al Hazair, 30 kilometers southwest of 'Ayn

Sai; Faydat Abu Sidaira and Shaib At Tayyar, 40

kilometers southwest of As Samawah; and Shaib Al

Ash'all, 10 kilometers west of Ayn Hamud.
To the west of this main belt of outcrop, in many

topographic depressions, are beds that closely resemble

the Zahra Formation. Examples occur in the As Sal-

man group of depressions, such as Lahab and As Sal-

man itself, where characteristic limestones and marls

appear. Another good example occurs at Ash Shaba-

kah (Shabicha) where the marls and limestones, lying

on eroded surfaces, are slightly folded. Extensive out-

liers can be found in Shaib Al Ghanimi between Al

Burga and Ar Rimtha, on At Traq between Faydat Al

TTba'id and Khashm and Dimana, and between Fay-

dat Umm Jalib and Faydat Ar Rudhaima, Traq Al

Galaib, and Ash Shawiyyat. The Zahra beds may
occur at any altitude in relation to the present drain-

age system. In the two last-mentioned localities, the

beds cap some of the highest points of the two struc-

tures there, in places attaining altitudes of 20 to 30

meters above the valley floor, whereas in Ash Shabakah

depressions the top of the exposed Zahra beds is in

places as much as 30 meters lower than the Eocene

limestones. Northward from the type location, towards

Galaib, the Zahra Formation thins considerably to only

a few meters of white limestone. To the northeast, in

the valley of the Shail Al Ghanimi, however, a thick-

ness of more than 100 meters occurs in the normal

facies of white limestones and red marls, indicating

apparent eastward thickening. In the Zahra-Kabd
(Chahd) area, eroded ridges of Dammam (Ghanimi

and Chabd Beds) project through the Zahra beds

which here commonly show false or exaggerated dips.

Along the southwestern Iraqi border, the Zahra For-

mation is extensive, commencing in the area of As
Sadawiyat, 15 kilometers northwest of Nisab, and fol-

lowing the strip between Johka and Faydat al Batn
and the border. In the region of Faydat Al Aghsas
and Al Jumaima numerous inliers of Umm er Rad-
huma (Basita Beds) occur within the Zahra beds. Tho
Zahr Formation extends into Saudi Arabia, near Bir-

kat Al Amya, and reenters Iraq about 12 kilometers

east of Al Lifiyah, where it continues northwestward

rather irregularly. Farther north, it occupies the wadi

floors of the Shaib Hisb, of Ghar as Saigal, and of Wadi
al Khirr toward Al Lasaf ; west of this line, and in the

general area, it occurs as irregular patches, especially

in the vicinity of Al Ashuriyah, Al Jamiliyah, and Bir

Samit.

The Al Makim-Al Barrit-Al Lasaf region is exten-

sively covered by Zahra beds containing numerous
large inliers of Umm er Radhuma beds. The forma-

tion forms most of the gravel plain between Wadi al

Ghadaf, Wadi al T^bayyid, and Wadi Tibal. It also

covers part of the area west of Tar al Bahr. Westerly

extensions of the formation occur in the Wadi 'Ar'ar,

Wadi Hamir in the vicinity of Al Artawiya-Makhot,
Shaib Ubaydat, east of Al Ubaydat, Shaib ash Shaykh,
Wadi al Ubayyid, and Nukhaib; the formation extends

farther north, where it covers the Ilabbariyah area.

Detailed lltnologlo description

The Zahra beds consist of gray, white, and red por-

celaneous hard locally sandy limestones, which contain

occasional Chant, fresh-water molluscs, and ostracodes

and are interbedded with red sandy marl. Oblong
cavities filled with a red sandy material are common
in the limestones, especially in the west margin between

Shaib Hisb and Wadi Al Khirr, and have lx»en ex-

plained as being fossil cavities of roots of old reeds.

According to T. F. Williamson and D. C. Roger
(unpub. data, 1939), the formation as a whole becomes

markedly thicker southward, until in the extreme south,

near the Neutral Zone, it becomes a complete succes-

sion of grits and marls containing only a few thin

|
fresh-water limestones. However, H. Huber (unpub.
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data, 194-1), is in favor of including the sands and

grits in the locality near the Neutral Zone in the Dib-

dibba Formation.

The succession may consist of strata of white and

reddish-brown marls, sandy marls, sands, irregular

pinkish-white chalky concretional limestones, and con-

glomeratic or brecciated river deposits such as those at

Saigal and As Salman.

In the Wadi Tibal and Wadi Al Ubayyid area the

formation consists mostly of fresh-water limestones

and coarse conglomeratic river deposits composed of

recrystallized limestones of the Umm er Radhuma and

Tayarat Formations.

Diagnostic fooslla and mg*

Fossils in the Zahra Formation are rather rare; they

occur mostly in the limestones and include Chara sp.,

Melanoides tuberculata Mueller, Lymnaea, Planorbis

sp., Vivipara, and ostraoodes. Some of the limestones

show tubular holes probably made by reed stalks.

The age of this formation is still an open question,

but opinion favors a Miocene (Fars) age. According

to R. M. Ramsden and C. Andre (unpub. data, 1953),

the formation overlies marls containing Oxtrca lati-

marginata Vredenburg in the Shaib Hisb area; how-

ever, it could also be equivalent to the Euphrates Lime-

stone, and thus be of early Miocene age.

be equated with the Euphrates and Ghar Formations

of southwestern Iraq.

The Zahra Formation may rest on any of the older

units; the base of the type section is obscured by debris

and cannot be seen, but a few kilometers to tho south-

west the white limestone beds rest on the brown Dam-
mam limestones.

In the As Salman area, H. Huber (unpub. data,

1944) found, at the base of the Zahra, a coarse-grained

red sandstone, 13 meters thick, succeeded by well-

bedded limestones containing sporadic marly intercala-

tions. These bedded limestones contain numerous Pla-

norbis sp., Lymnaea sp., Ostracoda, and Chara, but

locally they may vary to gray cavernous limestones

composed entirely of stalks and seeds of Chara. At

Ukhaidir and in the Shaib Ilisb the bedded limestones

overly marls containing Ostrea latimarginata Vreden-

burg (indicative of Lower Fars), and near Takayyid

(Tuqaiyid) the Zahra Formation rests on a pebble bed

which has been taken to represent the Ghar Forma-

tion. Along the southwest border of Iraq the Zahra

rests unconformably on beds of either L^mm er Rad-

huma or Daminam Formation. The Zahra Formation

unconformably underlies Recent gravels and sand in

the Rudhuma-Chabd area. It may be partly equivalent

to the Ilofuf Formation of Saudi Arabia and may also

Typo and reference leotiona

The type section of the Euphrates Limestone For-

mation is near Wadi Fuhaimi at lat 34°15'5S" N., long

42 c 08'09" E., outside the study region. In southwest-

ern Iraq, however, C. Andre and P. J. Walmsley

( unpub. data, 1952) referred to good exposures in Shaib

Hish, 30 kilometers southwest of An Najaf ; Wadi Al
Muhari, southwest of As Shinafiyah and Sha'ib Firk

(Firch) ; and Sha'ib Abi" Maris, southwest of As Sa-

mawah. In the Al Busayyah area, a section just north

of tho Abu Ghar police post was described by T. F.

Williamson and D. C. Rogers (unpub. data, 1939).

In the type section, which is outside of the study

region, the thickness of the Euphrates Limestone For-

mation is only 20 feet (8 m). The Euphrates crops out

over a wide area west of the Euphrates River where

it overlies the older rocks transgre-ssively, thus form-

ing the eastern part of the western desert of Iraq, west

of Karbala. The outcrop may exceed 100 kilometers in

width. The Euphrates has a thickness of 15 meters in

Wadi Al ITmyyid, less than 30 kilometers west of Qasr
al Ukhaidhir; slightly south of Khan ar Runbah, it

attains a 20-meter thickness. In this general area the

width of outcrop decreases to about 50 kilometers, ex-

cept for the few westerly isolated, scattered outliers.

In the Kifl well No.l the Euphrates-Jeribe Limestone

Formation is 143 feet thick. These outcrops extend

as far south as As Sainawah, where they apparently

disappear under the younger rocks; however, the Eu-
phrates reappears farther south in the area of Makh-
far (Shurtat) al Qusayr, from where it extends south-

westward, swinging southward from tho vicinity of

Qal'at Abu Ghar, to an area south of Qulban Layyah,
where the outcrop width may be as much as 50 kilo-

meters. II. Nuber (unpub. data, 1911) estimated a

thickness of 30 to 35 meters for the Euphrates in the

vicinity of Qal'at Abi" Ghar.

Dr-uuied lltaoloftio doacrlptlon

In the type section the Euphrates Limestone Forma-
tion consists mainly of shelly, chalky well-bedded re-

crystallized limestones. West of Karbala the Eu-

phrates consists chiefly of pseudo-oolitic generally soft

marl-limestones, with chalky aspects and a few re-

crystallized bands.

In As Samawah and Makhfar Shurtat al Qusayr

areas, the Euphrates consists of white limestones

(some with pinkish tints) and marly, sandy limestones,
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having a few siliceous intercalations and thick bods

of loosely consolidated rounded sand, indicating the

gradual influence of the Ghar elastics. Farther south

this influence is strongly manifested in the section at

a small hill just north of the Qal'at Abu Ghar police

post, where the following section was described by T.

F. Williamson and D. C. Rogers (unpub. data, 1039)

:

(mf»cr«)

6. White, sandy, marly, fossltlferous limestone, with

abundant Inniclllbranehs, (launinclla sp Vz

4. White calcareous marl grading into above 4

3. Pale greenish-white sand 4
2, White, sandy calcareous marls, slightly and locally

Iroustalncd 3

1. White marly limestone V*

South of Al Busayyah the Euphrates perhaps passes

completely into the clastic Ghar Formation.

Diagnostic fossils and age

At the type section of the Euphrates Limestone For-

mation the following fossils were recognized: Dendri-

tina sp., liotalia beccarii Linn, miliolids, gastropods,

lamelliuranchs, and a rare Bryozoa, Ctl/i'pora sp. (Bel-

len and others, 1059).

In this area the fossils are rare and poorly preserved,

they include a fauna of lamellibranchs—including

Clawtinella sp. and O&trea lat Imarg hinta Vredenburg

—

and also gastropods and the foraminifer Pencroplis

faraemit. The formation is early Miocene, according

to Bellen (Bellen and others, 1959).

Contacts and equivalent units

In the type section the Euphrates Limestone Forma-
tion overlies the Oligocene Anah Limestone unconform-
ably; however, in the southwestern desert this forma-
tion, being transgressivo, overlaps older formations.

The base of the Euphrates southwest, of Karbala is a

marked Clauxim Mf-luinachelle horizon. In some
places, the base is slightly conglomeratic, sandy, and
commonly current bedded, as in the Sha'Ib Abu Maris,

or marly and chalky as at Shaib Ilisb. The Euphrates
rests unconformably on the Ghanimi to Shawiya beds

northwest of .Shaib Hisl), whereas to the southeast they
may lie on the Ghanimi and Barbuk beds.

According to Bellen (Bellen and others, 1959), the

Euphrates in the type area i9 covered by Jeribe Lime-
stone Formation. In the western desert however, ac-

cording to C. Andre and P. J. Walmsley (unpub. data,

1952), the Euphrates underlies the Lower Fars Forma-
tion and passes upward and laterally grades into it.

The Lower Fars Formation west of the Karbula-An
Najaf area is marked by a line of sabkha deposits

along the west bank of the Euphrates River. It may

be directly overlain by the Dibdibba Formation, as in

the area of Qulban Layyab.

The Euphrates Limestone Formation is equated with

the Ghar Formation, which is considered to be the

clastic fades of the Euphrates, and with the Serikag-

ni Formation, which is considered to be the basinal

fades of the Euphrates. The Zahra Formation may
well be the fresh-water fades of the Euphrates. These
relationships are rather complex and require verifica-

tion by additional investigations.

M'<i/, r tu/ipli''*.—Macfadyen (lO^.S) pointed out the

presence of a narrow and sharply defined zone of

springs of economic importance along the east border

of the southern desert. They lie mainly between the

Euphrates and the overlying Lower Fars Formation
and other younger formations, including the Recent
alluvium. These springs include Ayn Ubaira, Ar Rah-
haliya group (lat 32°46' N., long 43°23' E.; alt 90 m
above sea level), Ayn Fashash, Ayn al Bakhaiti, Ayn
Zanga, Ayn Umm Shilla, Ayn Faidhia, Ayn Soda,
Ayn ed Din (lat 32°41' N., long 43°23' E.), Avn Umm
al Khers (lat 32°37' N., long 4.V26' E.), Shithatha

group (lat 32"34' N., long 43°29' E.), Ayn Erbid, Ayn
al Hamra, Ayn Abeid, Ayn Barkat, Khan ar Kabbah
(lat 31*44' X., long 44° 19' E.), Ayn Hassan, Ayn al

Gayiani, and Ayn Seyid (lat 31W N\, long 45°27' E.).

Acconling to Macfadyen (1938),

The total of water from these springs is not less than 150
cusecs (+52." centlcumecs), and this appears to be a permanent
and invariable supply. It Is very unequally distributed, over
100 cusecs (2S3 rrntlcumees) being yielded by the Shithatha
group alone, while other of the spring* are very small.

The quality of the water varies slightly from spring to spring,

but the analyses form a homogeneous group of saline water,

characterized by moderately high magnesium, moderate cal-

cium sulphate, high podium chloride, and low carbonates. It

is interesting to observe the approach of the Kuphrate* water
towards this composition at the top water season in September.
The springs often contain a little sulphurated hydrogen. The
water Is therefore not of the best quality, hut it is drinkable
and It is used extensively for irrigation of date and other fruit

gardens. The temperature of water varies from 24* to 27'C.
moat spring* being about 2C*C.

These springs are replenished from rainfall in the
southern desert that drains underground toward the

Euphrates River, down both dip and slope; water of

the Euphrates basin that makes it-s way southward
along the strike of porous strata in the Euphrates
limestone or lower fars beds; and, to a much lesser

degree, by rainfall in the northeastern Iraqi mountains
that makes its way beneath the Mesopotamian plain

in the Euphrates Formation. (For further details see

Macfadyen, 1938.)
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Hydrocarbons.—Because the Euphrates Limestone

Formation is extensively exposed in the area, the

chance of finding accumulations of hydrocarbons in it

is rather remote, though oil and gas in good quantities

have been found in it elsewhere, as in the Jambur and

Bai Hassan oil fields of northern Iraq.

Type section, thickness, and extent

The type locality of the Ghar Formation is in BPC
well Zubair No. 3* (lat 30°23'01" N., long 47 B43'29"

E., alt 51.9 ft; completed Feb. 21, 1951). The forma-

tion occurs between drilled depths of 1,513 and 1,935

feet. It is 422 feet (129 m) thick. This formation has

been recognized in the Basrah Petroleum Company oil

fields of Zubair and Rumaila, in Nahr Umr wells, and

in the BPC wells Tuba No.l, Rachi No.l, Ratawi Nol,

and Luhais No.l. In southern Iraq its thickness

ranges between 300 and 500 feet; it shows thinning

and change of facies eastward, northward, and west-

ward by gradual passage to marly or silty sandstone.

At KiH well No.l this interval is represented by the

Jeribe limestone, whereas in the outcrop area it is

possible that the Ghar sandstones pass into the Lower
Fars marls and limestones and into the Euphrates
limestones, which cover a considerable territory.

According to Owen and Nasr (1958), "the thick-

ness of the Ghar Formation increases in a southwest-

erly direction towards what is believed to be the source

area. Representative thicknesses in the southern Iraq

fields are Nahr Umr No.l, 350 feet; Zubair No.3, 422

feet ; and Rumaila No.7, 544 feet."

The Ghar Formation consists of: coarse sand, con-

taining pink, black, and colorless gravel pebbles and

locally having a calcareous cement; sandy limestone;

marl; and streaks of gypseous blue clayey shale. In

the outcrop area the entire Ghar formation seems to

pass laterally into the Euphrates Limestone Forma-

tion, or it could be included with the Dibdibba Forma-

tion, in the absence of the intervening Lower Fars

Formation, because of their close lithologic familiari-

ties.

In this last respect Owen and Nasr (1958) stated,

"that the division of the Kuwait Group into Dibdib-

ba, Lower Fars, and Ghar Formations depends essen-

tially on the presence of the Lower Fars beds, and where

these are absent or only questionably developed, it has

been found practically impossible to separate accurate-

ly the two clastic formations of the Dibdibba and Ghar.

When this occurs, reference can usually be made only

to the Kuwait Group."

The age of this formation is unknown, for fossils are

absent, but it is considered to be early Miocene, though

Owen and Nasr (195H) assigned to it an Oligoccne and

early Miocene age.

Contacts and equivalent units

The contact of the Ghar Formation with the under-

lying Dammam Formation is unconformable and is

marked by the absence of proved Oligoccne strata. The
contact with the overlying Lower Fars Formation is

gradational, without evidence of unconformity; in the

absence of the intervening Lower Fars Formation, the

Dibdibba Formation may ovcrlio the Ghar Formation

unconformably?, but it has been very difficult to

recognize or separate them with great accuracy.

From stratigraphic considerations, the Ghar Forma-

tion seems to be equal able with the Hadruth Forma-
tion of Saudi Arabia.

Regarding the geologic occurrence of oil and gas in

Iraq, the staff of the Iraq Petroleum Company (unpub.

data, 195S) stated that very viscous sulfurous heavy

oil (20° API) occurs in the lower limestone beds of

the Ixiwer Fars Formation, the upper Sands of the

underlying Ghar Formation, and at Nahr Umr. This

oil is locally called "First Pay."

LOWKB FARS FORMATION

The heterogeneous I>owcr Fars Formation is the

basal (evaporitic) division of Pilgrinrs (1908) tripar-

tite "Fars Series," according to Owen and Nasr (1958).

The name Lower Fars was first, published by Busk and
Mayo (1918). In Iraq, equivalents of the Lower and

Middle Fars were called the Hamrin Stage by Pas-

coc (1922), but the Middle Fars is so poorly developed

outside Iran that it has long been included as an Up-
per Fars division, the term "I^iwer Fars" being arbi-

trarily used for the evaporitic Miocene below the high-

est bedded anhydrite.

Reference section, thickness, and extent

BPC well Nahr Umr No.l (lat 30°45' N., long

47°40' E.; alt 21.5 ft) was completed Feb. 10, 1949;

the Lower Fars Formation lies between drilled depths

of 1,090 and 2,093 feet (1,003 ft thick). This forma-

tion has been found in the subsurface sections of the

Basrah oil fields at Nahr Umr, Zubair, and Rumaila

and at wells Tuba No.l, Ratawi No.l, Rachi No.l, and

Luhais No.l. According to Owen and Nasr (1958) it

ranges in thickness from 1,003 feet at Nahr Umr to

600 feet at Zubair and 300 feet at Rumaila. However,

the thickness shows great local variations; for exam-

ple, westward the thickness of Lower Fars at Luhais

well No.l is about 390 feet, and a similar thickness was
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found at Kifl well No.l, north of the area of present

discussion. To the south in Kuwait the Lower Fare,

according to Owen and Nasr (1958), is readily recog-

nizable in the Kuwait Oil Company's well Raudhatain

No.l between drilled depths of 345 and 704 feet.

Farther east in Kuwait, in the Jal-es-Zor escarpment

along the north side of Kuwait Bay, is a 125-foot unit

of Lower Fars equivalent. In tho western desert this

formation crops out in the area of Qasr Shaqrah, Da-

fina, Qasr Naba, Qasr Abu Ghar, Al Busayyah, Al
Buwaib, and Khashmat ibn Hallaf. Isolated outliers

of the Lower Fars lying above the Euphrates occur at

Sha'ib Abu Marls, 30-35 kilometers west and south-

west of As Samawah. Farther north, outliers of Lower
Fars Formation are found at Al Muhair and Quwairat

al Habbusa, southwest of As Shinafiyah, and at Khan
ar Kahbah and Qarat as Saba. Extensive outcrops

spread west of An Najaf in the area around Az Zigla

and Gur al Ilibari.

In the Gur al Hibari area the Lower Fars Forma-

tion has been subdivided into two units: the lower is

yellow limestone with some white chalk bands and

green and red marls, and the upper is selcnite. The

lower unit is considered to be much more persistent.

In the Qasr al Ukhaidir area the thickness of the

lower unit does not exceed 130 feet, and the width of

continuous outcrop is not great, but outlying hills

of it occur almost as far west as the Nukhaib police

post, some 130 kilometers west of where the forma-

tion disappears under tho overlying sandstones and

marls. As for the upjwr unit, T. F. Williamson and

D. C. Kogcrs (unpub. data, 1030), after a study of the

north-trending cliff which passes east of the Bahr nl

Milh, maintained that the sequence is a lateral variant

of the basal small section of the Upper Fars Forma-

tion; this is clearly exhibited at the Nuqtah Cliff sec-

tion on the track between Shithatha and Karbala

where the basal beds of the Upper Fars Formation

contain much crystalline selenite. Northward these

beds show such an increase of gypsum that 15 kilo-

meters northwest of the Tazaza village, distinct white

beds of selenite can be distinguished. These attain

thicknesses of as much as 5 feet (l' a m) and stand

out as hard bands among marls and a sandstone se-

quence. South of the Shithatha-Karbala track only

the lower unit is recognizable. It forms numerous out-

liers in the area of Wadi al Ubayyid. Even along the

base of the scarp toward An Najaf there is compar-

atively little continuous outcrop. Here the forma-

tion dips gently to the northeast, with the result that

only a few isolated outliers of limestones and green

marls can be seen resting on the Euphrates Limestone

Formation. These are present in the low ground from
near the Euphrates river to As Samawah, beyond
which there are practically no further occurrences

until the group emerges again from the sabkhas near

Makhfar al Qusayr. From here southward the Lower
Fars appears to be insignificant, and its name has, for

the sake of uniformity, been applied to the rather

marly fossiliferous beds above the Euphrates and be-

low the more definitely sandy beds of the Upper Fars

and Dibdibba Formations. In places the Lower Fars

is very thin. It consists mainly of greenish marls

with abundant selenite crystals, and sporadic "oyster

beds'' occur containing very numerous Ottrea lati-

marginata Vredenburg, pectens, and Clausinella sp.

Ono good example of these "oyster beds" can be seen

just west of the track from Al Busayyah to An Nas-

iriyah at a point about 10 kilometers north of Qasr

Naba. At Al Busayyah, Laiyah, and farther south,

the grits and marls rest directly on the Euphrates

Limestone Formation.

Detailed lltholo*lo description

The Lower Fars Formation is an evaporitic sequence

;

it comprises the lithologic units given below:

4. Mudstone, gray and ml, with subordinate streak* of

nodular gypsum ; Home red-blue marl and loamy grit. 258

(Cluuslnellld), in part oolitic or cherty and porce-

laneoiis, alternating with gray clayey mudstones,

shales, marls, and rare streaks of selenite 321

2. Selenite beds alternating with gray-blue mudstonea

and brown-blue marls 2-49

1. Limestone, plnklsh-whlte, sandy. In part oolitic or Tery

shelly, recrystalllzed with rare streaks of blue mud-
stone esjieelnlly toward base 175

To the south, in Kuwait, tho Lower Fars consists

mainly of anhydrites, gypsum, clays, marls, and shal-

low-water limestones containing 0*trca UitimttrginnUi,

ClmwincUa sp., and Quinqueloculina sp. Farther south

into Kuwait, in the Val-es-Zor escarpment along the

north side of Kuwait Bay, there is a 125-foot unit of

fine-grained sand, silt, and clay carrying Oxtrea lati-

marginata, O. restlta, lamellibranchs, and other fossil

forms. This unit is locally called the Zor Formation.

According to T. F. Williamson and D. C. Rogers

(unpub. data, 1039), the thickness of the Lower Fars

Formation in this southwestern region is insignificant

in comparison with that attained in the Iranian and
north Iraqi foothills.

Westward from the Euphrates River, the Lower
Fars Formotion becomes generally and gradually less
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evitpontic and passes into clastic sedimentary rocks

laterally and vertically.

The fossils of the Lower Fars Formation
Ontrea latimarghwta Vredenburg, Claus'meJla sp., pec-

tens, gastropods, Quinqueloculina sp. and other milio-

lids, ostracodes, and other forms. Owens and Nasr

(1958) considered the age of this formation to range

from early to middle Miocene.

The underlying contact of the Lower Fars Forma-
tion with the Ghar Formation is conformable and
gradational in the Basrah area; in the Karbala, An
Najaf, and As Samawah areas the Lower Fars Forma-
tion overlies the Euphrates Limestone Formation

conformably.

The contact with the overlying Dibdibba Formation

is gradational (Owen and Nasr 1958). Northward,

the Upper Fars replaces the Dibdibba Formation
gradually. Here the Lower Fars Formation is con-

sidered as being equivalent to the Dam Formation in

Saudi Arabia and the Zor Formation in Kuwait.

Economic aspect*

In the Basrah area the basal limestones of the Lower
Fare Formation and the upper sandstones of the Ghar
Formation generally contain very viscous sulfurous

heavy oil (20° API). The two zones constitute what
is called the "First Pay." The Lower Fars anhydrites

and shale can act as caprock under favorable circum-

stances for the accumulation of oil.

FORMATION

Macfadyen (1938) mentioned Birjisiya (lat 30°22'

N., long 47°38' E.) as the type locality for the Dib-

dibba Formation. Since his account, however, the

thickness of the material exposed in the hand-dug

water well at Birjisiya has been far exceeded in nearby

Zubair, where numerous wells of tho Basrah Petroleum

Company have penetrated deeper than 1,000 feet (305

m). Owens and Nasr (1958) did not specify a type

locality but merely mentioned the presence of the Dib-

dibba Formation at the surface and in all drilled wells

on the Dibdibba plain. In the BPC well Zubair

No. 3 this formation lies between the ground surface

and a drilled depth of 935 feet

It is as much as 1,160 feet (354 m) thick in the

northernmost wells of the Zubair oil field. The for-

mation has extensive distribution in southern Iraq, for

it covers the area between the Shatt al Arab River in

the east and Haur al Hammar and the Euphrates

River in the north. Westward, the outcrop trends

from Tall al Muquiyir Dafina, Qasr Shaqrah, to Al
Anighar, where it extends farther west to Jan Khir-
san, Al Buwaib, Adam, Abu Radham, Tukayyid, and
tho Neutral Zone. Southward, it extends into Kuwait
and Saudi Arabia. Tho region covered by this forma-

tion is known as Ad Dibdibba.

This formation shows gradual decrease in thickness

westward. In the Rumaila field it. decreases to some
500 feet; farther west, to about 160 feet in the vicinity

of Luhais well No. I. Northeast of Abu Ghar, a thick-

ness of 196.8 feet (00 m) has been noted. Still farther

west the formation disappears completely. According

to Dunnington (1958), "thinning takes place also

towards the south where over 700 feet (243 metres) oc-

cur in the southern wells of the Zubair oil field." North-

ward and eastward this formation disappears under

the Recent alluvium.

Northward, the Dibdibba Formation passes into the

Upper Fars Formation which crops out as a scarp be-

tween Ur Junction and Al Shararain. Here the

Upper Fars consists of about 8 meters of sandy marl

containing selenite, which dips gently to the northeast.

These marls are practically surrounded by sabkha.

Farther northwest, in the sandhills south of As Sama-

wah, the few Upper Fare sandstone inliera outcrop

from the sabkha. To the southeast of An Najaf, very

little is seen of this formation, as the Lower Fars

Formation extends under the recent deposits of the

Euphrates River valley. A thickness of at least 154

feet (50 m) for this formation was measured by T. F.

Williamson and D. C. Rogers (unpub. data 1939) in

the scarp east of Ukhaidhir. Farther north, this for-

mation forms the prominent scarp, which overlooks

the Bahr al Milh and Abu Dibs from the east, and ex-

tends eastward toward tho Euphrates. The cliff ex-

tends south-southwest and then turns sharply to the

east to An Najaf. The base of the formation follows

roughly the line of the foot of the cliff. In this area

it comprises a series of brown, red, yellow, and green

marls containing some sandstone bands and, at the

base, some disseminated selenite crystals.

The composition of the Dibdibba Formation is,

"mainly sand and gravel of igneous rocks, including

pink granite, various liver-coloured and slate-grey in-

trusives, dolerites, etc., and white quartz pebbles. Not

infrequently the rock is cemented to a hard grit."

(Macfadyen, 1938).

Similar lithological sequence occurs in the subsur-

face sections of the Zubair field where tho Dibdibba
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Formation consists chiefly of coarse sands grading into

gravel with subordinate arenaceous limestone beds and

gypsum streaks.

In the northern part of the Dibdibba area, in a low

ridge southwest of Un Junction, coarse- and medium-

grained Upper Fars sandstones grade southward into

the pebbly Dibdibba Formation.

Between the Tukayyid scarp, Jalib Al Amghar, and

the north tip of the Neutral Zone, a great thickness of

pebbly sandstones, grits, and fresh-water limestones oc-

curs. H. Hnber (unpub. data, 1910) included in the

Dibdibba Formation the loose sands and loosely ce-

mented sandstones that occur in the depression between

the Tukayyid (At Traq) scarp and the Neutral Zone

and the Eocene beds in the west. In these sandstones

Huber observed some pebbly t>eds. In several places

along the Tukayyid scarp from Khashmat al Masasah

to Jalib al Amghar, as well as along the north bound-

ary of the Neutral Zone, the Dibdibba sandstones

and grits contain intercalations of fresh-water lime-

stones. Somo of the limestones, especially to the west

of the Tukayyid well, are dark greenish brown and con-

tain eoarso rounded sand. The limestones are well

bedded (+0.20 m) and very hard and contain Chara

sp., Phtnorbi* sp., and Radix.

Several small hills in the vicinity of the Tukayyid

well are composed of a bedded, at places sandy, dense

gray and white limestone; at many places it shows

reddish tints and contains remains of Chara. Some
dark gray thick-bedded hard limestones containing

Chara also occur. Between this well and Al Karatba,

similar Chara, bearing limestones are interbedded with

sandstones and grits on top of the scarp along the

track leading to Jalib Al Amghar and to Maghaizil

and along the northwest border of the Neutral Zone.

Some conglomerates occur in the vicinity of Ad Dayir.

R. M. Ramsden and C. Andre (unpub. data, 1953)

stated that, the exposed part of this formation can be

divided in ascending order, into two recognizable units:

Chilawa Sandstone and Rafaiya Gravel.

Chilawa Suruhtone.—The Chilawa Sandstone con-

sists of bedded unfossili ferous sandstones and grits. A
type section at Chilawa near trinngulation point. 130 m
(coordinates 1.672,101.44 E.; 88.7,590.94 N.) exposes ap-

proximately 1S0.4 feet (55 m) of gritty white, pink, and

green sandstone. The white sandstones have a calcareous

cement, and form terraces and erosional plains. The
pink sandstones are softer than the white and probably

contain some calcium sulfate and grains of sulfur. The
green sandstones are generally uncemented and slight-

ly marly. Small brown quartz pebbles are scattered

throughout the section. This unit forms the upper

part of the Al Busayyah-Qasr Shawrah scarp and
passes eastward across the Dhafir plains to the Boliya

axis. The exposures can be seen in the scarps at Twai
al Hashash, Khabra or Rachi, and Jarishan to the

south. The unit can also be found dispersed along and
adjacent to the Al Basrah-Jalibra track, north and
south of Hawr al Hammar, where it forms the main
exposed part of the Dibdibba Formation.

Rafaiya Gra <v/.—The Rafaiya Gravel is thick in the

area between the Boliya axis and the west flank of the

Zubairanticline, where it forms a layer of well-rounded

exotic pebbles. These pebbles are composed of igneous,

metamorphic, sedimentary, and conglomeratic rocks,

the character and source of which have not yet been

investigated in detail. Individual cobbles may be as

large as 15 centimeters in diameter. The lateral and
vertical limits of this unit are difficult to define in the

east. To the west the gravel is not found west of the

Boliya axis, perhaps in part because of erosion. At
Boliya it forms a single layer of pebbles overlying

gyjiseous and sandy earth which is a few feet thick.

At Rafaiya (grid coordinates 1732 E., 932 N.) the

type section of the unit, moderately coarse gravel lies

at the surface; the pebble layers can also be found in

the walls of the largo waterhole. In the south, exten-

sive tracts of coarse gravel, mainly quartz, are found
in the Adan region. The true correlation of these still

remains to be decided.

Diagnostic foaalls ud age

Ostracodes, Chara sp., Planorbi* sp., and Radix are

found in the Dibdibba Formation in isolated surface

limestones in places west of Basrah, and according to

Hudson and others (1957) their age is not known.
Dunnington, Wetzel, and Morton (in Bellen and others,

1959) stated, "This formation probably ranges from
"late" Miocene through Pliocene to early Pleistocene,

but no fossil evidence has been produced to support or

add precision to this range." On the age of Dibdibba

Formation Hudson and others (1957) wrote, "Direct

evidence of age is not available
;
comparison with other

areas in the Middle East suggests that the Dibdibba

Formation is late Miocene or Miocene and Pliocene."

Contact* and equivalent units

The contact of the Dibdibba Formation with the

underlying Lower Fars Formation is conformable and

gradational. The Upper Fars Formation has not been

recognized in the subsurface sections of southern Iraq,

where equivalents are probably included within the

lower parts of the Dibdibba Formation. Wherever the

I
Lower Fars Formation shows a change of facies into
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a clastic type, the differentiation of it from either the

overlying Dibdibba Formation or the underlying Ghar
Formation is very difficult In the western outcrops,

according to T. F. Williamson and D. C. Rogers

(unpub. data, 1939), the Dibdibba Formation overlies

the Euphrates Limestone Formation and the Lower
Fars Formation. In tho extreme southwest where the

Dibdibba cannot readily be distinguished from the

clastic variant of Lower Fars, if present, or from Ghar
Formation, it rests unconformably with great overlap

on the Dammam Formation.

The Hammar Formation and Quaternary gravels

and alluvium overlie the Dibdibba; the contact is un-

conformable. Hudson and others (1957) stated:

The solid rock underlying the Mesopotamian plain and out-

cropping west of Ilnr Al Ilnmmar is that of tho Dibdibba For-

mation (Macfadyen. 1038. p. 103; Mitchell. p. 400). This

accession Is of sand and pebble beds, often cross-bedded,

occasionally calcareous or gypslferous and cemented, and with

oome silt and cloy. To the west of Zubair the Dibdibba beds

are capped by pebble* and boulder beds of Igneous, metamor-

phlc. or sedimentary rocks, • • • [audi above these older rocks

there is a surprisingly small thickness, rarely exceeding 100

feet, of unconsolidated Recent sediments, in which the succes-

sion scents to be fairly constant, being one of marine beds, fol-

lowed by alluvium, variously estuarine, lacustrine, or flnvla-

tite. The marine beds are here called the Ilammar Formation.

In southern Iraq the Dibdibba Formation is con-

sidered to grade eastward and northward into Upper
Fars Formation and the Bakhtiari Group beneath the

Mesopotamian Alluvia and to crop out in central, east-

ern, and northern Iraq as distinctly recognizable units.

The equivalent of this formation in Saudi Arabia may
be found as gravel and sandstone in the Hofuf Forma-

tion.

The Dibdibba Formation comprises gravels and

coarse-grained sandstones which can make a good aqui-

fer. In the Dibdibba region of southern Iraq the

water supply is chiefly dependent on tho rainfall; owing

to the high porosity of the Dibdibba sandstone and

sands, much of the water may sink into the ground and

be stored or may drain into local surface depressions

in which some water gradually percolates into the

ground and some evaporates. The underground drain-

age is toward the Euphrates and Shatt al Arab Rivers,

down both dip and topographic slope. The movement

of the ground water in the Dibdibba region will cer-

tainly be affected and influenced by the general ground

water of the Mesopotamian basin. (See Macfadyen,

1938.) Water in great quantities can be found stored

in this formation, but its quality may be highly

variable.

The gravelly components of the formation locally

are manually collected and sold for concrete aggre-

gates and for surfacing the roads.

QUATERNARY
The Quaternary is represented by Pleistocene and

Recent (Holoccne) sediments, which may not exceed

300 feet in thickness. The marine Ilammar Forma-
tion only has been described below. The top of the Re-

cent sediments in the area is constantly acted upon by

factors of current denudation or deposition.

TYPE SECTION, THICKNESS, AN D EXTE.1T

The type section of the Hammar Formation is in

BPC weU Zubair No. 31 (lat 30°31'00" N., long

47 836'34" E.; alt 20.3 ft, completed Oct 24, 1953) be-

tween 20 and 41 feet of drilled depth. The formation

is 21 feet thick. This Kecent marine formation occurs

in the subsurface sections on the southern limits of

Hawr al Hammar in the northern sector of the Zubair

oil field, where the type section is located.

Eastward across the Shatt al Arab, north of Bandar
Shapur, Thomas (in Lees and Falcon, 1952) reported

a succession of marine shelly silts overlain by fresh- or

brackish-water silts containing ostracodes. The brack-

ish-water silts total at least 20 feet in thickness, and

the lower marine silts are possibly 60 feet thick. On
the northeast side of Hawr Al Hammar, this formation

was found in the Nahr Umr wells, close to the Shatt

al Arab, where it consists of 32 feet of shell marl con-

taining lamellibranchs, gastropods, bryozoans, and

other forms in a fauna almost identical with that of

the Hammar Formation in the type section. Accord-

ing to Hudson and others (1957), this formation ex-

tends as far south as Al Faw (Fao), in the extreme

south of Iraq, where a number of water wells were

drilled in soft silts to a depth of 30 feet. They stated

that "the general succession was one of a lower marine

silt with abundant shells and an upper silt with ostra-

codes and occasional crab debris, probably estuarine.

There was a slight difference between the succession in

the various wells, the greatest thickness of the estua-

rine silt being 20 feet (well No.3) and that of the

marine silts being 30 feet (well No.2)." The fauna of

the marine silts is that of the Hammar Formation.

The only evidence of the northward extension of this

formation, according to Hudson and others (1957), is

that of W. A. Macfadyen (in Lees and Falcon, 1952)

who reported 35 feet of alluvium with marine Forma-

minifera at Al Amarah, 95 miles north-northwest of Al

Basrah. Mitchell (1958) discovered a Recent marine

fauna near An Najaf at altitudes of 40.7 to 41.3 meters

above present sea level.
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DETAILED LITHOLOGIC DESCRIPTION

In the type section the Hammar Formation consists

of two main units

:

TMckntf
lift)

2. Clay, gray, with thin washes of shells consisting pre-

dominantly at Abra cadabra; local crab debris; the

lowest foot consist!* of shell niarl containing an

abundant and varied fauns. Including abundant ech-

lnold debris 7

1. Sand, coarse and very coarse, poorly graded, rarely

cemented, and some slit ; some of the sand Is wind-

blown ; abundant small shells of marine organisms

The Hammar Formation is of Recent age. Its

fauna was described fully by Hudson and others

(1957), who stated that:

The common fossils, in order, are: Lamelllbrancha

—

Pilar

belcheri, Brachidontes variabilis, Corbula sulculota, Abra co-

da bra ; Gastropods—Minolia adyma, Hlnia idyllia. The forms

Identified are listed below."

Gastropoda Anachi* (Zafra) melatotna (Mclrill and Standen),

Calvptraea chincntU (Llnne), Cerithium amirantium E. A.

Smith, Chrysallida callUta (Melvill) Chrysallida ircnae

Eames and Wilkins, Cra**Upira (Clatkrodriilia) lucida (G.

and H. Nevill), Cuma carinifcra (Lamarck), Cyclottrema «-
premum Melvill, Foitarut ttoliczkanut Nevill, Oemmula mul-

tiscriata (E. A. Smith), Oibbcrula (Cyiitcus) mazagonioa

(Melvill), Bamarilla bicarinala Eames and Wilkins, Binia

idyllia (Melvill and Standen), Uenardia toror (EX A. Smith),

Uangelia pcllyi (E. A. Smith), Ueiocerai sp. Melanella

(Polygireulimu) bivittata (1L and A. Adams). Uinolia edy-

ma Melvill. Uitrclta blanda (G. B. Sowerby), Xatica (Co-

ehli*) tranquillo Melvill and Standen, Oblortio {Alabina)

(Fenella) purpureoapicata (Preston), Odottomia eutropia

Melvill. Pyrunculut abbreviattu Eames and Wilkins, Rctuta

inconspicua (A. Adams), Retinal, Biphonium cf. maximum
(G. B. Sowerby), Slenothyra minima (Q. B. Sowerby), Btrio-

tertbrum (Koditerebra) edgari (Melvill), Triphora acuta

(Kiener), Tmrbonilla (Chcmnitsia) galactodcs Melvill, Tur-

rilella terebra Lamarck.
Lamellibranohia : Abra cadabra Eames and Wilkins, Abra Tel-

line, Barbatia futca (Brugulere), Brachidontes variabilis

(Krauss), Corbula sulculosa A Adams, Cuna coxl Eames
and Wilkins, Uionucula layardi (A. Adams), Jfoc«ro oiorina

Phllippl, "O.trea", Pholas manUlensis Phillppi, Pilar bel-

cheri (G. B. Sowerby), Placuna, Tellina (Psommotaca) meth-
oria Melvill. Tellina, Yoldia tropica Melvill.

8capbopoda : Dentolium quadriapicale G. B. Sowerby, Den-
talium.

Bryozoa: Acanthodesia tavartii (Audouln), Mucronella trii-

pinota (Johnston), Mucronellal.

Anthozoa : Paracyathus sp. nov., corals lndet., Pennatulacea.

Cirrlpedia: Balanut.

Dccapodn : Callianassa sp. nov., crab fragments, echlnoid platea

and radioles.

The fauna of the Hammar formation is without doubt of

Recent age, all forms existing in the present seas, some of them
now living In the shallow coastal waters of the Red Sea,

Truclal Coast, Oman Coast, and Persian Gulf.

COXTACTS AND EQUIVALENT UNITS

The Hammar Formation is underlain, probably un-

conformably, by the Dibdibba Formation. It is over-

lain by Recent lacustrine or estuarine alluvium which
consists of 20 feet of buff and red silt and some sand

and pebbles. The top 3 feet of the alluvium contains

abundant salt and gypsum crystals. Toward the mid-

dle the silt contains the brackish-water ostracodes

Cypridei* UtorcHU (Brady) and, more rarely, Limno-
cythere. Thus, the silt is considered as estuarine and

the remainder of the alluvium as fluviatile or lacus-

trine.

The equivalents of this Recent marine formation

are expected along the coastal line of Arabia and over

Arabia to be manifested in different and highly vari-

able lithologic and facies forms.

ECONOMIC ASPECTS

No economic value has so far been attributed to the

Hammar Formation, although some of the higher

parts in the Recent alluvium that are scattered along

the highway between Al Basrah and Al Amarah have

been utilized for brick making in the Brick Kiluf.

STRUCTURE

STRUCTURAL PROVINCE OP SOUTHWESTERN IRAQ

Iraq, in general both geologically and geographical-

ly, has been influenced by the proximity of the Pre-

cambrian Arabian shield (Furon, 1963) and the Zagros

province of the Tethyan geosyncline. Tectonically, it

can be subdivided into three major interrelated unite,

each with its distinct and characteristic tectonics and

geologic history. These units from northeast to south-

west are: (1) the major and complex overthrust or

"nappe" belt, (2) the autochthonous folded belt, and

(3) the unfolded area (Dunnington, 1958; Naqib,

19G0).

An elaborate analysis of the tectonic construction

of the Middle Fast in general, including northern

Iraq, has been made by Henson (1951), who stressed

the important role played by pre-Miocene vertical

movements in the unfolded area and in the folded

zone. Henson considered that folding due to late

Tertiary compression was superimposed on and molded

against an earlier deep-seated block-faulted frame-

work, inherited from the pre-Miocene history of the

region. Other accounts by Boeckh and Vicnnot ( 1929)

,

Lees and Richardson (1940), and Lees (1950a, b, 1951,

1953) have accepted uncomplicated compressional fold-

ing, with a broad "normally folded zone" intervening

between the "nappe front" and the unfolded "fore-

land."
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A rather different quadripartite subdivision was in-

troduced by Mitchell (1959), who included Iraq in

(1) the Stable Shelf, (2) the buckled Labile Shelf of

the Foreland, (3) the autochthonous border folds, and

(4) the Iranides of his Orthogeosynclines of southwest

Asia.

The tripartite division into unfolded, folded, and

"nappe" zones, on the dominantly northwest-southeast

trend of the Zagros, is appropriate for post-Miocene

time and is harmonious with existing concepts of a

Cretaceous and Pliocene geosyncline developing on the

same Zagros trend, with its axis migrating more or

less progressively southwestward until the orogeny in

Pliocene time. Conditions in Jurassic and pre-Jurassic

time were somewhat different. The basinal trend ran

more nearly north to south than northwest to southeast

in the known Jurassic stages, and the Jurassic and

Cretaceous transition was probably a time of tectonic

disturbance, including widespread uplift and tilting

of fault-bounded blocks on the west margins of the

basin. Several deduced faults of this age are directed

north to south, across the Zagros trend. The axes of

thickest basinal deposition for the Jura'wic stages un-

derlie thin accumulations of shallow-water Lower Cre-

taceous sediments. Figure (1) shows the major tec-

tonic zones of Iraq and their characteristic elements.

The "nappe" zone is confined to a narrow belt in

the remote northeastern part of Iraq and consists of

an area of highly complex tectonics featured in ex-

tensive overthrusts; the rocks generally show some

low-grade regional metamorphism (slates, phyllites,

and schists). The area has undergone extensive igneous

activity, including extrusion of basalt, spilite, and an-

desite, accompanied by some explosive vulcanism, evi-

denced by pyroclastics and tuffs and also by intrusion

of dolerite, mafic rocks, and granite. The topography

of this area contrasts sharply with that of the simple-

fold mountainous country of the zone of autochthonous

folding farther southwest. It follows a surprisingly

linear northwest-southeast trend from Rayat in north-

em Iraq to Bandar Abbas in southwestern Iraq.

The second unit forms a wider belt that extends in a

general northwest direction in the northeastern part of

Iraq and falls into three arcuate segments that bulge

southwestward. This zone has an average width of

about 100 miles (160 km), and the alinements of indi-

vidual folds and the belt itself follow the Zagros swing

from east-west in the north to northwest-southeast in

the south. The segments of the autochthonous folded

belt have been overridden by the linearly trending ov-

erthrust belt (Gansser, 1955) in the northeast as if they

had differential lateral displacement along lines of

crustal weakness perhaps with north-south Caledonian

trend.

The boundary between the folded and unfolded

zones is abrupt. The southernmost and westernmost

anticlines of the folded zone—Jebels Sinjar, Sheikh

Ibrahim, Sadid, Makhul, and Hamrin North and Ham-
rin South—are surprisingly large folds, tens of miles

long, and in some places rise several thousands of feet

out of the adjacent synclines. The boundary follows a

more or less arcuate line, from northwest-southeast in

the southeast to east-west in the northwest, but it is

offset sharply in the area west of Qaiyarah. Here its

course is picked out by the north-south alinement of

the pitching ends of five rather small and low anti-

clines. The line plunges below alluvium in the plains

east of Bagdad or is offset northward, near Naft

Khaneh, to the foot of the exposed Iraq-Iran frontier

folds.

In this unit the anticlinal folds are simple and
sharp, generally without faulting and subordinate

thrusting. The structures are en echelon and are sepa-

rated by broad synclinps. In this zone, the intensity of

folding, as reflected in the magnitude of the amplitude

of the fold system, diminishes gradually southwestward

from the region of high complexity in the northeast

to a stable and technically undisturbed zone in the

west. Thus, indeed, according to Dunnington (1958),

there is an overall tendency for anticlines to increase

in amplitude and tightness as the "nappe front" is

approached, the most northeasterly folds being them-

selves thrust and locally overturned. There are, how-

ever, many departures from the superficially natural

expectation that the folds should diminish in strength

with increasing distance from the thrust front. Thus,

Hamrin North, Makhul, and Sinjar are much more
developed and much more elevated than the anticlines

that occur immediately to the north and northeast,

whereas flat, low domes appear between steep, narrow

neighboring anticlines in the middle of the zone. Other

oddities include the great elevational differences be-

tween adjacent anticlines of otherwise similar dimen-

sions, the pitching down of successive anticlines along

linear features, and the appearance of marked asym-

metry in some folds and of opposed asymmetry in some

pairs of adjacent folds. These and other anomalies

substantiate the opinion of Henson (1951) that the

late Tertiary folding in the folded zone was intimately

affected by a preexisting complex of faults, which left

residual features to buttress or deflect folding and

which predisposed the region to react in irregular and

complex fashion to simple tangential pressures.

The unfolded zone includes an extensive area of cen-

tral, southern, and western Iraq; the Jebels Sinjar,
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Makhul, and Uamrin mark the northern and eastern

limits. The present discussion covers only the south-

western part of this area. The structural unit itself

is characterized by relative absence of surface struc-

tural features except for a few folds of small ampli-

tude and structural depressions many of which may be

of only superficial origin.

In the unfolded zone, but northwest of the area dis-

cussed, a single broad dome with an east-west aline-

ment occurs in the Ga'ara depression north of the

Wadi Hauran. This dome, which exposes Lower Tri-

assic( ?) rocks in its center, is on the flank of a very

broad uplift, which may reflect basement arching.

Farther north, a second prominent east-west fold,

narrow but gentle, is known at Anah on the Euphrates;

its fault-trough setting strongly indicates a fault ori-

gin for the anticline itself. Gentle folds may occur

between the Tigris and Euphrates Rivers in front of

the autochthonously folded zone under the flat-lying

Pliocene, Pleistocene, and Recent sediments. A few

minor folds, trending northwest, occur in the neighbor-

hood of Hit and Ramadi.

The unfolded area considered falls within the In-

terior Homocline of the Arabian tectonic framework

defined by Aramco geologists. Hero, with the exception

of the Miocene and post-Miocene rock units, exposures

of rocks from the Cretaceous System upward shift

east in almost parallel strips, and their structural fea-

tures appear in general to be of the simplest nature.

They are almost flat over wide areas, with slight dip,

measureable only in a few meters per kilometer, toward

the east or northeast. The salient features of the area

are Jabal Sanam in the Basrah area, depressions which

may be structural basins, and some disturbed scarps.

The structural profile across the area (pi. 4) portrays

the general structural relationships of the different

systems in surface and subsurface. At the surface the

Cretaceous exposures do not convoy any impression of

diastrophism.

The Batn-Ghurra escarpment of Paleoccno and low-

er Eocono( ?) rocks is irregular and roughly alined in

a north-northwest direction. It is extensive and vari-

able with uncertain origin. In the Al Makmin (Machi)

area it shows slight sagging. The Batn scarp in gen-

eral has a very gentle east dip, and in certain places

(for example, Linya) it consists of a simplo typical

erosional scarp with folded Basita Beds about 2 kilo-

meters to the west. Reversals in dip over the scarp

can be seen in places, for example near 'Aydaha, where

closely folded beds occur more than 1 kilometer west

of the scarp. In many places, beds of the Zahra For-

mation are also involved in local folding.

The Waqisah scarp in the area of Al Jill-Wagish,

according to F. J. Verm (unpub. data, 1957), is of

erosional origin. It shows well-bedded horizontal lime-

stones commonly witli more than one scarp because of

differential erosion. They show no "draping" toward

the foot of the scarp except for occasional but random
collapse of the scarp edges.

The At Traq escarpment is generally alined north-

northwest bet ween Tukayyid and Abu Khanzir, though

there are several swings from the general trend along

its length. There are definite signs of faulting on the

scarp, as nt Khashm ad Duda and Khashm ad Dimand.

At the south end of Khashm al Mahasa there are no ob-

vious signs of faulting, but the "scarp face" is essential-

ly the steepening south flank of an anticline. The fea-

ture is made up of folded very weathered Tuqaiyid

Limestone and overlying Zahra Beds. The area here

looks slightly complicated, perhaps because of the cov-

er of Zahra Beds. Minor anticlinal features can be ob-

served west of the At, Traq scarp, as at Kabd (Chabd),

Uba'id, and Faydat Ar Radhuma.
Slightly northwest of the At Traq scarp is the

Galaib scarp, where surface geology indicates a north-

northwest faulting trend and general lineation in a

similar direction, which is manifested also in the trend

of the escarpment to the northwest of Galaib. This

is considered to be a fault scarp having a possible

throw of 100 feet in Ash Shawyyat area. Eight-

een miles north of here, in the area of Shaikhiya-Dhiri-

yat, is a series of parallel folds which show two axial

trends introducing the additional north-south trend

which may be related to the structural grain of the

Salman area.

In the central part of the area between the Waqi-
sah scarp in the west and At Traq belt in the east

is a series of depressions which, considered as a group,

show alinement in a north-northeast direction, con-

vergent with the trend seen from Tukayyid through

At Traq, Chabd, Galaib, and Ash Shawyyat. The As
Salman depression forms one of the largest of this

group. This is enclosed by high escarpments with re-

peated north-northeast trend surrounded by a horizon-

tal plateau. About. 100 kilometers northwest of the

As Salman group of depressions is the Ash Shabalcah

(Shabicha) depression, which shows small anticlinal

and synclinal folds in the Zahra Beds.

East of the At Traq group of scarps, Ghanimi anti-

clines, trending north-northwest and south-southwest,

and Abu Ghar, a gentle north-south fold, are the dom-
inant features. Between Abu Ghar and Al Basrah

there is a slight topographic feature, which may be

structural expression and which can be seen in the

Shagra and Boliya areas.
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Apart from the slight structural features of Ratawi,

Rumaila, and Zubair there is no significant feature

in the Al Basrah area except the dominating Jabal

Sanam, which rises high above the surrounding flat

country. Here, according to Boeckh and Yiennot

(1929), the old rocks project from below the Cenozoic

cover. They stated that the rocks show a great resem-

blance to the Cambrian of the Persian Gulf.

The structural manifestations previously mentioned

have been attributed to several different factors by var-

ious authors. Some stressed the role of diastrophism

and epeirogenic movements, and others emphasized

the role of solution collapse. According to Dunning-

ton (1958), "gravimetric data and slight structural

manifestations in the flat-lying Tertiary cover provide

evidence of important buried structural elements

throughout the 'unfolded area'." Lateral variations

in sedimentary thicknesses over small distances are

deductible, and it is concluded that most of these

variations are controlled by pre-Miocene faulting of

various dates, the relief due to faulting having been

erased at the surface by subsequent erosion and depo-

sition. The tectonic pattern suggested by the evidence

is a complex one, resulting from interplay of vertical

movements on fault trends which are oriented predom-

inantly north to south, cast to west, northwest to south-

east, and northeast to southwest, the importance of in-

dividual trends showing marked local variations.

Some of the prominent detected structural features are

continuous for some tens or even hundreds of miles.

Some pass beyond the limits of the region considered

into Saudi Arabia. A few transgress directly across

the limit, of the unfolded area into the folded zone.

Where directional characters can be read into the

complications, one or more of the four main tectonic

trends discerned in the unfolded area is generally

found to be involved. As a few important tectonic

features on these trends pass directly from folded into

unfolded terrain, it is argued that the folded zone

was probably traversed prior to folding by a tectonic

network comparable with the network that is now de-

tectable in the unfolded area.

STRUCTURAL HISTORY

The Arabian shield dates from pre-Cambrian time.

Since then, during various geological periods, the sea

has transgressed and regressed over its margins. West-

ern Iraq has undergone this sedimentary history as

part of the fringing region (shelf) of this shield, the

structural history of the area being reflected in the

mode of sedimentation. From Triassic time this was
controlled by the presence of the Ga'ara-Khleisia fea-

ture in the north and the Arabian shield proper in the

southwest. The Triassic sediments indicate epiconti-

nental conditions. The various unconformities in the

geological sequence, considered with the nature of the

sediments, point to several epeirogenic movements
which caused the advance and retreat of the sea over the
area. Duration and extent of these movements are
highly varied. The main ones occurred during late

Bathonian and early Callovian times. The emergence
was followed by a major transgression heralding the
deposition of the Upper Jurassic Xajmah limestones. A
minor movement during late Berriasian and early Val-
anginian times has also been postulated to account for
the deposition of the Yamuna limestones on the Sulaiy
Formation.

During the rest of Cretaceous time the area under-
went a series of sedimentary cycles caused by marine
transgressions and regressions. There are indications
in the Cenomanian cycle that certain structural posi-

tive features, probably arcuate and extending from
the Rumaila area, gave rise to the Mishrif reef. It was
during the middle Turonian and lower Campanian
cycle that the east-west-trending Anah graben trough
formed. This trough continued subsiding during Mae-
strichtian time to accommodate the great thickness of
sediments accumulated.

The Gaara high must have been near shore during
the Cenomanian time, from the evidence of the Rut-
bah sandstones, and a slight transgression followed,
culminating in the deposition of the Mishrif (or ifsad)
Formation.

Late Cretaceous time was mainly a period of trans-
gression, in which neritic limestones, including tongues
of basinal sediments from the east side, were deposited.
The Eocene deposition was followed by a long period

of emergence, which was ended by the deposition of
the Euphrates limestones over most of the eastern parts
of the area, while the western parts perhaps remained
above sea level.

Further transgression during middle Miocene time
led to the deposition of the elastics of the Ghar and
lacustrine Zahra deposits and evaporitcs of the Lower
Fars. During this period a more extensive area was
covered, as evinced by the extensive Zahra beds.

During late Miocene and Pliocene times the Dibdib-
ba elastics were deposited, the material derived possibly

from a rapidly rising mass of the Arabian shield.

Since then, the central part of the area seems to

have undergone relatively more uplift than the re-

mainder, as can be seen in the distribution of the

Zahra beds. Rejuvenation of the wadi system exposure
area of Upper Cretaceous rocks may be considered as

an indication of a sudden uplift and readjustment.
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GRABEN 8Y8TEM

There is no direct indication of a graben system in

the area; however, gravity-survey results, sedimentary

history, and some seismic investigations demonstrate

that even the flat-lying western desert area is under-

lain at depth (and locally at not very great depth) by

buried structural elements and grabenlike faults of

very considerable throw and shift. Some of these can

be traced for very great distances into and across

neighboring countries and some through a series of

complex gravity features far into the zone of late

Tertiary folding. The major tectonic elements of

southwestern Iraq are shown in figure 1.

According to Dunnington (1960), the ages and

trends of movement of these faults, and the nature of

the faults themselves, remain for the most part ob-

scure. Some, trending approximately east to west,

may be identified with fair certainty as delimiting

major troughs of subsidence which originated during

Senonian time; thus, the east-west-trending Anah anti-

clinal structure has been formed on the site of a

graben trough which dented and broke the Ga'ara-

Khleisia block during early Lute Cretaceous time.

Others, including some of north-south alincment, appear

from subsurface evidence outside the area considered

here, to have moved significantly in very Late Jurassic

or very Early Cretaceous times, though they may have

had a much older existence and may have been slight-

ly dislocated in later times. There is the possibility of

As Salman depressions being basically manifestations

of a deep buried graben system, though greatly in-

fluenced and accentuated by subsequent solution collapse

phenomena. A similar argument is also applicable to

the other depression and solution features of the area.

However, with the present degree of knowledge and
the inadequacy of available data, it would be dangerous

to give rein to speculation and imagination.

SUMMARY

The study region comprises more than 82,000 square

kilometers of southwestern Iraq and lies in the north-

east side of the Arabian Peninsula. We owe much if

not all our knowledge of the geology of this area to the

exploration for oil, over almost a quarter of a century,

by the Iraq Petroleum Company and its associate, the

Basrah Petroleum Company.
In western Iraq near the Ga'ara area the oldest rocks

are considered to belong to the Lower Triassic(?).

They are succeeded by the Rhaetic, Liassic, and Bajo-

cian-Bathonian sequence. In the same area a major
erosional gap exists between the Middle Jurassic and the

middle Cretaceous. This gap narrows away from the

Ga'ara massif. Thus, it is possible to recognize suc-

cessive occurrences of the intervening formations ba-

sinward.

The Cretaceous System allows strong diachronism

and a history of sedimentation characterized by sedi-

mentary cycles, which were controlled by the epeiro-

genic withdrawals over the Arabian platform. The
basic near-shore to basin sequences are hardly recog-

nizable there, the sediments having been laid down
close to the old shorelines. The main Cretaceous cy-

cles are: Tithonian (Upper Jurassic) to Aptian, Ap-
tian, Ccnomanian to lower Turonian, Middle Turonian

to lower Campanian, and upper Campanian to Maa-

stricht ian.

Similar cycles are detectable in the Tertiary, but

their significance can only be appreciated if other

areas of Iraq are considered. In particular, the under-

standing of Miocene stratigraphy is in a state of flux

and requires a great deal of investigation. The Oli-

gocene Series is not recognized in the area.

Structurally, the area lies in the Interior Homocline

of the Arabian Peninsula. It is flat-lying country

with gentle dips to the east and northeast. Minor
northwest- and north-trending linear structural fea-

tures occur in the Tertiary outcrop area. These may
be due to recurrent disturbance along old lines of

weakness, accompanied by tho dissolution of the evap-

orites in the Paleocene and Eocene sequence. Solution-

collapse structure is well developed in many places.
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FOREWORD
This volume, "The Geology of the Arabian Peninsula," Is a logical consequence of the

geographic nml geologic mapping project of the Arabian Peninsula, a cooperative venture

between the Kingdom of Saudi Arabia and the Government of the United States. The Arabian-

American Oil Co. and the U.S. Geological Survey did the ficldwork within the Kingdom of

Saudi Arabia, and, with the approval of the governments of neighboring countries, a number of

other oil companies contributed additional mapping to complete the coverage of the whole of

the Arabian Peninsula. So far ns we are aware, this is a unique experiment in geological

cooperation among several governments, petroleum companies, and individuals.

The plan for a cooperative mapping project was originally conceived in July 1953 by the

late William E. \Vrather, then Director of the U.S. Geological Survey, the late James Terry

Ducc, then Vice President of Aramco, and the late E. L. deflolycr. George Wadsworth, then.

U.S. Ambassador to Saudi Arabia, and Sheikh Abdullah Sulaiman, then Minister of Finance

of the Government of Saudi Arabia, lent their support to the plan. In November of the follow-

ing year, 1954, Director Wrather approved the U.S. Geological Survey's participation and
designated G. P. Brown responsible for the western Arabian shield region in which he had
previously worked under U.S. foreign-aid programs. In January 1955 F. A. Davies, Chairman,

Board of Directors, Arabian-American Oil Co., approved Aramco's participation and appointed

the late R. A. Bramkamp, chief geologist, responsible for compilation of the area within tho

Kingdom where the sediments crop out. This responsibility fell to L. P. Ramirez following

the death of R. A. Bramkamp in September 1958.

R, A. Bramkamp and G. F. Brown met in New York in February 1955 and planned the

program, including scales of maps, areas of responsibility, types of terrain representation,

and bilingual names. Thus there was established a cooperative agreement between the King-

dom of Saudi Arabia, the U.S. Department of State, and the Arabian-American Oil Co. to

make available the basic areal geology as mapped by Arameo and the U.S. Geological Survey.

The agreement specified publication of a scries of 21 maps on a scale of 1:500,000, each

map covering an area 3° of longitude and 4° of -latitude. Separate geologic and geographic

versions were to be printed for each of the quadrangles; both versions were to be bilingual—in

Arabic and Enblish. A peninsular geologic map on a scale of 1:2,000,000 was to conclude the

project.

High-altitude photography, on a scale of 1:60,000, of the Kingdom of Saudi Arabia was

initiated during 1949 by the Aero Service Corp. and completed in 1959. Both third-order

vertical and horizontal control and shoran were utilized in compiling the photography. Thin

controlled photography resulted in highly accurate geographic maps at the publication scalo

which then served as a base for the geologic overlay. The topography of the sedimentary

areas was depicted by hachuring and that of the shield region by shaded relief utilizing the

airbrush technique.

The first geographic quadrangle was published in July 1956 and the last in September

1962. While preparation of the geographic sheets was in progress, a need arose for early

publication of a l:2,0O0,O0O-seale peninsular geographic map. Consequently, a preliminary

edition was compiled and published in both English and Arabic in 1958. The second edition,

containing additional photography and considerable new topographic and cultural data, was

published in 1963. The first of the geologic map series was published in July 1956 and the

final sheet in early 1964. The cooperative map project was completed in October 1963 with

m
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tlu' publication of tin- 1 :J,000.000 scale 'Geologic Map of the Arabian Peninsula" (Miscel-

laneous Geologic Investigations Map 1-270 A).

As work on the quadrangles progressed, geologist, companies, and governments working

in areas adjaeetit to the Kingdom of Saudi Arabia were consulted by Aramco and invited

to participate in the mapping project. The number of cooperating participants was expanded

to 11, which included the operating oil companies iti the peninsula and which are identified

elsewhere in this text; the Overseas Geological Surveys, London; the Government of Jordan;

V. Geukens, who had worked in Yemen; and /. H. Hcydoun, who had studied the Eastern

Aden Protectorate. With the close cooperation of the authors, the new data were added to

data already plotted on the base map of the Arabian Peninsula.

As the geological coverage of the peninsular map grew, the need for a text to accompany

the map became apparent to both the I'.S. Geological Survey and the Aramco geologists.

Exploratory conversations were begun by Aramco with companies working in the other countries

of the Arabian Peninsula for their participation in the preparation of a monograph on the

geology of the Arabian Peninsula. Each author prepared a description of the geology of the

area for which he was responsible, as shown in the sources of geologic compilation diagram

on the peninsular map. The I'.S. Geological Survey undertook the publishing of the volume

as a professional paper, and the Government of Saudi Arabia was to finance its printing.

It was early agreed that there would be no effort to confine the contributions to a standard

format and that no attempt would be made to work out an overall correlation chart other

than shown on the "Geologic Map of the Arabian Peninsula." Thus, the individual style

of authors of several nationalities is preserved.

Cooperation and relations have been of the highest order in all phases of the work. The
project would not have been possible without the full support of the I'.S. Department of State,

the Kingdom of Saudi Arabia, and all contributors. In fact, the funds which made publi-

cation of this volume possible were contributed the Saudi Arabian Government.

The data provided by the maps and in the professional paper provide information for

an orderly scientific and economic development of a subcontinent.

0. A. Skaqkb,

Arabian-American OH Co. (Retired).

Former Chief, Foreign Geology Branch,

U.S. Geological Survey.
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GEOLOGY OF THE ARABIAN PENINSULA

EASTERN ADEN PROTECTORATE AND PART OF DHUFAR

By Z. R. Betdoun 1

ABSTRACT

This account is dlTided Into four parts. The first outlines

the position of the Eastern Aden Protectorate and part of

Dhufar and (a) Includes an account of previous geological

work carried out, (b) outlines the fieldwork since 1053 done for

the Iraq Petroleum Company, Ltd., and associated companies

under the leadership of the author, the results of which form
the body of this account, and (c) Incorporates earlier results

with acknowledgment of the very substantial contribution of

colleagues and specialists.

The second part discusses geography of the area and acces-

sibility and operating conditions.

The third part describes and discusses the stratigraphy.

Basement, Jurassic, Cretaceous, and Tertiary sedimentary rocks

are divided into Hthostratlgraphic units for which description,

faunal lists where applicable, regional correlation of formations

with neighboring countries, and economic aspects of various

formations are given. Sedimentary and intrusive-extrusive

Prccambrlan and lower PaleoxoicO) (basement) rocks are

classified and described, and a probable reconstruction of base-

ment events from field and laboratory observations Is Riven.

The basement rocks were In part subjected to low-grade

metamorpbism, folded, faulted, cleaved, and maturely eroded.

Intrusive activity may have extended Into the Upper Silurian, as

suggested by some isotope age determinations. The oldest

rocks overlying the basement peneplain are Middle and Upper

Jnrasalcf?); these consist of basal sands, limestones, marls,

and local evaporltes. The Cretaceous transgression advanced

from the east, and the oldest datable sedimentary rocks are

Barremlan. Lower to Upper Cretaceous sediments were laid

down over the entire area, being predominantly elastics In the

west and carbonates in the east, but lntertongulng. The
Tertiary Period began with a widespread Faleoccne transgres-

sion during which cliff-forming limestones were deposited over

the whole area ; these were followed by lower and middle Eocene

shales, limestones, and evaporltes, and then by regional uplift

and geanticllnal folding and faulting. Ollgocene and Miocene

elastics, reef limestones and local evaporates were then deposited

In coastal embayments.

The fourth part discusses structure, including (a) a general

Introduction, (b) description of structural development of the

area in the Tertiary, as those events were responsible for the

present broad structure of the territory, (c) an interpretation

of the Tertiary structure in the area and across the Gulf of Aden

in former British Somallland. (d) examination of evidence from

the Somali side with discussion of earlier views, and (e) a brief

outline of structural history of the Eastern Aden Protectorate

and Dhufar.

In the Interpretation of the Tertiary structure, the develop-

ment of the biaxial Hadramawt arch (Badhramut arch)

and a comparable Somali arch are attributed to regional com-

pression which buckled the whole thickness of the crust. Im-

portant block and step faulting which followed buckling col-

lapsed the flanks of the arches facing the Gulf of Aden.

INTRODUCTION

LOCATION

The area treated here is the Eastern Aden Protector-

ate (E.A.P.) which comprises the Provinces of

IJiujrwnawt (Hadhramut *) in the west and Al Mahrah
(Mahra) in the east Also partly treated is the Prov-

ince of Dhufar of the Sultanate of Muscat and Oman
adjoining the E.A.P. on the east.

The E.A.P. occupies the eastern part of the strip of

territory on the southern and southwestern part of the

Arabian Peninsula known as the Aden Protectorate,

which stretches from Bab al Mandab straits at the south-

ern end of the Red Sea, east-northeast along the south-

ern edge of the Arabian Peninsula to the borders of

Dhufar. The western part of the Aden Protectorate

is known as the Western Aden Protectorate (WAP.).
The northern border with Saudi Arabia is largely

undemarcated, but the presently operative boundary

takes in the southern fringes of the sands of the Rub4
al

Khali (Empty Quarter), giving the E.A.P. some 90,000

square miles of area.' The area of Dhufar is about a

third of that of the EA..P.

The ^adramawt Province consists of the Qu'aytl

State of Ash Shihr (Qu'ayti State of Shihr) and Al

1 Of the Iraq Petroleum Company, Ltd.

> Different apelllnira of place namea which occur In parenthesis atfw

those preferred by the author and differ from spelllnc* on the map.

Generally they are plren only the 11 rat time the word appeara In the text.

This Include* the Wahid! State which, however, joined the Sooth
Arabian Federation In 11X12 and la no looser an admlnlatratlrt part of

tho B.A.P. In early 1M3 tbla federation became the Federation of Aden

and Southern Arabia. Sea plates 3 and 4 for B.A.P. operative borders.

HI

Digitized by Google



H2 GEOLOGY OF THE ARABIAN PENINSULA

Mukalla (Mukalla), which is the largest and richest

state and has its capital at Al Mukalla; the Kathiri

State of Say'iin (Sayun), which is a much smaller state

forming a wedge within the Qu'ayti State, has no access

to the sen, and has its capital at Say'iin in Wadi
Hadramawt : and, for the purpose of tins account, the

Wahidi State, which occupies the southwest corner of

the E.A.P. and has its capital at Mayfa'ah

The Al Mahrah Province occupies the eastern half of

the E.A.P. and forms the mainland part of the Mahri

State of Qishn and Socotra. Except for its northern

part, the territory is largely administered and nominally

ruled by the Sultan resident in Hadibii, on Socotra

Island. Dhufar is administered by a Wall in Salalah

for the Sultan, though of late the latter has been in resi-

dence at Salalah.

PREVIOUS INVESTIGATIONS AND PRESENT WORK

Reports by various travelers in the second half of the

19th and the early part of the 20th centuries contributed

something to the geological knowledge of the E.A.P.

The first geological account for any part of the territory

was by Carter (1852), who gave a good description of

coastal geology and sections along the whole south

Arabian coast as observed from the sea and from

selected brief landings. Manuscripts of the 1898-00

Austrian expedition to south Arabia (for example,

Kossmat, 1907) include observations on coastal geology

at Balhaf-Bi'r 'All, Wadi Mayfa'ah, Al Mukalla, the

Mahrah coast, and Ra's Fartak (Fartaq) ; these manu-
scripts were used by Wissmann (Wissmann and others,

1912) . Thompson and Ball (1918) spent a short time in

the Al Mukalla area studying lignite prospects. Little

(1925) spent about 6 months in 1910-20 making a geo-

logical investigation of the Al Muknlhi region as far

west, as Wadi Hajr (Hajar) ; his report, is the first

systematic stratigraphic and paleontological account of

IJadramawt. I^ees (1928) gave a more recent, account

of Dhufar geology since Carter (1852), in his paper on

Oman and southeast Arabia.

In 1931 and 1939 Hermann von Wissmann and van
der Meulen took part in two expeditions in the E.A.P.
The first crossed up into the Wadi Hadramawt basin

from Al Mukalla, returning by the Wadi IJajr basin.

The second was an overland crossing through the

W.A.P. to the 'Iyiidh (\\yad) salt, dome and across to

the Wadi IJadramawt basin via the western part of

the Southern Plateau. From Wfull IJadramawt the

first penetration northward over part of the Northern

Plateau was made as far as Tamis; from there, the

expedition turned back to Wadi Hadramawt and the

coast. Traverse mapping along routes followed, and

tectonic and some stratigraphic investigation based on

Little's stratigraphic conclusions were carried out

(Wissman, 1932; Wissman and others, 1942).

In 1937-38 Miss Freya Stark led an expedition in-

cluding Miss E. A. Gardner, geologist, and Miss G. W.
Caton-Thompson, archeologist, which carried out work

in the Wadi 'Amd and Wadi Daw*an areas of

IJadramawt and visited other parts; the geological

studies were mainly concerned with Pleistocene to

Recent deposits (Caton-Thompson, l!t:>S; Caton-

Thompson and Gardner, 1939).

Simultaneously with the Stark expedition, R. W.
Pike and H. R. Wofford were carrying out the first

general geological rei-onnaissance of the territory for

the Iraq Petroleum Company, Ltd. (I.P.C.). Tim
was a combined air and ground expedition of about 6

months duration. Some structural mapping was done

in Wadi IJadramawt, on a part of the Southern Pla-

teau, and in the area between Ash Shihr and Al
Mukalla; some stratigraphic work, based on Little's

stratigraphic divisions, wns done in these areas and in

theNa'ifah (Nayfa) area of Wadi IJajr.

R. W. Wetzel and D. M. Morton in 1947-18 made
the first detailed stratigraphic study in the E.A.P. for

I.P.C. Their expedition concentrated mainly on
I the southern part of the Al Mahrah Province of the

E.A.P. from Musayni'ah (Musayna'ah) to Damqawt

|

near the Dhufar border, and in the Wadi al Jiz' (Jesa')

I
and Al Masilah (Wadi al Masllah) basins. Some work
was done in the vicinity of Al Mukalla and in Wadi

I IJadramawt and along the two routes between them.

The area west of Al Mukalla was not visited, but Dhu-
far was examined. This expedition stayed some 4

months in E.A.P. and 2 months in Dhufar; it estab-

lished the basis of currently used E.A.P. stratigraphy,

completely revising Little's (1025) Tertiary divisions

and adding considerably to the Cretaceous stratig-

raphy. C. S. Fox spent a few weeks in 1947 on a

geological reconnaissance of Dhufar for the

Government.

Another expedition by Wetzel and Morton in 1949

visited IJadramawt, concentrating on the salt-dome

areas of Shabwah and 'Iyadh in the western part of

IJadramawt, and on the adjoining BaybSn area of the

W.A.P. Some further work was done in the vicinity

of Al Mukalla. The expedition was of some 2 months
duration.

Beginning late 1953, various expeditions for the

I.P.C. led by the author worked for six consecutive

field seasons in the E.A.P., carrying out geological

mapping and stratigraphic and structural investiga-

tion throughout most of the territory. Similar but

more limited fieldwork (unpub.) was done in Dhufar by
Dhofar Cities Service geologists after 1953.
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During the course of the recent E.A.P. work, recon-

naissance topographic mapping was done to supplement

the limited reliable maps available (Bunker, 1953;

Thesiger, 1947, 1948, 1949; Wissmann, 1939) and to

serve as base for the geological map. Reconnaissance

geological mapping of the northern part of the E.A.P.

was based on traverses tied to astronomical fixes, supple-

mented by measuring stratigraphic and structural sec-

tions and by sampling at various localities. Some
detailed geological mapping with plane table and tele-

scopic alidade was also done. However, since much of

the E.A.P. is covered by very gently dipping Tertiary

sedimentary strata, with older rocks exposed only in

deeply cut gorges, in the much faulted southern part,

and in the western borders, the work became a strati-

graphic investigation and a study of tectonic behavior.

Emphasis was on facies and thickness changes in Meso-

zoic sedimentary rocks, but with considerable work on

older and younger rocks. For this the coastal areas

were ideal. The southwestern and southeastern parts

of the territory were also mapped from aerial photo-

graphs, and geological interpretation was done by the

author.

A great number of stratigraphic sections wero sam-

pled and measured, and a considerable number of field

samples were collected both for paleontological study

and for field correlation and microfacies comparison;

the majority of these samples have been sectioned and
have Wen examined by specialists.

The present work is the result of all the above geo-

logical investigations carried out in the E.A.P. between

1953 and 1959 by the author with the collaboration, as-

sistance, and specialist work of colleagues in and outside

the I.P.C. Revisions of conclusions in those reports

have been made by the author in the light of new field

evidence as it became available.

Group, formation, and member divisions of litho-

stratigniphic units have been described by the author,

revising nomenclature by Wetzel and Morton and in-

corporating new names from the recent work; the re-

sults are given in the text and illustrations of this paper.

Geophysical work in the northern part of the E.A.P.

by the I.P.C. was done from late 1955 until early 1900.

This work consisted of a gravity survey for four field

seasons terminating in 1959, an airborne magnetometer
survey in 1950, and a short season of seismic survey ter-

minating in April 1960.

Some shallow-hole water-well drilling was also car-

ried out between 1956 and 1959; the deepest well drilled

was Oit-2 feet. Information from the eight boreholes

drilled did not contribute much more to the stratig-

raphy than was already known from surface

investigations.
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GEOGRAPHY

MOUNTAINS, PLATEAUS, AND PLAINS

A discontinuous coastal plain of variable width is

bordered by the coastal mountain belt. The plain is

composed largely of gravel flats and alluvium inter-

rupted by cliffs of older rock and some tracts of Recent

lavas and Pliocene and Recent raised beaches, terraces,

and dune areas. The coastal mountain belt is the block-

faulted southern flank of the Hadramawt struc-

tural arch, the faults giving rise to a mountainous

region of rugjjed relief. The mountain belt is wide in

the west but is narrower and somewhat diminished in
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height eastward. In the western part where the base-

ment is exposed, the country is rough and broken by a

complicated system of faults involving basement, Meso-

zoic, and Tertiary rocks. Elevations reach nearly

2,000 meters above sea level in places. To the east in

AI Mahrah the Tertiary and Cretaceous beds are in-

volved in a marked development of fault scarps, giving

the area steep but more regular relief.

Forming the relatively unfaulted northward continu-

ation of the coastal mountains is the Southern Plateau

or Jawl ; it forms the axial area and flank of the struc-

tural South Hadramawt arch. Its northern boundary

is in the Wadi Hadramawt-Al Masilah and the Wad!
al Jiz' (Wadi Jeza') structural depressions. The struc-

tural trend of this plateau is a very gentle tilt north-

ward and eastward. The plateau is a tableland of

Paleocene limestone capped by mesas and euestas of

Eocene age, and it is cut by an intricate network of

drainage which has excavated deep gorges to expose

underlying Cretaceous sedimentary rocks in many
places. Its western end is abruptly truncated in an

escarpment bordered by the plain of Jaww Kudayf

(Khudayf). In the east, the north-south coastline

from Ra's Fartak truncates it, and it is bordered by Al

Qamar Bay. Al Masilah cuts across its eastern part

obliquely, across the plunge of the axis of the South

Hadramawt arch.

Separated from the Southern Plateau by the

Hadramawt-Al Jiz4 synclinal basin is the Northern

Plateau or Jawl. It follows the pattern and descrip-

tion of the Southern Plateau, being virtually its north-

ward extension; the Northern Plateau slopes from an

axial region southward toward the Wadi Hadramawt-
Al Jiz' syncline and very gently northward to the Rub'

al Khali desert. This plateau is the physiographic rep-

resentation of the structural North Hadramawt arch.

Like the Southern Plateau, the Northern Plateau is also

gently tilted eastward, being highest in the west (cal-

culated 1.200 m), where it also is abruptly truncated by

an escarpment line trending northeast, which separates

it from the Western Plains; this escarpment is probably

fault controlled at depth. Eastward the plateau

merges into the Al Qara' Mountains and Najd of Dhu-

far. The plateau is also a Paleocene tableland capped

by mesas and euestas of Eocene, but here younger

Eocene sedimentary strata are preserved over a much
wider area. In the west in deep gorges and along the

escarpment line, Cretaceous sedimentary rocks are ex-

posed. Faulting is hardly apparent on the surface.

The southern side of the Northern Plateau in Dhufar
is formed by the coastal mountain escarpment which is

in part faulted.

Bordering the western edges of the Southern and

Northern Plateaus are two tracts of plain. The Jaww
al Kudayf Plain extends from the western end of the

Southern Plateau escarpment westward to the edge of

the basement area of the W.A.P. It is an area of light

gravel and sand ranging from some 950 to 800 m above

sea level and includes within it the hills of the Shabwah

and 'Iyadh areas—salt domes and Cretaceous outliers.

Drainage from the Southern Plateau and from the Al

Kawr ranges of W.A.P. enters this plain and flows

northward toward the Ramlat as Sab' atayn sand-dune

region which forms its northern boundary. Neap the

Southern Plateau, extensive gravel and scree terraces

can be seen. Faulting, which has affected the Southern

Plateau, has been responsible for uplifting the salt

domes of the area.

The Western Plains adjoins the western extremity of

the Northern Plateau and is bordered respectively on

the north and south by the sand dunes of the Rub' al

Khali and Ramlat as Sab' atayn sand deserts; the area

is some 900 m (in the west) to 650 m (in the northeast)

above sea level and stretches into Yemen and Saudi

Arabia. Scattered low hills and mesas of Cretaceous

rocks occur, some with a capping of Paleocene lime-

stone; the main belt of these hills stretches from the Al
'Abr area northward to the Ash Sharawrah scarp and

breaks up the Western Plains into two flat areas of

gravel and sand. In the western part, basement igne-

ous and mctamorphic rocks are preserved above the

surrounding gravels and blown sand of the plain.

Stretching between the Rub' al Khali sand desert in

the north and the dissected gently dipping north flank

of the Northern Plateau is an area of flat gravel plain,

in places broken by low eroded ridges and scree hills of

Eocene age and by migratory small sand dunes; this

area can be termed the "Northern Plains." It is in fact

a continuation of the flank of the North Hadra-
mawt arch. In the west the area begins approximately

at long. 49° E. where it is narrow, but it becomes pro-

gressively wider eastward until it is about 60-80 kilome-

ters wide near the Dhufar border. The plain continues

eastward across the Dhufar to south Oman, to merge

into Jiddat al Harass. Drainage from the Northern

Plateau of the E.A.P. and Dhufar cuts it in very broad,

shallow widyan (dry water courses). Elevations are

between 550 m above sea level in the west and about

250 m in the east.

SAND-DUNE AREAS

The Rub' al Khali sand desert (the Empty Quar-

ter) is a huge area of sands, only the southern fringes of

which fall in the E.A.P. and Dhufar. Here the dunes

are mainly distributed in parallel to subparallel ridges
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called locally 'uruq, separated by narrow, flat stretches

of gravel, gypsum, or silt, referred to locally as shuquq.

The trend of the southern border of the Rub' al Khali is

east-northeast, which also is roughly the trend of the

dune ridges, some of which are as much as ISO m high.

Areas of confused dunes, "block" dunes, and dune mas-

sifs occur at various localities along the southern

fringes, particularly at the mouth of Wadi Makhyah
(Wiidi ^jazar, long. 49° E.) where periodic floods and

possibly funneling of winds may be responsible.

Slip faces of dunes are generally south (Bunker,

1953), but some northward slip faces have been ob-

served. Crescent dunes as outliers are common (for ex-

ample, at the mouth of Wadi Khudrah). Although

some migration of dunes takes place, for the main dune

ridges the migration seems to be offset by seasonal

changes in wind directions, so that migration in any

specific direction is difficult to detect. Brown (19C0)

mentioned south and southeast to east as the dominant

directions of sand movement indicated for the southwest

part of the Rub' al Khali. Bagnold (1951) mentioned

that the wind blows from both northerly and southerly

quadrants, winds from the easterly and westerly quad-

rants being infrequent. This would account for coun-

terbalancing of sand migration to some extent, though

the effect of thermal disturbances and the inland effect

of the southeast (winter) and southwest (summer)

monsoons must also be contributing factors. As yet no

consistent records have been kept and any conclusions ;

remain speculative, being based on observations made in

the field at irregular intervals.

A much smaller sand area than Rub' al Khali and

isolated from it is Ramlat as Sab'atayn sand desert. It

stretches eastward from the foothills of Yemen and

Bayhan where it is some 100 km in width, into the Wadi
IJadramawt basin, roughly occupying the western ex-

tension of the Wadi IJadramawt structural trough.

The dunes lose both height and lateral extent eastward

until they die out as low isolated patches of sand some 5

km in width near Shiban in Wadi 9adramawt. The
Ramlot as Sab'atayn area is again one of dune ridges

which, however, are less regular than those of the Rub'

al Khali
;
they roughly trend east-northeast in the west,

are some 50 m in height, and arch and become irregular

in the east. Various hill outcrops of Cretaceous and

metamorphic rocks rise above the dunes in some parts,

and in Yemen and Bayhan two salt domes occur within

the sand area. As in the Rub' al Khali, the shuquq

often show silt surfaces, remnants of ancient drainage;

in some parts pumice bombs have been found on the sur-

face, though no volcanoes are known from anywhere in

the vicinity. These have probably been transported by

flood water from the vicinity of Ma'rib in Yemen.

Migration of sand is largely offset by seasonal changes

in the prevailing winds and by thermal disturbances

(see previous discussion).

There are only two other noteworthy sand-dune

areas in the E.A.P., the bigger in the Wadi Mayfa'ah
basin in the Wahidi State and the smaller in the vicinity

of Qishn in south Al Mahrah.

DRAINAGE

With two exceptions the drainage system of the

E.A.P. consists of dry water courses or widyan, which
only flow in times of heavy rains in flash floods. Some
are very deeply cut, with sides more than 300 m in ele-

vation above the water course ; others are wider with less

steep sides ; and others are broad and flat. Wadi ?ajr
is perennial from its headwaters to the sea, and parts of

Al Masilah are perennial though not, howovor, reach-

ing the sea. The coastal widyan of Dhufar are

short and a number have water until they enter

the salalah plain.

The drainage system can be divided into coastal

widyan, the Wadi |*adramawt-Al Masilah and Wadi al

Jiz' systems, and widyan flowing to the Rub' al Khali.

Coastal widyan, with some exceptions, flow in a gen-

eral southeast direction turning more southerly near

the coast; most of these widyan are less than 100 km
in length. They head in the coastal mountain belt or

the Southern Plateau and cut back to the watershed.

The majority of the widyan are torrential and have

steep gradients ; in the main they are not easily traveled

by motor transport.

The widyan flowing to the Rub' al Khali sand desert

are on the whole long and shallow and trend in a north-

northeast direction, though Wadi 'Atinah in Dhufar
runs east-northeast parallel to the edge of the Rub* al

Khali. They head in the vicinity of the axis of the

North IJadramawt arch, which also forms the highest

part of the Northern Plateau and of the Al Qara' Moun-
tains of Dhufar. In the west they cut through Paleo-

cene limestone to Cretaceous sandstono in places, but

eastward they expose only Eocene beds. Most of them
cut across the Northern Plains, but some lose iden-

tity before reaching the Rub' al Khali.

The Wadi IJadramawt-Al Masilah and WidI al

Jiz' systems collect drainage from the greater part

of the plateaus. They roughly occupy (except for the

lower part of Al Masilah) the structural synclinal de-

pression between the North and South Uadramawt
arches. Wfidi Qadramawt in its western end is really

a wide basin some 50 km in width, forming part of the

Western Plains and the Jaww al Kudayf Plain, with

the dune area of the Ramlat as Sab'atayn in between.

The Wadi narrows rapidly eastward until it is only

some 2-3 km wide below Tarim, its canyon walls being
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the escarpments of the Northern and Southern Plateaus.

The tributaries debouching into Wadi IJadramawt-Al
Masilah are generally long and very deeply out gorges

that are gentle in gradient, commonly filled with loeas or

alluvium, and generally accessible. These gorges, like

Wiidi Jjadramawt-Al Masilah, have cut through the

Paleocene limestone tableland to expose in places the

Cretaceous below, and the cliffs forming the sides are

about ."500 m or more in height, becoming lower east ward.

The southern tributaries are longer than the northern

ones. The tributaries rise near the axes of the South

and North IJadramawt arches, collect in the Wadi
IJadramawt synclinal area, flow easterly, and, as Al
Masilah, obliquely cut across the eastern plunge of the

South IJadramawt arch to reach the sea in south Al

Mahrnh.

Widyan flowing northward in the .Tawwal Kudayf
plain and southward in the Western Plains die out in

the Ramlat as Sab'atayn sand desert, but underground

their floodwater joins the IJadramawt-Al Masilah

system.

The gentle synclinc of Wadi IJaiJramawt continues

eastward across low-relief country to take in the Wadi
al Jiz' system. This forms the gathering drainage for

widyan from the eastern parts of the Northern and
and Southern plateaus and flows eastward to the sea

in Al Qamar Bay. The Al Jiz' basin is one of moro
gentle relief than that of Wadi IJad ramawt, and the

tributary widyan are less deeply incised.

Wissmann, Rathjens, and Kossmat (1942) and
Bunker (lO.VS) have discussed the physiography and
morphology of the Wadi IJaiJramawt system in some
detail.

MORPHOLOGY AND STRUCTURE

The structural sequence of events is briefly outlined

here but is dealt with in more detail on page 1 141. Gen-
eral uplift of the E.A.P. and Dhufar, with resultant up-
warping and faulting, occurred in the terminal Kocene.

The North and South IJadramawt arches and the syn-

clinal downwarp of the IJadramawt-Al Jiz' region were
elevated at that time; further movement occurred in the

late Miocene and more faulting occurred in the Pliocene.

The present-day drainage system was thus initiated

with the main terminal Eocene uplift and established in

the late Miocene (early Neogene). Wissmann, Rath-
jens, and Kossmet (1942) believed that uplift in Yemen
occurred earlier, the Paleocene shoreline lying some-
where in the W.A.P. and Yemen. Progressive arching
in the E.A.P. and Dhufar continued in the Eocene until

final emergence, the sea retreating, probably slowly

eastward at first and then moro rapidly, although oscil-

lations in structural development likely occurred.

Structural cmbayments in the Oligocene and Miocene

enabled sea water to encroach a little onto the landmass,

but further movement in the late Miocene (early Neo-

gene) with accompanying stop and block faulting gave

the final touches to an established morphology and

drainage system. Oscillat ions in the Pliocene and later

have caused rejuvenations of drainage and further cut-

ting of the widyan that are tributary to Wadi IJadra-

mawt. Some southward shift of the axis of the North

IJa<jramawt arch, as previously postulated (Wi9smann

and others, 194i>) for the Jjadramawt synelino, may
have occurred and would account for the deep cutting of

the heads of the northern tributaries to Wad!
IJadramawt..

Thus, the terminal Eocene and Miocene (early Neo-

gene) structural movements initiated and then estab-

lished and controlled the morphology and physiography

of the region. Pedimentation in the extreme western

part due to slow uplift in the Paleoccne commenced to

lay bare the Western Plains and expose the basement of

the Ar Rayyan-Ath Thanlyah-Bayh»n areas. Uplift

together with cucsta formation, in the west of the

E.A.P. probably started at the end of the middle

Eocene.

CLIMATE AND VEGETATION

The E.A.P. is affected by the monsoon winds of the

Indian Ocean region, but these, because of regional

physical considerations, do not. bring regular rainfall

to the territory. The Salalah area of Dhufar is, how-

ever, blessed with regular summer monsoon rain.

The monsoons blow in two seasons. The winter mon-

soon from October to April blows from the southeast

or east-southeast; winds are moderate and, although

rough seas are frequent, there are often periods of

calm. Clouds are frequent, but rain is sporadic and

often occurs only as localized showers. The end of the

winter monsoon may, however, bring heavy rain over

a great part of the area, but such heavy rain is the

exception rather than the rule. The summer monsoon

from Juno to August blows from the southwest ; winds

are violent, the seas are very rough, and gusts may reach

100 km an hour. Only sporadic rain falls in the E.A.P.

Though the chances of widespread rain are greater dur-

ing the summer monsoon than during the winter mon-
soon, 2 or 3 years may pass between worthwhile falls.

No reliable records of rainfall are available but along

the coast the average annual rainfall is probably 3—

i

inches, much of which may fall in one storm. In
coastal Dhufar, because of regular rainfall, the coastal

slopes are lush with vegetation and streams and pools

abound. The streams mainly flow underground on
entering the plain.
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In the interior of the plateaus, diurnal rang© in

temperature is as much as 50° F. Frost is common in

January and February, whereas day temperatures can

rise to 90°F or more. In the summer the night temper-

atures are much higher and the day maximum cnn reach

1.>0°F. Along the coast the diurnal range is less, winter

minimum being around 50 aF and maximum lje'ing about

ftr^F. In the summer the maximum is higher, but the

humidity is often less when the violent monsoon is blow-

ing. The months of May and September are those

between the monsoons and are of very high humidity

and heat and little or no breeze.

At various times in the interior, cold dust-laden

winds coming from the heart of Arabia blow from the

north for a few days at a time in the winter, and similar

hot sand-laden winds blow in the summer. The effects

of the monsoons are less regular in the extreme north.

Dusty conditions are general in the summer and visi-

bility bet ween June and September is generally poor or

very poor.

The vegetation of the E.A.P. is on the whole sparse,

the plateaus being mainly barren except in wadi beds

where a flora of bunch grass, camel thorn, acacia, tama-

risk, and ilb grows. In the main widyan and parts of

the coast where water is available for irrigation or

where floodwaters are used, date palms, millet and other

grain, some cotton, vegetables, and tobacco are grown,

and thick concentrations of deciduous trees occur in

places. Coastal Dhufar being more blessed by regular

rain has a much more lush natural vegetation which is,

however, basically similar to that of the E.A.P. Dhu-
far is the ancient home of the frankincense tree.

ACCESSIBILITY AND OPERATING CONDITIONS

IJadramawt and northern Al Mahrah possess a num-
ber of important dirt motor tracks which link the coast

to the interior, to W.A.P., and to Aden. South Al
Mahrah possesses no motor tracks. In Dhufar trucks

link the Salalah area with the north and with Ra's

Naws (Ras Nus) in the east

Al Mukalla is the main port for ^adramawt and
supplies the Qu'aytl and Kathiri States. It has limited

dock facilities for coastal steamers and sailing dhows,

but some large cargo-passenger ships make regular calls

there.

Generally, the greater part of the E.A.P. is accessible

to Land Rovers or an equivalent type of vehicle. Most
widyan can be used over at least parts of their lengths,

some with comparative ease, and some with difficulty

requiring improvised road building or track clearing.

The Northern Plateau is navigable over all its extent in

this way, though the extreme west is not easy. The
same remarks apply to Dhufar.

West of long. 49 ,,

.'J0' E., the Southern Plateau, is

largely accessible to vehicles of the Land Rover type,

but much of the way is very winding owing to the den-

dritic pattern of deeply cut widyan. Eastward the area

is largely inaccessible.

The E.A.P. is linked to Aden by regular air services

calling at Al Mukalla and points in Wad! IJadramawt
and Mayfa'ah. Dhufar has no regular nir services,

but a landing ground and station at Salalah handle oil-

company aircraft, and an occasional commercial flight

Wireless stations at Al Mukalla and Say'un link the

E.A.P. via Aden with any part, of the world.

STRATIGRAPHY
OENERAL

TIME UNITS RXTRB8EKTED

Time units represented in the E.A.P. (and Dhufar)
include rocks of Precambrian age and some sedimentary

rocks of probable early Paleozoic age; intrusive rocks

of early Paleozoic age are found in several localities. A
long time gap exists between these early rocks which

are grouped together under the term "basement," and
the next time units present ; these are Mesozoic sedi-

mentary rocks of the Jurassic, Period overlain by strata

of the Cretaceous Period. Tho Ccnozoic Era is repre-

sented by widespread Paleocene and Eocene sedimen-

tary rocks.

GENERAL DISTRIBUTION OF SYSTEMS AND
DOMINANT ROCK TYPES

The basement rocks crop out in the southwest part

of the area from Al Mukalla westward into W.A.P. and
in tho Jabalath Thaniyah area of the Western Plains.

These rocks range from metamorphic gneisses and
schists and rocks affected by granite invasion in the

western part to less highly metamorphosed and unmeta-

morphosed sedimentary rocks in the eastern part ; in

this eastern area are large expanses of extrusive rocks.

Intrusive bodies ranging from intermediate to silicic

occur in various parts of the basement area. Farther

east in Al Mahrah, a limited exposure of the Precam-
brian and Paleozoic igneous rocks and some Precam-
brian(?) and early Paleozoic ( ?) mctasedinientary

rocks occur at Ra's Sharwayn. No further exposures

are seen till tho coastal part of Dhufar is reached.

There, in limited outcrops near Al IJaw^ah ( El Hota)

—

[west of Ra's SSjir (Sajar) and 'Ayn Siirit]—are a
series of graywackes, sandstones, shales, and mudstones
of probable early Paleozoic age. A little to the east,

from Mirbat (Murbat) to Ra's Naws and in the Kuria
Muria Islands offshore, and older basement of Precam-
brian gneisses, schists, intrusives, and dikes and sills is

partly overlain by a clastic succession of probable Or-
dovician age which wedges out eastward.

Digitized by Google



H8 GKOLOQY OF THE ARABIAN PENINSULA

All these roclcs, with the. exception of the probable

Ordovician elastics of the Mirbat area, were maturely

eroded and peneplaned so that the Mesozoic sediments

transgressed onto tliis mature surface quite extensively.

The lowest Jurassic sediments were elastics of Early

and Middle Jurassic ( 1 ) ape; this phase was soon re-

placed by deposition of neritic carbonate of Late Juras-

sic ape. which locally gave place to evnporites before

the Jurassic Period ended with widespread deposition

of carbonate, followed by block faulting, uplift, and

erosion. The Jurassic rocks are exposed in the south-

western part of the area and extend into W.A.P. ;
they

are brought up as salt domes in the western part of

the E.A.P. and parts of Bayljan (W.A.P.) and eastern

Yemen. Jurassic, rocks are absent from a broad north-

trending belt running through Al Mukallii, as well as

from Dhufar (with the exception of some elastics),

they were probably removed from some of the Al

Mukallii belt by erosion prior to the Cretaceous and in

other areas probably never were deposited, as would

seem to be true in most of Dhufar. Elsewhere, Jura<wic

rock exposures are limited by the thick Cretaceous and

Tertiary cover in coastal Al Mahrah.

Cretaceous sedimentary rocks are exposed over most

of the territory and in coastal Dhufar, and can be seen

wherever faulting or erosion of the Tertiary blanket

has been sufficiently strong. They are primarily clastic

in IJadramawt and into W.A.P., primarily carbonate

in Al Mahrah to the east, and occupy an in-l>ctwren

position in western Al Mahrah Eastern IJadramawt,

as also appears to be true in Dhufar. The age range

is from Barremian to Maestriehtian.

Tho Tertiary sedimentary strata blanket most of

south Arabia and range in age from Paleoceue to mid-

dle Eocene; Oligoceno and Miocene strata are more

restricted in occurrence. In the E.A.P. the Paleocene

is entirely a carbonate succession, but tho lower Eocene

shows intercalations, first of shales and then of evap-

oritee, over a wide area; the middle Eocene shows a

return to carbonate deposition with shale intercalations

before regional uplift took place in the upper Eocene.

In the eastern part of the E.A.P. and in Dhufar, car-

bonate deposition extends well into the lower Eocene,

to be followed by evaporites and then more carbonates

and fewer shales in the middle Eocene. Oligocene and

Miocene deposits occupy restricted areas in present

coastal regions, having been deposited in embayments

in the coast. They are heterogeneous deposits in

IJadramawt, ranging from coarse elastics to carbonates

and evaporates, and in Dhufar they are thick chalky

limestone and chalks succeeded by Miocene elastics and
reef deposits.

Beach deposits, river terraces, and lacustrine and
eolian deposits mark the termination of the Tertiary

throughout the area and the start of volcanicity in

coastal E.A.P. that persisted locally to Recent times.

The broad geomorphic expression of the territory has

already been discussed in the preceding geographical

sections and the influence of structure on morphology
has been mentioned.

MAJOR l.NCONFOHMITIKS

Several major time gaps are present; some are of

striking clarity in the field and some are determinable

by faunal examination only. These are dealt with in

detail in the stratigraphic descriptions but are briefly

summarized here.

Within the basement groups, several unconformities

are probably represented. A major unconformity ex-

ists between the basement rocks and the Jurassic sedi-

mentary rocks, and probably represents more than one
erosion phase spanning a time gap from early Paleozoic

to Early Jurassic. The next major time gap is between

Late Jurassic and Cretaceous; the terminal Jurassic

was generally followed by block faulting and differen-

tial erosion and planation, with the result that in places

some of, or all, the Jurassic is removed. It is most prob-

ablo also that the basal Cretaceous (Neocomian) is

absent throughout the area, though some of the unfossil-

iferous pre-Barremian elastics may bo partly Neoco-
mian. Within the Cretaceous an unconformity prob-

ably exists between the Cenomanian and Senonian, and
it is likely that there is no Turonian in the region,

though this is difficult to establish on a faunal basis.

Another unconformity without angularity occurs be-

tween the Upper Cretaceous and the Paleocene, but this

is not a major time gap, as only part of the Maestrieh-

tian was removed. The next major time gap is at the

end of the middle Eocene when general uplift took place

over most of the area. The more restricted Oligocene

and Miocene deposits may rest on any of the older rocks

exposed.
HISTORY OF SEDIMENTATION

Little is known of the sedimentation history of the

Precambrian and early Paleozoic rocks, but the early in-

trusive and metamorphic phase was followed by a pe-

riod of intense eruptive activity at the close of which

a succession of clastic and carbonate rocks was deposited

over much of the area. Intrusive activity probably ac-

companied and followed the eruptive phase, continuing

into a period of powerful orogenic movements which
folded the sedimentary rocks, and resulted in mineral

reconstitution in most, and cleaved all rocks. Dike in-

jection and granitic emplacement continued for some
time as mature erosion and peneplanation of the base-
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ment was taking place. The history of the periods from

this time to the Jurassic is not known.

The Jurassic transgression appears to have come from
the south and the basal elastics filled irregularities in

the basement floor. During neritic carbonate deposi-

tion, tho zone of maximum subsidence centered on

Yemen, trending south to the Berbera area of Somalia.

With the development of evaporitcs in restricted basins

and simultaneous open-sea deposits, the zone of maxi-

mum subsidence shifted eastward to the E.A.P. During
the Tithonian, Yemen slowly emerged while widespread

carbonate deposits covered the E.A.P. Shallowing and
emergence followed, accompanied by block faulting

which divided much of the southern part of Arabia into

major north-trending highs and lows that were differ-

entially eroded. The land surface was then gently

tilted eastward.

The Cretaceous transgression came from the east,

spreading the seas over a planed or eroded Jurassic

floor, and where this had been removed, onto the base-

ment. The area of greater subsidence was in east Al
Mahrah, and continental deposits were laid in the west

in Yemen. Regressions and transgressions and pinch-

outs within the Cretaceous were interrupted by local up-

lifts in tho Al Mukalla area, Ra's Sharwayn, and other

areas, and the Cretaceous ended with shallowing and
some emergence to bo followed by the strongly trans-

gressivo Paleoccne. Again the transgression was from
the east, and after some regression and local deposition

of evaporites, general uplift led to the start of the pres-

ent structural development of south Arabia. Tertiary

sedimentation from the later Paleocene began to be in-

fluenced by this structural growth, the result being the

formation of the biaxial 5adramawt area.

Plates 1, 2, 3, and 4 give a general picture of tho broad
sedimentation patterns, as reflected in isopachs, from
the Jurassic to the Eocene uplift.

NOMENCI.ATDBB

Nearly all the geological knowledge of the area has
been acquired in the last four decades mostly in the

period since 1947 (see p. H2-H3). Much of this very
recent period has been one of revision and experimenta-

tion with nomenclature and correlation based on litho-

stratigraphic division of rock units. Revision of early

work and an establishment of a system of nomenclature

was achieved in 1948 as a result of R. W. Wetzel's and
D. M. Morton's fieldwork, but subsequent fieldwork in

new areas of the E.A.P. led to further revisions of
nomenclature and correlation by the author, and the

introduction of new names.

The nomenclature described in this account has been

designed to incorporate and use published names from

neighboring areas where these apply to the Aden Pro-

tectorate without much change, and to define new no-

menclature for the area where correlation with

neighboring countries is not straightforward. Thus,

the lithostratigraphic units used here are intended to be

of regional rather than local value, despite tho fact that

defined units from neighboring areas have not generally

been carried through info the E.A.P. The new terms

are used where facies changes are so great, and inter-

vening unknown areas so wide, that the carrying of such

units would not be justified. When more regional

information becomes available, other revisions may be

made.

PRECAMBBIAN AND PALEOZOIC ERAS

Tho term "basement" is applied here to the exposed
igneous, metamorphic, and sedimentary rocks that

were folded, or in part metamorphosed, cleaved, jointed,

faulted, and then peneplaned before the first (Jurassic)

marine sediments were deposited in the territory. The
majority of basement outcrops are concentrated in the

southwest. These rocks range from Precambrian to

Paleozoic, but determination of a precise age is

impossible.

Relatively little work has been done in the field on the

basement rocks as compared with work on Mesozoic
rocks; the present account embodies the field observa-

tions and incorporates preliminary field and laboratory

observations by Prof. K. C. Dunham. Description is

restricted to the area east of long 48° E., with two excep-

tions, the Jabal Saw&d Ba Qutjnl area immediately to

the west of long 48° E. at about lat 14°28' N. and the

Jabal ath Thaniyah area on the Yemen border at about
lat 15°50' N., long 46°20' E.

Four principal types of basement rocks are exposed in

this area of the E.A.P.

:

1. A series of volcanic rocks: lava flows and associated

tuffs.

2. A series of metamorphic rocks, primarily metasedi-
mentary but including some metaigneous.

3. A series of virtually unmetamorphosed sedimentary
rocks, which are considered to be equivalent to

typo 2.

4. Intrusive igneous bodies, major and minor, silicic to

mafic

All these rocks have been involved in tectonic move-
ments and varied deformation prior to peneplanation.

The metamorphic rocks and unmetamorphosed sedi-

mentary rocks of types 2 and 3 have been divided into

groups and these into formations where possible.

ohabab oaotrr

The Ghabar Group has been divided into four forma-

tions, all consisting of unmetamorphosed or virtually
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unmetamorphosed sedimentary strata. It crops out in

two small areas in the eastern part of southwest

Hadramawt, namely in the Widl al Ghabar type area

(lat 14°17' N.; long 48°42' E.), and in Widl Minhamir
(lat 14°14' N., long 48°32' E.) (Wadi Hajr basin).

Figure 1 shows the formations of the two areas and cor-

relation between them. A third subordinate area where

the beds have been involved in small-scale thrusting

(probably the cause of low-grade metamorphism to the

greenschist facies) is in Wadi Ba 'Aryaf (lat 14°09' N.,

long 48°48' E.).

The formations of the Ghabar Group from base to top

are as follows.

At Wad! Minhamir the Minhamir Formation is

143 m thick; it consists of water-deposited lithic and

crystal tuffs and some tuffaceous mudstone with pebbles

of varying types of lavas, chiefly intermediate, but also

with sparse metamorphic and cherty pebbles. Some
dikes intrude. The Minhamir was probably formed
from material eroded from a lava pile and deposited

near at hand. There is no evidence that explosive

activity was contemporaneous with deposition (K. C.

Dunham, unpub. data, 1953-59). The formation rests

on intermediate lavas, which form part of the Tha'lab

Group; the contact appears to be disconformable.

In Wadi al Ghabar the formation is 95 m thick, and
the base is not exposed. It consists of dull red tuf-

faceous limy conglomeratic sandstones with pebbles of

crystal and lithic tuffs, silicified and calcareous tuffs,

andesite, pyroxenite, diorite, porphyry, keratophyre,

dolomite, chert, marmorized limestone, siltstone, and
mudstone; granite and quartzite pebbles are sparse.

Bedding and sorting of pebbles is evident and the

formation is intruded by silicic and mafic dikes.

The Shabb Formation overlies the Minhamir Forma-
tion conformably and consists of platy, and thin-bed-

ded, gray and pink limestones that are sandy in part and

contain some chert bands along the bedding. In the

Wadi al Ghabar section the formation is 42 m thick ; at

Wadi Minhamir the thickness is 13 m, and the limestone

there encloses some gypsum. The formation is com-

posed of chemical precipitates which represent the onset

of an evaporation cycle.

KHABLA FORMATION

The Khabla Formation overlies the Shabb Formation

conformably and gradationally, and the sequence

at Wadi al Ghabar consists of 210 m of colored and gray

dolomites and calcareous sandstones, siltstones, cal-

careous and dolomitic siltstones, some interbedded

22S-23S—«fl S

I

dolomites, and some gypsum. In Wadi Minhamir the

sequence is mainly tuffaceous or arkosic sandstone that

is better sorted and poorer in lava fragments than the

Minhamir Formation (K. C. Dunham, unpub. data,

1953-59), and it is 142 m thick.

RABUT roMIATIOJC

The Harut Formation overlies the Khabla Formation

conformably and gradationally, and consists at Wadi al

Ghabar of well-bedded sandy dolomites, massive cal-

careous quartzites, and platy shaly beds with beds of im-

pure dolomite and fairly pure limestone; a thickness of

31 m is preserved. At Wadi Minhamir the preserved

formation is 48 m thick where it consists of gypsiferous,

silty, and sandy limestones. The presence of gypsum
and the rounding of sand grains indicates an arid

environment and the onset of a second evaporation cycle.

The Ghabar Group in these two areas shows no meta-

morphism except near dikes; tectonic movements, apart

from producing strong folding, have resulted in no

apparent mineral reconstitution, but have imposed an

intense multidirectional cleavage system on all the beds.

QHAJUBH QBOUP

The Gharish Group is a series of sedimentary works

and some lavas that have undergone regional meta-

morphism to the albito-epidote-amphibolite facies,

reaching grades with garnet and staurolite as index

minerals (K. C. Dunham, unpub. data, 1953-59); it

occurs in the Wad! Garish-Jabal Madbi area of south-

west Hatjramawt (near lat 14°10' to 20' N., long 48°4'

tol2'E.).

Several hundred meters is exposed, but the total

thickness has not been measured and is probably con-

siderable. The group, prior to metamorphism, con-

sisted of tuffaceous conglomeratic beds, tuffaceous sands

and shales, tliin-bedded limestones, and arenaceous beds.

A period of tectonic movements took place after deposi-

tion and led to strong folding (as for the Ghabar

Group) and also to mineral reconstitutions of the sedi-

mentary rocks of this group. Patchy amphibolites de-

veloped from pyroclastics, whereas (a) quartz, biotite,

and muscovite schists, (b) hornblende, epidote, and

chlorite schists, (c) variable phyllites, and (d) some

quartzites developed from elastics with admixture of

tuff. Interbedded phlogopite marbles represent per-

sistent thin-bedded limestones. Squeezed volcanic peb-

bles in amphibolite indicate a tuffaceous conglomerate

prior to metamorphism.

The presence of conglomeratic pebbles in this group

and the persistence of thin-bedded well-defined calcare-

ous beds, as well as the occurrence of quartzites, suggest

that the Gharish Group is the same as the unmeta-

morphosed Ghabar Group cropping out some 40 km to
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the east (p. H9-II11). Metarnorphism increases west-

ward from the latter owing to regional tectonic factors;

greater alteration is favored also by the presence of more

pyroclastic components, the purer calcareous units being

comparatively less altered. Unfortunately the stages

of lithological transition from the Al Ghabar-Minhamir

sector west ward cannot be followed in the field because

they are masked by an intervening area of younger

strata and are in part removed at the sub-Jurassic un-

conformity; however, the impression gained in the field

is that one series is exposed in the two areas. Thus, in

the Wadi Gharish area a correlat ion of the amphiboHto

with squeezed pebbles with the Minhamir Formation

of the Ghabar Group is suggested, while the well-

defined calcareous IhhIs and calcareous lx>ds with quartz-

ite of the Wadi Gharish area can be correlated with the

Shabb and Harut Formations of the Ghabar Group.

Tho Gharish Group lias been invaded in several stages

by major and minor igneous masses and by various

dikes and sills. These have also contributed to altera-

tion by contact-thermal metarnorphism, which locally

may have continued after dynamothcrmal metarnor-

phism ceased, as indicated by the growth of porphyro-

blasts through the foliation.

TRANITA GROUP

The Thaniya Group is exposed in the extreme west of

IJadramawt along the Yemen border in a number of

disconnected outcrops (Jabal ath Thanlyah area, near

lat 15°50' N., long 40°20' E.). The thickness is prob-

ably considerable; the upper part consists of some
volcanics associated with dark quartzites, graphitic

calcsehists, and thin-bedded phlogopite marbles of vari-

ous types (Beydoun, 1960; unpub. data from the fol-

lowing: K. J. Ackerman, 1955, 105!)
;
Fitch, 1955

;
Wells,

1955-56; and K. C. Dunham, 1953-59); these overlie

thick-bedded calcareous rocks with chert, bands. Dur-

ing a visit to Jabal ath Thanlyah, Geukens (1960)

observed schists and quartzites which ho mapped as Me-

dina Series, overlain near the summit by younger crys-

talline limestone which he mapped as Jurassic

(Geukens, 1960, pi. S). No Jurassic has been found by

the author, but Geukens" upper part may represent the

equivalent of the Gharish and Ghabar Groups,

The Thaniya Group has undergone regional metarnor-

phism to the albite-epodite-hornblende fades and has

been invaded by dikes. Before metarnorphism the rocks

probably were various sandstones, siltstoiips, shales,

limestones and dolomitic limestones, and associated la-

vas (unpub. data from the following: Ackerman, 1955,

1959 ;
Fitch, 1955 ; and Wells, 1955-56)

.

The Thaniya and Gharish Groups are of about the

same facies of metarnorphism. While it is possible that

the two groups are lateral variants, it is believed that

tho former represents an older Precambrian sedimenta-

tion and that before metarnorphism the Thaniya Group
was probably the source of limestone, chert, and other

pebbles preserved in the basal Minhamir Formation of

the Ghabar Group to the southeast.

INTRUSIVZ8 AJTD EXTRCSIVE8

The basement intrusive and extrusive rocks of the

Eastern Protectorate crop out mainly in southwest

TJadramawt, though scattered exposures occur in the

Jabal ath Thanlyah area and a relatively small exposure

occurs at Ra's Sharwayn in coastal Al Mahrah (lat

15°20' N., long51°37' E.).

Many of these exposures consist of extrusive rocks

(The Tha'lab Group) which have been considered to be

the oldest exposed rocks in this area of southwest

IJadramawt (K. C. Dunham, unpub. data 1953-59; Bey-
doun, 1960). Intrusive rocks, both major and minor,

generally postdate tho extrusives though some are con-

sidered as possibly contemporaneous, and a few, of

which only pebbles are now seen, probably predate tho

volcanic episode. Tho occurrence of these igneous

bodies has l>een provisionally classified as follows.

Tho presence of sparse granitic pebbles in the basal

Minhamir Formation of the Ghabar Group (p. Till

)

indicates that granite was undergoing erosion some-

where in tho territory at the start of sedimentation of

the Ghabar and Gharish Groups. This granite may be
from an earlier intrusive which is no longer exposed,

and is possibly contemporaneous with, though it more
likely predates the older volcanics of the Tha'lab Group.

tha'ub group

Rocks of the Tha'lab Group were extruded during a

widespread phase of volcanic activity, and consist of a

thick series ranging from olivene basalt, through micro-

porphyritie pyroxene andesites and hornblende ando-

sites to keratophyres and soda rhyolites; trachytes are

scarce. Associated with the above are great quantities

of pyroclastics ranging from fine-grained ashes to

coarse and very coarse tuffs which include lithic, vitric,

and crystal tuffs (K. C. Dunham, unpub. data, 1953-

59) . They constitute tho remains of a very substantial

volcanic episode; the vents through which these rocks

were extruded have not been discovered. It appears

that tho volcanic suite of this group is predominantly of

intermediate composition, namely andesites to

keratophyres.

The extrusion of the Tha'lab Group mainly predated

the deposition of the Gharish and Ghabar Groups,

though some volcanic activity continued locally during

the deposit ion of these two groups.
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It is not known if the Tha'lab Group extrusion phase

was contemporaneous with, or later than, deposition of

the Thaniya Group; volcanics in tlie upper part of the

Thaniya (p. H12) may belong to the same episode

of volcanicity. It is suggested that the start of deposi-

tion of the Thaniya Group (and equivalent inetamor-

phic rocks to the west in WA.P.) preceded extrusion of

the Tha'lab Group, but that sedimentation may have

continued simultaneously with the extrusion of the

Tha'lab Group.

During extrusion of the Tha'lab Group, intrusive ac-

tivity probably also took place, but it is not known at

present whether this consisted of major emplacement or

was primarily restricted to dike injection.

Following the volcanic episode, and contemporaneous

with the deposition of the Ghabar and Gharisb Groups,

intrusive activity continued. This apparently consisted

of some major silicic emplacements into country rocks

(Tha'lab Group) or granitization of the country rocks

and the injection of dikes into the Ghabar Group; the

dikes are restricted to the Minhamir Formation of the

Ghabar Group in the Wadi al Ghabar sector. In the

Kahtalih section (lat 14°18' N., long 48°40' E.) of the

Wadi al Ghabar area, a silicic intrusion into the Tha'lab

Group has resulted in a granite with partly digested

fragments of Tha'lab volcanics. It is believed that

from this body dikes were injected into nearby rocks of

the Minhamir Formation.

A similar granite can be seen in the western edge of

Jabal Jahmum near Al Ma'abir (lat 14°12' N., long

48°35' E.) . Here also the emplacement is into rocks of

the Tha'lab Group; aplitc veins and dikes from the in-

trusion crisscross the country rock and the contact be-

tween the main intrusion and the country rock, and have

resulted in the formation of homfels.

Jabal Jahmum also consists of a varied suite of intru-

sives including grandiorite and quartz and pyroxene

diorites (Dunham, unpub. data, 1053-59) . The igneous

rock has a foliated "layered" appearance, and intrudes

not only into the Tha'lab Group, but probably also into

the Ghabar Group, a remnant of which is preserved to

the southeast of the intrusion and which has been some-

what metamorphosed by the intrusion. Tho intrusion

probably occurred in several stages, the last of which

may postdate Ghabar Group sedimentation.

jabal Saw&d Ba Qutml (near lat U°27' N., long

48°45' E.) is a major granite emplacement. This gran-

ite intruded Gharish beds preserved at its eastern end,

and isolated remnants (which may include some older

metamorphic rocks) occur along its southern and north-

ern edges. The intrusion has a foliated appearance and

the Gharish beds (and older metamorphic rocks(!))

dip outward from it The granite has undergone dif-

ferent degrees of cleavage, suggesting that the intrusion

occurred in stages, the last postdating the phase of tec-

tonic deformation. Both the Gharish beds and the in-

trusion are riddled with mafic dikes and sills, the latter

following foliations (layering) in the granite and bed-

ding in the Gharish Group. They probably belong to a

later stage of igneous activity.

In the Wadi Gharish area, pyroxenites and pegma-

tites^) as well as silicic and mafic dikes were probably

intruded during this stage.

In tho Al Mukallfi district granite has been intruded

into tho Tha'lab Group, and aplite dikes finger out from

the main body.

The intrusions and dike injections have imposed con-

tact thermal metamorphism on the country rocks, but

the extent of this is no longer clear because of subse-

quent regional metamorphism. It is reasonably certain,

however, that intrusive activity during this phase

occurred locally in several stages, some postdating sedi-

mentation of the Gharish and Ghabar Groups, but

predating tho kinematic phase.

Major earth movements took place some time after

the sedimentation of the Gharish and Ghabar Groups

and associated igneous activity. During and at the

close of this period, intrusive activity probably occurred,

and some of the intrusions discussed previously, in-

cluding tho pegmatites, may have been emplaccd at the

time. Tho movements strongly and isoclinally folded

tho sedimentary rocks (and possibly folded some of the

volcanic rocks) and imposed an intense multidirectional

cleavage sjstcm on all rocks—sedimentary, extrusive,

and intrusive. This process was accompanied (possibly

in stages) by mineral rcconstitution of some of the sedi-

mentary rocks. Why some rocks underwent more re-

constitution and deformation than others is not

understood, but this may bo attributed in part to re-

gional tectonic factors which produced a higher grade

of metamorphism from east to west, and to the presence

of more pyroclastic components in sedimentary rocks to

the west, enabling higher alteration to take place in that

direction.

In at least part of the region rocks of tho Tha'lab

Group show little evidence of regional metamorphism

other than cleavage and jointing, and yet they were able

to coexist with sedimentary rocks showing metamor-

phism to the greenschist and higher facies.

Intrusive activity continued for some time. Granite

emplacements postdating the period of earth movements

took place, and dike injection was common. At Jabal

JJulm ash Shaybah (lat 14°10' N., long 48°50' E.) a

large granite cupola can be seen that effected thermal-

contact metamorphism of the Tha'lab Group lavas.

I

The granite does not show multidirectional cleavage,
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but only normal rift and grain, which is considered to

bo postkinematic.

At Ras Bunim (lat 14°18' N., long 48°49' E.), a

large granite intrusion occurs in Tha'lab group

volcanics; the granite here also shows normal rift and

grain. One determination, by the potassium-argon

method (N. J. Snelling, unpub. data, 19G1-62), gave an

age of 515^:25 million years.

Contact zones between these intrusions and the coun-

try rocks appear sharp and free from mixed rocks, but

xonoliths of lavas included in the granite bodies have

been extensively feldspathized. The granites in some

places tend to be contaminated by constituents derived

from xenolitlw or country rock (Dunham, unpub. data,

1953-59).

At Ra's Sharwayn, R. W. Wetzel and D. M. Morton

(unpub. data, 1948-50), observed a small outcrop of

faulted and partly decomposed granite, having cleavage

planes and containing quartz and pegmatite veins and

dikes, intruded into or overlain by a folded series of
|

metasedimentary rocks. Unfortunately it cannot be

ascertained what relationship this granite bears to the

metasedimentary rocks. However, an age of 107*25

million years was determined from a pegmatite dike

in this granite (Snelling, unpub. data, 1961-62, potas-

sium-argon method). In view of the reported cleavage
j

planes in the granite, it would appear to be prekinematic

and therefore may be a remnant of an old intrusion

more recently reactivated.

Tho strikes of folds and faults in the basement series

are mainly north, trending a few degrees east or west of

north; some also trend northwest, and less commonly,

west-northwest and east-northeast. Strikes change

direction abruptly in places, suggesting fault control

(p. II45-H46), though in some places they are arcuate

between two trends. Tho intensity of folding and its

strike variation increases westward in the same direction

as the increase in metamorphism.

Instrusions also tend to follow basement grains. For
example, at the Jabal Sawad Bii Qulnri intrusion, the

sills and dikes strike approximately northwest to south-

east, swinging to west-northwest with the strike of

layering in the intrusive.

In Dliufar in the Mirbut area, numerous dikes cut

across the basement complex with north, northwest, and
northeast trends and subordinate intermediate direc-

tions (Lees, 1928; Fox, 1917; Wetzel and Morton, un-

pub. data, 1948-50; Beydoun and Greenwood, 1966).

REGIONAL CORRELATIONS AND AOS

Evidence as to the regional correlat ion of the basement

rocks of the E.A.P. is vague and conflicting. This has

already been summarized by the author (Beydoun,

1960, 19C4), but somo reappraisal is given here.

In Somalia, the Inda Ad Series (of former British

Somaliland), which is generally admitted to be very

similar to the highest basement of the E.A.P. (Bey-

doun, 1960, 1964; F. R. S. Henson, unpub. data, 1954-

60; Greenwood, 19G1) has been referred alternatively

to the Precambrian or the Paleozoic (Somaliland Oil

Exploration Co., Ltd., 1954, summarizing earlier

views) . In south Oman an evaporito-clastic group as-

signed tentatively to the Lower Cambrian( f ) (Morton,

1959) has been compared with the metamorphosed base-

ment sedimentary rocks of the EA.P. (Beydoun, in

Morton, 1959; Beydoun, 1960, 1964; Henson, unpub.

data, 1954-60).

Tho basement rocks of western Arabia have always

been regarded as Precambrian in age. However, it is

only in recent years that attempts to classify them
stratigraphically have made somo progress. Karpoff

(1957, 19C0) and Brown and Jackson (1960) place the

youngest components of tho basement complex in the

[
late Precambrian. In the absence of paleontological

evidence to the contrary, most geologists agree with this

conclusion which recognizes tho importance of the wide-

spread peneplain at the base of the overlapping Cam-
brian and Ordovician sedimentary rocks in Saudi
Arabia and Jordan. A minority view holds that the

,
highest basement sedimentary and other rocks of west-

ern Arabia may bo of an early Paleozoic age.

For the present there is no conclusive evidence to sup-
port, or disprove these opinions. However, it may bo
useful to review some regional observations and sug-

gestions which may serve as a basis for further investi-

gation by others.

In tho Al Kawr area of the W.A.P., extensive ex-

posures of intrusive and metamorphic rocks occur.

These have been described by Wissman, Rathjens, and
Kossmat (1912, p. 281-284), who remarked that "an
upper less metamorphic mass of strata is distinguish-

able from a lower mass, but no unconformity can be dis-

cerned between tho two."

Greenwood and Bleackley (1966) have mapped a

large area of Precambrian metamorphic rocks in the

W.A.P. that consist variably of schist, gneiss, quartzite,

chert, crystalline limestone, and granulite, which are

no doubt in part equivalent to the Thaniya Group of

the Jabal ath Thanlyah area and the gneiss-granite

rocks and schists of the area to the north. These would
also be partly equivalent to what has been described

as the Medina Series in Yemen (Geukens, 1960) . These
Precambrian metamorphic rocks of W.A.P. extend east-

ward into the Waljidi State almost to long. 47°50' E.
in the Jabal Sawad Ba Qu{mi area. It is likely that

some of them may bo equivalent to tho Gharish Group
and therefore younger (Wissmann and others, 1942),
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but this is not possible to establish with the present state

of the mapping.

At Ra's Sharwayn, R. W. Wetzel and D. M. Morton

(tuipub. data, 1948-50; see p. H14) observed a folded

and peneplaned scries of metasedimentary rocks (50 m)
which consists of quartzitic and micaceous sandstones

laterally associated and interbedded with mica schists.

This sedimentary scries could be of the same age as the

Gharish Group or it may be older.

In Dhufar at Al Haw(ah and 'Ayn Sarit (Beydoun,

1!>60, 1964 ; Wetzel and Morton, unpiib. data, 1918-50)

limited exposures of varicolored indurated graywacko

sjindstones, quartzites, and shales resemble the upper

part of the Ghabar Group in the E.A.P. These rocks

were derived from a silicic igneous or metamorphic ter-

rain (K. J. Ackerman, unpub. data, 1955, 1959). The
series is of unknown thickness (estimated at Al Hawtah
as 3,000 in without taking into account, any repetition

in the monotonous sequence) and has been highly

folded, intensely cleaved, veined with quartz, and pene-

planed. No dikes were observed. This series is over-

lain unconformably by Mesozoic sedimentary rocks.

A more highly metamorphosed basement, cut by many
dikes, appears farther east at Mirbat in Dhufar and in

the Kuria Muria Islands as described by Lees (1928)

and Fox (1947). Its composition at Mirbat seems to

differ little from that of the higher grade metamorphic

rocks of the Aden Protectorate, and it is likely that the

sediments of Al Haw(ah &nd 'Ayn Sarit could have

been derived from it. At Mirbat intrusive bodies occur

in the metamorphic series, among which are pegmatite

and aplite injections followed by basic dikes; quartz

veins are common (Beydoun, 1964). The basement

series here has been peneplaned and is overlain by the

Murbat Sandstone (Lees, 1928), which has undergone

no metamorphism or deformation except faulting and

which in turn is succeeded disconformably by Cre-

taceous deposits. The Murbat Sandstone is of un-

known date, but it is presumably later than the folded

sedimentary strata of 'Ayn Sarit and Al Hawtah. It

somewhat resembles the unfolded Lower Ordovician of

South Oman (Morton, 1959; F. R. S. Henson, unpub.

data, 1954-60) with which it is here tentatively corre-

lated. Farther east-northeast from Mirbat toward

Ra's Naws, the Murbat Sandstone has wedged out and

Cretaceous rocks directly overlie the basement pene-

plain (Wetzel and Morton, unpub. data, 1948-50;

Beydoun, 1964).

In Oman igneous basement rocks crop out only in the

vicinity of Ra's al Hadd (Lees, 1928; Morton, 1959),

but pro-Ordovician sedimentary rocks crop out along

the Al Huqf-HawshI swell (Morton, 1959). These in-

clude basal sands probably derived from silicic igneous

or older quartzite sources without a high-grade meta-

morphic component. Overlying the sands are evaporit-

ic platy limestones and dolomites containing stromato-

liths, followed by a second sequence of elastics and an

upper sequence of platy limestones and dolomites. This

scries compares closely in lithology and succession with

the nonmetamorphic basement of southwest Hndra-

mawt, namely the Ghabar Group, although the beds in

Oman are thicker, devoid of pyroclastic components and

are only locally folded. They are cut by quartz veins

and mafic dikes which also occur in the basement of

Dhufar, but so far are unknown in the overlying Or-

dovician of Oman.
These pre-Ordovician rocks of Oman have been as-

signed provisionally to the Lower Cambrian on the

grounds that their evaporitic upper part may represent

the beginning of a cycle completed in the "Ilormuz Salt

Series" (Middle and Upper Cambrian) which exists

down the regional dip to the west (Morton, 1959) . The
salt series is missing at the outcrop where thick Lower
Ordovician to Upper Cambrian elastics transgress over

the eroded Lower Cambrian ( ? ) . However, the as-

sumed continuity of the latter with the Ilormuz salt is

strongly supported by direct evidence in deep borings

and by the discovery of Lingvella cf. L. nichohani in

salt pseudomorphs at the base of, and in apparent con-

tinuity with, the Lower Ordovician, which suggest

transition downward to evaporitic Upper Cambrian
which may occur in basinal environments (Henson,

unpub. data, 1954-60; Beydoun, 1964).

The debris brought up by the normuz salt plugs in

Oman and adjacent areas (O'Brien, 1957) includes

platy limestone and dolomite with rare stromatoliths,

clastic rocks, gypsum, tuffs, and intrusive and extrusive

silicic and mafic igneous rocks in various combinations.

No volcanics have been found in later Paleozoic sedi-

mentary formations of the Cambrian salt-dome areas.

It is suggested that in south Oman intra-Cambrian

epeirogenic movements occurred after deposition of the

Lower Cambrian(?) dolomite and limestone and prior

to the Ordovician transgression, upwarping the Al
Huqf-Hawshi swell and probably partly isolating

basins to the west and north in which the Hormuz salt

was deposited (Henson, unpub. data, 1954-60). These
same movements, increasing in intensity to the west,

may have been responsible for the folding of t he highest

basement rocks of Dhufar and the E.A.P. A phase of

igneous extrusion on a small scale followed in south

Oman (Morton, 1959; Henson, unpub. data, 1954-60).

In western Arabia (Al Hijaz), Karpoff (1957, 1960)

recognized a "Wadi Medina Series" which includes lava,

tuff, schist, quartzite, gneiss, conglomerate, and migma-
tite, overlain unconformably by a "Wadi Fatima
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Series." This hater series has a basal conglomerate and

includes sandstone, shale, lava, tuff, and laminated

limestone with stromatoliths. It is tempting to corre-

late it with the Ghabar and Garish groups of the E.A.I'.,

although algal remains have not jet been found in the

latter area.

Brown and Jackson (I960) recognized the Wadi Fa-

tima Series, ranking it as a formation, and correlated

with it their Abla Formation which crops out near

Xaj ran near the nort heast border of Yemen. Their Fa-

tima and Abla Formations rest unconformably on an

older Murdama Formal ion ( possibly equivalent to the

Medina Series of Karpoff) and on a calc-alkaline gran-

ite series. They are overlain by the "Shammar rhyolite

and andesite flows and tutFs, and tuffaceous sediments,"

and are intruded by the "Eastern Granite." The Fa-

tima Abla, and Shammar Formations and Eastern

Granite Group are given an age range of about 600-640

million years, based on the rubidium-strontium ratio in

biotite from two samples from the Eastern Granite

(Brown and Jackson, 1960)

.

Geukens (I960) grouped the majority of the basement

rocks of Yemen into the "Medina Series" and remarked

that the metamorphic rocks are intensely folded and gen-

erally strike north-south; during this period important

granite bodies were emplaeed. He recognized an un-

conformity between the Precambrian Medina Series

and a less intensely folded "Fatima Series" preserved

only in north Yemen and consisting of conglomerate

and metamorphosed arkose passing into quartzite. The
folds in general trend east. This Yemen Fatima Series

marks a transgrcssive phase over the peneplaned top of

the Medina Series. Geukens regarded its age also as

Precambrian.

Tho upper Shammer unit of west Saudi Arabia is ves-
\

tigial or missing in the E.A.P. Henson (unpub. data,

ltd 1-60), however, believed that its presence before

peneplanation is suggested by the abundance of dikes

penetrating the upper basement formations (Gharish

Group and others).

In Somalia, the Inda Ad Series as described by Mason
and Warden (1956) rests unconformably on the base-

ment complex. The basal part contains sandstone and

a conglomerate with pebbles of the basement complex;

the series is only dynamically metamorphosed, but. sedi-

mentary structure is well preserved. Above the con-

glomerate is a series of mudstones with siltstonc and

limestone bands, overlain by variegated mudstono and
gray wacke, in turn overlain by sandstone, griu and con-

glomerate which are intra formational. The Inda Ad
thus bears close overall similarity to the Ghabar Group
of the E.A.P. (p. 119). A series of pelitic (phyllite,

schist and metamorphosed limestone) and associated

volcanic rocks occurs in the Erigavo district; locally

these differ only slightly from the cleaved mudstones of

the Inda Ad, but they have been regionally meta-

morphosed—chlorite to hornblende facie* (Mason and
Warden, 1956). These metamorphic rocks are unlike

the basement complex beneath the Inda Ad and bear

general resemblance to the Gharish Group of the

E.A.P., which is considered equivalent to the Ghabar
Group (p. 119).

Greenwood (1961) questioned Mason and Warden's
evidence for a younger Inda Ad resting unconformably
on tho basement complex and regarded their basal con-

glomerate as one of the interformational ones. Con-
sidering the other evidence available, he suggested that

the rocks of the Inda Ad grade westward into tho base-

ment complex, the gradation from little-altered sedi-

mentary strata in tho cast to the complex of metamor-
phic and igneous rocks in the west being brought about
by intensification of metamorphism and igneous activ-

ity, the nature of which is regional. This proposed re-

lationship does not invoke an unconformity. He fur-

ther stated that if it is assumed (a) that tho Inda Ad
and basement complex of Somaliland are two expres-

sions of a continuous series and (b) that the Inda Ad
is Lower Cambrian—by correlation with the E.A.P.
Ghabar Group and the Oman sedimentary rocks—then
at least part of tho basement complex must bo of the

same age, and this would be somewhat startling. He
admitted that until more conclusive evidence is obtained

alternative interpretations are possible.

So far isotope-age dating has contributed only
slightly and indirectly toward a solution to these prob-
lems. Apart from tho figures quoted by Brown and
Jackson (1960) for west Saudi Arabia, a sample

j of museovite-bearing pegmatite from the Gharish
Group of the E.A.P. has been analyzed by D. York at

Oxford University (unpub. data, 1960). This sample
from the Wadi Gharish area at lat 14°08' N., long
48° 12' E. indicates an age of 590±50 million years (po-

tassium-argon method). The pegmatite is younger
than its host rocks, but it is thought to have been as-

sociated with the orogenic or post-orogenic magmatism
which probably accompanied, and certainly followed,

the folding and metamorphism (p. 1113). Metamor-
phism probably occurred in stages but in the course of
a major orogenic cycle.

Another sample of muscovite from a pegmatite col-

lected in the W.A.P. (area north of Aden) by Hey-
broek has been analyzed for Schurmann, and indicates

an age of 545 million years (potassium-argon method)

(Schurmann, written eommun., 1961).

The only other dates so far available are from the

younger granites, determined by N. J. Snelling (see p.
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HH), which indicate that igneous activity took place

in the lower Paleozoic.

An ape of 590 million years for the WadI Gharish

pegmatite would indicate either (a) that the Gharish

Group basement rocks of the E.A.P. are of late Pre-

cambrian ago which would extend the age for the base of

the Cambrian slightly upward, or (b) that the younger

basement rocks are of Early Cambrian age. The prob-

lem must remain unanswered for the time being.

The prior review is perhaps too full of assumptions to

prove anything. Nevertheless, it shows that there is

some reason for considering a younger age than Pre-

cambrian for some basement rocks in parts of Arabia.

The fact that their surface is peneplaned should not be

the criterion for assigning them automatically to the

Precambrian.

Until further isotope-age determinations for the

E.A.P. basement rocks are made, little more can be said

of the age of the basement rock3 of that area.

Surprisingly few occurrences of economic minerals

have been discovered in the basement areas of the E.A.P.

What has been discovered does not, appear to be of com-

mercial value, being mainly limited to occurrence of iron

in dikes or mineralized veins in areas of difficult access

or too far from seaports. Some scattered occurrences

of other minerals, including traces of galena, some mica

(here of no commercial value) , and small garnets are of

no economic significance. It must be pointed out, how-

ever, that no systematic mineral survey of the area has

been made. Such a survey may yield some results, but

they will probably be limited, to judge by the overall

picture so far known.

MESOZOIC ERA

JURASSIC SYSTEM

The oldest sedimentary rocks directly overlying base-

ment are of Jurassic age. They are exposed in the

coastal mountain belt of southwest IJadramawt west

of long. 48°88' E. They reappear eastward in Al
Mahrah at Ra's Sharwayn and probably at Al Musi 1ah,

although in the latter locality no diagnostic fauna is

present in the part assigned herein to the Jurassic.

Two types of Jurassic rocks are recognized in the

E.A.P. The first is the complete sequence exposed in

the coastal areas, which is an open-sea sedimentation

sequence. The second, incompletely exposed, occurs

in the inland saltdomo areas ; its lower part is an evap-

oritic sequence deposited in restricted basins or seas,

and its upper part is on

The Jurassic of the E.A.P. and the adjacent W.A.P.,

on the basis of abundant faunal evidence, is mainly Up-
per Jurassic in age. The basal part, a sequence of

elastics without any fossils, is believed to be Middle
Jurassic to possible Early Jurassic in age.

The formations which make up the Jurassic of the

area are as follows:

Ag»
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The Kohlan Formation constitutes the basal unit of

the Jurassic succession in the area. The name Kohlan
was first applied (Lamare and others, 1030) for a

similar succession exposed in Yemen in the Kuljlan

area northwest of §an'a', where it consists of marls with

sandstone and conglomerate layers that contain base-

ment fragments succeeded by sandstone and interbedded

sandstone and sandy marl that contain plant impres-

sions. The whole succession reaches a maximum
thickness of about 200 m.
In the E.A.P. (and the W.A.P.) reference sections

have been taken from all well-exposed sections. The
formation consists of a sequence of arkosic sandstones

with several conglomeratic horizons which have vari-

able-sized pebbles of vein quartz and igneous and mota-

morphic rocks; interbedded green and purple bands of

marl, siltstone, and shale occur at various levels. The
formation unconformable- overlies peneplaned basement

rocks and is current bedded; the sandstones are gener-

ally soft and friable, though bands of indurated fer-

ruginous blocky sandstone occur. Tho upper part

grades into the overlying Shuqra Formation, generally

passing upward from standstone, through silty marl to

calcareous sandstone and sandy limestone. There is no

evidence of any break between the two formations. Tho
overlying Shuqra Formation, on the basis of fossil

evidence, is Callovian to early Oxfordian in age.

Thus, the gradat ional contact between the Kohlan and

the overlying Shuqra indicates continuity of sedimenta-

tion between the two, and suggests that at least for tho
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upper part of the Kohlan the ape is probably Middle

Jurassic. The lower part may lie partly Early Jurassic

and even Triassic, though Triassic is more unlikely in

view of the comparative thinness of the formation and
the overall type of lithology, which do not suggest ac-

cumulation over too long a period of time. No fossils

or plant remains have been found in any part of the

Kohlan in the E.A.P.

The formation is present in all completely exposed

Jurassic sections of the E.A.P. and it everywhere under-

lies the Shuqra with gradational contact botween the

two. Thicknesses measured range between 17 and 81

m, the average being about 55 m. These variations are

duo to irregularities in the peneplaned basement surface

on which the Kohlan Formation has transgressed, and

to the persistence of scattered local highs in the base-

ment during deposition of the Kohlan. The basement

surface often shows a weathered rotted reworked upper

few meters on which the Kohlan rests, and it may be

composed of volcanics, granite intrusives, or steeply

tilted and truncated metascdimentary rocks.

Weathered and reworked volcanics show bedding paral-

lel with the overlying Kohlan; examples of tilting of

the basement with the overlying Jurassic are fairly

common.
The Kohlan Formation shows marked uniformity in

overall lithology, as interbedded siltstone, marl, and

shale layers are almost everywhere present within the

sandstone; conglomeratic zones are ubiquitous. The
Kohlan's color is generally light—white and pink. It

weathers gray to light brown, and is easily distinguish-

able from similar clastic formations of Cretaceous age

because of this. In one section at Jabal 'Atuq, a very

thin limestone occurs near the base of the Kohlan, inter-

bedded with marl and siltstone within the sandstone.

AXHAM OSOUP

The formations of Late Jurassic age have been

grouped together under the name Amran Group (Cal-

lovian to Tithonian) . The Amran Group in the EA.P.
and W.A.P. embraces all exposed formations of Jurassic

age occurring above the Kohlan Formation.

The name Amran was first used (Lamare and others,

1930) to describe Jurassic deposits occurring above his

Kohlan Series in Yemen. The type locality of La-

marc's Amran Series is the 'Amran area of Yemen,

northwest of §an'a'. Paleontology has been discussed

by Basse (1930) . Rathjcns and Wissmann (in Wissman

and others, 1942) also examined a similar section in

the same general area, and Karrenberg (in Basse and

others, 1955) sampled an incomplete section nearby.

The Amran Group in the E.A.P. varies appreciably

in thickness in the coastal exposures. This is in part

due to sedimentation, but it is also in part due to ero-

sion. A maximum measured thickness for the group

is 733 m, and a minimum preserved thickness of 35 m
has also been measured.

In IJadramawt, exposures occur west of long. 48°38'

E. Generally speaking, in the area immediately west

of this longitude, the thinnest part of the group occurs,

thickening westward to the maximum at Jabal Modbl
(lat 14°17' N., long 4S°04' E.), then thinning again,

but only slightly, westward into the W.A.P. East of

long 4S°38' E. the group is al>scnt, reappearing again

in Al Masilah (no faunal evidence) and at Ra's Shar-

wayn in coastal Al Mahrah. Eastward and northeast-

ward from these localities it disappears, being absent in

Dhufar and also in Socotra to the east-southeast.

In the coastal type of sequence, the group is a marine

open-water succession of limestone and marl fades. The
lower part is a neritic shallow-water limestone and

marl facies (Shuqra Formation), followed by a more
open-sea marly facies (Madbi Formation), grading into

an argillaceous limestone facies which in turn grades

into and terminates in a shallow-water marly sandy
facies (Naifa Formation). Inland, in the salt-dome

sections, the lower part of neritic limestone facies

(Shuqra Formation) is not exposed, but it is presumed

to be present below the evaporites, which are the lowest

beds exposed. The evaporates were deposited in re-

stricted basins or seas and make up the Sabatain For-

mation which is correlated with the more open sea

Madbi Formation as a lateral variant (see p. H20).

Overlying both the Sabatain Formation and the Madbi
Formation is the Naifa Formation, indicating the

spread of open-sea conditions inland and the end of

restricted deposition. The Naifa Formation is pre-

sent in all Jurassic coastal and salt-dome sections in the

E.A.P. that have not undergone sufficient erosion to

remove it.

In ita uppermost part the Amran Group is possibly

lowermost Cretaceous (Berriasian) (M. Chatton, un-

pub. data, 1948-59) in the western part of the coastal

area of IJadramawt, but this possibility is limited to a

fow sections where macrofaunal evidence is poor and

suggests affinites with Berriasian.

A marked unconformity with little or no angularity

at the top of the Amran Group, but which may occur

at various levels, indicates a period of emergence and

plantation prior to the Cretaceous transgression proper.

This Shuqra Formation is present in all Jurassic

sections in IJadramawt, in the W.A.P., and in the Ra's

Sharwayn section of Al Mahrah. In IJadramawt it is

between 60 and 80 m thick, though as Utile as 39 m has
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been measured as a full succession not reduced by
|

erosion in the eastern most exixisures of Hadramawt.

The name Shuqra Limestone was first used by Hey-

brock (in Hudson, UfcYl) for the sequence of limestone

sauipletl hy him near Shuqrah in the W.A.F. This

section was later sampled by R. \V. Wetzel and I). M.

Morton (unpub. data, ll>4K-.r»0) where some 1>S m of

well-bedded limestone, abundantly fossiliferous and

including some mbbly and marly zones overlie 'JO m of

sandstone. The top of the limestone is not seen as it is

overlain by a sub-Recent lava How. Farther to the

north in the W.A.P. a more complete section of I'pper

Jurassic (Aniran Group) is exposed.

In southwest Hadramawt, Upper .Jurassic reference

sections are well exposed and the Shuqra Formation is

divisible into the following units in many places:

1. A basal interval of well-bedded neritic limestone,

generally sandy at the has* and sometimes at

higher levels, detrital and commonly oolitic and

containing interbedded rubbly marls; fossilif-

erous.

2. A 7- to 10-m interval of very fossiliferous rubbly

yellowish marl.

3. Sequence of well-bedded limestone as in unit 1.

4. A terminal 5- to 10-m interval of fossiliferous

rubbly marl as in unit 2.

The top interval may be absent in some sections in

southwest. Hadramawt. Where this happens, the over-

lying Madbi Formation rests directly on unit '•'>, indi-

cating either a discon funnily or a lateral extension up-

ward of the limestone of unit 3 to replace the marl of

unit 4.

At Ra's Sharwayn, the Shuqra is al>out iiG m thick

and consists of 3G m of fossiliferous limestone and marl

bands and an upper 20 in of fossiliferous marl. Apart

from this locality the formation is not exposed elsewhere

in Al Mahrah.

In the field there is an apparently conformable con-

tact with tho overlying Madbi Formation, but the

absence of the up[>ennost rubbly marls of the Shuqra in

some sections would seem to indicate a local dis-

conformity.

The rich faunal assemblage has already been partly

deseril>ed by Hudson < l'JM) from the collections from

Jabal al 'Trays near Shuqrah in the W.A.l*. and from

Ru's Sharwayn in Al Mahrah. In the assemblage from

these sections and from the sections in southwest IJad-

ramawt, the following fauna occur (Hudson, VXA; un-

pub. data from the following: Hudson, l'.US "><>; (Jos-

ling, 1950; Cox, lS)4!)-5li: Chatton, 194H-.V.I; Elliott,

UlM-.V.l; and Spath, li>r>r»-r>7)

:

Ithynochoitellit had'ramautcmix Stefanini, A*, all'. /'.

moriirc Dav., A', hiidtrxto-nr Roll., SomnHrhymhia <ifi i-

I an,! Weir, N. iritr.cH Hudson, >. tvinida Muir-Wood
vac, liiftt i> ilult 7ia/'«. .V. ufricana var. xun lit i Weir, S.

cf. A', xomlira
(
Dacque), S. bihtm iixi.i, >'. tif ritaiiu var.

jitri/ntiira. 1 1 , limtiila tiisiiffitrchmtii Schlotheim, 7".

,v;///.s. II, i s.l., cf. *u/>« flu Iieyinerie, cf. T. zcitcni de

Loriol, "7 " aulitcs Stefanini, "7"* cf. T. xvpitijitrrnxix,

lht,/li,n,;,li>ji,rli;,i h'liliuiiiKtuh (Stefanini)., IK cf.

It. cf. tiior'n n Stefanini, IK xu/irri xiibi/it(.*, IK daghnni-

aixis var. pfatiMm. IK diujhiitui mix var. elongata, IK

daghnuicmix, IK mticfiu/i/ciu. IK kiihietcmix, cf. I),

farquharxoni Muir-Wood, "//" platiloba Muir-Wood,
"liuriuir/iyur/iia" git gnri Weir, Soimdithyrix biheiulul-

rmix Muri-Wood, cf. S. vuirfadycni Muir-Wood, Chttl-

touithyrix fii/u in n*ix Weir, Crrcrithyrix xoiimlii'mix

Weir, I.ojdtrothyr'i* *t iiifix Muir-Wood, cf. L. I'tyrto-

thyns dnghniiamix Muir-Wood, Strii/hyrix xomn/itmix

Muir-Wood, Trigoithyrix rrvduircnxix, Sphafroidothg-

w> broir/,i, Zrillci-ina lutifron* (Krumbeck), Korall-

ixtn. kiciJali Cox, Ceromyopxix arbira Cox, C. xtriuta

d'Orbigny, ('. i c,t n/rirn, C. xiniiulii mi* Weir, I'hola-

domya aubryi Douville, /'. lirata (J. de C. Sowerby), /'.

prot,i Defrnnce, /'. (Humomya) inomata J. de C.

Sowerby, Lima (I'higioxloirm) h,irronxix Dacque,

l.opha xolititrin (J. de C. Sowerby), L. gregarm (J.

Sowerby), /,. contain (J. de C. Sowerby), Mytilux

(Mudiolm) iinh ricn tux (J. Sowerby), Xcritua xonuili-

imix Weir, AuIm-minjcUa cf. A. xiinilix (Munster),

Axt.irtf (('t)tlo*tartc) xrytalix Holdaus, Puralhhdon
egertonioMt* Stoliczka var. crebricoxtatu* Stefanini,

Ll ryploiiii biilii (Stefanini), fcxoyyra fourhiui Stefa-

nini, K. cf. K. ti'itut (J. de C. Sowerby), Miwfromya
accpiiiHx Agassi/., Ccrctomya trimmixemix ((Jillicron),

MiiM-tihix xinim/icnxix Cox. i'ligm ux iimr/i/cx ( Stefanini

)

/:'. U'ciri Cox, (i niiiiiiuitixIoH (I iid(>griniuiiiitf»lon)

i g< rfoiii'itthx (Stoliczka), Sfyfirm macjudyrni Thomas,

A in phinxt i , it yibhcroxti, ((Jregory), A xtrtu ortiiii ni ir-

toni Gregory, .1. lirrtirmix Koby, .1. cf. A. Hypod'uv-

dema jitcjiidycui Currie, llcl, uiiiopxix tunguiirnxix

(Futterer), Sufiu ria atT. g<dar (Op|>el), Shtigniia zuf-

(iirdi'i, ( Wells), X. In ybrochi Hudson, S.iimhirii Hud-

son, S. cf. »S'. Stroinathopora douvielU Dehorne,

"Stroiioitopora" hnrrairmix Wells, SV" kurtrhrmix

Wells, MiHcporidium xoiiurficme ZufTardi-Comerci,

/'.«( udnryi biiiiimi cf. I'. xnputiM Mohler, XauJilocuHiM

mlithirx Mohler, Trocholina pahixtiit'u mix Henson,

\'nlruHiulln jitinxxlca Henson, I'fcudtriiut sp., AVr/-

pingoporclbt niiiiidtitii Carozzi, Cylindroponlla J. /.,

and others.

This fauna establishes a Callovian and Argovian

(Oxfordian) age for the Shuqra, though the up|>er-

|

most part probably ranges into the Seqnanian.

Digitized by Google



H20 GEOLOGY OF THE ARABIAN PENINSULA

The Mabdi Formation immediately overlies the

Shuqra Formation and occurs in all sections of the Ju-

rassic whenever it lias not been removed by erosion in

southwest IJadramawt west of long. 48°38' E. The
typo section is chosen from Jabal Madbi. Generally,

the formation is thinnest in the eastern part of south-

west IJadramawt where thickness of some GO-100 m are

known, and it thickens westward to an observed maxi-

mum in the Gharish-Madbi area (maximum at Wadi
Gharish, 200 m). Westward from there thicknesses

range from 105 to 250 in, depending probably on the

influence of scattered local highs that may have per-

sisted for a while during sedimentation. The forma-

tion extends into the W.A.P.
In southwest IJadramawt the Madbi consists of a

series of marls, gray to dark gray and yellow, com-

monly shaly and in places silty, and locally gypsiferous;

some sections contain thin gypsum beds. With the

marls are interbedded thin bands of rubbly or marly

limestone, in places detrital, and generally fossilifer-

ous; bread-loaf-type concretions reaching half a meter

in diameter are common at various levels, and the marls

commonly are bituminous in their upper part.

In Al Mahrah the Madbi Formation is believed to be

present only at the Ra's Sharwayn section (Beydoun,

1960, 1964) and is present there in a limestone facies

with several marl zones capped by shale and marl ; fos-

sils are common, though nondiagnostic.

The lower and upper contacts of the Madbi Forma-
tion are apparently conformable in the field, though the

lower contact with the Shuqra may possibly be locally

disconform able (for example, Wadi Gharish section

shows a hummooky surface at the top of limestone (unit

3) of the Shuqra (p. 1119). The upper contact is con-

formable and locally gradational.

The formation is fossiliferous throughout its sequence

in the IJadramawt sections and thin lumachelle bands

consisting of fossil debris are common at various levels.

Among the faunal assemblage the following arc present

(unpub. data from the following: Hudson, 1948-5G;

Cox, 1949-56; Arkell, 1956-58; and Smout, 1953-59):

Gryphaea balli? (Stefanni), Lopha marshi (J. Sower-

by), L. cf. L. soli/aria (J. de C. Sowerby), Exogyra
fourtaui Stefanini, Ontrea (Liostrea) wagurensis Cox,

O. (Liostrea) of. O. moreana Ruvignier, Astarte

(Coclaxtarte) srytalin Iloldaus, Modiolus imbricahut

(J. Sowerby), fnoceramvs cf. /. miprajurensis Thur-
mann, Posidonia somaHen.iix Cox, Proronulus ambalen-

sis (Weir), Terebratuhi cf. T. tcrebratula, Daghan-
irhynchia macfadyeni, Somalirhynchiu africana cf. S.

jordanica, UT." aualifes, <ST. africtmn cf. var. smellei.

Laevaptychus laius (Parkinson), cf. Atnxioceras </<?«-

moides Wegele, Idoceras cf. /. jarquharsoni Spath,

Perinphinctcs mombassanua Dacque, P. (Pachyspin-

ctes) robustus Spath, /'. (Divisosphynctes) cf. P. in-

aegualis (Spath), Behmnops'ts (angenensis (Futterer),

Rhopalo tcuthis somalknsis Spath, Valvulinclla jurat-

ska Ilenson, Paleotrix (form X), and others. From
these a Kimmeridgian age is indicated, probably

Sequanian to upper Kimmeridgian (lower Tithonian),

but the lower limit may go down into upper Argovian

(Oxfordian).

The Madbi Formation is equivalent to the Sabatain

Formation inland in the salt-dome areas. This is indi-

cated by the following: (a) the position of the Naifa

Formation conformably overlying the Madbi in the

coastal-type Upper Jurassic and the Sabatain in the

salt-dome-type tipper Jurassic; (b) the presence of

gypsum, locally in thin primary beds within the

Madbi—indicating the advent of evaporitic conditions

in the coastal areas—though much more common in-

land; and (c) faunal evidence, albeit rather meager,

found in the Sabatain Formation. Regional correla-

tions from Yemen support this view.

Naif* Formation

The Naifa Formation immediately overlies the Madbi
Formation of the coastal Upper Jurassic and the Saba-

tain Formation of the salt-dome areas, and forms the

top unit of the Amran Group. Its contact with the

Madbi is conformable and gradational in a number of

sections, and its contact with the Sabatain, preserved

only at the 'Iyadh salt dome, appears conformable in

the field.

The Naifa Formation typo section is near Al Ma'abir

in Wadi Hajr. The formation can be divided into two

parts, upper and lower. The lower part consists of a

sequence of thin-bedded fine-grained to porcellaneous

limestone, with common thin zones of platy dolomite,

dolomitic shale, rubbly marly limestone, or marl. This

sequence is present everywhere, generally all of it being

preserved, and ranges in thickness from about 50 m in

the eastern part (immediately west of long 48°38' E.)

to several times that thickness westward and to some ex-

tent northwestward. A maximum thickness for this

lower part totaling 446 m was measured at Jabal Madbi,
situated toward the center of the area of Jurassic out-

crops of southwest Hadramawt, Westward toward
W.A.P., thickness is considerable though generally ap-

preciably less than at Jabal Madbi itself.

The upper part of the Naifa Formation consists of a

squenco of marl, generally gray and yellow but also

pink, commonly shaly and in places gypsiferous or silty,

and containing interbedded marly limestone, which is

gray, rubbly to fissile, fine-grained, and locally shelly.

Where the upper part is preserved, it is thicker in the
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east than it is in the rest of southwest ^adramawt. A
maximum thickness of 78 m for this part was measured

at the Al Ma'abir section. The upper part is generally

missing in the west, being partially recorded in only two

sections where just 14 m in each is preserved. It is

absent in the salt-dome areas.

In certain localities some of the upper part of the

underlying thin-bedded limestone is also missing. This

is due to a period of erosion late in the terminal Jurassic,

which followed a phase of block faulting.

The significant thickening of the lower part of the

Naifa Formation from east to west and the presence of

a thicker upper marly sequence in the east than in the

west may partly be explained by a lateral variation in

facies; the upper part of the thin-bedded limestone in

the west is probably equivalent to part of the upper

marly sequence.

In three of the western sections, but especially well

developed at Jabal Madbl, the thin-bedded limestone

sequence has several conglomeratic zones in its lower

part ; these are largely conglomeratic limestone consist-

ing of pebbles of Jurassic and some basement rocks in

a limestone matrix, in places containing sandy layers.

The conglomeratic zones grndo into thin-bedded lime-

stone, which are in places associated with platy dolo-

mites and in the upper part with fetid and oily coarse

limestone; at the Wfidl Gharish section fetid shales,

aragonite, and some marls are also associated. The
maximum thickness of this conglomeratic member is

in the Jabal Muribi section; it is less thick at Wadi
Gharlsh, and even thinner at Jabal Sakha near the

W.A.P. border. The conglomerates mark int informa-

tional breaks within the Naifa Formation and are at-

tributed to local erosion after slight intra-Jurassic up-

lift, though some may be due to penecontemporaneous

slumping and reworking by currents in shallow-water

conditions. In Wadi Gharish many of the pebbles are

subongular and ore more of a breccia than a con-

The presence of these int reformat ional breaks and

the association of evaporitic beds with some of them at

the start of the Naifa Formation sedimentation appear

to indicate local erosion of a partial barrier erected

during earlier intra-Jurassic movements. This isolated

the inland salt-dome areas, giving rise to the Sabatain

Formation there, while the equivalent Madbi "open

sea" Formation was being deposited to the south. The
erosion of this partial barrier during early Naifa dep-

osition allowed this latter formation to extend inland

over the salt-dome areas, and open-sea sedimentation

then became general for both areas.

In southwest IJadramawt, the coastal sections in the

eastern part are more fossiliferous than coastal sections

to the west. The latter have undergone more recrystal-

lization, and the macrofauna found in beds in these

sections are indeterminable. In general, the macro-

fauna is fairly well preserved in the marly and rubbly

parts of the sequence, while that in the limestone is

recrystallized. The occurrence of fauna is sporadic

and varies from section to section; in some, extremely

fossiliferous zones with abundant amonites occur (for

example, Naifa section in Wad! IJajr, also examined by
Little, 1925).

From determinations on the fauna collected, the for-

mation includes the following (unpub. data from the

following: W. J. Arkell, 1956-58; L. F. Spath, 1955-57;

R. G. S. Hudson, 1948-67; F. Gosling, 1956; M. Chat-

ton, 1948-59; A. II. Smout, 1953-59; and E. K. Elliott,

1955-59) : fV"trgatoahnoceras sp., Peritphhxctes (Packy-

gpkinctet) robustus Spath, P. (P) cf. P. granti Spath,

P. ( Wichotomospkinctea) cf. P. krapfi Docque, P.

( W) cf. P. eggeri von Ammon, P. (ILithacoceras) cf.

P. torquatiformis Spath, Planite* (\Biplice*) sp. cf.

P. africanua (Dacque), P. cf. P. polygyratua (Rei-

necke) of authors, P. cf. /\ anabreviceps (Dacque),

Taramclliccra* cf. T. trachynota (Oppel), Aspidoceras

cf. A. longi'spinum (Sowerby), Ataxioccraa cf. lictor

(Fonrannes), Di*co*phincte$ cf. geron (Zittel),

Phyaodoccroa (Simoapidoceroa) aff. P. argoboe

(Dacque), Lacraptychw latu* (Parkinson), LamcTlap-

tychus plcidcn&ia Trauth, Belemnopsia tangensis (Fut-

terer), Grammatodon (Indogrammatodon) egertoni-

(inm (Stoliczka), Proconuh/s arabienaia (Newton),

Aulacomyella cf. A. farquharsoni Cox, Calpionella

molleUoidez, C. alpina Ix>renz, Nannoconus cf. N. stein-

manni, Pxeudocyclammina sp., MacroporcUa gigantca

Carozzi, 31. Pygmaca (Gumbel), and others. Paeudo-

cyclammina sp. occurs principally in the western

sections.

From the above fnuual suite, a Tithonian age is indi-

cated for the formation, but opinion varies as to whether

it is ljetween I/ower and Middle or between lower and

upper Tithonian. The presence of Pscudoryrlamnuna

sp. in a form similar to I*>wer Cretaceous forms from
the Persian Gulf area led Chatton (unpub. data, 1948-

VJ) to attribute a Tithonian to Berriasian age to the

formation in Hadmmawt, but the macrofossil evidence,

licking in the wi-stern sections, indicates that no Cre-

taceous is present .

In the salt-dome areas the Naifa Formation consists

entirely of thin-bedded limestone with bands of platy

or shaly dolomite and thin rubbly layers; some fauna

has been found.

At Al Masilah in Al Mahrah is a sequence of some

116 m of limestone and dolomite (base not seen) over-

lain by 48 m of marl and shale with limestone and sandy
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limestone containing Cyrtaiitnihtu sp. ami indeterminate

oysters und other peleeypods (It. W. Wetzel mid I). M.
Morton, unpub. data, H>4s .">0) : it most probably repre-

sents t lie Xaifa Formation, and underlies h thin con-

glomerate which probably marks the Jurassic-Creta-

ceous unconfonnity. The conglomerate is followed by

!>'.) m of undated strata overlain conformably by I/ower

Cretaceous lieds.

At Has Shanvayn a Mi-m sequence of dolomii ic lime-

stono undclies a breeciated limestone interval ami is

overlain by datable I»\ver Cretaceous. The breeciated

limestone is taken as evidence of unconformity (Chat-

ton, unpub. data, 1!>1S :>'.); Heydoun. 1!M0. 1!W4 ). l>elow

which the 50-m dolomitic limestone sequence is taken

as representing the Xaifa Formation.

HALT -IIOMF. SFJTIOV*

Kftnalain Formation

The Sabatain is the lowest ex|H>scd formation of the

Amran Group in the suit -dome areas of west and north-

west IJaiJramawt (and the I wo adjoining salt domes at

Al'Ayadim (Layadim) in AY.A.P. and Salir in Yemen.

It is a ivstricted succession of evaj>orilcs with elastics:

the basal part is everywhere salt followed conformably

by a persistent inierval of shales containing Late Juras-

sic fauna (Aion thtil'<ou and others), overlain conform-

ably by gypsum that laterally grades into clast ics. The
Late Jurassic age is confirmed in the Salir dome in

Yemen (Geukens, lt)C0). The Sabatain Formation is

the lateral variant of the Madbi Formal ion in the south;

fades ditferences between the two are due to separation
j

during sedimentation by a partial or complete barrier

that led to evaporitic conditions for the Sabatain and
open-sea deposition of the Madbi to (he south. This

barrier (or barriers) was subsequently removed during

early deptisition of the overlying Xaifa Formation

(compare conglomerates in the lower Xaifa Formation

indicating intra-Jurassic erosion) and allowed the

Xaifa Formation to spread over the salt-dome areas

(p. 11:20 II_>1).

Alternatively, the rise of evaporitic conditions may
have l>een partly or additionally due to the occurence of

submarine plateau conditions where stagnation with

rapid evaporation prevailed in the ahsence of deep-

water current circulation (llenson, in Fox, VXtf).

In IJaiJramawt theShtiqra Fonnation is not exposed

below the Sabatain in the salt -dome a rests, but in Yemen
both the Shuqra equivalent and the underlying Kholan

are present, the former occurring below evaporitic heels.

It is therefore strongly indicated that the Shuqra

Formation lies below the Sabatain in IJadramawt.

The seven surface salt domes of the E.A.P. occur in

three areas: (a) the Al Mintaq area in the Wadi IJajr

basin, which is the most easterly and southerly occur-

rence of salt domes in Hadramawt (lat W '.Vl' X.; long

1S c
i>2' E.) and includes Al Mintaq. Jubah, and Siyal al

Mill; domes, (b) the Tyadh area where the IJayd al

Mill) (Tyadh) dome occurs (lat 1 C59' X., long 46°40'

K.), and (> ) the Shabwah area, the most northerly of

i he i ItiiNi uresis, where the Shabwah, Mill) Kharwah,
and Mil!) Maq'ah (M'qah) domes occur (lat 15

n 2"2' X.

long 47 no' E.). Some 70 km west-northwest of Tyadh,

the Al 'AyailTm dome of Hayljun (W.A.P.) occurs in

the sands of Kumlat as Sab'atayn, and about 60 km
north of that, the Salir dome in Yemen occurs also in

the sands of Hamlat as Sab'atayn. Xo other surface

expression of Jurassic salt domes is known from these

'lirec territories or from the neighboring countries.

The formation is variably exposed in these salt domes
(the base is not exposed) from ti-2 m at Mill; Kharwah
to a maximum of l'so m in the Tyadh dome. It is divis-

ible into four mcmliers. two persisting in all the domes.

The members occur as follows:

'Ayad Member inlertonguing with M'qah Member
Layadim Mcmhor— |>ersistent

Shabwa Member— persistent

Base not exposed

^imhii-d M, ml), r.—The Shabwa is the basal unit and
crops out in all salt domes examined; its base is not

cxpo-ed and generally only the top IO-l'O m is exposed.

The unit consists of rcx-k salt having layered structure,

gray st nations, and bituminous stains. In all domes
the sal! is conformably overlain by the Layadim Mem-
ber. This and (lie fact that the dip of the beds in the

Layadim Mcmlier is ]>arallel to the dip of the salt layers

have led to the post ulat ion of a strat igraphir contact

lieiween the two and to the !>clief that the salt is deposi-

tional and not of picrcement origin ( K. W. Wetzel and

D. M. Morton, unpub. data, 104S-.V); beydoim, VM(\
11M54).

I.<ir/>x/i/i, .\f,nih,r.—The Layadim is predominantly

a shale unit, consisting of variegated shales, thin bands

of marl, shaly limestone, dolomitie limestone, and some
gils.n'we beds; the shales are commonly black and
papery, in places sandy, micaceous, and generally bi-

tuminous or carbonaceous. Laterally, in some domes,

the unit becomes predominantly marly, though locally

shaly, and contains salt streaks.

Thickness of tho unit varies, lieing aliout <>.'5 in in the

Shabwah dome, but in some domes ( for example, Al

Mintaq) as little as 7 m is present. The contact with

the overlying unit (the 'Ayad or M'qah Meml>cr) is con-

formable. The Layadim Member occurs in all the

domes in the same strat igraphic position and in the

same attitude as the underlying Shabwa Member and
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overlying 'Aynd or M'qali Member. Thickness and

facies variations do not npjiear to alter its overall char-

acteristics or its position in the succession.

Only in the Shabwah dome was any determinable

fauna found in this member (Wetzel and Morton, un-

pub. data, 1948-50). This included the lish Annetho-

lion, and abundant Esthers and Spongixtroma. On
the basis of this, an 1'pper Jurassic ape has been as-

signed to the Layadim Member (Iieydoun, 19G0; F.R.S.

Henson, unpub. data, 1951-00; H. G. S. Hudson, unpub.

data, I94H-50).

'Aytul Mauler.—The 'Ayad Memlier is one of the t wo
top units of the Salmtain Formation, the other being

the M'qah Member which forms a lateral variant of the

'Ayad. The 'Aynd Memlier consists of a series of white

to yellow bedded gyiisum with some interbedded thin

bands of fetid dolomite, argillaceous and bituminous

limestone, and limestone with phacoids. These bands

vary from section to section, lieing absent in some places.

The 'Ayad overlies the Layadim Memlier confrom-

ably. Its thickness varies, the maximum of 230 m
lieing at the 'lyiidh dome. In most of the other domes,

the member is incompletely preserved or absent owing

to erosion, and only at 'lyadh is it in actual contact with

the overlying Naifa Formation. There, overlying

limestone beds of the Naifa Formation dip conform-

ably w ith the underlying gy|isum of the 'Ayad Memlier.

M'tj,th M< iubt r.—The M'qali Memlier occurs in the

Milh Maq'ah dome, and it is partly represented in the

Shabwah dome as a tongue in the 'Ayad Memlier. The

M'qali Member at the type section is about 150 m thick

and contains some plant remains. It consists of coarse

greenish ripple-marked sandstones that alternate with

colored micaceous shales. Heds of shaly limestone, do-

lomite, and marl occur at various levels; gypsum is

present at the base and top of the unit and in bands at

various levels within the clastic sequence. Some beds

are fetid and bituminous.

The M'qali Member, by its conformable position ulwve

the Layadim Member shales at the Millj Maq'ah dome

and the intertonguing of its elastics into the gypsum of

the 'Ayad Memlier at Shabwah, is show n to be a lateral

facies variant of the 'Ayad Member. The indication is

that lagoonal conditions developed in the northern part

of the evaporitie basin, and that evaporitic conditions

returned from time to time. Examination of the

elastics suggests that they were derived from the base-

ment of the Ath Thaniyah area to the west -northwest,

which was undergoing erosion and supplying material

into the evaporitic lagoonal basin of the Sabatain

Formation. These lagoonal conditions persisted into

parts of Yemen (Geukens, 19(50).

Xfelfa Formailou

The Naifa Formation has already been partly de-

scribed (p. II2U-II21). It is a formation common to

both the coastal and salt-dome areas of Cpper Jurassic

deposits, with almost identical facies in both, character-

ized by thin-bedded rather porcellaneous limestone. It

has been found completely preserved at Al Mint.aq dome
where it is in deposit ional contact with the overlying

Qishn Formation, the contact U-ing marked by a thin

conglomeratic sandstone. The sequence at Al Min(,uq is

150 m thick and consists of thin-bedded limestone, bands

of platy or shaly dolomite, and thin rubbly layers.

Contact with the underlying 'Ayad Memlier of the Saba-

tain Formation is not exposed. At "lyadh S7 m of the

formation is preserved and consists of thin-bedded line-

grained rather |nirccllanoiis limestones, a.s in the Al

Mintaq section. The top beds have been removed by

: elusion; the contact with the underlying 'Ayad Member
of the Sabatain Formation appears conformable. The
Naifa Formation is absent in the other salt domes

(except Jfibah), having been eroded.

Some fauna has been collected from deposits in the

Al Mintaq dome. This fauna, on the whole, is poorly

preserved, but includes the follow ing | II. G. S. Hudson,

j

unpub. data, 191S-50 : A. II. Smout, unpub. data, 1953-

• 59) : Tht co< ijiithux of. 7'. /hi l'< rixpftiiirtt .« cf. /'.

lincki, ChotTat, '.Lithorm; nix all'. stt nocijeliix Sehneid

not Font amies, h'n/rolir, eitx sp. ?, VttlpitnuHn ttlpitui

Ijorenz, ('. elliptint, ('. itnt/i Unities, Xtimiocoiwx, A".

strinnuiniti.', Textularia sp., Haplophragmoitlts, and
</lioyo*tt tjiiHt sp. The microfannal assemblage indi-

cates an 1'pper Tithonian age (Smout, unpub. data,

1953-59). At "lyadh one ammonite was found, deter-

mined as Httrritxelfa sp., and it is of probable Tithonian

age.

No Jurassic is known from Dliufar ( H. W. Wetzel

and 1). M. Morton, unpub. data, 19 is 50; Heydoun,

10«t), 1901). Uccent work in the area by the Dhofar

Cities Service Petroleum Corp., however, indicates that

elastics occurring below daialile Karly Cretaceous are of

Jurassic age. Their age is based on spore and pollen

determination and on the finding of ('tsxkino/inup.>i\

priitweeu* Henson (imlicatinga Liussic age) in a thin

limestone in the elastics (J. M. Meier, written commuii.,

1901). These elastics suggests that only a part of the

Jurassic remains in Dliufar, or else that only a part was

deposited, Dliufar having been emergent during ino-i! of

the period. The Jurassic elastics may lie equivalent to

part of the Kohlan Formation of the K.A.P.

REGIONAL CORHELATIOK Or THE JURASSIC

Plate 5 shows the correlation of the Jurassic forma-

tions of the urea with those of neighboring countries.
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The Kohlun Formation correlates with the Kohlun

Series of Yemen (Lamare and others, 1930; Lamnrc,

1936) though Lamaro's Kohlan is much more marly in

its lower part. Originally (Lamare and others, 1930)

this formation was given a Middle to Early ( ?) Jurassic

age, but later (Lamare, 1936), on the basis of plant re-

mains of a somewhat undiagnose character found near

the top of tho succession and assigned to the Lias with

reservation, it was assigned a Triassic or Liassic age

and was correlated with the Adigrat Sandstone of the

Ethiopi-Somali region.

Genkens (I960) described a succession of elastics oc-

curring in various parts of Yemen between the base-

ment peneplain and datable Upper Jurassic calcareous

deposits and grading up into the base of this suqnence.

These deposits represents the Kohlan Formation,

generally considered by him to be of Jurassic age.

The Adigrat Sandstone in former British Somaliland

shows a gradational upper contact with the overlying

Upper Jurassic limestone without any evidence of break

and is taken to be Jurassic in age (Mason and Warden,

1956; Beydoun, 190-1).

The Amran Series of Yemen (Lamare and others,

1930; Lamare, 1936; Goukens, 1960) is correlated onlv

with the Shuqra Formation of the Amran Group of the

E.A.P. This correlation is based on a similar facies

and almost the same ago range (Lamare and others,

1930; Lamare, 193C; Basso and others, 1955; Genkens,

1960; Wissmann and others, 1942).

Conformably overlying the Amran Series proper in

various parts of Yemen are "transition" or "passage*1

beds (Wissmann and others, 194'2; Basse and others,

1955; Genkens, 1960), variably including gypsum, clays,

marls, and bituminous shales of Kimmeridgian age;

they are more evaporitic east -northeast of §an'a" (Al

Ghars, Al IJarrah) but pinch out in places.

These transition beds of Yemen are therefore cor-

related with the Sabatain and Madbi Formations of the

E.A.P. The Kamlat as Sab'atayn basin appears to have

extended westward from tho E.A.P. and parts of

W.A.P., into Yemen to include Safir, and to the vicinity

of §an'a' ( Basse and others, 1955 ; Wissmann and others,

1942; Genkens, 1960). Outside this rather restricted

basin in the rest of Yemen, open-sea deposits similar to

the Madbi Formation of the E.A.P. were being do-

posited— (shales, marls, limestones, and sandstones in

near-shore areas) (Genkens, 1960). The §afir succes-

sion is very similar to that of the Ranilat as Sab'atayn,

with the M'qah Member facies in the upper part; spore

and pollen determinations from shale U-ds give a late

Jurassic age (Delconrt, in Geukens, 1960).

In Yemen there are no beds equivalent to those of the

Naifa Formation of the E.A.P. This is significant in

that it indicates that the south-to-north Naifa marine

transgression which deposited limestone in the E.A.P.

and the W.A.P. following Madbi and Sabatain Forma-
tion deposition, did not reach Yemen. The zone of

maximum subsidence during tho late Jurassic, which

was in Yemen in Amran Series (Shuqra Formation)

time, shifted toward IJadranmwt by Madbi and Saba-

tain times.

Tentatively, E.A.P. (and W.A.P.) Kohlan Forma-
tion may be equivalent to the Marrat and Dhruma
Formations of Saudi Arabia (Lower to Middle Juras-

sic) (Steineko and others, 1958), or even to the Minjur

Formation. Tho Shuqra Formation is in part equiva-

lent to the Tuwaiq Mountain Limestone and probably

in part to the Hanifa and Jubaila (?) Formations.

The Madbi and Sabatain Formations are tentatively

correlated with tho Riyadh Group (Hith and Arab
Formations). The Naifa Formation would then be

equated wtih the Sulaiy Limestone, the age of which is

a subject of controversy.

Southward from the Aden Protectorate, the Jurassic

of former British Somaliland correlates well with that

of the HA.P. and W.A.P. but there is no evaporitic

facies within the Jurassic in Somaliland.

ECONOMIC ASPECTS

No oil has so far been discovered in the E.A.P., but

indicat ions of the presence of hydrocarbons are found in

the rocks of Jurassic age. These include bituminous

occurrences associated with salt (Shabwa Member of

Sabatain Formation), bituminous shales (Layadim
Mender of Sabatain Formation, and Madbi Forma-
tion), and oily shales and limestone (Naifa Formation).

None of the occurrence are striking, but compared to

other areas where Jurassic oil has been found (eastern

Saudi Arabia, Qa(ar), conditions of source, reservoir,

and caprock exist in the E.A.P. which should be favor-

able for some accumulat ion of oil.

Other Jurassic mineral occurrences consist of rock

salt which is quarried from the various salt domes in tho

interior for local consumpt ion and limited export within

southwest Arabia.

One or two limited occurrences of iron in mineraliza-

tion zones along local faults in Jurassic rocks have been

found in the Wahidi Stale, but difficulty of access and

limited extent make them noncommercial.

The Cretaceous deposits of the E.A.P. vary in

lithology, and thickness from west to east. Uncon-

formities, disconformities, and pinchouts mark intra-

Cretaceous movements, transgressions, and regressions

or shallowing.
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Cretaceous deposits are well exposed in the E.A.P.

and occur along most of the length of the coastal bolt,

in the deeper gorges of the Southern Plateau, in the

Wadi yadramawt-Al Masilah basin, in the cliff faces

of the western parts of the Southern and Northern

Plateaus, in a few of the deep western gorges of the

Northern Plateau, as well as over part of the Western

Plains as hillocks.

It is in southwest IJadramawt that tho succci«ion is

generally completely exposed. West of long 48°38' E.

the Cretaceous rests unconfonnably on Jurassic, the

contact being generally marked by a thin conglomerate;

little or no angularity is observed. East of long 48°38'

E. in the Al Mukalla area, the Crestaceous rests uncon-

formable' on peneplaned basement. From that locality

eastward to Al Masilah the base of the Cretaceous

sequence is not seen, but in Al Masilah and at Ka's

Sharwayn, exposures go down to the Upper Jurassic,

and evidence of unconformable contact is present

(p.1122).

In view of the lithological variat ions of the Cretaceous

as a whole between the eastern and western parts of

the E.A.P., it has been divided into two equivalent litho-

8tratigraphic groups, (a) the Tawilah Group for the

Western (IJadramawt) Province, and (b) the Mahra
Group for the Eastern (Al Mahrah) Province.

The two are equivalent in total age range, the Tawilah

being dominantly a clastic sequence with some limestone

and marl tongues in the east, whereas the Mahra Group

is a dominantly limestone and marl facies with sand-

stone tongues increasing to tho west. The groups inter-

finger, and certain persistent lithological units are com-

mon to both. In addition, each group presents some

variations from west to east; some of the formations

merge and some become thicker.

The groups and main formation divisions are given in

the following table.

Wruturn rrottiK* (Uwjiuniawt E^t'Tn l'fi>y|nir Al M-ihnh

Tawilah

Group

Mukalla Forma-
tion

Mahra

Croup

Sharwain Forma-
tion

Mukalla Forma-
tion

Not present

Harshiyat For-
mation

Farlaq Formation

llarshivat For-
mation

Qishn Formation Qishn Formation

DisconformUy —
Jurassic or ba-icment

TAWILAH OEODP

The name Tawilah Group is a rcadaptation of

Lamare's "Taouilah Scries" (Lamaro and others, 1930;

Lamare, 1936) of Yemen, which comprises there a suc-

cession of continental sandstones overlying datable

Upper Jurassic strata.

The group as exposed in IJadramawt is a shallow-

water to lagoonal-marine sequence that changes char-

acter from west to east (see following table) . Although

it is dominantly of clastic composition, the appearance

of limestone, marl, and shale tongues, particularly east-

ward, enables subdivision into more distinct formations

in that direction. Thus, it is thinnest in the Al Mukalla

area, (calculated, 500 m) thickening west and northwest

and also eastward to the zone of deeper subsidence and
facies of the Mahra Group.

Jabal Uillflm u«* At*

Tawilah
Group
(elastics,

no lime-
stone
tongues
present)

Mukalla and
Harshiyat
Formations
(Itftys mem-
ber still per-
sistent)

Mukalla
Formation

Lusb Member
Mukalla
Formation

Senonian
(probably
Campanlan
and Maes-
trichtian

Sufla Member
Harshiyat
Formation

Hays Member
Harshiyat
Formation

Cenomanian,
Turonian(T),
and Albian

QUhn For-
mation

Qishn For-
mation

Aptian^and^

The age of the Tawilah Group is Cretaceous by virtue

of its occurrence between datable Late Jurassic and dat-

able Paleocene. On the faunal evidence present in the

limestone and in some shale tongues, it is Berremian to

Mae^trichtian in age. This ago most probably applies

even to the westernmost part where no fauna has been

found.

QIHIl.N rOM.MATIOR

Tho Qishn Formation is the lowest formation of both

the Tawilah and Mahra Groups. It varies laterally be-

tween the two provinces, being considerably thinner in

the Western Province, with some elastics in its lower

part.

The type section is at Ra's Sharwayn in Al Mahrah

near Qishn (Eastern Province), where the formation

consists primarily of limestone and some marl, and is

more than 400 in thick. Westward into IJadramawt

toward the shoreline, the upper thick-bedded limestone

part with its characteristic fauna persists, although it

is much thinner and is partly clastic.

Tho reference section for the Qishn of the Tawilah

Group is at Jabal ar Rays near Al Mukalla. This sec-
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t ion is the most typical for the formation in that pro-

vince where I ho succe-sioii is :\-2 in thick. It consists of

a hasal conglomeratic shelly sandstone with hands of

oolitic fossi I i fortius limestone overlain by an intorval of

marl, commonly shaly, and hands of sandy limostono;

this intorval iscappcil hy aUmt 17 in of massive to well-

bedded limestone, in sumo places riibbly ami other places

rerryst alii zed, that contains OrbituUmi of. O. discoid*,!

(<iras) Henson and Chi>if-ili U<i dni/iienn Schluin,

which indicate a Rarrcmian ami Aptian ape.

In the Al Mukalla area the formation rests nncon-

fonuahly on ponoplauetl igneous basement, hut farther

west it rests unoonformahly on I'pjior .lurassic, pen-

orally without evident angularity. The upper contact

is with the Ilarshiyat Format ion ami is apparently con-

formable. Near the E.A.P.-W.A.P. ljonlor the Qishn

has either pinched tint or passed laterally completely

into elastics. In the intervening area lietween Al Mu-
kalla and (he western Ixirder, the formation is locally

alisent in some area* ( Jahal Shaqb, Wadi Raymah, some,

f. km respectively south and southwest of Jahal Shabb)
probably as a result of persistent local uplift into Ap-
tian times.

At Jahal fthuhar (near Rurum) O.'i ni mainly of sand-

stone and gypsiferous marls and siltstone and some con-

glomera) ic layers, is capped by the fossiliferous limestone

carrying Orbitolinas. In this upper limestone at the

Ath Thil'ah as Sufla (Tilla Sufla) section near Al Mu-
kalla (Little, 1925; K. W. Wetzel and I). M. Morton,

unpuh. data. liMs ."><>), in addition to the Foraminifera,

Hit.<m*tcr ohlonyux has also lieoii found (Wetzel and
Morton, unpuh. data. 19IH-50; K. Joysey, unpub. data,

19 bs r.M). At Al Mini/m,, the basal generally clastic

part contains the charophytre Chirator sp., and at vari-

ous other sections in the limestone part Permocalulus

iiu//i)'ii>i/i/x and (
')jV,inhi>poiiHa -.p. have been found

(E. K. Elliott, unpuh. data, 1955-59). The base is in-

variably marked by a thick conglomerate or sandstone

with s e pebbles generally locally derived from the

underlying Jurassic or basement ; this marks the advent

of the Cretaceous sea. In the Jahal Killfmi section, how-

ever, the Jurassic Qishn contact is marked by a sandy

titilniiiitic limestone overlain by some marly limestone

containing Se'fii at,ten (Koiner) and I'hohidomyn of.

i ff/'iiiiih! CtHjiiand ( F. (ioslinjr, unpuh. data, 195(1).

The Qishn may overlie various zones of Jurassic for

very short lateral distances ami illustrates the effect of

terminal Jurassic movements followed by planation

prior to the Cretaceous transgression.

IIAKJSUIYAT MIUMATIO.N

The Ilarshiyat Formation is well exposed in most

Cretaceous sections of Hadramawt and consists pre-

dominantly of a sequence of elastics, mainly sandstones

with current hodding ami conglomerate zones; inter-

hedded marl, siltstone, and some shale form distinct

intervals at various levels, and plant remains have been

found in these. Present within this sequence of elastics

are two well-defined limestone or dolomitic limestone

intervals; the lower occurs within the lower sequence of

elastics and forms the Hays Memlier, and the upper

caps the upper sequence of elastics and forms the Sufla

Memlier. Where these two limestone tongues jiersist,

they are readily recognized, and the Sufla Memlier en-

ables a Imundary to be placed between t ho Ilarshiyat

ami the overlying ami lithologieally similar Mukalla
Formation. However, some 51 1 km westward and .south-

westward from the Al Mukalla area, the Sufla Member
flinches out and the Harshiyat and Mukalla Formations

are no longer separable. The Kays Member persists for

20 or 30 km more to the west beyond this nrea before it

too pinches out, and the whole succession of Ilarshiyat

Formation becomes indistinguishable from the over-

lying Mukalla Formation. Eastward from Al Mukalla
the Kays Memlier probably pinches out, but the Harshi-

yat. Formation in its clastic fades continues into Al

Mahrah, gradually changing character and passing lat-

erally in its upper part into the limestone and marl
facies forming tho Fartaq Formation. In the Ra's Far-

tak area, it all has passed laterally into this limestone

and marl facies, and the entire Harshiyat is there re-

placed hy the Fartaq Formation.

Tho formation is best developed in the Al Mukalla
area where it also appears to be thickest, being 295-315

rn tliick. To the west of Al Mukalla, the thickness is in

the order of 200 m but this may be partly due to local

faulting out, though deposit ional thinning as a result of

probable |>ersistent local uplift into the Alliian may
have also taken place. Abrupt lateral variation within

the elastics occurs, so lateral correlation of marl or

shale intervals is not possible.

The faumil assemblage found in the Sufla Member
shows that the up|ier part of the Harshiyat is of Ceno-

manian age; the lower part rests conformably on the

Harremian anil Aptain Qishn Formation, and is thus

considered to be Albian in age. The base of the Sufla

Member in one section (Ath Thil'ah as Sufla) is glau-

eonitie and may mark a local disconformity.*

Itays Member.—The- Kays Memlier consists of gray

to brown, bedded to soinimassive, coarsely recrystal-

lized, partly dolomitic, ferruginous limestone that

weathers reddish brown and attains a maximum meas-

ured thickness of 9 m in its type section at Jabal ar

Rays near Al Mukalla. Owing to recrystallization, no

•There ii|i|.i nr« to bo »oidp relation between roneentriitloiiK <>f eliiir..

iiilr ami MmtlRraphlc break*, but ••(IiiIoiih vary on thin.
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recognizable fauna has been preserved other than possi-

ble crinoid fragments. The Rays Member thins west-

ward and pinches out somo 80 or 90 km west of Al
Mukalla. Southwest from Al Mukalla it becomes very

thin and sandy. At Jabal Shaqb and in Wadi Raymah
it almost directly overlies peneplaned basement, sepa-

rated from the latter by a thin sandstone layer or a

conglomerate. This suggests the persistence of local

highs in these localities up to and including the earlier

part of the period of deposition of the Harshiyat For-

mation. Occurrence of the Rays above the base of the

Harshiyat is variable and probably was dependent on

the influence of such local highs preceding or continu-

ing into Harshiyat deposition. At Ath Thil'ah as

Sufla (near Al Mukalla) there is no trace of the Rays
Member and it may have either laterally passed into

a marl sequence or been faulted out
Sufla Member.—The Sufla Member is marine lime-

stone tongue occurring at the top of a clastic sequence,

and is gray, crystalline, in part fine grained and in part

coarse grained, massive, and generally abundantly fos-

siliferous. Its maximum thickness of 16 m occurs at the

Ath Thil* ah as Sufli section near Al Mukalla where
it contains the following fauna (unpub. data from the

following: R. G. S. Hudson, 1948-56, L. R. Cox, 1949-

66, M. Chatton, 1948-69, and K. Joysey, 1948-60)

:

Exogyra olisiponensia Sharpe, E. flabellata Collignon,

CoenhoUctypus cf. C. larteti Cotteau, Holectypus

larteti Cotteau, and Orbitolina cf. O. concava

(Lamark) ; this fauna indicates a Cenomanian age.

The base at this section is slightly glauconitic. It thins

and then tongues out westward, first becoming sandy

and dolomitized in that direction. Eastward from Al
Mukalla, it may persist and thicken into the Al Mahrah
Province to form part of the Fartaq Formation.

MUKALLA FORMATION

The Mukalla Formation consists of a clastic sequence

primarily of colored, friable, and current-bedded sand-

stone, with pebbly zones and subordinate marls and

siltstones. At Ath Thil'ah as Sufla, a thin fossilifer-

ous limestone bed capping a sequence of marls occurs

with the elastics and forms the Lusb Member.
The formation is widespread in its occurrence in

Hadramawt and can be seen wherever the Tertiary

cover has been eroded. It persists eastward into Al
Mahrah in much the same facies and also extends into

Dhufar. In Hadramawt, it overlies the Harshiyat

Formation apparently conformably. Where the Sufla

Member of the Harshiyat is present, the division be-

tween the two formations is at the top of the Sufla;

there is no indication of a break. Where the Sufla

Member is absent, the Harshiyat and Mukalla Forma-

tions merge as one continuous sequence of elastics with-

out possible division; this applies especially to the

westernmost part of Hadramawt. Thus, the age of

the Mukalla Formation in Hadramawt has to be

assumed. Fossils from the Lusb Memtor (which in it-

self has only been found in the Ath Thil'ah as Suite

section) indicate that the formation is partly Cam-
panian in age. On the basis of correlation with Al
Mahrah, the formation there is considred post Turan-
ian, that is, Senonian.

The upper part of the formation is also a sequence

J

of clast ics and appears to be conformable with the over-

lying Paleoceno formation. On faunal evidence, how-
ever, the upper contact is disconformable. In one sec-

tion at the top, a small remnant of datable Maestrichtian

in a clastic facies with thin carbonate beds has been

found underlying datable Paleoceno without visible

field evidence of a break (Jabal Dubbah and Jabal

Shabb) ; and in one other section, derived and reworked
Maestrichtian fauna have been found in the basal meter

or so of the Paleoceno strata (Ra's Muwaysah) (p.

H31).

The uppermost part of the Mukalla Formation in

Hadramawt is therefore, in some sections, Maestrichtian
in age. It would appear that the limestone Sharwain
Formation of Maestrichtian age found in eastern Al
Mahrah passes westward through a limestone-marl

facies and then laterally into Hadramawt as elastics,

datable only in a few localities and reduced in thickness

to a mere tongue These Maestrichtian elastics form
a continuous sequence with the Mukalla Formation of
Hadramawt, and most probably are either partly or
completely eroded farther west in Hadramawt or have
pinched out.

Apart from the fauna in the Lusb Member and the
remnant of Maestrichtian fauna in the topmost part of

the Mukalla in a few localities, the rest of the forma-
tion has so far proved unfossiliferous. The top is taken
at the contact of the highest elastics (with or without
thin bands of limestone or dolomite) and at the base of
the papery shalo (with or without thin bands of lime-

stone) (p. H.14) (M. Chatton, unpub. data, 1948-50).

The shales and thin limestone commonly contain a good
Paleocene faunal assemblage. If the shale is absent,

the contact is taken at the base of the datable Paleoceno
limestone immediately overlying the Mukalla clastic

sequence.

The Mukalla Formation in the Al Mukalla area is

165 m thick at Jabal ar Rays; it thickens westward at

Jabal Shabb to 271 m. Westward from the latter area,

it is not divisiblo from the underlying Harshiyat (p.

H26). Exposures to the north do not permit accurate

estimates of thickness, but is appears that some thicken-

ing occurs in that direction also.
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Luxb Member.—The Lusb Member is a very local

member found only at Ath Thil'ah as Sufla (near Al

Mukalla). It is approximately 50 m thick, the top 5 m
consisting of nodular reddish-brown-weathering lime-

stone containing Livstrea thompsoni Peron, IGryphca

ve*i«cularis, IPenopca, and Hantkanianp. (unpub. data

from the following: Chatton, 1918-59; L. R. Cox, 1949-

56; and R. G. S. Hudson, 1948-56). These indicate

a Campanian (Scnonian) age. The limestone is under-

lain by 45 m of yellow, green, and ocherous gypsiferou9

marls and obscure bands of marly limestone (R. W.
Wetzel and D. M. Morton, unpub. data, 1918-50). To
the west the limestone cap pinches out and the under-

lying marls probably pass into elastics and are not

distinguishable.

KARBA OBOUP

The Mahra Group comprises the formations of Cre-

taceous age in a primarily limestone and marl facies

exposed in Al Mahrah (Eastern) Province of the

E.A.P.

The group varies in lithology from sandstone in the

west to a predominantly carbonate succession in the

east; it also thickens to the east. The age of the group
is Barremian to Maestrichtian, based on comprehensive

faunal evidence. The following table shows the facies.

Mahra Group {Barremian to Afatstriclition)

From west to wwt

IU'i Sl.anruyn
ur.'»

Ra'i^Portak

-
e harwaln
KurniaLkin

ShamiUn
Formation

MuknlU Formation ^MuiaUa

Tartan,
Formation
(Taronlsrun
and Cowman-

Mti'jrat
Member

Tltiayr
McTnber

Dha Sotil»

Member
AbKM Fortan

Formation
Turontan(T)
and
Cenorniuilaji

Hanblrat Formation ( Ccooman-
tMl(t)toAlWon)

to Album

0>hn
Formation.
[iart exposed

uarrRiLiiarj

QisnK Formation

The Qishn Formation has been examined in Al Mah-
rah at Ra's Sharwayn (type section) and Al Masilah

where it is well exposed, and has been seen at Ra's Far-

tak where only 15 m of it is exposed (R. W. Wetzel and

D. M. Morton, unpub. data, 1948-50; Beydoun, 1964).

At Ra's Sharwayn the formation is 411 m thick and
consists almost entirely of limestone with marl zones

and bands, alternating in the upper half with rubbly

marly limestone and some shale stringers. The lime-

stone is partly shaly, partly oolitic, and partly shelly,

and it locally contains chert nodules. The base of the

whole succession is marked by some 5 m of brecciated

limestone—taken as evidence of unconformity (M.

Chatton, unpub. data, 1948-59; Beydoun, I960)—rest-
ing on a sequence of limestone which though it is

without diagnostic fossils, probably represents the up-

permost part of the Jurassic (p. Ili22). The Qishn

i
is fossiliferous, and contains Choffatelhi decipicn* Schl-

i umberger in its lower part down to the top of the basal

I brecciated limestone. Orbitolinaci Odixcoidea (Gras)

Hcnson occurs in the upper part together with Diplopo-

dia hermonemis de Loriol, Toxanter dieneri de Loriol,

Coenholectypus portentoneus, and Neithea. cf Xairiaea

Conrad (unpub. data, from the following: Chatton,

1048-59; K. Joysey, 1948-60; and L. R. Cox, 1949-56).

Some oysters and rare corals occur at various levels.

On this faunal evidence, the age is Barremian and
Aptian. In this typical section, the formation is over-

lain unconformably by the Mukalla Formation of

Scnonian ago, the middle Cretaceous being entirely ab-

sent, most probably owing to local emergence at the

end of the Aptian or during Albian time

In Al Masilah, a succession of strata totaling 498 m
is attributed by the author to the Qishn Formation ; the

basal 99 m contains nondiagnostic fauna and consists

mainly of limestone and marly limestone, with several

sandstone, marl, and shale zones in the lower part. The
base of the interval is marked by a thin conglomerate

and sandstone This conglomerate overlies sandy Up-
per Jurassic beds (p. 1122). (The advent of sandy
limestone in the underlying beds is believed indicative

of Late Jurassic shallowing and probable emergence.)

The basal conglomerate would thus indicate the Juras-

sic-Cretaceous uncomformity, and the start of the

Cretaceous transgression as seen clearly in Hadramawt
(p. H26).

The succession above the basal 99 m can be divided

into 189 m of marly limestone and limestone with two
main shale intervals, beneath 210 m of alternating shale

and marl and marly limestone. The lower part con-

tains the lowest indication of Barremian ago with the

lowest occurence of Choffatella decipieiu Schlumberger
from the base, together with Dictyoconw arabhus and
Cheloniceras martini (d'Orb.) higher up (Chatton, un-

pub. data, 1948-59; L. F. Spath, unpub. data, 1955-57).

A 2-m-thick gypsum bed capping a shale interval occurs

76 m from the base. Tho upper part contains Orbito-

lina cf. O. discoidta (Gras) Henson and Cfieloniceras

aff. cnrnuflianu* (Chatton, unpub. data, 1948-59
; Spath,

unpub. data, 1955-57) ; the base of this part is disturbed
and this may mark a break between the Barremian and
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Aption. The top is overlain apparently conformably

by the basal shale of the Harshiyat Formation.

IIAM II ITAT FORMATION

The Harshiyat Formation in Al Mahrah is known
only from the Al Masllah area, being absent to the east

owing to erosion (Ra's Sharwayn) or facies change

(Ra's Fartak). In a section near Tihayr, 196 m of

colored basal shale, partly marly and with bands of

marl, containing Orbitolina cf. O. dkcoidea (Gras)

Henson and Kneminxeras cf. K. attcnuatum Hyatt at

the base., is succeeded by current-bedded colored sand-

stone, with marl and shale zones, that alternates with

shale and shaly marl containing sandstone bands;

fauna includes Exogyra sp., tchinoids, Orbitolina cf . O.

cvrwara (Lamarck), and pehcypods (R. W. Wetzel and
D. M. Morton, unpub. data, 1948-50). On the basis of

this faunal evidence, an Albian to probable Cenomanian
ago is indicated. The contact with the underlying

Qishn is conformable and the lithology shows a regres-

sional phase. The overlying formation is the Fartaq

Formation ; the base of the Fartaq is here represented

by the Cenomanian Dha Sohis Member, and the

junction is apparently conformable.

A lateral passage of Harshiyat occurs from west to

east, elastics as represented by the Sufla Member of the

formation in Hadramawt (Tawilah Group) gradually

being replaced by a limestone and marl succession to the

east into Al Mahrah. At Al Masllah this lateral pas-

sage is only half completed; at Ra's Fartak farther east

the change is completed with the full development of

the Fartaq Formation.

FAXTAQ rOBMATTOIf

The Fartaq Formation overlies the Harshiyat in the

western part of Al Mahrah (Al Masllah) and the Qishn

in the eastern part (Ra's Fartak) . It is mainly a lime-

stone-marl lateral equivalent of the Harshiyat Forma-
tion of Hadramawt, as illustrated by the following

table.

IJiyJramawt
(Viestern PrurliiCL'}

Al Mahrah
PlfcCUBTD ProvUx*}

M Muk alii urea AlMArfUh E»'» Fartak

ITarshiyat Formation
(Cenomanian to

Albian)

Fartaq Formation
(Probable Turo-
nian and Ceno-
manian)

Harshiyat Formation
(Cenomanian and
Albian)

Fartaq Forma-
tion (Probable
Turonian to

Albian)

Quishn Formation Quishn Formation Quishn Forma-
tion

The type section at Ra's Fartaq is 510 m thick ( R. W.
Wetzel and D. M. Morton, unpub. data, 1948-50

;
Bey-

doun, 1960, 1964). The succession starts with a basal

6 m of shale with marly limestone bands and contains

the Kncmiceras aff. K. attcnuatum- K. compression

group, Toxaster dieneri de Loriol, C'oenholcctypus por-

tentosus Cottcau, and Trochodiadfma libanotica de

Loriol (L. F. Spath, unpub. data, 1955-57; K. Joysey,

unpub. data, 194M30). Contact with the underlying

Qishn is conformable and is based on the slight change
of facies from the deeper water Qishn to the shallower

water Fartaq (M. Chatton unpub. data, 1948-59) ; the

change is not easily observable in the field. Above the

basal shale is 184 m of partly marly crystalline lime-

stone, with some bands of marl; oolitic and silty layers

occur. This sequence is fossil iferous, containing Co< n-

holectypus portentosus Cotteau, Diplopoda kerm.oncn*is

de Loriol, Orthopsis cf. 0. granulans Cotteau, Polycon-

itw verneutli Bayle, and Orbitolina cf. 0. discoidea

(Gras) Henson, passing upward into Orbitolina cf. O.

concava (Lamarck) (Joysey, unpub. data, 1948-60;

Chatton, unpub. data, 1948-59) . The remainder of the

succession, some 320 m thick, consists of two-thirds

limestone and one-third marl in alterating intervals;

the limestone contains marly bands and some shale

streaks, and tho marl contains marly limestone bands
and is in part gypsiferous. The entire sequence is fossi-

liferous. Praealveolina cretacca (d'Archiac) appears

fairly low down and persists to the top (Chatton,

unpub. data, 1948-59). Among other faima present

are the following: Eoradiolites liratus Conrad, Neithca

cf. N. subatanus Blankenhorn, Exogyra flabellata Gold-

fuss, E. matherouiana, Coenkolectypus serialis De-
shayee, C. cf. C. excicus Cotteau, C. t larteti, Heterodi-

adema libyevtn (Desor), Diplopodia variolate Broung-

niart, Hemiaiter fournali Desor, and //. cubicus (un-

pub. data from the following : R. G. S. Hudson, 1948-

56; Joysey, 1948-60; and Chatton, 1948-59).

The faunal assemblage of the whole formation gives

it an age range of Albian and Cenomanian to probable

Turonian. Tho formation is apparently conformably

overlain by tho Mukalla Formation, but a disconform-

ablo contact is possible.

In the Al Masllah area the formation is much thinner

in occurrence and is equivalent only to the upper part, of

the Fartaq Formation of Ra's Fartak (p. II„). The
total thickness here is about 209 m, divisible into three

distinct units which have been given member status as

they are not recognizable individually farther east.

Together these make up the Fartaq Formation of Al

Masilah. Their total age range on the basis of faunal

evidence is Cenomanian to probable Turonian. From
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base to top, they aro the Dha Sohis, Tihayr, and Maqrat

Members.

Dha Sohis Member.—The Dha Sohis Member is some
40-48 m tliick and consists of a lower marly, rubbly

limestone, and thin shale, a middle shale unit, rather

gypsiferous and capped by glauconitic marl, and an up-

por marly limestone unit with chert nodules at the top

(R. W. Wetzel and D. M. Morton, unpub. data, U.MS-

50). A Cenomanian ago is based on the presence of

Orhitol'nui cf. coh'vivi (Lamarck), pelccypods, corals,

and cchinoids, including Toxastcr dkneri de Loriol

(Joysey, unpub. data, 1948-(JO). The member varies

laterally, and near Maqrat in the Al Musilah area it is

composed entirely of a rathor massive limestone of reef

facies, containing rudists as well as O. cf. O. concava

and other forms. The Dha Sohis overlies the Harshiyat

Formation apparently conformably though the contact

is somewhat obscured. It is believed to be equivalent

to the Sufla Member of the Harshiyat Formation of

Hadramawt (Tawilah Group).

Tihayr Member.—The Tihayr Member is about 70 m
thick and consists primarily of a series of green and

purple shales, in part gypsiferous, and containing some

bands of marly limestone and an interval of colored

sandstone near the top (Wetzel and Morton, unpub.

data, 1948-50). Exogyra flabdUta Goldfuss, Hete.ro-

diadema libycum, Coenholectypus serialis, and Eehino-

corys sp. (Hudson, unpub. data, 1948-56; Joysey, un-

pub. data, 1948-60) indicate a Cenomanian to possible

Turonian age. It overlies the Dha Sohis Member
conformably.

Maqrat Member.—The Maqrat. Member conformably

overlies the Tihayr Member and is apparently conform-

ably overlain by the Mukalla Formation. It is about

100 m thick and consists of a limestone sequence; near

the base this passes into dolomitic limestone, and in the

upper part it becomes coarse, containing thin streaks of

marl (Wetzel and Morton, unpub. data, 1948-50).

Foraminifera and other fossils are present but are gen-

erally recrystallized. Pyrina cf. P. petracoriensis

(Chatton, unpub. data, 1948-59) occurs at the base, and

other fauna include Praealveolina sp., rudists, gastro-

pods, and pelecypods. The age range of Cenomanian
and probable Turonian is indicated from the above

faunal assemblage.

Mukalla Formation

The Mukalla Formation is common to both the

Tawilah and Mahra Groups of Hadramawt and Al
Mahrah respectively; it is the only formation that per-

sists in the two provinces without any real change in

lithological character. The formation has already been

adequately described (p. H27-H28) and it is sufficient

here to merely outline some facts about its character in

the Eastern (Al Mahrah) Province as part of the

Mahra Group.

At Ra's Fartak the formation is 142 m thick, and ap-

parently conformably overlies the Fartaq Formation

there, though the contact is somewhat obscure. It con-

sists of sandstone with bands of shale, silty marl, and
siltstone, and sparse thin bands of fossil iferous lime-

stone (R. W. Wetzel and D. M. Morton, unpub. data,

194S-50). At Ra's Sharwoyn, it is only 96 m thick and

unconformable overlies the Qishn Formation. It con-

sists of a sequence of sandstone and some shale bands.

At Al Masilah, it is 112 m thick and again consists of

sandstone with some marly layers and siltstone, and
apparently conformably overlies the Maqrat Member of

the Fartaq Formation (Wetzel and Morton, unpub.

data, 1948-50; Boydoun, 1960). In all three section

areas it is conformably overlain by the Maestrichtian

Sharwain Formation.

The age of the Mukalla Formation is taken to be

Senonian, though no diagnostic fauna has been found in

it. However, by virtue of its occurrence between

Cenomanian to probable Turonian, and Maestrichtian,

a general Senonian age is indicated.

SHABWAI1T FORMATION

The Sharwain Formation is the top formation of the

Mahra Group and has been examined in three localities

in Al Mahrah (R. W. Wetzel and D.M Morton, unpub.

data, 1948-50). It shows a passage westward from a

limestone sequence, through a marl and limestone

sequence, to a marl sequence. The type section is at

Ra's Sharwayn.

In the east at Ra's Fartak a 48-m sequence of a slightly

marly crystalline limestone with rudists in the lower

part overlies the Mukalla Formation conformably and
represents the Sharwain Formation of this area (Wetzel

and Morton, unpub. data, 1948-50 ; M. Chatton, unpub.
data, 1948-59; Beydoun, 1960, 1964). It is conform-

ably overlain by a thick sequence of bedded to massive

saccharoidal limestones of datable Paleocene age which
belong to the Umm er Radhuma Formation. The
Maestrichtian transgression in the Ra's Fartak area was
continued in the Paleocene transgression without a

noticeable regreesional phase as found to the west.

At Ra's Sharwayn 66 m of Sharwain Formation is

present. The sequence begins with a 26-m-thick succes-

sion of marl containing harder calcareous concretions

and capped by shale; Lepidorbitoides minor (Schlum-

berger) and Loftusia persica Brady occur throughout

(Chatton, unpub. data, 1948-59). Then comes a 13.5-

m-thick succession of marl, calcareous and hard in the

basal part, and containing Lepidorbitoides socialis
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(Leymerie) and Loftwin morgani Douville (Chatton,

unpub. data, 1948-59). The upper 26.5 m consists of

limestone, marly at the base and crystalline upward, and

containing Omphcdocyclu* macropo-nu (Lamarck),

loftusias, and rudists (Chatton, unpub. data, 1948-59).

The faunal assemblage indicates a Maestrichtian age.

The succession is overlain by gray-white marl which is

glauconitic at the base and was considered by Chatton to

belong to the base of the Umra er Radhuma Formation.

At Al Masilah the formation is represented by 30 m
of marl with harder calcareous bands, shaly to gypsif-

erous in places, overlain by 5 m of shelly limestone.

Loftusias are common throughout, and the contact with

the underlying Mukalla Formation is apparently con-

formable and somewhat gradational upward from sand-

stone through sandy marl to the marl of the Sharwain.

The contact with the overlying Umm er Radhuma is

also apparently conformable. However, on considera-

tion of the westward thinning in the Sharwain Forma-
tion in Al Mahrah and its passage into thin elastics in

Hadramawt, the contact is probably disconformable,

marking a slight break between the Maestrichtian and
Paleocene transgressions.

In Hadramawt near Ash Shihr the elastics of the

Mukalla Formation are overlain by approximately 4 m
of fine elastics and a thin limestone bed containing

Omphalocyclus macroporu* GlyphoHt&mclla sp. and

Gyrodina, directly overlain by datable Paleocene of the

Umm er Radhuma (Chatton, unpub. data, 1948-59).

Farther west at Jabal Shabb, west of Al Mukalla, the

unfossiliferous elastics of the Mukalla Formation are

capped by 5 m of additional elastics, mainly siltstone

and shale with some marl, which contain Haplophrag-

mo'ide* sp. 4. These beds are overlain by 7 m of unfos-

siliferous argillaceous and dolomitic limestone and

shale, which in turn is overlain by 3 m of dolomite,

shale, clay, and glauconitic sandstone that contains

Ompfailocyclus macroporus (Lamarck), Fmoelpki-
dium operculiferum (Smout), Loftusia sp., and rare

Rotalia cf. R. trochidiformti (Lamarck). Datable

Paleocene occurs 2 m above (Chatton, unpub. data,

1948-59) . Thus, in this section, datable Maestrichitian

in a clastic facies with carbonate bands totals some 15 m.

At Ra's Muwaysah, a few kilometers to the south, re-

worked Maestrichtian fauna has been found at the con-

tact of the Mukalla and the Umm er Radhuma
(Paleocene) Formations, associated with the Paleocene

fauna of the latter. In none of the many other

Cretaceous-Paleocene contact sections examined in

Hadramawt has any Maestrichtian fauna been found.

The Sharwain Formation in Hadramawt js thus repre-

sented by a much restricted and reduced clastic sequence

present only in the eastern part of coastal Hadramawt,

and also is part ly eroded ; it was either never deposited

or completely eroded away farther to the west.

mm
As a result of unpublished work by R. W. Wetzel and

D. M. Morton in 1948-50 and visits to some Dhufar sec-

tions by the author (by courtesy of the Dhofar Cities

Service Petroleum Corp.), a composite stratigraphic

column of Cretaceous sedimentary rocks has been recon-

structed from the scattered sections examined. From
this it is seen that progressively younger Cretaceous

rocks rest directly and unconformably on pre-

Cretaoeous beds from west to east, the progression indi-

cating that a land surface existed which was first sub-

merged in the west (Early Cretaceous times) and only

later submerged in the east (Late Cretaceous times).

The pre-Cretaceous land surface in the west at Al

Hawtah and 'Ayn Sarit exposes pencplanod and folded

Lower Paleozoic (i) and basement sedimentary rocks

(?) (p. 1112). Resting on this surface are mainly clastic

Lower Cretaceous rocks (part Jurassic at the base).

Near Mirbat to the east, Murbat Formation elastics of

probable Ordovician age (p. 1113) discordantly underlie

Lower ( ? ) but most probably middle Cretaceous beds.

The Murbat Formation wedges out eastward, and at

Ra's Naws in the east, facing the Kuria Muria Islands,

the old surface consists of pcneplaned (granite) base-

ment overlain by LTpper Cretaceous sedimentary rocks.

The facies of Cretaceous sedimentary rocks in Dhufar
appears similar to that of the Al Masilah area of the Al
Mahrah Province (E.A.P.), and the Cretaceous forma-

tions of Dhufar could thus be included in the Mahra
Group. A Qishn Formation at the base is recognized,

consisting of a marly sequence followed by limestone

containing Choffat^JJa decipient and Orbitolina. cf.

O. discoidea (Barrcmian-Aptian). A Harshiyat For-

mation is also recognized. This rests on Murbat Fon.ia-

tion in the Mirbat area, and consists of a lower clastic

sequence of shale overlain by sandstone and terminating

with marl containing OrbUolinaci. O. concava (Albian-

Cenomanian). A reduced Fartaq Formation is recog-

nized overlying the Harshiyat type marl and consist ing

of limestone with Pramlveolina cretacea in its upper

part (Cenomanian-probable Turonian). In some sec-

tions (mainly in the western part) the Fartaq Forma-
tion equivalent is overlain by limestone of Late Crotaec-

ous age containing Pseudotertxdaria sp.; the limestone

appears to bo comformable over the Fartaq equivalent,

though in some places an unconformity is reported and

the limestone is reduced in thickness and contains

Maestrichtian fossils. This limestone appears to repre-

sent an entirely carbonate Upper Cretaceous facies, un-

known in the E.A.P. and apparently restricted to the

western part of Dhufar. Finally, in the east (facing
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west of the Kuria Muria Islands) a thin limestone ton-

gue containing Late Cretaceous (Senonian) fauna rests

on a very thin Murbat (or basement) Formation(f)

and is overlain conformably by a sequence of elastics.

The elastics with their basal limestone tongue are the

Mukalla Formation equivalent for Dhufar. Over

these are Tertiary beds.

BEQIOVAX. CORRELATION OF THE CRETACEOUS

Plate 5 shows the main correlations of Cretaceous

units with neighboring countries.

In Socotra Island (administratively part of the

E.A.P.) only part of the Cretaceous is present. Orig-

inal geological work on Socotra and Samhah (Semha)
Island was done by Kossmat ( 1907 ) . More recently,

the present author made a geological reconnaissance on

Socotra Island (1953-59) ;
mieropaleontological ex-

amination of the author's samples was done by A. II.

Smout (unpub. data, 1953-59). As a result, a revision

of the Cretaceous stratigraphic stages as indicated by

Kossmat. has been made and shows that only Albian

andTuronian st rata were deposited on Socotra and that

these belong to the Al Masilah area facies.

A basal clastic formation thinning from east to we>1

consists of sandstone and marl and limestone bods that

contain Radwlitcx, CapHnidie, Modiola, 0*trea, and

OrbltoVina discoidea var. dixcoidai (Smout, unpub. data,

1953-59) ; all occur mainly in the upper part. This is

regarded as a Harshiyat Formation equivalent some

100 m thick, and it rests on peneplaned igneous base-

ment (mainly granite). Its age would be Albian and

Cenomanian. Overlying this formation conformably

is a sequence of limestones, rudistic in the lower part,

marly with inlerbedded marl and some sandstone at the

base of the middle, and chalky in the upper part- Fauna
includes liadiolitci, sparse Hippuri'tx, Cnprlnn, Orbi-

tolina dixroideo. var. discaidsa, Ostrea flabcllata, L'xogy-

ra detruxiata Gold fuss, Orthvpsi* mlliarix. 0. prrhta

Noetl., Pseudodiadema marticensa, Pholadomya vigne-

tia, Terebratula scmigfoboxa var. albcrutix, Orbitolina cf.

O. l-enticularix, Pttcudocyclamvrina, Tixtuhtrin, and

PraeaJrcolina sp. (Smouth, unpub. data, 1953-59;

Kossmat, 1907), all of Cenomanian and Turonian af-

finities. This sequence represents the Fartaq Forma-

tion equivalent, of the Mahra Group. The top of the

succession is overlain unconformably, though without

any visible break in tho field, by datable Palcoecne

limestone.

In Somalia (Hunt and others, 1950; Macfadyen,

1933; Mason and Warden, 1950: Somaliland Oil Kx-

ploration Co., Ltd., 1954; Beydoun, 1904) the Cretace-

ous shows a change of facies from east to west as it does

in the E.A.P. from Al Malirah to Hadramawt, the main

area of former British Somaliland being covered by

elast ics (equal to "Nubian Sandstone") similar to those

of the Tawilah Group of Hadramawt, but a special

shale-clay facies within the sandstone sequence (Nu-

bian) occurs locally (for example, Shabel and Durato

beds) (Macfadyen, 1933).

In Yemen, Lamare (L&mare and others, 1930; La-

mare, 1930) described a continental series of sandstone

with conglomerate from the §an'a' region which he

called the Taonilah Series. He assigned it a Cretaceous

age, probably Cenomanian in its upper part. During
the latter part of the Cretaceous, volcanic activity on a

large scalo took place in Yemen and volcanics rather

than sediments were deposited during that time (trap

series) (Lamare and others, 1930; Lamare, 1936;

Geukcns, 19G0).

Geukens ( 1960) subdivided Lamare's Taouilah Series

sandstone into a lower "Nubian" facies (continental to

lagoonal in origin) which he called Taouilah Series and
for which he retained the Cretaceous age; the upper

series he called the Medj-Zir Series, this being a neritic

succession containing marine fauna, on the basis of

which a Paleoccne or Eocene ago is indicated. The
Taouilah Series (Geukens, 1960) correlates with the

Tawilah Group of the E.A.P. and W.A.P.
Correlation with Saudi Arabia is much more difficult,

but on a total age range the Tawilah and Mahra Groups
of the E.A.P. probably correspond to the Biyadh,

Wasia, and Aruma Formations of Saudi Arabia

(Steineke and others, 1958), though breaks between

these formations are represented by continued scdimen-

, tat ion in the E.A.P. The Yamama and Buwaib For-

mations of Saudi Arabia are not represented in the

j

E.A.P. and the Hauterivian (and at least part of the

Berriasian) are missing at the Jurassic-Cretaceous

j

unconformity in the E.A.P.

ECONOMIC ASPECTS

Little (19-25) reported on the lignite occurrences in

the Al Mukalla area. These are toward the top of the

Mukalla Formation and, though fairly persistent and
of good quality, are not of commercial value owing to

the extreme difficulty of exploiting them. Littlo also

reported on some limited occurrences of bauxite, which

are also noncommercial.

Cretaceous sandstones of the Tawilah Group offer

some good reservoirs for hydrocarbon accumulations

that migrate from older rocks, but caprock is somewhat
limited and deep erosion exposes much of these beds.

No hydrocarbon indications are known from bods of the

Tawilah Group. The formations of the Mahra Group
in the carbonate facies may offer suitable conditions for

the generation and accumulation of hydrocarlwns, but

it is not known bow far inland this facies extends away

j

from the broken coast al part

.
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The Cretaceous Tawilah Group formations generally

are good aquifers, being reservoirs for all runoff in the

rugged and faulted coastal part, particularly where the

overlying Paleocene is badly broken. In the unfanlted

north where the Cretaceous elastics are reached in drill-

ing, and particularly in the west, regional water ac-

cumulations of good potability are found. This is

particularly true in the Al' Abr-Zamakh-Minwakh area

and in the northern plains.

CENOZOIC ERA
TERTIARY 8YSTK.M

Tertiary deposits are widespread in south Arabia

and cover the greater part of the E.A.P. and Dhufar.

Where erosion and faulting has cut through them to

expose older rocks in the E.A.P., particularly in the

south, the Tertiary beds have often been preserved in

down-faulted blocks together with the older rocks.

The Tertiary Period commenced with the strongly

transgrossive Paleocene, so by the end of the Paleocene,

mainly carbonate deposits were spread over the greater

part of south Arabia (K.A.P., Dhufar, Oman), the

Persian Gulf region, the Horn of Africa, and the island

of Socotra. In most of the W.A.P. and Yemen, this

period was primarily marked by large-scale volcanic

activity. Marine Eocene deposits were then laid down
over the Paleocene in the entire region (except Yemen
and W.A.P.) , to be followed by emergence in the upper

Eocene.

During the Oligoeene and Miocene in the E.A.P. and

Dhufar, marine sediments were deposited over much
smaller areas, mainly in coastal ombayments in which

they are st ill preserved.

The rest of the Tertiary Period involved no further

major marine sedimentat ion
;
post-Miocene deposits con-

sist of coastal beach terraces and reefs, river terraces,

eolian and fluviatilo deposits, and renewal of volcanic

activity in the E.A.P., and W.A.P., which persisted into

Recent times.

The Tertiary deposits of the E.A.P., and to a large

extent of Dhufar, can be divided into three stages. The
first stage brought about major marine deposition of a

group of sediments that were primarily carbonate, but

with evaporitic and clastic phases which are placed

together under one group—the Hadhramut Group,

divisible into several formations. The second stage is

one of lesser marine deposition of a varied nature that

occurred in embayments into an existing coastline,

established as a result of general upli ft.. These hetero-

genous deposits have been grouped together as the

Shihr Group, which, however, has not been divided

into separate formations. In Dhufar, Oligoeene and

Miocene deposits, mainly chalky limestones, were also

laid down near the present coast. During the third

stage no noteworthy marine transgression occurred, and

such marine sediments as were deposited are the results

of oscillations in sea level over an established coastline.

Accompanying eolian, fluviatile, and lacustrine deposi-

tion occurred over a land surface wliich was much the

same as it is at the present time. Toward the close of

the Tertiary Period, volcanic activity commenced in

the coastal districts of the E.A.P. (and W.A.P.), and

persisted t ill Recent times.

HADHRAMUT GROUP

The Iladramut Group includes all sedimentary strata

of Tertiary age from the Paleocent to the middle Eocene,

namely all deposits laid down after the end of the

Maestrichtian (which generally involved a phase of

regression and planation in the region (p. H30-H.°.l)

and before the upper Eocene emergence. The deposits

are marine, in the main carbonate deposits, but they

include shale, marl, and some evaporitic deposits of

Eocene age.

The following table gives the formations of the Had-
hramut Group. The appropriate ages given for each

formation are those for the E.A.P. type and reference

sections, but some transgressing of stages by formations

occurs within and outside the E.A.P.

Emergence Upper Eocene

Habehiya Formation Middle Eocene
(Lutetian)

Hadhramut
Group

Rub Formation
Lower Eocene

Jeta' Formation

Unun cr Radhuma
Formation

Palooeene

Planation

Cretaceous

The Iladramut Group varies in overall thickness.

I Acurato estimates are not possible in most places be-

|

cause of the postmiddle Eocene unconformity and tho

j

general lack of exposure of the basal formations in an

|
area of generally flat-lying rocks.

From measurements of individual formations in

' various parts of the territory, however, the thickest

|
sections occur in the area of Al Masilah and its tribu-

I furies in Al Mahrah, where all formations are well de-

veloped and preserved. This region marks the flanks

|

and axial areas of a broad structural depression marked

|

by the Hadramawt-Al Jiz' syncline. Thick but incom-

j

plote sections of the group crop out in the Ra's Fartak

)
area in south Al Mahrah. The area appears to be
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more basinal. Thinning of the group appears to take

place westward and northward from the coastal areas

and from the synclinal area of the Hadramawt-Al Jiz*

basin. This thinning and its relation to tectonic de-

velopment arc discussed later (p. H41).

UMM EB BADUUMA KOBMATIOff

The Umm er Radhuma Formation is strongly trans-

gressive in fucies; it forms the basis of the Tertiary

tableland of the E.A.P. and Dhufar and crops out in

cliff faces wherever this tableland is deeply dissected

or faulted.

The name TJmm er Radhuma was first applied in

Saudi Arabia where the type section for the formation

occurs (Steineke and others, 1958). The age in Saudi

Arabia is considered to be Paleocene and lower Eocene,

and tho thickness at the typo section is about '230 m.

In the E.A.P. the Umm er Radhuma Formation con-

sists mainly of limestone of Paleocene age, easily dis-

tinguishable from the overlying lower Eocene shale-

limestone succession of the Jeza' Formation. However,
in some parts of tho territory, namely in southeast Al
Mahrah (for example, Ra's Fartak and the Damqawt
area) and in Dhufar, limestone sedimentation was con-

tinuous from Paleocene through early Eocene time,

making it increasingly difficult in most places to divide

the two formations; where they are indivisible the Umm
er Radhuma includes Paleocene-lower Eocene.

The typo reference section for the formation in the

E.A.P. is at Say'Cn in Wadi Hadramawt where the

formation was measured and sampled by R. W. "Wetzel

and D. M. Morton (unpub. data, 1948-50) and later by
Beydoun and others (unpub. data, 1953-59). This

section, which is typical of the formation in the E.A.P.,

shows the following characteristics from base to top:

A basal dolomite some 1.5 to 2 m in thickness is over-

lain by (1) a 4-m basal interval consisting of (a) 2 m
of ochre and gray papery shale containing scarce Lock-

hartia sp. and ostracodes followed by (b) 2 m of fine-

grained nodular limestone containing tho same fauna

and also algae, (2) 9 m of marly limestones that are

nodular weathering and exfoliating, become massive up-

ward, and contain Lockhartia haimei Davies, L. diversa

Smout, and Daviesina khaiiyahi Smout (M. Chatton,

unpub. data, 1918-59; A. H. Smout, unpub. data, 1953-

59), and (3) a 43-m sequence of massive-weathering

dark-brown and dark-gray limestone, fino to coarse

grained, in parts marly, nodular in the upper part, and
commonly containing caleite veins and chert vug->-

Unit 3 is distinctive and in some sections it is very

dolomitic and recrystallized, but regardless of this, it is

invariably distinguished by its massiveness and dark

color ; it forms a distinctive cliff in the lower part of the

formation. Fauna in this unit includes those already

mentioned under unit 2, together with Taberina davUsi

Henson, Kathina selveri Smout, Valvulina triangularis

d'Orbigny, Dictyoconus sp., and shell debris. The rest

of the type section consists of massive white and gray

limestone, with dolomitic, chalky, calcarenitic, and
shelly zones. It is nodular weathering and locally

cavernous owing to scaly disintegration and exfoliation

;

scattered chert nodules occur. In the coastal districts

the cavernous weathering is striking, accentuated by

wind erosion and local slumping. The whole of this

sequence is generally rich in microfauna which include

:

Lockhartia conditi (Nuttall), L. tipperi (Davies),

Sakesnria cf. S. cotteri Davies, Nonionella cf. A7
, jack-

sonensis Cushman, Globorotalia velascoensis (Cush-

man), Rotalia trochidiformis (Lamarck), Operculina

sindcnsU Davies, 0. patalerms Davies, 0. saha Davies,

Asftiliiui dandotica Davies, Aranikoti Nuttall, Nwmmu-
lites waditri Davies, A', thdlicus Davies, A7, globrdus

!

Leymerie var. Indian Davies, Furcoporella diplopora

Pia, and Ovulites sp. (unpub. data from the following:

Chatton, 1948-59; Smout, 1953-59; and G. F. Elliott,

1955-59). On the basis of this faunal assemblage a

Palooceno age is indicated.

In Hadramawt, the Umm er Radhuma Formation

overlies Upper Cretaceous Mukalla Formation elastics.

Although contact appears to be conformable in the field,

it has proved on faunal consideration to be disconform-

able(p.H31).

Tho actual position of the contact between Paleocene

Umm er Radhuma Formation and Upper Cretaceous

Mukalla Formation in Hadramawt has been open to

controversy. Some observers (Chatton, unpub. data,

1948-59) prefer to include in the Cretaceous the basal

dolomite below the 4-m interval described in unit 1, and
take it to be representative of Maestrichtian. They
place the contact at the base of the overlying papery

shales (base of unit 1), which often contain Paleocene

Foraminifera. In some sections this shale is much
thicker and may include thin limestone bands, or, as in

tho 'AmiiqTn section, it may have sandstone layers above

it, whereas in the other sections it is absent and lime-

stone rests directly on elastics or on a thin dolomite. In

such localities the base of the limestone is taken as the

base of tho Paleocene transgression and thus as the base

of the Umm er Radhuma Formation. As this view
seems to be supported in some places by faunal evidence,

it is adopted here, although in the field differentiation

between papery shale zones occurring at tho top of the

Mukalla Formation and those at the base of theUmm er

Radhuma Formation is not easy. Neither is it easy

to distinguish between thin dolomites and recrystallized

limestones occurring in some sections in several bands

Digitized by Google



EASTKltN ADEN PROTECTORATE AND PART OE DHl'FAK H35

over the critical contact zone. The papery shales at the

top of the Mukalla Formation have been described by

Chatton (unpub. data, 1948-59) from thin-section ex-

amination as deposits indicating a lagoonal to semi-

evaporitic phase that marked a regressional period at

the end of the Maestrichtian. On the other hand, the

papery shales in the base of the Umm er Kadhuma
appear, on the basis of thin sections, to be transgrcssive

deposits.

Variation in the thickness of the formation in the

E.A.P. is associated with the growth and development

of the biaxial Iladramawt arch and its Hadramawt-Al
Jiz' syneline (pi. G). The most marked thinning takes

place, however, toward the line of the north axis of the

biaxial arch, with the probable absence of basal Paleo-

cene north of this line and the pinching out of the lower

massive unit (described as unit 3) toward this line. All

this suggests that the north axis may have been active as

a barrier during early Paleocene time and later sub-

merged in the middle Paleocene. (Lacazma w/Wt-

nvmni (Smout, unpub. data, 1953-59) is found at the

base of the succession north of the axis.)

The Umm er Radhuma Formation is regarded as

partly equivalent in age to the trap series of Yemen
( Wissmann and others, 1942). In Hadramawt, it thins

toward a Paleocene shoreline presumably somewhere in

the W.A.P, and it thickens eastward into Al Mahrah; in

the Rn's Fartak-Damqawt sector of eastern Al Mahrah

and in Dhufar, the limestone facies continues upward

well into lower Eocene, this part laterally replacing the

Jeza' Formation.

Ra's Fartak is a good example of the upward exten-

sion of the limestone facies but is also a locality where a

carbonate Jeza' Formation may still be recognized.

Wetzel and Morton (unpub. data, 1948-50) measured

318 m of cliff- forming limestones and some dolomite

cropping out massively, overlain by 177 m of limestone

containing dolomite and scattered chert nodules and

bands. These are overlain by marls of the Habshiya

Formation of Lutetian ago. Thus, between the top

of the elastics of the Mukalla Formation and the marls

of the Habshiya Formation is 495 m of continuous

carbonate deposits. The sequence is on the whole fos-

siliferons, enabling age and formation divisions to be

made within it. The basal 48 m represents the

Sharwain Formation (p. 1 130 ) . This unit differs from

the overlying 154 m of massive yellow-white rather sac-

charoidal sequence of limestones that weathers brown

and contains Loekhartia corulidi Nuttal, Davienx'ma

khatiyahi Smout, Rotalia sp., Qumquiloculina sp., and

Dirtyoconux sp. (Chatton, unpub. data. 1948-59).

This assemblage gives the sequence a Paleocene age, and

the succession represents the lower part of the Umm er

Radhuma.
The rest of the massive cliff face, 11(5 m thick, is made

up of much the same sequence of limestone but includes

I some dolomite and a basal marl bed in which the lowest

j
occurrence of Alvcoline oroidm d'Orbigny is recorded

|

together with Sakcmria cotteri. Rotalia sp. "A" occurs

higher up with AlvcoViui orohha (Chatton, unpub.

data, 1945-59; Wetzel and Morton, unpub. data, 194S-

50). The assemblage indicates an early Eocene age but

\
the succession still belongs to the Umm er Radhuma
Formation. The top 177 m crops out on a gentler slope,

the lower SC> ni consisting of massive limestone and

dolomitic limestone, with scattered chert nodules and
Alceolina oroidw d'Orbigny and A. ijlohom Tx-yinerie

(Chatton, unpub. data, 1948-59) ; the topmost 103 m
consists of thin-bedded partly chalky limestone with

thin shale partings and chert bands. The age of this

177-m sequence is early Eocene ; the lower massive SG m
belong to the Umm er Radhuma Formation, whereas

the upper thin-bedded 103 m represents the Jeza1 For-

mation in a limestone facies (p. II3G) (Reydoun, 19tM),

1964). Thus, at Ra's Fartak is a continuous carbonate

sequence ranging in age from Maestrichtian at the base

through Paleocene to early Eocene.

JEZA' FllKMATlU.N

The Jeza' Formation is typically formed in western

Al Mahrah and Hadramawt; there it overlies, and is

easily distinguishable from, the Umm er Kadhuma
Formation and forms a typical mesalike landscape on

top of the Umm er Radhuma tableland. It is not

present in easternmost Al Mahrah or Dhufar.

The type sect ion for the formation is in the Al Masilah

basin in western Al Mahrah. There in the Wad!
Uibitn area, 133 m of Jeza' Formation consists of alter-

nations of papery yellow and pink shale, some marl ami

thin bands of limestone, chalky to crystalline limestone

(in places silicified and with bands of chert), and some-

hands of gypsum near the top. Fauna is abundant and
includes dwarf echinoids, lainellibranchs, osfracodes,

and the following Foraminifera : Rotalia trochidiformU

Lamarck, Loekhartia cf. L. cotteri Davies and Pinfold,

Sakcsaria tippcri Davies, S. cf. S. cottiri Davies and
Pinfold, L. tippcri Davies, L. aff. L. haimci Davies,

Xummulitca aff. JV\ globulus Leymar, var. indicu*

Davies, Dirtyoc&nu* aff. D. indic-us Davies, and O/x r-

culina aff. O. subsaha Davies (M. Chatton, unpub. data,

1948-59). The faunal assemblage indicates an early

Eocene age.

The Jeza' overlies the Umm er Radhuma Formation

conformably. In the southeastern sections of Al Mah-
rah, it is generally distinguished from theUmm er Rad-
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huma by tho appearance of marls (Ra's Sharwayn and

Ra's ad Darjah), but where no marl is present (Ra's

Fartak), only the thinner bedding and partly chalky

facics of its limestone distinguish it from the Umm er

Kadhuma. At Damqawt and in Dhufar, however, these

characteristics are lost, and there the Umm er Radlmma
Formation includes the Jcza' Formation equivalent.

The Jeza' is overlain in tho tyj>e area and in western

Al Mahrah and IJacJramawt by the Rus Fonnation and

tho contact is conformable, in many sections also being

gradational. Transition beds (included in the Rus for

mapping) are present between the Jeza' and the Rus in

several sections in north Ha<jramawt. In the Ra's

Sharwayn-Ra's Fartak sector and somewhat northward

from there, the Rus Formation is absent, and the Jeza'

Formation (or equivalent) is overlain by tho Habshiya

Formation.

Although at the typo section the Jeza' is of early

Eocene age, the lower part of the formation may range

in ago to Paleocene. At Ra's Sharwayn Paleocene fos-

sils are present, in the basal few meters, and in northwest

IJadramawt (Zamakh area) these forms persist for some
way up.

Variations in thickness of the Jeza' Fonnation occur.

The thickest, sequence is probably in the southeast and
in the IJadramawt -Al Jiz' synclinal area, with slight

thinning westward and northward.

BPS FORMATION

The type locality for the Rus Formation is in Saudi
Arabia (Steineke and others, 1058). In tho E.A.P. the

type reference section is in the Al Masilah basin in west-

em Al Mahrah. There in Wadi HibGn a thickness of

138 m consists of bedded to massive gypsum and some
bands of interl>edded limestone that are chalky to gyp-
siferous or silicified in the lower part and gypsiferous

chalk in the upper part; some marl and porous lime-

stone bands as well as chert nodules also occur in this

part. There are no fossils (R. W. Wetzel and D. M.
Morton, unpub. data, 1948-50). The Rus Formation
rests conformably on tho Jeza' Fonnation, with slight

gradation indicated by thin bands of gypsum in the top

of the Jeza'; it is overlain conformably and also some-
what gradationally by the Hal*hiya Formation, grada-
tion appearing with the advent of chalky beds in the
top of the Rus.

The age of the fonnation, by virtue of its occurrence
over datable lower Eocene Jeza' Fonnation ond under
middle Eocene Habshiya Formation, is considered to be
early Eocene. Tho fonnation may, however, be some-
what diachronous over long distances (for example, it

probably is in part Middle(?) Eocene in Dhufar).

The Rus Formation is developed over most of the

E.A.P. except in tho extreme southeast corner of Al

Mahrah in the Ra's Fartak-Ra's Sharwayn area, where

it was either never deposited or not developed as an

evaporitic formation. This area probably remained
well supplied by refreshing currents so that evaporitic

conditions did not arise.

The Rus Formation appears best developed in the

Wadi al Jiz' basin and in the eastern part of the Wad!
IJadramawt basin where it is thickest. It is widespread

over most of the Northern Plateau, but is preserved only

in a local synclinal depression although in thick occur-

rences) on the easteni part of the Southern Plateau in

IJadramawt and over most of the extension of the de-

pression in Al Mahrah, as well as in the tectonic river

valley of the Wadi IJajr basin and a part of Wadi May-
fa'ah. It crops out over a large area of northern

Dhufar.

Over most of the territory tho formation contains

thick beds of gypsum or anhydrite with associated thin

dolomite bands and chert, and the upper and lower

parts commonly are transitional. The upper contact,

however, is abrupt in many sections in IJadramawt,
thouph it is still apparently conformable, suggesting a

possible discontinuity between lower Eocene evaporites

and tho middle Eocene transgression. In north

IJadramawt and north Al Mahrah, however, apparent
local and lateral variations to chalky deposits, many
gypsiferous, and to gypsiferous marls, are common,
particularly in north Al Mahrah where the dwarf
echinoid Sixmondia polynwrpha Duncan and Sladen
(K. Joysey, unpub. data, 1948-60) of probable early

Eocene ago has been found in chalky deposits with
cmlwdded calcite geodes. This local and lateral varia-

tion from evaporites is consistent with behavior else-

where—for example, Saudi Arabia, Qatar (Steineke
and others, 1958; Sugden, 1966)—and is probably duo
to water replenishment or the influence of currents.

In other parts of the northern territory local replace-

ment of the g.vpsum by solution breccia occurs and is

generally accompanied by formation of collapse struc-

tures. Near the edges of the depositional basin the

Rus thins and then pinches out or passes laterally into

lower and middle Eocene deposits of the Jeza' and
Hab>hiya Formations.

HAIWIUTA FORMATION

The type section for the Habshiya Formation is in

the western part of the Wadi al Jiz* basin where 224 m
was measured (R. W. Wetzel and D. M. Morton, unpub.
data, 101K 50). The succession consists of gray-green,
yellow, and pink papery shale and yellow chalky and
gypsiferous marl alternating with limestone and chalky
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and dolomitic limestones; the shale and marl are

dominant in the lower half. The whole succession is

rich in fauna, including Nwnmulites gizeJiensit

(Forskel), A', discorbinut (Schloth) var. major Rozlos,

N. staminlus Nuttall, AT
. aff. N. vadiai Davies, N. sub-

stacicus Douville, Dictyoconoide* kofutlicus Davies,

AssiUna spira (de Roissy), Alveolina elliptica var.

nuttali Davies, Hcterocella fragilis (Defranee), ThaU
tnoporella sp., and "Gymnocodium nummuUttcunC
Pfendcr (unpub. data from the following: M. Chatton,

1948-59; A. II. Smout, 1953-59; G. F. Elliott, 1955-59;

K. Joysey, 1948-60). Abundant dwarf echinoids

are associated with the microfauna, represented by

Ecfunocyamug nummuliticus Duncan and Sladen,

E. mbcaudatm ( Desmoulins) , and Shmondia mar-

ginalia (Desmoulins) (Joysey, unpub. data, 1948-00)

;

these have been collected from the formation in other

localities in the territory. Other echinoid fauna is

common in the upper part at the type section and at

other sections in the E.A.P. (such as Jabal Habshiyah)

and include Echinolamput avails IJ. de St. Vincent,

E. dhcoidca d'Archiac, E. fraati de Loriol, Schizaxter

africanus de Loriol, S. vux'nalig Agassiz and Desor,

Dwpatangm formo#iut do Loriol, Opistaster dcraxmoi

Checchia-Rispoli, 0. digonus d'Archiac, Linthia soma-

Hensis Currie, and M igliorinia migiurtina Checchia-

Kispoli (Joysey, unpub. data, 1948-60). This faunal

assemblage gives a Lutetian (middle Eocene) ago to

the formation.

The formation is thick in the northern part of the

territory, forming the capping rocks of the crestal area

of the North ^adramawt arch from about long.

49°30' E. and eastward into Dim far; the belt progres-

sively broadens eastward from its western extremity

at Jabal IJabshiyah. In the Wiidl al Jiz' basin and

up onto that part of the Southern Plateau to the south,

tho formation is again present, but it does not occur

westward on the Southern Plateau and is only pre-

served in a few localities in southwest Hadramawt.

The formation overlies the Rus Formation in most

of the E.A.P. Its contact with the Rus is conformable,

though in several localities there is a clean-cut change

from evaporites to shales and marls, indicating a pos-

sible time break in those localities between evaporitic

deposits and Lutetian transgressive deposits. In many
sections, however, the Rus becomes transitional at the

top (p. II3G). In southeastern Al Mahrah, where no

Rus is present, the Habshiya overlies the Jeza' or

Umm er Radhuma Formation.

Over most of the EA.P., the Habshiya Formation

has much the same lithology as in the type area, hut in

southwest Hadramawt where it is present in tho WadI

Hajr basin in small outcrops—Qurfn Radmah (Ruda-
|

mah)—the advent of sand in sandy limestone and of

si Itstone and silty shale within the formation indicates

nearness to a shoreline probably somewhere nearer to

the W.A.P. border area. At Damqawt, near the

Dhufar border on the coast, a thick sequence of

AlveolinaAxixTing limestone (Wetzel and Morton,

unpub. data, 1948-50) probably comprises almost

wholly Habshiya Formation equivalent, and in Dhufar
the Habshiya is equivalent to two formations of middle

Eocene age, namely the Andhur and Qara Formations;

tho Qara was partly referred to by Fox (1947) to be

late Eocene. The Andhur Formation consists of alter-

nating limestones, dolomites, and marls with abundant

Lutetian fauna ; it is overlain by variable limestone of

the Qara Formation which also contains a rich Lutetian

fauna (Wetzel and Morton, unpub. data, 194S-50).

Tho Andhur may, however, actually pass in part into

the Qara, the two being probably partly synchronous.

SHIHE OEOUP

Tho Shihr Group comprises a transgressive sequence

of sedimentary strata of varied lithology occurring in

scattered generally scree-covered outcrops that form
part of a depositional sequenco laid down in coastal cm-

bayments after the emergence of the E.A.P. territory

in the terminal Eocene. Into these cmbayments and
morphotectonic depressions marine ingressions made
their way, while at the same time a recently risen land-

mass was undergoing erosion and rivers were transport-

ing a variety of material into this sea.

Outcrops are discontinuous, of varying thickness, and

covered by scrco and raised beaches, and deposits are

heterogeneous; moreover the work done on these de-

posits was insufficient for dividing them into formations.

Tho strata making up tho group consist of conglome-

rate, sandstone, marl, gypsum, reef limestone, chalky

limestone, shale, and some dolomitic limestone, occur-

ring singly or in combinations of several of tho types

mentioned. This variation in lithology was dependent

on tho proximity to emerged land surfaces undergoing

erosion, on proximity to lagoons and river mouths, on

presence in restricted or semirestrictcd basins, on con-

tact with open shallow sea and favorable currents, or on

distance from the coast and quiet-water conditions.

Despite this diversity of lithology it is apparent from

tho study of the various sections that the strata belong

to one group embracing ono major episode. This group

is mainly of elastics, the polygenetic conglomerate and

sandstone laterally passing into marls or shales away

from the source of material and toward the more open

sea ; at times the open sea became restricted, or lagoonal

conditions resulted in the deposition of evaporites.

i
Where oscillations occurred, exaporites are interl>edded
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with elastics. Roof developments occurred from early

in this phase of sedimentation wherever conditions were

suitable, and continued to develop with intermittent

subsidence and reworking (for examples, Buwaysh near

Al Mukalla) until probably late in the Miocene.

In two sections described here a pood fauna has been

found, but in most places the succession is barren. The

reefs have a pood fauna of Foraminifera, corals, algae,

and some echinoids, and some of the chalky limestones

have yielded good foramini feral assemblages. Oligocene

and Miocene macrofauna have been found, but the fo-

raminifcral assemblage is Aquitanian and Rurdigalian

in age. The Aquitanian is regarded by some paleontolo-

gist as being lowest Miocene overlain by the Rurdiga-

lian; others regard it as uppermost Oligocene and

regard it as uppermost Oligocene and regard the Rurdi-

galian as lowest Miocene. Gignoux (1950) pointed out

that on the basis of mammalian fauna the Aquitanian

must be regarded as uppermost Oligocene. In this

account the Aquitanian is tentatively considered as

transitional between the. Oligocene and Miocene. The

presence nt the Buwaysh section of some Oligocene

(s.l.) echinoids, Schizasfer vicinalis Agassiz and Desor

(upper Eocene and lower Oligocene range, R. G. S.

Hudson, unpub. data, 1948-56), in association with

Aquitanian-Rurdigalian Foraminifera confirms at least

an Oligocene age for the lower part, and Miocene

(Rurrlipalian) for the rest, though a younger age includ-

ing Pliocene for some of the conglomerates is probable.

At Jal>al Dabdab some 25 km west of Ash Shiljr, a

succession of interbedded coarse elastics and gypsum

with bands of marl is capped by a chalky limestone con-

taining a good microfaunal assemblage which includes

the following: Lepidoryolina cf. L. vaughani Cusbman,

L. xumtitrrnxh\ (Rrady), L. tournoneri Lemoine and R.

Duvillc, L. yiirnagvenensis Cnshman, Wow/ulna sp.,

Opemdin/)idrs tournoucri (de la Ilarpe), Operculina

com-plannta Defranee, O. comphnata Defranee var.

heterostegina Silvest., Amphisteglna cf. A. nW, Gyp-

sina globulus (Reuss), G. reticularis (Parker and

Jones), Globigcrina bulloides d'Orbigny, Fponidcs sp.,

CyeJorhjpeovs eidae, Ncphrolepidina tntmatremis, N.

morginata (M. Chatton, unpub. data, 1948-59; A. H.

Smout, unpub. data 1953-59) and the algae Lithotham-

mium in a top dolomitized limestone planed down to

form a terrace. The age range of this fauna places the

IkmIs in the upper Aquitanian and Rurdigalian. At

Ruwaysh, east of Al Mukalla, elastics are apparently

overlain by foraminiferal and coral limestone with al-

ternating thin sand and sandy marl. Fauna includes

Schlatter viritud's Agassiz and Desor in the lower part

of the limestone, Oprrrtdina einnpltnatn Defrance,

Exdcpidirm ephippioides (Jones and Chapman) S.

Nephrol-pidina marginata (Michelotti), Sfiogypsina

sp., M. cf. M. globxdaris, Globigerina bulloides

d'Orbigny, I'ararotalla cf. P. mexirana (Nuttall),

Amphistegina cf. A. hssoni d'Orbigny, Cihicides sp.,

Operrulinoidrs sp., Astroroenia sp., Chlamys pallium-,

Lfptomwma sp., Favia spp. and algae (Hudson, unpub.

data, 1048-56; Smout, unpub. data, 1953-59). The
fauna is Oligocene (s,l.) to Aquitanian and Burdigalian.

At Jabal Mn(hanah in the Wadi al Ghabar area some

50 km west -south west of Al Mukalla, the succession is

mainly conglomerate with interbedded sandstone and
some gypsiferous sandy marl in the lower part. North

of Ra's Fartak in Al Mahrali, some 150 m of Shihr

Group beds is preserved and consists of a series of

orange marls with gypsum, conglomerate, and thin beds

of dolomitic limestones.

In the Karif Shawran volcano near Bi'r 'All, some
limestone eject a belong to the Shihr Group and contain

fauna as follows: Taberina Maletbarica (Carter),

Meandropsina anahensis ? Ilenson, Borealis nwlo ( Fich-

tel and Moll), echinoid debris, corals, and gastropods

(Smout, unpub. data 1053-59). The foraminiferal as-

semblage indicates a Rurdigalian age.

The Shihr Group can rest on any of the older forma-

tions depending on morphology and erosion at rite time

of deposition. Its conglomerates contain pebbles and

cobbles of all older rocks exposed near the areas of depo-

sition. It has been seen to rest on Habshiya Formation,

on Jeza' Formation, on Rus Formation, on Tawilah

Group, and on basement. Its contact with the sedi-

mentary strata below is unconformable, but not every-

where with angularity. It is not overlain by any

younger formations but various levels of it have been

planed and covered with raised beach or river-terrace

material.

In Dhufar a marine Oligocene sequence ranging in

ago from early to late Oligocene is thickly developed

in tho coastal area near Salalah and farther east at Ra's

ash Sbuwaymiyah on the Oman border. The fades is

one of chalk and chalky limestone; the basal part con-

tains shale and marl with chalky limestone, and Num-
mulites fischtcli Mwhclotti-inftrmediu* d'Arehiac is

common; the rest, of the succession contains Lepidoey-

clina and Eulipidina fauna and echinoids (Reydoun,

1964; Chatton, unpub. data, 1948-59). Miocene reef-

typo limestone and associated shale with Ontrea and

Pcctcn overlie the Oligocene chalk and chalky lime-

;

stone. Some observers in Dhufar postulate an uncon-

i

formity between these and the Oligocene, and others

include them as part of an Oligocene and Miocene cycle.

, whilo separating an overlying younger series of virtu-

ally horizontal limestone conglomerates as belonging to

the Pliocene and Pleistocene (Dhofar Cities Service
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geologists, written commun., 1959). Although the lime-

stone conglomerates are similar to those of the Shihr

Group conglomerates of the E.A.P., their horizontal

nature as compared to the tilted and disturbed nature

of the Shihr Group conglomerates makes correlation

between them dubious. Tims the Dhufar Oligocene

(Miocene?) deposits differ from those of the E.A.P.,

except probably in parts of western Dhufar.

POST-MIOCENE DEPOSITS

Post-Miocene dejx>sits fall largely outside the scope

of tliis account and have been adequately described In-

Little (1925). Caton-Thompson (1938), Caton-Thomp-

son and Gardner ( 1939). Wissmann (Wissmann, 1932;

Wissmann and others. 19-12), H. W. Wetzel and D. M.
Morton (unpub. data, 1948-50), and others. However,

a brief summary of these observations plus others made
by the present work is not out of place in complet ing the

stratigrnphic description of the K.A.P. This siiiimiary

also applies in general to Dhufar.

R.iined b-'iii-hix.—The following levels of raised

beaches in the Al Mukalla area appear to bo persistent

terraces: 0-10, 25, 50, 60, and 75-80 m. In addition, a

100-120-m terrace i« suspected. The fi-10-m terrace is

the most recent and occurs in scattered localities along

the coast, commonly as a wave-cut platform with

abundant loose corals. The 25-, 50-, C0-, and 75-SO m
terraces affected Shihr Group deposits by planing their

tops, the last planing also occurring near Durum and

at Ra's al Mukalla, Umm er Radhuma Formation. The
100-120-m terrace and a suspected terrace at 150 m are

indicated on Al Mukalla hill where Miocene(?) and
younger corals are found plastered on Umm er Rad-

huma Formation on the side of the hill.

Caton-Thompson (1938) found paleolithic imple-

ments associated with 32- and 11-m terraces. Wetzel

and Morton (unpub. data, 1948-50) observed "fossil"

dunes backing the shoreline of a 15-m terrace.

Some fauna has been collected from the lower terraces

at various localities and determined as follows: Lopha
turhi'/. ifa (Lamarck), Chlnmys cf. C. porphyre* Chem-
nitz, t'onu* cf. C. LUtcraim Linne, Cyprea cf. C. rar-

moln Linne. Alleefryona mntlbita (Lamarck), Phity-

gyrn /amrllinn. Stylopora pittilhtta. Funejia aff. F.

pleixfoccnia, F. aff. F. zuffardine. Far/a sp., Cyphtutrca

sp., Gonitittrea sp., Stylophora sp., Platyyyra sp.,

Mofuisttrca sp., Montiporn sp., Arropora sp., Sohiutstren

sp., OvlophyUia sp., and Leptoriu sp. (F. Gosling,

unpub. data, 1956; R. G. S. Hudson, unpub. data, 1918-

50). The above fauna is "usually considered to be

Pleistocene, but faunally cannot be distinguished from

Pliocene or Recent forms," according to Hudson.
River tenure* and laru*trine deposit*.—A number of

river-terrace levels can generally be seen above the

present-day drainage levels of the bigger widyan and

overlying various older rocks from the basement up-

ward. In lower Wadi Hajr at least three such levels are

seen, one being about 150 m above present wadi level;

similar levels are found in Wadi al Ghabar and else-

where, and are marked by coarse conglomerate with

finer layers. These terraces reflect regional oscillations.

Wetzel and Morton (unpub. data, 191S- 50) noted the

widespread occurrence of a 30-35 m terrace in the

E.A.P. Eolian deposits and silts in Wadi Hadramawt
and Al Masilah are emhoito in this terrace and are

known to overlie gravels in some areas.

Lacustrine deposits are associated with river terraces

i in the middle Wadi Hajr basin between Sidarah and

Jawl P»ii Haywah (.fawl Ba Hawaii). These deposits

consist of sandy chalky marl and limestone, with Cham

I

stems and gastropods, horizontally or subhorizontally

bedded and laterally passing eastward into, and inter-

fingering with, thick limestone conglomerates at Al

Qa'imah village near Jawl Ha Haywah. The age is

probably Pliocene. Other lacustrine deposits occur in

the north.

Gravel plains and alluvium depotit*.—The formation

of gravel plains already descrilied (p. H4-H5) is due

to action of both water and wind, and the plain surfaces

may have been init iated in a pluvial period or periods in

Pliocene or Pleistocene times. River silt is present in

many localities now marked by hardly more than very

flat broad drainage and within the sand-dune tracts of

the territory.

Alluvial deposits, other than river terraces already

discussed, include eoar>e gravel, sand, and silt in drain-

ago channels, and conglomerates formed in widyan beds

by recemcntation of pebbles due to arid desiccation.

Fo/inn deposit". Loess and fluvioeolian deposits are

fairly extensive, particularly in the Wadi Hadramawt
basin: they also occur in smaller widyan of the plateaus

and the coast. Three species of loess snails have been

found (Wissmann and others, 1942) in these, deposits;

two of the species are widely distributed.

Terraces formed by these deposits are invariably cut

by subsequent drainage and often exposed to their base

where they are seen to rest on older river terraces.

They mark a pronounced dry phase of Tyrrhenian ( ?)

age, followed by rejuvenation of drainage. Sand dunes

have already been discussed earlier (p. H4-IT5).

Young entptives.—Wissman (Wissmann, 1932; Wiss-

mann and others, 1942), Lama re (Lamare and others,

1930; Lamare, 1936), and others have described and dis-

cussed the young eruptive rocks of southwest Arabia in

detail. Tho present account briefly mentions these

rocks as observed in tho E.A.P. They form part of

tho Aden Volcanic Series.
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The westernmost area of eruptive activity in the

E.A.P. is in the Ballj&f-Brr 'Ali region where several

craters, including many cinder cones, occur, and the

region is covered by volcanic deposits including basalt

flows, tuff, and ash. The fresh tuff cone of Karif

Shawran near Bi'r 'Ali is a crater lake; the volcano was

an explosive one that brought up a variety of older sedi-

mentary rocks and an assortment of igneous rooks in-

cluding granite and dunite. The main activity was

restricted to the coastal strip and the neighlxiring part

of the sea (close to the zone of strongest. ( ?) faulting).

Some activity took place inland, and basaltic flows as-

sociated with figuring occur in limited outcrops in the

Wadi Hajr basin, piercing through Eocene sedi-

mentary rocks, and on (lie side of Jabal Shabb piercing

through Cretaceous. No further trace of eruptive

activity is seen until the Qusay'ir-Say-hut area in the

east, where flows and cones occur along the coast and

variable extents of lava flows pierce through Tertiary

sedimentary rocks along fault or fissure lines on the

plateau and in Al Masilah. No other evidence of vol-

canism is known from anywhere else in the E.A.P., and

there is none in Dhufar.

These volcanics form part of a Pliocene, Pleistocene,

and Recent, phase of eruptions which occurred in the

Gulf of Aden-lied Sea region. Volcanic activity in

southwest Arabia commenced as early as the Late

Cretaceous in Yemen (Lamare and others, 1930;

Lamaro, 1936) and parts of the W.A.P., and in Paleo-

ceno and Eocene times in most parts of the W.A.P.
This activity continued intermittently in southwest

Arabia until Recent times. The E.A.P. activity belongs

to the later phase.

"Wetzel and Morton (unpub. data. 1948-50) reported

the thickness of flows in the Qusny'ir-Saybiit strip to be

from 10 to 60 m. In Al MasTlah they recognized two

flows: the older is emboite in Pliocene conglomerate

(generally overlies the 30-35 m terrace) and the younger

covers the 12-16 m terrace in the widyiin. The recogni-

tion of two phases agrees with Wissman, Rathjens, and

Kossmat (101-2), who reported a first phase ascribed to

the late Pliocene and a second phase of younger Pleisto-

cene age.

REGIONAL CORRELATIONS OF THE TERTIARY

The main correlations of E.A.P. formations with

neighboring areas are shown on plate 5.

The Eocene sedimentary rocks of the E.A.P. were

originally referred to as Oliogene and Miocene (Little,

1925
;
Wissmann, 1932: Wissmann and others, 1912) but

their very rich fa una 1 assemblage shows them to be early

and middle Eocene (p. H35-H36).
In former British Somalilund, the Auradu Limestone,

Allahkajid Series, Gypsum-Anhydrite Series, and Kar-

kar Series are the counterparts of the Umm er Rad-
huma, Jcza', Rus, and Habshiya Formations of the

E.A.P. both in lithology and in approximately the age

range of each formation (Macfadyen, 1933; Hunt and
others, 19.16; Somaliland Oil Exploration Co., Ltd.,

1954) ; a Paleocene age for at least part of the Auradu
has been proved. The lower Daban Series of Somali-

land appears to be a near-shoreline equivalent of the

Karkar Series and reflects similar near-shore conditions

as seen in the Habshiya Formation in Hadramawt near

Jizwil ( Qurun Hadmah) (p. H37). Strata equivalent

to the Shihr Group are found in the middle and upper

Daban Series and the Dubar Series. The Daban Series

is middle Eocene to Miocene in age, without a break be-

tween the lower and middle Daban, and the latter is in

part late Eocene in age (Macfadyen, 1933). This
age would indicate that, for at least part of the Daban
basin, subsidence and sedimentation were probably con-

tinuous from the middle Eocene to at least the Oligo-

cene, and thus suggests a late Eocene initiation of the

Gulf of Aden (p. 1143). The presence of upper Eocene

is not known elsewhere in the general area of the Gulf
of Aden and south Arabia except in the Al Burayml
district. Somaliland Oil Exploration Co., Ltd. (1954),

on the other hand, considered the middle Daban as

Oligocene transgress ive on middle Eocene Daban.

In Socotra (Beydoun, unpub. data, 1953-59) the

Umm er Radhuma Formation has much the same fades

as occurs in the Ra's Fartak to Damqawt area of Al
Mahrah (and in Dhufar), and ranges in ago from
Paleocene to early Eocene (A. H. Smout, unpub. data,

1953-59). There are no Rus or Habshiya Formation

I

equivalents, a break having occurred between lower

Kocene and Oligocene. A succession of marine chalky

- limestone and marl with chert and flint, and containing

. abundant microfauna, can be found preserved in struc-

tural depressions (Beydoun, unpub. data, 1953-59).

Fauna collected includes the following: Opercvlina

complanta (Defranee) var. prnmilom Leymerie,
GhihStjcr'mn bulloidc* d'Orbigny, G. cf. G. sacnilifera

Brady, Lcpldocyclimi dilatata (Michelotti), L. toxir-

noucri Lemoine and R. Douville, Archaia* cf. A. aditn-

cii-i (Fichtel and Moll), Gypxina globulari* (Reuss),

Xiimmulifc* grrman'mis (Bornemann), Ilaplophrag-

nn'um xlinger! Thomas, and AustrotriUina sp. (Smout,

unpub. data, 1953-50). This assemblage indicates an
Oligocene age. The facies indicates deeper open-sea

conditions, with Socotra (and Dhufar) occupying an

easterly and more basinward position in the path of the

transgressing sea. The Oligocene deposits lie discon-

formably on Umm er Radhuma Formation but without

evident unconformity in the field. No deposits of the

Shihr Group have been seen (Beydoun, 1964).
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In Qatar (Sugden, 19*56), eastern Saudi Arabia

(Steineke and others, 1958), and the Trucial Coast (M.

Chatton, unpub. data, 1948-59), the Umm er Radhuma,
Rus, and Dnmmam Formations are the equivalents of

the Hadhramut Group of the E.A.P. Facies in the

Umm cr Radhuma there is similar to that of the Umm
er Radhuma of eastern Al Mahrah, but variations occur

in the facies of the Rus and Dammam Formations com-

pared with their equivalent Rus and Habshiya

Formations of the E.A.P.

In the Oman desert (Morton, 1059) , the Umm er Rad-

huma Formation occurs in the same manner as it docs

in most of the E.A.P., but the lower Eocene Jeza' and

Rus equivalents consist of chalky marl and limestone,

gypsiferous shale, dolomite, and dolomitic marl. The
middle Eocene is most variable, being a massive nummu-
litic limestone facies in the north and yellow marl and

rubbly limestone facies to the south (Morton, 1959),

similar to the Habshiya Formation of the E.A.P.

A thick sequence of marino Oligocenc, consisting of

limestones and chalky limestones, occurs with a break

between it and the Miocene. The Miocene consists of a

lower part, of limestone, chalk, and marl, and an upper

part, largely detrital and evaporitic, which is correlated

with the lower Fare of Qatar and the Trucial Coast

(Morton, 1959).

In Yemen the Tertiary period was characterized by
considerable volcanic activity but calcareous fine sands

were deposited locally by a limited Paleoccno-Eocene

transgression (Geukens, I960) . In the W.A.P. volcanic

activity predominated and Paleoccnc and Eocene de-

posits like those of the E.A.P. are confined to the

easternmost part.

ECONOMIC ASPECTS

Lime preparation from burning Umm er Radhuma
limestone is a small-scale local industry. If cheap fuels

for the kilns can bo found, this industry could be de-

veloped for export outside the E.A.P. The kilns are

wood fired, but wood, being generally scarce, has to be

collected from increasingly greater distances. The
wood is also required for charcoal manufacturing,

another small-scale local industry.

Gypsum-anhydrite of the Rus Formation occurs in

large quantities, particularly in the north, but no exploi-

tation of this product has been undertaken, one reason

l»eing difficulty of working because of distance from

the sea. World demand is met from other sources where

conditions of working are easier.

Celestite has been found in bands more than half an

inch thick within the Jeza' Formation on the Southern

Plateau. No survey to assess the extent and importance

of these bands has been made, but from the amount seen

an assessment survey is probably justified and may prove

X>romising.

Tertiary ground water is regional in the northern part

of tho EA.P. and Dhufar (north flank of the North

IJadramawt arch) . Rus, Jeza', and Umm er Radhuma
water has been found in good quantities in northern

E.A.P. by drilling to an apparently regional water

table. Similar conditions have been met in Dhufar.

Salt, contents are variable, but the water is generally po-

table. Umm er Radhuma water in these areas is gen-

erally under pressure and flows to the surface with

varying ease depending on the hydrostatic head; on the

whole, it is sulfurous but reasonably potable when
allowed to stand.

In the more mountainous parts of the territory,

springs occur at the base of the Umm er Radhuma or

within the younger formations overlying impervious

layers.

STRUCTURE

The E.A.P. and Dhufar are in the southern part of

Arabia bordering the Gulf of Aden and the Arabian

Sea. To tho west are the W.A.P. and Yemen, both of

which lie in the southwest corner of Arabia where the

Red Sea, Gulf of Aden, and Ethiopian rift valleys meet

in the region of what has been called the Afar triangle.

Tho E.A.P. and Dhufar thus fall outside the Afar
triangle and the E.A.P. is bordered only by the Gulf

of Aden rift. The area belongs to what has recently

been referred to as the IJadramawt Plateau structural

province (Aramco geologists), a description which,

however, oversimplifies the structure.

The dominating topographical and structural feature

of the area (E.A.P. and Dhufar) is the very gentle

IJadramawt arch (s.l.) that spans the whole territory.

It has two subparallel culminations in the North and

South IJadramawt arches, separated by a broad gentle

syncline. The structure is expressed in the morphology
which developed mainly in the Tertiary.

The Tertiary structure is therefore described and dis-

cussed first, with an interpretation of the structural de-

velopment. The next and final section gives a summary
of structural history from the basement to the Tertiary

as it is understood from the work so far carried out, and
some comparison with the Somali side of the Gulf of

Aden is given.

TERTIABY AND RECENT STRUCTURE

No local folding or faulting movements are known to

have occurred during the early (Paleocene) stage of the

Tertiary subsidence in the E.A.P., but. in Paleocene and

middle Eocene times the first indications are obtained in

the stratigraphy (p. II35-H3S) of the progressive devel-

opment of the biaxial Hadramawt arch. This feature
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attained its present form approximately at the end of

(he Eocene, though fault tntr in (he later Tertiary pave it

its final collapsed south flanks (pi. C).

The main arch, roughly equivalent to Wissmann's

'"Sudarabische Randsehwelle" (Wissmann and others,

101-2) (south Arabian marginal swell), has an interven-

ing gentle syncline dividing it into the North and

South IJadramawt arches respectively, together form-

ing the highlands of the E.A.P. The axes of the two

arches and the intervening IJadrama wt-Al Ji/.' syncline

trend west-southwest in IJadramawt, gradually swing-

ing from west to east in Al Mahrah.

The North arch extends eastward into Dhufar
through the Al Qainar and Al Qarii' ranges: in ihe west

it flattens out and is lost in the plain east of the Yemen
bonier. The length is some 000 km or more. The axial

zone is expressed by Eocene strata and marked by the

highest ground of the Northern Plateau, which al-o ap-

proximately defines die watershed. The flanks dip very

gently to the north and south, the overall dipl>cing about

1 \ though sleeper dips exist locally. The axis pitches

in the Mirbat, area of Dhufar where the feature is cut

off by en:i,ral faulting. but thcKuria Muria Islands may
mark an extension of its basement core.

The median synclinal area is at present followed

roughly by the lines of Wiidi IJadramawt AVadi al .Ti/.\

the axis being slightly south of the Wii<li IJadramawt
line (p. 11(1) . The syncline pitches eastward into the

structural depression of Al Qainar Hay: westward it

flattens out. and is lost in (he Shabwah area. Flank
dips are very gentle, averaging about 1°.

The South arch has an observed length of some 3SO

km. In the east it plunges in the Ra's Sharwayn area

where it is intersected by the coast ; in the west a zone

of faults trending west -north west cuts across its axial

line and its structural identity is obscured toward the

W.A.P. border. Its northern flank is very gentle with

dips of about 1°
: but unlike the south flank of the North

arch, t he south flank of the South arch lias collapsed as

a result of subsequent large-wale faulting, doubtless

associated with rifting in the Gulf of Aden. Owing to

this faulting the arch is now bounded to the south along

most of its course by a broken scarp rather than by a

south-dipping flank, but the original flank is clearly

seen in its eastern profiles in spite of step faulting.

Origin of the arch through warping (as distinct from

faulting) is further indicated in evidence of its progres-

sive development in the carry Tertiary, when the faeies

and thickness distribution of contemporaneous sedimen-

tary rocks were affected by it. Thus in any given pro-

file in the eastern part, thick sections of Paleocene-

Eoceno strata are found on the two flanks of the South

arch. These conditions suggest that the Gulf of Aden

region also developed as a structural depression during

the Paleoccno transgression while the beginning of a

very gentle uplift, was proceeding over the axial zone

of the South arch.

Uplift of the North arch was probably a little more

pronounced. Thickness measurements and studies in

the western region of the North arch suggest that dur-

ing the early part of the Paleocene transgression, the

North arch was somewhat active, forming a northerly

temjwrary or submerged barrier in the Paleocene sea

|
along which thinning and pinching out or faeies change

' of the lower unit of the Umm er Radhuma Formation

]
occurred. Soon after, however, probably in (he middle

;

Paleocene, the sea overcame this and spread over the

whole north (p. Il:>4).

In the early Eocene, thickness variations again reflect

progressive development of the IJadramawt arch (s.l.),

and the maximum development of evaporites (Rus For-

mation) occurred in the intervening gentle synclinal

trough of the IJadramawt-Al Jiz' line, again with

greater thicknesses in the east ilian in (lie west. The
evaporites are absent in the Ra's Sharwayn-Ra's Fartak

coastal area, presumably owing to the pitch of the axis

toward open-sea conditions.

During the middle Eocene, the Ilabshiya Formation

of southwest IJadramawt thinned and became sandy

toward a shoreline at about long -1S°."'0' E. (p. 1137).

suggesting that geanticlinal uplift with an eastward

pitch w as continuing.

Progressive development of the IJadramawt arch

(s.l.) as a geanticlinal warping led to final emergence in

the upper Eocene; geophysical surveys indicate that the

north flank continues to dip continuously under Ter-

tiary cover toward the Rub' al Khali in Saudi Arabia.

This interpretation of (he IJadramawt Plateau struc-

ture differs from that of Wissman, Rathjens, and Koss-

mat (1942), who ascribed the steeper south dip to

flexuring and associated normal faulting at depth.

Normal faults passing, with decrease of throw, into

flexures are frequently ol>served in rift zones, but none

have been observed passing into flexures of the scale

of the IJa<Jrainawt arch. The visible south flank of

the simpler eastern part of the arch is broken largely

by normal strike faults, but the strata in most blocks

dip south toward the downthrown side, indicating that

a south-dipping flank existed before the faulting (Wiss-

man and others, 1942) (pi. 6). In the more complicated

western sector where there are intersecting fault sys-

tems, the south flank is no longer recognizablo as such.

It might 1k> assumed that, the whole flexure developed

through draping of sedimentary strata over a basement

stepped down toward the Gulf of Aden rift by numer-

ous small normal faults. However, such normal fault-
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ing would imply a tcnsional lengthening of the crust

(in horizontal projection) to which a draped sedimen-

tary cover would have to adapt itself by actual stretch-

ing to a degree which seems hardly credible, especially

in massive limestones under little load. There seems no

reason to suppose that the assumed buried faulting

failed to rupture this cover, whereas later faults have

done so. Moreover, basement rocks where exposed along

the south flunk do not show any step faults that di-

minish upwards into the sedimentary cover.

The linear continuity of the North and South Hadra-

mawt arches over very long distances is opposed to

origins either in normal faulting or in uplift due to

expanding magma at depth (for example, Somaliland

Oil Exploration Co., Ltd., 1054) which would probably

produce shapeless bulges. For these reasons F. R. S.

Henson (unpub. data, 1054-60) regarded the compound

IJacJramawt arch as a plis de fond in the literal sense,

due to regional compression which buckled the whole

thickness of the crust. This view appears to be con-

firmed by the fact that the trend of the arch cuts across

dominant basement trends, although generally the tend-

ency is for later faults to follow old lines. It is prob-

ably analogous to the Judean and .Ionian arches which

rose on either side of the Dead Sea rift at about the

same time. The Dead Sea rift is a major discontinuity

(geosuture) in the total crust along which, according

to Henson (unpub. data, 1054-60), compressed crustnl

segments on either side may have buckled up because

the discontinuity, yielding itself to slight transcurrent

movement, interrupted normal fold propagation.*

Since the Gulf of Aden may follow an old geosuture

(Henson, unpub. data, 1954-60), it is interesting to

speculate on the possibility that the Somaliland plateau

may be a counterpart, structually, of the Hadramawt
arch (s.l.) and that the present Gulf of Aden may have

originated as a mcgasyncline between the two before

it was broken down by ri ft fault ing.

The stratigraphic record on the Somali side of the

Gulf of Aden shows that in a part of north-central for-

mer British Somaliland, middle Eocene lower Daban in

its type area is continuous with the overlying middle

Daban of late Eocene and Oligocene age (Macfadyen,

1933). Since middle Daban equivalents are missing

from the plateaus on either side of the Gulf of Aden, it

is clear that at least part of this area was structurally

depressed when the plateaus emerged, but the extent and

trend of the depression are unknown (p. IT10).

The Somaliland plateau itself trends west to east in

two segments offset from each other meridianally, with

a well-marked zone of intense post-Eoceno "Red Sea"

• These conditions hare been reproduced In laboratory -scale experi-

ment* at the Iraq Petroleum Company Rtwnrch Center In London.

faulting between them (Somaliland Oil Exploration

Co., Ltd., 1954). As in southwest Hadramawt, slump
faulting and antithetic rotation of blocks below the

main escarpment of the plateau leave doubt as to the

original form of the uplifts along most of its northern

margin. But in northeast former British Somaliland,

as in southeast Hadramawt, indications of original

geanticlinal warping are found in some profiles. The
plateau itself has gentle undulations comparable with

those mapped on the Hadramawt side of the Gulf of

Aden (Somaliland Oil Exploration Co., Ltd., 1954).

These observations suggest that the development of

the Somaliland plateau was similar to that of its coun-

terpart in the E.A.P. and that the geanticlinal arches on

both sides of the Gulf of Aden were due to regional

compression acting normally or obliquely to the Gulf
axis in the west and to the old lines of wenkness on the

Dhufar-Kuria Muria and Socotra trends in the east.

Reactivated geosutures are thought to determine these

trends, but basement "grains'' within the arches, which

are attributed to buckling of the crust as a unit, are not

necessarily parallel. In Dhufar, for example, the east

trend of the arch bears no relation to the basement

grains (north, northeast, and northwest trends) in the

limited exposures at Mirhii(, whereas in Hadramawt
basement trends are highly variable ; those trending east

are exceptional. However, as much of the area now em-
braced by the arch is devoid of basement exposures, no

conclusions are justified.

In former British Somaliland the main Red Sea*

faulting occurred at the end of the middle Eocene

(Somaliland Oil Exploration Co., Ltd., 1954). In

southwest Iladramawt strong faulting on the same
alinement occurred before Oligocene and Miocene ma-
rine ingressions and may well have been contempora-

neous with the Red Sea faulting in Somaliland.

It should be noted, however, that the most numerous

and prominent faults are not strictly on the Red Sea

trend (northwest) in the E.A.P. but follow a west-

northwest trend, and they may have some different

significance. The west-northwest trend is reflected in

the basement trend of part of Jabal Sawiid BS Qutmi

(p. H15) and in the basement structure of the Bulhar-

area of Somaliland ; it may be in part a reactivated old

trend. The west-northwest trending faults are partic-

ularly pronounced between the offset east and west

sections of the Somaliland plateau (Somaliland Oil

Exploration Co., Ltd., 1954) and at tho western and

•The Kcri Sea group Include* northwest, west northwest, and north-

northwest fault trends; only the latter Is U>e trow Red Sea trend

(Errthrran). Other trends are the "East African" trend which Is oldest

(north, north-northeast I and eonforma to the Afro-Arabian fracture

pattern ; the "flnlf of Aden" trend which is jrounircst (cast-northeast,

east : the east trend corresponds to the "Somali" trend of Wleamanul :

and the "Aulalltlc" trend (northeast) of Wlssmann.
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eastern "pitch" of the South Hadramawt arch. Some
of these faults in the E.A.P. are very long and straight,

and their trend can be followed in Yemen, cutting

across basement structure.

The faulting in these areas, therefore, may have de-

veloped during the culmination of the geanticlinal

warping as a form of adjustment to differentia] crustal

shortening which varied along the geanticlinal axes; or

the faults may have determined the pitch of the arches.

Thus, it might be suspected that some transcurrcnt

movement, in which the Gulf of Aden trend may also

have been involved, was associated with the faulting.

If this is correct, it would explain a number of local

structures indicative of compression ("block jostling")

which occur in southwest Hadramawt and which prob-

ably originated at the end of the Eoceno. These are

seemingly anomalous in an area of predominant verti-

cal movements and are discussed in the following

paragraphs.

At £ulm Ba Tha'lab in the Wad! Hajr area, a

structure some 30 km long and 8 km wide trends west-

southwest, plunges east and flattens out westward. The
core consists of basement extrusives which underwent

multidirectional cleavage before peneplanation ; the

peneplain itself is now arched into a smooth domal
form which the overlying sedimentary rock (from

Jurassic to Eocene) follow concordantly in successive

scarps down the flanks, and form a closure in the east.

Dips are as high as 15°-20°. Two faults parallel to the

axis bound the structure on both flanks, the northern

dying out before it interrupts the full flank succession,

and the southern cutting out the Jurassic. In the west

the igneous core and the surviving flank strata are

eroded and lost under a cover of blown sand. The
trend of the feature is parallel to that of the South
Hadramawt arch.

In the Wad! Kilyah area of the Wfidi Hajr basin, a

small thrust, fault involves Cretaceous and Jurassic beds

in an area where normal block faults prevail. It can-

not be asserted that this structure originated during the

late Eocene movements, but this seems probable in view

of other evidence that minor horizontal displacements

occurred at this time.

The ijulm Ba Tha'lab dome is of more than local

interest because it suggests a mode of origin of some

foreland folds (Henson, unpub. data, 1954-60). Lees

(19.V2) accepted basement, participation in foreland

folding, visualizing anticlinal cores consisting alter-

nately of upthrust slices or of bulges in the basement.

But it is difficult to explain how gentle bulges such as

the ?ulm Ba Tha'lab dome, very small in relation to

the total thickness of basement, could develop on the

upper basement surface. The ?ulm Ba Tha'lab dome

was first explained as the result of a diapiric( ? )
squeez-

ing of the basement rocks between observed lateral

faults, such movement being facilitated by intense

cleavage. However, the smooth arching of the pene-

plain is evidence that does not support the theory of

movement along multidirectional cleavage planes.

Normal folding processes are ruled out by the massive

nature of the basement material, in which there could

be no adjustment along bedding planes; microshearing

and mylonitization were not recognized. Plastic de-

formation could not normally be expected to occur in

lightly loaded basement except under intense and

locally applied stress. Such stress, however, should be

revealed in flow structures, which have so far not been

observed, and is incompatible with the preservation of

cleavage planes.

In Yemen are certain anticlinal swells and fault

folds and in the high plateau sparse diapiric folds with

basement cores and Jurassic flanks (Lamare and others,

1930). One such example was attributed to squeezing

up of the igneous core along two parallel faults (com-

pare ?ulm Ba Tha'lab). These phenomena were noted

to be different from those characteristic of normally

folded areas, not only by their lesser intensity, but also

by their local occurrence as unalined sporadic features

in the block-faulted areas. The authors concluded by
admitting the existence of squeezing movements that

were clue to the interplay of resistant blocks (block

jostling) and that corresponded to a phase of compres-

sion resulting in vertical and tangential block move-
ments. Foreland folds developed in this way would
be analogous to the "diapiric buckling-folds" of Henson
(in Fairbridge and Badoux, 1960).

Apart from structures of this type, the western part

of the E.A.P. and parts of southeast Yemen and north-

east W.A.P. are characterized by the occurrence of salt

domes (p. H22), the extrusion of which is of some

tectonic significance. Stratigraphically the salt has

been shown to be of Late Jurassic age (p. IT22,

II23-II24).

All the domes, except those of the Al Min{aq area,

have had their overlying Cretaceous and Tertiary cover

entirely removed, and they rise in flat-plain or sand-

dune areas with only Pliocene and Recent deposits

surrounding their Jurassic cores and rims. In the

Al Mintaq area, however, the domes which lie in deep

widyin have all arched up their Cretaceous and Ter-

tiary overburden, the latter consisting mainly of some

250 m of massive limestone. There is no surviving

evidence of the salt having burst through the massive

Paleocene limestone cover, but the steep tilt outward of

this limestone from the core indicates that it was

strongly pushed up. The structures arc in fact salt
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blisters rather than piercement plugs, and they are oval

or elliptical in shape.

The extrusion of salt clearly occurred after the

Paleocene, probably at the end of the Eocene, although

total sedimentary load was hardly sufficient to account

for it without additional stimulus to start the move-
ment (Henson, in Fox, 1959). There is no evidence of

earlier movements in the stratigraphy, in spite of the

opportunities provided by the terminal Jurassic normal

faulting. Normal faulting alone was not, therefore,

sufficient to initiate diapirism of the salt.

The E.A.P. domes are present in areas of post-

Paleocene (east, northwest, and west-northwest trends)

cross faulting which may have cut trap doors in the

limestone roof to provide escape routes; but some

tangential stress, due perhaps to horizontal components

of fault movement, must have operated to cause salt

diapirism. It is difficult to determine in the field

whether there were any transcurrent, in addition to

vertical, movements, because the surrounding beds are

either generally flat and uniform (Al Min(aq area) or

else absent. But the west-northwest-trending fault

group is that which, for other reasons, has been as-

sumed to be transcurrent. It is possible, therefore, that

diapirism of salt and of basement rocks and the devel-

opment of other compression structures in IJadramawt
may be attributed to horizontal block movements

associated with this faulting.

Geophysical surveys in the northern part of the

E.A.P. provide evidence of other salt domes that have

not broken through to the surface. These are thought

to be Jurassic salt, and are probably still in the process

of moving up under differential load pressure which

becomes effective as soon as an incipient salt column

has been established.

Although these various indications of local tangen-

tial compression and movement at the end of the

Eocene are vague and inferential, they are consistent

with the opinion expressed earlier that compression

rather than tension was responsible for the develop-

ment of the Qadramawt arch (s.l.), and it is possible

that the minor compression structures recorded in

Somaliland may have originated in related block-jos-

tling movements.

During Oligocene and Miocene times subsidence and

progressive marine ingressions from east to west oc-

curred in the Gulf of Aden area. It was probably

during this phase of relaxation from compre?sional

uplift that major normal faulting, generally somewhat

parallel to the axis of the folding (east-northeast and

east trends), broke up the south flank of the HaJ-
ramawt arch (s.l.).

Proof of faulting at this time is lacking over most of

the area affected where no rocks later than Eocene are

exposed, but the coastal Oligocene and Miocene de-

posits have been tilted by fault movements that predate

the Gulf of Aden faulting, s.s. These fractures have

been attributed by Henson (unpub. data, 1954-60) to

gravitational breaking down of the rising coastline and
not to basement influences. This cannot be entirely

true because somo faults on these trends occur far north

of the rift margins and must be due in part to some
other cause, possibly to differential block movements
associated with shallow fold-fault structures. More-

over, true east-northeast-trending "Adenean" faults

(Henson, unpub. data, 1954-60) are present along the

coast in the Mirb&t coast of Dhufar, although the North
Hadramawt arch extension (the Kuria Muria trend)

and the bathymetric contours swing to an east trend.

The same movements may be responsible for faults

and gentle undulations parallel to the axes of the Hadra-
mawt arch (s.l.) over the high plateau areas; in the

Raydat al M'arra area two rather flat folds some 50 km
long, separated by a shallow syncline, occur north of the

axial zone of the South IJadramawt arch and are ex-

pressed in lower Eocene beds; they occur en echelon,

pitching eastward and flattening out westward.

Similar features occur in the Wadi al Jiz' basin on

both side of the main Hadramawt-Al Jiz4 synclinal

axis, and are generally parallel in trend to that axis.

In places they occur en echelon to each other, separated

by flat synclines. Some have a small amount of closure,

others are only noses. R. W. Wetzel and D. M. Morton
(unpub. data, 1948-50) referred to them as fault struc-

tures. They are expressed in Eocene beds, though some
involve Oligocene and Miocene deposits on their flanks,

indicating their origin or reactivation in the late

Tertiary

Along the axial zone of the North Hadramawt arch

in the Jabal Habshiyah area, eastward-plunging noses

expressed in Eocene beds occur south of the main axis

of the arch.

There aro other similar widely separated features of

small dimensions, especially in the Al Malirah area of

the Southern Plateau. All appear to have associated

faulting parallel to their axial trend, and faults trend-

ing east-northeast and east occur either on the flanks or

in synclinal zones, and are undoubtedly associated with

the formation of these structures.

Despite the important Oligocene and Miocene fault-

ing there is no evidence of any volcanism having

resulted.

The main (axial) Gulf of Aden trend is east-north-

east—that is, parallel to the dominant basement grain

of south W.A.P. (Wissmann and others, 1942) and to
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some late Miocene (!) faults near the western part of

the South Hadramawt arch, hut oblique to thecal trend

of the arch and its step-fault system farther to the east.

Happed faults on the east-northeast trend are fairly

common, and long, straight stretches of coastline follow-

ing this direction have clearly undergone relative eleva-

tion in Neogene to Recent times because Oligocene and

Miocene deposits are involved in the uplift. There is

little doubt that they mark important lines of profound

Gulf of Aden faulting, along which the land area

rose far above the Gulf lloor. The step faulting of the

IJadramawt arch (6.1.) is excluded from this group.

Although definite evidence to support the separation

in time of the two systems is lacking, it is noted that

tho Gulf of Aden coastal trend abruptly truncates the

South IJadramawt arch and its faults in the Ru- Shar-

wayn Ra's Fartak area, whereas east-northeast -trend-

ing faults occur across the North Hadramawt arch in

Phil far.

In the former area there are also groups of Red Sea

faults (northwest trend) which are considered later

than the. east-trending system and hence must Ira distin-

guished from the west-north west-trending faults of

Eocene date.

These generalizations apply, of course, only to sys-

tematic faulting which is complicated in places by abun-

dant erratic fracturing on a small scale, or by

rejuvenation of old faidts.

No folding can, with confidence, be attributed to the

Xeogene and Recent movements, but some chaotic

pseudofolding duo to solution collapse is obfrved on a

considerable scale in those parts of the high plateau

where the lower (middle) Eocene Rus Formation gyp-
sum has been dissolved below its cover of middle Eocene

shale, marl, and limestone (Habshiya Formation) and

then the collapsed cover has been recemented as

pscudobeds.

During Neogene to Recent times much voh anism was

associated with coastal faulting in the Gulf of Aden;
some, basalts occur further inland.

STRUCTURAL, HISTORY

The Aden Protectorate lies on the gentle southeast-

ward slope of the peneplaned Afro-Arabian shield

which declines toward the southern part of the Middle
East basin. Some authors have concluded that this

slojH! was divided by the Juras>ic trans -Erythrean

trough (Lamare and others, 1!>:'»0; I^amare, VMC-, Ar-
kell, 10.V2) into the Arabo-Nubian and Arabo Somali

masses (Picard, 10.17; Mitchell, 1!).'>!>), between which
development of the volcanic Sabea block (Lnmarc and
others, ID:

1
/); Picard, 1937) began late in the Cretaceous.

The oldest rocks seen in the peneplaned basement com-
plex of the E.A.P. consist of Precambrian metamor-

phic rocks in the west, and similar rocks are exposed

in the Mirba( area of Dhufar. A slightly younger

basal extrusive series, covered by metasedimentary rocks

that grade into nonmetamorphosed rocks, and as>ociated

younger intrusive igneous bodies make up the rest of the

basement, of southwest IJadramawt (p. II9-II11).

Tho dominant strike of original structure in the base-

ment is north trending, with northwest, west -northwest,

and east-northwest cross trends. Metamorphism in-

creases from east to west in southwest IJadramawt into

the Wiiljidi State, and toward the W.A.P., with the re-

sult, that confusion is possible between older and younger

basement sedimentary rocks. Complexity in strike

of folds and faidts also increases westward.

Some time after the deposition of the youngest base-

ment sediments and after some igneous intrusions had

taken place, a period of powerful movements occurred,

isoclinally folding the sedimentary rocks (and probably

tho voleanics) . This diastrophism was accompanied or

followed by dynamothcrmal metamorphism, probably

in stages, and a system of intense multidirectional cleav-

age was imposed on all rocks. Further intrusive act ivity

continued for some time thereafter.

The exposed series of IJadramawt is assumed to rest

on an older mctamorphic scries exposed in the AV.A.P.

and this in turn on a more massive basement which is

not exposed and not involved in the close folding of the

outcrops. It is suggested that, the exposed basement

sedimentary rocks of the E.A.P. occupy a complex

faulted depression in which the higher incompetent

strata were faulted and crumpled under their competent

cover in a kind of passive adjustment to deep seated and

short-ranged block movements, compression l>eing ap-

plied from the west. Repetition of stresses could ac-

count for secondary schistosity and for ultimate multi-

directional cleavage, perhaps resulting from the opera-

tion of stress couples due to horizontal blockjostling.

These stress and the main compression need imply no

great displacement or cmstal shortening (F. R. S. Hen-
son, unpub. data, 10.VI-G0.)

Peneplanation or mature erosion of the basement fol-

lowed. After peneplanation, subsidence occurred

around tho northern and eastern margins of (lie Arabo-

Nubian mass, where Paleozoic, Mesozoic, and Tertiary

I

seas advanced and retreated over its extremely gentle

i slope.

The earlier marine cycles left no record in southwest

Arabia, however, but successive t ransgres*ions in Juras-

sic, Cretaceous, Paleoccne, and middle Eocene times

i led to the deposition of mainly shallow-water sediments.

The age of the basement peneplain in the E.A.P. is

prc-Jurassic and probably dates back originally to the

Paleozoic. On this peneplain a Jurassic marine trans-
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gression advanced from the south or southeast, but soon

in the Late Jurassic, movements began to occur which

caused the erection of a partial barrier that isolated an

evaporitic basin inland. The movements aro thought to

have been largely block faulting. Later in the Late

Jurassic the sea overcame the partial barrier and spread

some way inland.

At the end of the Jurassic and in the earliest Cre-

taceous, uplift movements were again in evidence. In

Somaliland this uplift followed the Gulf of Aden trend

(Somaliland Oil Exploration Co., Ltd., 1954; Ilenson,

unpub. data, 1954-60) and approximately follows the

present line of the Somali plateau scarp. In the E. A.P.

direct evidence is lacking for the assumption of a similar

parallel uplift. Some indirect evidence suggests that

uplift may have occurred, but this is by no means cer-

tain, because on both sides of the Gulf of Aden uplifts

from which the Jurassic was removed diversified the

main lines of the paleogeography, which is moreover

concealed over large areas by later cover. In t he E.A.P.

and Dhufar the cross uplifts on a northerly trend (for

example. Al Mukalla high) divide the region into north-

south swells and depressions recognizable in coastal ex-

posures by stratigraphie variations and inland by

geophysical surveys.

During the Cretaceous the post-Jurassic erosion sur-

face was tilted gently clown toward the cast and the

Cretaceous marine transgressions advanced up this

gentle slope from the east. Movements on a small,

probably local, scale occurred along old lines of uplift.

The Ra's Sharwayn area was uplifted in the Albian,

and at Al Mukalla local uplift also occurred then and

persisted until the end of the Cretaceous; the uplifted

block trended north. Blocks were uplifted elsewhere

also, some persisting throughout the Cretaceous, but in

general Cretaceous sedimentation gradually levelled off

the floor. This process retarded and accelerated as the

successive cycles regressed and transgressed in the

Cretaceous, owing to gentle epeirogenetic movements.

In IJadramawt, regional hiatus between the Creta-

ceous and Paleocene has been discovered from strati-

graphic and paleontological studies, but the Paleocene

follows the Upper Cretaceous in outcrop without any

visible break. Local exceptions are found in the over-

lap of Paleocene on Lower Cretaceous at Al Mukalla

and even on basement in the WadI al Ghabar area. A
gentle eastward tilting of the land surface occurred at

this time and up this slope the Paleocene transgression

advanced from the east

.

In the Paleocene further slight tectonic movements
began. In the north of the territory elevation of the

North IJadramawt arch probably commenced with the

end of slight terminal Cretaceous uplift ; for a while it

formed a (submerged?) barrier to the advance of the

Paleocene sea, but it was overcome soon after during the

late( ?) early Paleocene. Westward in the W.A.P.
and Yemen the Paleocene sea thinned and pinched out

against a shoreline made up of the volcanics that had
commenced in part to be extruded as early as the Late

Cretaceous.

Tertiary movements continued throughout the early

Eocene and thickness and facies variations of the Eocene

are related to the progressive development of the gentle

geanticlinal IJadramawt arch (s.l.) (p. H 14-1146) that

spans the whole territory.

No upper Eocene deposits are known in the territory,

«>r elsewhere in southwest Arabia, but they occur locally

in Somalia; it was during late Eocene time that the

IJadramawt arch (s.l.) attained its maximum develop-

ment, with general emergence and erosion. The de-

velopment of the IJadramawt (and Somali) arch is re-

garded as due to regional compression which buckled

the whole thickness of the crust. Important block

faulting and step faulting followed along the coastal

belt, largely obscuring the south flank of the arch which,

however, is clearly seen in relatively unbroken sections.

The prevailing fault trends of the arch are evidently

related to the fold strike. The faults apj>ear to be

predominantly of normal type, but some local compres-

sion structures were produced before or at the same time

as the folding and and faulting history.

Thus at ?ulm Bii Tha'lab the basement peneplain

with a cover of Jurassic to Eocene formations has been

smoothly arched up and faulted, the uplift being on too

largo a scale to be explained by only vertical movement.

At WadI Kilyah a small flat thrust involves Jurassic and
Cretaceous beds. In Yemen where such structures

occur, including basement "diapirs," some tangential

block movement in the basement is suspected (Lamare,

and others, 10:10).

The salt extrusions of the Shabwah-'Iyadh-Al Min-
;aq areas may have been stimulated by subsurface drag

stresses of the same origin, the salt functioning as a glid-

ing plane near basement level. The extrusions occurred

after the Paleocene and made their way through the

I
massive limestone cover, with no sign in the stratig-

i raphy of earlier activity, in spite of opportunities pro-

;

videdby faulting at the end of the Jurassic. The domes
1 occur in an area of post -Paleocene cross faulting which

:
may have caused the fractures and breaks seen in the

limestone roofs of the domes.

The emergence and upwarping of largo areas in

Arabia and in the Gulf of Aden region and the forma-

tion of the IJadramawt and Somali arches was followed

by extensive Oligocene and Miocene "transgressions"

which invaded inland into coastal depressions from a
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Gulf of Aden already formed before late Tertiary

rifting.

The emergence of Arabia then resumed and has con-

tinued until the present day, with coastal faulting, tilt>

ing of Oligocene and Miocene deposits, local Pliocene

and Pleistocene marine ingressions, and basaltic ex-

trusions. Recurrent uplift and oscillations of the land

surface in the Pliocene and Recent completed the

history.

These events occurred all around the margins of the

Arabian Peninsula and were not confined to the rift

valleys (Red Sea and Gulf of Aden). It is indeed

difficult to judge how much of the rift faulting was due

to graben subsidence and how much to regional uplift

of the bordering land surfaces.
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FOREWORD
This volume, "The Geology of the Arabian Peninsula," is a logical consequence of the

geographic and geologic mapping project of the Arabian Peninsula, a cooperative venture

between the Kingdom of Saudi Arabia and the Government of the United States. The Arabian-

American Oil Co. and the U.S. Geological Survey did the ficldwork within the Kingdom of

Saudi Arabia, and, with the approval of the governments of neighboring countries, a number of

other oil companies contributed additional mapping to complete the coverage of the whole of

the Arabian Peninsula. So far as we are aware, this is a unique experiment in geological

cooperation among several governments, petroleum companies, and individuals.

The plan for a cooperative mapping project was originally conceived in July 1953 by the

late William E. Wrather, then Director of the U.S. Geological Survey, the late James Terry

Duce, then Vice President of Aramco, and the late E. h. deGolyer. George Wadsworth, then

U.S. Ambassador to Saudi Arabia, and Sheikh Abdullah Sulaiman, then Minister of Finance

of the Government of Saudi Arabia, lent their support to the plan. In November of the follow-

ing year, 1954, Director Wrather approved the U.S. Geological Survey's participation and

designated O. F. Brown responsible for the western Arabian shield region in which he had

previously worked under U.S. foreign-aid programs. In January 1955 F. A. Davies, Chairman,

Board of Directors, Arabian-American Oil Co., approved Aramco s participation and appointed

the late R. A. Bramkamp, chief geologist, responsible for compilation of the area within the

Kingdom where the sediments crop out. This responsibility fell to L. F. Ramirez following

the death of R A. Bramkamp in September 1958.

R. A. Bramkamp and G. F. Brown met in New York in February 1955 and planned the

program, including scales of maps, areas of responsibility, types of terrain representation,

and bilingual names. Thus there was established a cooperative agreement between the King-

dom of Saudi Arabia, the U.S. Department of State, and the Arabian-American Oil Co. to

make available the basic areal geology as mapped by Aramco and the U.S. Geological Survey.

The agreement specified publication of a series of 21 maps on a scale of 1:500,000, each

map covering an area 3° of longitude and 4° of latitude. Separate geologic and geographic-

versions were to be printed for each of the quadrangles; both versions were to be bilingual—in

Arabic and English. A peninsular ideologic map on a scale of 1:2,000,000 was to conclude the

project.

High-altitude photography, on a scale of 1:60,000, of the Kingdom of Saudi Arabia was

initiated during 1949 by the Aero Service Corp. and completed in 1959. Both third-order

vertical and horizontal control and shoran were utilized in compiling the photography. This

controlled photography resulted in highly accurate geographic maps at the publication scale

which then served as a base for the geologic overlay. The topography of the sedimentary

areas was depicted by hachuring and that of the shield region by shaded relief utilizing the

airbrush technique.

The first geographic quadrangle was published in July 1956 and the last in September

1962. While preparation of the geographic sheets was in progress, a need arose for early

publication of a 1 : 2,000,000-scale peninsular geographic map. Consequently, a preliminary

edition was compiled and published in both English and Arabic in 1958. The second edition,

containing additional photography and considerable new topographic and cultural data, was

published in 1963. The first of the geologic map series was published in July 1956 and the

final sheet in early 1964. The cooperative map project was completed in October 1963 with



rv

the publication of the l:2,000,000-scale "Geologic Map of the Arabian Peninsula" (Miscel-

laneous Geologic Investigations Map I-270-A).

As work on the quadrangles progressed, geologist*, companies, and governments working

in areas adjacent to the Kingdom of Saudi Arabia were consulted by Arameo and invited

to participate in the mapping project. The number of cooperating participants was expanded

to 11, which included the operating oil companies in the peninsula and which are identified

elsewhere in this text; the Overseas Geological Surveys, London; the Government of Jordan;

F. Geukens, who had worked in Yemen; and Z. R. Beydoun, who had studied the Eastern

Aden Protectorate. With the close cooperation of the authors, the new data were added to

data already plotted on the base map of the Arabian Peninsula.

As the geological coverage of the peninsular map grew, the need for a text to aeeompauy

the map became apparent to both the U.S. Geological Survey and the Arameo geologists.

Exploratory conversations were begun by Arameo with companies working in the other countries

of the Arabian Peninsula for their participation in the preparation of a monograph on the

geology of the Arabian Peninsula. Each author prepared a description of the geology of the

area for which he was responsible, as shown in the sources of geologic compilation diagram

on the peninsular map. The U.S. Geological Survey undertook the publishing of the volume

as a professional paper, and the Government of Saudi Arabia was to finance its printing.

It was early agreed that there would be no effort to confine the contributions to a standard

format and that no attempt would be made to work out an overall correlation chart other

than shown on the "Geologic Map of the Arabian Peninsula." Thus, the individual style

of authors of several nationalities is preserved.

Cooperation and relations have been of the highest order in all phases of the work. The

project would not have been possible without the full support of the U.S. Department of State,

the Kingdom of Saudi Arabia, and all contributors. In fact, the funds which made publi-

cation of this volume possible were contributed by the Saudi Arabian Government.

The data provided by the maps and in the professional paper provide information for

an orderly scientific and economic development of a subcontinent.

fa £>ML*<#.
>S W. D. Johnston, Jr., O. A. Seager,

Former Chief, Foreign Geology Branch, Arabian-American Oil Co, (Retired).

U.S. Geological Survey.

Nan:
As stated In the introduction, this report ii based essentially

on geologic data available in and incorporate* atretigraphic

and atiuetural data resulting from investigations, sponsored by

the United Nstkins Food ami Agi leulturc Oiiuiinli"". of

ground water and mineral itwiurfts from 1964 to 11*611- Sine*

then the Mining Divuion and the Department of Water Re-
sources Authority in Jordan have uhi&f-rtaken extensive^

and geophysical and geowigic exploration prog
yielded additional critical informal ion. These
and renne the Interpretation of nrvarml potential peiracuni-
bcering sedimentary basins, demonstrate laige amount, of sev-

eral metallic and iwinmetalllc mineral resource*, and to some
extent modify the tccU.nic-«lrat .graphic framework presented

With the new data. M M«!has ll?7«. The tectonic and
•tratisraphic fr»mr«-'T« of Jordan and in Implicating regard-
irii i»i:.M.i«] hydcH-aitu n accum Jlntlon : Jordan Nat. Resources
Author .tv rep'.., in hmh ha» *yn!he«n-«d the tertonir-strati.

graphic relM|.,nnh.i.»,

int from r
V.

rep*-., in pn-iM hs» *> n: He«i7**<l ine teciomr-snau.
laiionshitu, doruw. oting the presence of b*»in» rang-
l'«™"i' to Tert.ary. and described the petroleum
. h. iiwanjon 11374. Recommendation, for the study

and appraisal of oil shale deposits in Jordan : U.S. Geo I. Survey
open-tile repM evaluated the oil shale resources and development
programa of Jordan and concluded that the Inferred reserves
were very larc*. Recent work by the Natural Resources
Authority (1972, The mineral prospects of Jordan: Jordan Nat.

Dlv..Resources Authority Mining Dlv.. unpub. repL, 12 p.)
catca "prospective reserves" aa large as 10 bUJIon metric ton*
of shale containing I Mil /metric ton (p. SO). Y. F. Nlmry
(1973. The copper and manesnear prospects of Wsdl Araha

:

Jordan Nat- Resources Authority Rept on Phase One, 107 p.
and map) reported on an extensive exploratory prorram by
the Minim Division of the Natural Resources Authority: lares
resource* of copper and rnsngsnese have been identified in the
vicinity of Faynan on the east side of Wsdl al 'Arabah. Other
studies by the Mining Division indicate large resources of sev-
eral nonmetaltic minerals. More recent information on the
availability of phosphate, glass sand, clay, trlpolt, gypsum,
ceramic and construction materials, and saline deposits arc alao
available from the Natural Resources Authority (1972).

Project reports on inv
'
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GEOLOGY OF THE ARABIAN PENINSULA

JORDAN

By Friedrich Bender 1

ABSTRACT

The Hashemite Kingdom of Jordan covers an area of ap-

proximately 96,500 km* in the northwestern part of the

Arabian Peninsula.

In southwestern Jordan, part of the Nubo-Arabian Shield

is exposed. It is characterized by Precambrian plutonic and

metamorphic rocks, and by some minor occurrences of upper

Proterozoic sedimentary rocks. Cambrian, Ordovician, and

Silurian sandstone and shale of continental and marine ori-

gin have a maximum thickness of 1,800 m and unconform-

ably overlie the rocks of the Precambrian basement complex.

A belt of sedimentary rocks deposited chiefly on the stable

shelf area of the Tethys Sea borders the northern fringe of

the shield. Most of southeastern and central Jordan is within

this belt It is a zone of interfingering sedimentary rocks of

continental, littoral, and neritic origin, rapid lateral facies

changes, and many stratigraphic unconformities caused by

pulsation and, at certain periods, transgression and regres-

sion of the Tethys Sea. Regionally, the marine influence on

the deposition increases toward the north and west. The total

thickness of all post-Protcrozoic sedimentary rocks is

2,000-3,000 m; it exceeds 4,000 m in the baylike sedimentary

basin of Al Jafr in south-central Jordan, and 5,000 m in the

Al Azraq-Wadt as Sirhan Basin in north-central Jordan.

These basins strike northwest and thus seem to merge with

the unstable shelf area of the Tethys Sea in the northwest.

In the transition zone to, and in the area of, the unstable

shelf in northwestern, northern, and prohably northeastern

Jordan, neritic and bathyal sedimentary ro<ks form the ma-

jor part of the post- Paleozoic rocks. Here, the stratiL-r.-.ph o

sequence is more complete, unconformities are fewer, urd

lateral facies changes are less pronounced than in the stable

shelf area to the south and southeast. In northwestern Jor-

dan, west of the Jordan River, the total thickness of sedi-

mentary rocks above the Precambrian basement may be as

much as 7,000 m; in the Dead Sea area of the Wadi al

'Arabah-Jordan Rift province, repeated structural subsidence

resulted in the accumulation of sedimentary rocka as much
as 10,000 m thick.

No evidence is known of post-Proterozoic structural move-

ments characteristic of alpine orogenesis. The crustal move-

ments affecting the country since the Cambrian were gentle

regional tiltings (epeirogenic movements) and a comlr.nation

of faulting, block folding, and taphrogenic movements. The

' Geological Surrey of the Federal Republic of Germany.

majority of structural features were caused by tensions!

I
forces. Evidence of compression is rare and chiefly restricted

to west Jordan and to north Jordan east of the Rift.

Major volcanic activity occurred during the late Protero-

zoic and Early Cambrian (quartz porphyries, Wadi al 'Ara-

bah). during the Late Jurassic (?) and Neocomian (mafic

and intermediate eruptive rocks, Wadi al 'Arabah and west

of the Jordan River), and during the Neogene (includes

Miocene and Pliocene as used in this report) and Pleistocene

(extensive basalt volcanism).

INTRODUCTION

SCOPE OF CONTRIBUTION

This report describes the geology of that part of

the northwestern Arabian Peninsula, the Hashemite

Kingdom of Jordan, which was mapped by a geologi-

cal mission of the Geological Survey of the Federal

Republic of Germany, 1961-67. The mapping was
done at scales of 1 : 25,000, 1 : 60,000, and 1 : 100,000

and later compiled at a scale of 1:250,000 (Bender
and others, 1968). This map differs in certain areas

from QuenncU's (1966) geologic map of Jordan
east of the Wadi al 'Arabah-Jordan Rift, which
covers approximately the western half of Jordan,

and which was incorporated in the l:2,000,000-scale

geologic map of the Arabian Peninsula (U.S. Geo-

logical survey and Arabian-American Oil Company,
1963).

The geographic names in this report conform to

the Jordan Gazetteer of 1971, which lists names ap-

proved by the U.S. Board on Geographic Names;
however, for several names the more popular spell-

ing is given in parentheses both in the report and
on plate 1.

PREVIOUS WORK

The literature dealing with the geology of Jordan
is surprisingly extensive. It has been recently com-
piled, and an account of the history of geological

II
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research has been given by Bender (1968a). There-

fore, only some significant publications are cited

herein.

Seetzen (1810) gave one of the first accounts of

a geographic reconnaissance survey : he lost his life

on his last expedition (Kruse, 1854-55). In 1837,

von Schubert and Roth discovered that the Dead

Sea level is considerably lower than the level of

the Mediterranean (Hull, 1886, p. 12). Bertou

(1839) is reputed to have been the first traveller

to travel the length of the Wadi al 'Arabah from

the Dead Sea to the Gulf of Aqaba. Russegger

(1847) made several expeditions to the "Holy Land"

and published a "gcognostic" map of Arabia Pe-

traea. Under the leadership of U.S. Navy Lt. Lynch

(1852), a survey was undertaken to explore the

Dead Sea and the River Jordan. Later, Ritter

(1848-55), vom Rath (1881), Fraas (1867a, b),

Milne (1875), and Lartet (1876) discussed geo-

logic problems of the Jordan area. The contributions

of Hull (1886) incorporated many detailed records

on geologic observations and a geologic map of

Wadi al 'Arabah.

From about 1890 to 1914, Max Blanckenhorn was
engaged in geologic research in Palestine and

Transjordan. He achieved a comprehensive knowl-

edge of the country and documented his observa-

tions in many publications (Blanckenhorn, 1903,

1912, 1914). During that time, the Hejaz Railroad

from Damascus (Syria) via 'Amman, Ma'an, and Al

Mudawwarah to Al Madinah (Saudi Arabia) was
planned and constructed. The area thus became
more accessible, and geologic research increased con-

siderably (Auler. 1908; Musil, 1907. 1911: Krusch,

1911: Dicnemann, 1915; Fuchs, 1916; Kober, 1919;

Schwtibcl, 1921).

During the period of the British Mandate, King
(1923), Cox (1924, 1925, 1932. 1934), Muir-Wood
(1925), Wagner (1934), Richter and Richter

(1941), and Avnimclech (1915) published reports

on the paleontology of Cambrian, Triassic, and
Jurassic rocks. Regional geologic problems were dis-

cussed by Krenkel (1924, 1925, 1941) and Hennig
(1938). G. S. Blake, as geologist of the British

Mandate Government, carried out systematic sur-

veys on mineral and ground-water resources and
recorded his findings in many contributions (Blake,

1928, 1930, 1936, 1939; Ionides and Blake, 1939;

Blake and Goldschmidt. 1947). Blake Inst his life

while on a field survey in the WTuli al 'Arabah.

Willis (19'_>8) and Wellings (in Willis, 1938) in-

vestigated problems on the evolution of the .Ionian

Rift. Structural phenomena were also discussed by

Dubertret (1932), who also published geologic maps

of the region (Dubertret, 1959, 1962). Since 1928,

important contributions to the knowledge of the

geology in the Jordan area have been made by

Picard (1928, 1931, 1941, 1943, 1953, 1965).

Shaw (1947, 1948) published a geologic map of

southern Palestine and gave an account on the

geology and mineral resources of Palestine. A simi-

lar contribution was made by Quennell (1951, 1956)

for the territory of Transjordan. Quennell's maps
and geologic findings formed the main basis of Bur-

don's "Handbook of the geology of Jordan . .
."

(1959). A significant contribution, especially on

I stratigraphic correlation, was published by Wetzel

and Morton (1959).

During the last 20 years, geologic consulting that

concerned projects for economic development has

played an increasing role. Generally, the results

are in unpublished reports for the Government of

Jordan—for example: Reports of the Transjordan
Petroleum Development Co., Ltd. (1947-49)'; E. W.
Pauley Oil Exploration and Phillips Petroleum Co.

I
(1956-60) 5

; J. W. Mecom Oil Co. (1964-66)';

Mackay & Schnellmann (1954, 1957) 5<
; Parsons

Corp. (1963) 7
; Gold (1964)*; Wilson and Wozab

(1954) ; Baker and Harza Engineering Co. (1955)';

I Hunting Technical Services, Ltd. (1956, 1965)'°";

Sir M. Macdonald & Partners (1965)'=; Rofe &
Raffety Consultant Engineers (1963, 1965)" '«; the

' Transjordan Petroleum Development Co.. Ltd.. H47-4». Uapub. repta.,

Jord»n Nat. Reaources Authorily. Amman, Jordan.
* E. W. Pauley Oil EspJoration and Phillip. Petroleum Co.. 1»S«-M>.

Unpub rept*-. Jordan Nat. Resource* Authority, Amman. Jordan.

•J. W. Mecom Oil Co.. 1M4««, Unpub. rept*.. Jordan Nat. Resource*

Authority, Amman. Jordan.
1 Mackay at Srhne'lmann. 1014, Mineral resource* in Jordan: London.

Mackay, L Schnellmann Consulting Economic Geologists, unpub. rept.

' Mackay * Schnellmann, 1917, Phosphate resource* in Jordan. Roselfa:

London, Mackay A Schnellmann Consulting Economic Geologist*, unpub.
rept.

' Parson* Corporation, IMS. Exploration and geology, r. 2 cf El Hasa
phosphate project: I,o* Angeles, Calif.. Parsons Corp. Engineering, unpub,

rept. SKfi-l. Jordan Nat. Resources Authority. Amman. Jordan.
1 Go!d, O.. 11)64. The Wadi Araba copper exploration, Jordan—report

<>n phase A: Kuln, Germany, Ingenieurberatung fur Bergbaufragen, un»
pub. rept- for Jordan Government, Jordan Devel. Board, Amman. Jordan.

' Baker. M. and Harts Engineering Co. IBM. Yarmouk .Jordan Valley

project, master plan report: Unpub. rept. for the Jordan Government.
Jordan Nat, Resource* Authority, Amman, Jordan, v. 1-1S.

Hunting Technical Services. Ltd.. 19S«, Range classification survey
of the Hashcmite Kingdom of Jordan: London, Hunting Tech. Services,

Ltd , unpub. rept., Jordan Nat- Resource* Authority, Amman, Jordan
" Hunting Technical Service*. Ltd , 10*5. Wadi Dhuleil investigation:

London, Hunting Tech. Service*. Ltd., unpub rept. Jordan Nat. Re-
"'jrm Authority. Amman. Jordan.

:.Sir M Macdonald * Partners. 10«li. East bank Jordan water re-
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reports of the United Nations Food and Agriculture

Organization (UNFAO) "Sandstone Aquifer Proj-

ect in southeast-Jordan"; Lloyd (1969) ; Parker

(1969) ; and the reports of the German Geological

Mission (1961-67).
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GENERAL CEOMORPHOLOCY

The Hashemite Kingdom of Jordan covers an

area of approximately 96,500 km2 in the northeast-

ern part of the Arabian Peninsula. In contrast to

the more uniform and monotonous morphology of

most of the interior of the Arabian Peninsula, the

western and northwestern parts, including the ter-

ritory of Jordan, are morphologically distinctive.

Jordan may be divided into seven physiographic

provinces, which coincide with geologic provinces

(fig. 1)

:

Southern Mountainous Desert;

Mountain Ridge and Northern Highlands East

of the Rift;

Central Plateau (includes Al Jafr and Al Azraq-
Wadi as Sirhan Basin)

;

Northern Plateau Basalt

;

Northeastern Plateau

;

Wadi al 'Arabah-Jordan Rift

;

Highlands West of the Rift.

The Southern Mountainous Desert occupies the

area south of the west-northwest-striking escarp-

ment of Ra's an Naqb, and extends southward into

Saudi Arabia. Between Al 'Aqabah and Al Quwayrah
where igneous rocks of the Precambrian basement

are exposed, the country is rough, and steep moun-
tains rise to 1,550 m above sea level (fig. 2). Farther

east, Paleozoic and Mesozoic sandstone overlies the

|

Precambrian basement complex, and from Kawr
Ramm (Wadi Ramm) to the east they cover it com-

pletely. The sandstones also form steep bizarre cliffs

I (fig. 3) and mountains more than 1,700 m in al-

titude (Jabal Ramm, 1,754 m). Closer to the djsuaed

Hejaz Railroad (Al Mudawwarah) and farther east

(Jabal at Tubayq), an inselberg landscape of table

mountains and large depressions are the dominant

topographic features (fig. 4). Broad, generally flat

areas near the base level of erosion indicate that

the mature stage of the arid erosion cycle has been

reached in this region. The debris of arid weather-

ing, drifting sand, and pelitic sediments in exten-

sive mudflats cover the depressions and form very

thick fill in erosion channels of the Pleistocene

pluvial periods. Drainage in the western part of

this physiographic province is to the south into

the Gulf of Aqaba and is still actively cutting head-

ward. In the eastern part, drainage turns southeast

into the flats south of Al Mudawwarah and east into

Wadi as Sirhan Basin.

The Mountain Ridge and Northern Highlands East
of the Rift is a coherent physiographic feature, in

spite of its varied geologic character. It stretches

north-northeast to north for about 370 km from
the Gulf of Aqaba to Lake Tiberias; in general,

it slopes gently toward the Central Plateau in the

east, whereas it slopes very steeply toward the

Rift province in the west (fig. 5). Because the base

level of erosion in the Rift province has been lowered

by continuing structural subsidence, the westward
drainage of the Mountain Ridge province has been

rejuvenated frequently. Thus, the streams have cut

farther and farther eastward into the Central

Plateau, capturing additional areas for the drain-

age basin of the Rift (Burdon, 1959, p. 12). The
highest altitudes in the country (about 1,850 m)
are in the southern part of the Mountain Ridge
province, in the Jibal ash Sharah.

The Central Plateau is bordered on the west by
slopes that rise westward to the Mountain Ridge
province: in the north and in the east, the Central

Plateau falls to the flat, wide southeast-striking Al
Azraq-Wadi as Sirljan Basin, which includes the

oasis of Al Azraq in its northeastern part. The hori-
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Ficure 2.—Precambrian (franodiorite and dikes and overlying Cambrian sandstone, approximately 5 km north-northwest of

Al Quwayrah, southern Jordan.

titudes of about 1,000 m above sea level. To the

south, the altitude of the Central Plateau gradually

lowers to about 850 m above sea level and is lowest

in the wide Al Jafr Basin, which is about 150 km
long in a northwest direction and about 100 km
wide. The central part of this basin is an extensive

mudflat (240 km5
). Farther south, the altitude of

the Upper Cretaceous and lower Tertiary rock se-

quence of the Central Plateau is more than 1,500

m at the escarpment of Ra's an Naqb, the boundary

between the Central Plateau and the Southern

Mountainous Desert provinces. Areas of many hun-

dreds of square kilometers in the central parts

of the Central Plateau are covered by desert

pavement consisting of wind-eroded chert residue,

the flint-strewn "Hamada" desert. Drainage in the

western part of the Central Plateau is to the west

where extensive drainage areas have been captured

for the Rift by the headward erosion of the Wadi
al Mawjib, Wadi al Karak, Wadi al ITasa, and

Wadi Dana drainage systems. In the southern part

of the Central Plateau, drainage is from all sides

Figure 3.—Cambrian and Lower Ordovician sandstone, ap-

proximately 8 km south-southeast of Itumm police station

(long 35" 25' E., lat 29*36' N . ) . southern Jordan.

zontal or gently dipping limestone, marl, and chert

beds of the Upper Cretaceous and lower Tertiary

sequence form tableland scarps; chains of outliers

(fig. 6) are partly covered or surrounded by the

debris of arid weathering. The outliers reach al-
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Figure 4.—Middle and Upper Ordovician sandstone and shale, approximately 10 km northwest of Maha^nt al Mudawwarah,
southern Jordan.

PKURC 5.— BeRinninp of flexure in Upper Cretaceous lime-

stone and marl, east of the Al Lisun Peninsula. Dead Sea

in the harkeround.

to the center of the Al Jafr Basin; in the east and

north, drainap:e is northeast into the Al Azraq-

W&di as Sirljan Basin.

Figure 6.—Outlier Tuwayyil ash Shihaq of Upper Cretaceous
and lower Tertiary limestone, marl, and chert, approxi-

mately 30 km southeast of Maha^tat al Hasa, central

Jordan.

The Northern Plateau Basalt province in Jordan
covers an area of approximately 11,000 km-, east of

the northern part of the Al Azraq-Wadi as Sirljan

Basin. The Plateau Basalt forms an almost inac-
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cessible landscape of flows, fissure effusions, and
isolated volcanoes (fig. 7). The basalt of many flows

has been cracked by insolation and broken into

blocks. This shield of basalt gradually lowers from
altitudes of about 1,100 m at the Syrian-Jordanian

border on the north to approximately 560 m in the

south, close to the Wadi as Sirhan Basin. Drainage
is south and southwest to Wadi as Sirhan; in the

eastern part of the Plateau Basalt drainage is east

and southeast.

East of the Plateau Basalt, the Northeastern
Plateau province extends as a monotonous quasi-

peneplained landscape far eastward across the Iraq

border, north into Syria, and south into Saudi

Arabia. This area is almost entirely occupied by
calcareous and siliceous lower Tertiary sedimentary
rocks, locally covered by upper Tertiary calcareous

and sandy rocks and by Quaternary unconsolidated

sediments. The drainage pattern obviously follows

zones of structural weakness—mainly northwest,

and, less pronounced, north-northwest and east-

northeast (fig. 8).

The Wadi al 'Arabah-Jordan Rift (the Rift prov-

ince) is a narrow depression that extends from the
Gulf of Aqaba for approximately 360 km north to

Lake Tiberias; it represents but a small fraction of

the East African-Asia Minor Rift system. Uncon-

solidated sediments of Neogene (Miocene and Plio-

cene) and, chiefly, Quaternary age occupy most of

the floor of the Rift province. The floor of the Rift

rises gradually from the Gulf of Aqaba to altitudes

of 250 m above sea level at the watershed of Jabal

ar Rishah in the central Wadi al 'Arabah. From
there the floor falls gently northward to the sur-

face of the Dead Sea, 392 m below sea level. The
Dead Sea covers an area of 997 km'; it is 80 km
long and averages 15 km wide. North of the Al

Lisan Peninsula (fig. 9), the Dead Sea reaches its

maximum depth of 401 m; thus, the maximum
, depth of the depression is 793 m below sea level.

From the Dead Sea, the direction of the depression

turns slightly from N. 15° E. to about N. 5° E.

From the mouth of the Jordan River at 392 m be-

low sea level, the 105-km-long Jordan River valley

rises to 212 m below sea level at Lake Tiberias.

In the Highlands West of the Rift, structural

upwarps (of a folded and faulted, mainly Upper
Cretaceous-lower Tertiary rock sequence) and
drainage systems (eastward to the Jordan River
valley and westward to the Mediterranean Sea)

have combined to form a mountainous diversified

landscape (fig. 10). The watershed between the

Figure 7.—Basalt flow cracked by insolation, blocks subanpularly shaped by wind corraaion; approximately 200 km east of
'Amman, northeast Jordan.

Digitized by Gc



18 GEOLOGY OF THE ARABIAN PENINSULA

Figure 8.—Aerial view of wadis and mudflats that follow

structural pattern in Tertiary limestone; approximately

250 km east-northeast of Al Mafraq.

Dead Sea catchment area and the Mediterranean

Sea trends approximately north-northwest from the

Al Khalil (Hebron) region through Bethelem-

Jerusalem-Ramallah to the Nabulus (Nablus) re-

gion, and reaches altitudes of about 1,000 m.

GEOLOGIC HISTORY AND PALEOGEOGRAPHY

The small exposures of highly metamorphosed

rocks along the southern Wadi al 'Arabah seem to

represent the remnants of early (?) Proterozoic

geosynclinal sedimentation and volcanism. The in-

trusion of gabbroic rocks, diorite, quartz diorite,

granodiorite, and aplite granite, which are the main

constituents of the Precambrian basement complex

in south Jordan, may be considered the cause of

their katazonal metamorphism. As isotope deter-

minations have revealed, the plutonic rocks are of

late Proterozoic age. The age succession of the dif-

ferent types of igneous rocks has not been clarified.

A great many differentiated dike rocks were in-

truded at different times into the solidified plu-

tonites, along dominant zones of tension that strike

Figure 9.—The Wadi al 'Arabah-Jordan Rift province at its

lowest point as viewed from the west. Upper Pleistocene

terraced coarse clastic deposits are in foreground; opposite

shore of the Dead Sea is the eastern edge of the rift valley

showing a Triassic, Jurassic, and Cretaceous rock sequence.

northeast, east, and north. The number of dikes

per square kilometer of exposed Precambrian base-

ment complex increases considerably from south-

east Jordan westward toward the Wadi al 'Arabah-
Jordan geosuture (zone of the structural weakness).

Uplift and erosion preceded the deposition of sedi-

ments of latest Proterozoic age, which were affected

merely by epizonal metamorphic processes and do
not indicate alpine-type orogenesis. All these Pro-

terozoic rocks were then intruded by many differen-

tiated dike rocks.

At the beginning of the Cambrian, a peneplain

formed in southern Jordan east of the Rift; highly
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FlCURE 10.—Upper Cretaceous rocks, western edire of Wadi al 'Arabah-Jordan Rift province, Mount of Tempta-

tion west of Aiiha (Jericho).

metamorphosed "roof rocks" and remnants of upper

Proterozoic sedimentary rocks were eroded away.

In the area of the Wadi al 'Arabah-Jordan geosu-

ture, however, a surface of pronounced relief was
cut in the Precambrian rocks, and quartz porphyry

lavas seem to have erupted dominantly along this

geosuture from the latest Proterozoic until deposi-

tion of Cambrian sediments.

Because of Precambrian tectonism, the metamor-

phosed rocks and upper Proterozoic sedimentary

rocks in the area of Wadi al 'Arabah were preserved

from complete erosion prior to the deposition of

Cambrian sandstone. For this and other reasons, it

is therefore thought that the formation of the

Wadi al 'Arabah-Jordan geosuture dates back to

Precambrian time.

Since the beginning of the Cambrian, the paleo-

geographic evolution of Jordan has been influenced

by three dominant features: (1) The Tethys Sea in

the west and northwest, which transgressed several

times over parts of, or over all of Jordan, (2) the

Wadi al 'Arabah-Jordan geosuture, which separates

the Palestine block on the west from the Trans-

Jordan block on the east, and (3) the Nubo-Arabian

Shield in the southeast and south, from which me-

chanical and chemical weathering products were
transported onto the shelf of the Tethys Sea and

where, during certain periods, continental clastic

sediments were deposited.

The clastic sedimentary rocks of the Lower Cam-
brian are of continental origin, insofar as is known
from exposures in south Jordan and along the Rift.

These Lower Cambrian rocks overlie either pene-

pluined Precambrian plutonites or, as in the Wadi
al 'Arabah zone of the geosuture, a surface of pro-

nounced relief cut in different Precambrian rocks.

During the latest Early to Middle Cambrian, an

early transgression of the Tethys Sea advanced to

the east side of the central part of the Wadi al

'Arabah. The pattern of different lithofacies (marine

calcareous, marine sandy, continental sandy) was in-

fluenced by the north-south course of the geosuture

between the Palestine and Transjordan blocks (fig.

11). A regression is indicated in the Middle and
Late(?) Cambrian by continental sandstones above

the Tethyan marine sedimentary rocks.
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During the Early Ordovician, the Tethys Sea

again transgressed over flat land areas, entering

southeast Jordan and northwest Saudi Arabia, far

beyond its Cambrian shoreline. In a shallow marine

environment of deposition, mainly fine-grained

sandy and argillaceous material accumulated during

the Middle and Late Ordovician and the Early

Silurian. In southeast Jordan, continental influence

on the sedimentation is suggested by a red-brown

sandstone sequence between the marine Lower
Silurian and the marine Upper Silurian clastic rocks.

The marine environment of deposition continued also

in the Early Devonian. Calcareous and sandy rocks

of this age are found about 100 km southeast of

the southeast corner of Jordan. Middle and Upper
Devonian sedimentary rocks have not been identified.

Carboniferous (lower Westphalian A-Namurian-
upper Visean) sandstones and calcareous sandstones

were deposited in a littoral (?) -continental environ-

ment in north Jordan and probably also in west

Jordan. Rocks of Permian age have not been con-

firmed.

Another transgression of the Tethys Sea to the

southeast occurred during the Early and Middle

Triassic. The sea advanced from the west and north-

west to the area just east of the Dead Sea, where
Triassic littoral, lagoonal, and continental (?) sedi-

mentary rocks disconformably overlie lower Paleo-

zoic clastic rocks.

After a regression during the Late Triassic and

Early Jurassic (Rhaetian and Liassic), the ocean

advanced once more during the Middle Jurassic.

Jurassic shorelines probably were just west of and

approximately parallel to the borders of the Triassic

transgression, whereas erosion continued on the land

farther east and south. Again, the eastern borders

of the marine depositional environment and the

thickness of the deposited sediments were remark-

ably influenced by the meridional zone of structural

weakness (fig. 11).

Renewed epeirogenic uplift and erosion, and local

volcanism, probably during the Late Jurassic (Kim-

meridgian), preceded Early Cretaceous deposition.

Dominantly clastic rocks of Early Cretaceous age

therefore overlie the Paleozoic, Triassic, or Jurassic

formations with a regional angular unconformity.

During the Early Cretaceous, the marine deposition-

al environment dominated the northwest part of

Jordan, and a transgression during the Albian

reached the area east of the Jordan River. Farther

east and to the south, clastic sediments of continental

origin were deposited.

Beginning in the Late Cretaceous (Cenomanian)

,

a regional transgression started to spread over

areas far beyond the borders of the Albian sea.

Closer to the Nubo-Arabian Shield in the southeast,

however, the continental depositional environment
of sandy sedimentation, which formed in the Early

Cretaceous, continued in the Late Cretaceous, in-

cluding the Santonian. The marine calcareous,

marly, siliceous rock units of the Cenomanian,
Turonian, Santonian, Campanian, and Maestrichtian

therefore overlie these continental sandstones with
onlap toward the southeast. In the areas occupied by
the sea, great thicknesses of sediments accumulated
in basins, particularly along the Wadi al 'Arabah-
Jordan geosuture, and in the Al Jafr and Al Azraq-
Wadi as Sirfcan Basins (fig. 11). The pattern of

gentle swells characterized by phosphorites, oyster

lumachelles, and chert layers, and of local euxenic

basins characterized by thick bituminous limestones

and marls, was pronounced during the Late Creta-

ceous (Campanian, Maestrichtian, and Danian) and
continued during the Paleocene and early Eocene.

During the late Eocene, thin calcareous sediments

were deposited in a shallow marine depositional en-

vironment. They are found only locally in the basins

where subsidence continued, but all of Jordan prob-

ably remained covered by the sea.

During the Oligocene, taphrogenic (rift-forming)

structural movements started on the southern east

side of the Wadi al 'Arabah-Jordan geosuture and
resulted in uplift, emergence, and continental ero-

sion. The subsequently formed graben zone (rift

valley), and extensive parts of north and northeast

Jordan still remained covered by the Tethys Sea.

In the Neogene, paleogeographic conditions in the

Wadi al 'Arabah-Jordan geosuture were dependent

on the relation between taphrogenic subsidence and
sediment accumulation. The rift valley which formed
along the geosuture was either occupied by fresh-

water lakes draining west to the Tethys Sea, or it

formed an inland depression of terrestrial or lacus-

trine sedimentation, or it was entered by marine
waters. During a time in the Miocene-Pliocene, the

Mediterranean Sea may have been linked with the

Red Sea through the Gulf of Aqaba and Wadi al

'Arabah-Jordan rift valley and through the Beisan

depression (pi. 3). A Miocene transgression from
the north reached to the Al Azraq-Wadi as Sir^an

Basin and to northeast Jordan beyond the Djebel ed

Drouz basalt flows. In the area of deepest structural

subsidence within the rift valley (Dead Sea-Ghawr
as Safi area) , evaporites about 4,000 m thick were
deposited during the Miocene (?) -Pliocene-early

Pleistocene ( ?). During the Pliocene-Pleistocene time
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transition and intra-Pleistocene time, several phases

of major taphrogenic movements occurred. During

Villafranchian and Acheulian time thick fluviolacus-

trine sediments and volcanic material accumulated

in the Wadi al 'Arabah-Jordan Rift. Lacustrine sedi-

ments and fiuviatile sand, gravel, and conglomerate

also characterize late Pleistocene and Holocene depo-

sition within the graben.

Apparently during the middle Tertiary, folding,

mainly in the west and in the north, was contem-

poraneous with and related to the beginning of the

Jordan Rift taphrogenesis. The folding was followed

by regional arching, and, during the Pliocene and

Pleistocene, by several phases of major faulting.

In the areas adjacent to the rift valley and in

southeast Jordan, which had been emergent since

the Oligocene, and in the large basins in north-

ern, northeastern, and eastern Jordan, which

emerged not earlier than the Miocene and Plio-

cene (?), denudation has prevailed until the oresent

time. Weathering products were transported in great

quantities either into the rift valley or into the ex-

tensive depressions in east Jordan. These depressions

were partly covered by fresh-water or brackish-

water lakes during pluvial periods in the Pleistocene;

fluvial conglomerates spread over extensive areas

along the eastern slopes of the highlands which

border the east side of the Wadi al 'Arabah-Jordan

Rift province.

PR ECAlVfBRIAN BASEMENT COMPLEX

METAMORPHIC ROCKS

Small outcrops of garnet-biotite gneiss, biotite-

hornblende gneiss, and biotite schist have been re-

ported from the east side of the southern Wadi al

'Arabah (Lartet, 1869; Blake, 1936, 1939; Burdon.

1959; Bender 1968a). These rocks are found as

stoped blocks, or inclusions, within the surrounding

Precambrian intrusive rocks—for example, the well-

exposed rocks in the lower course of the Wadi Abu
Barqa north of Gharandal (fig. 12).

IGNEOUS ROCKS

The important Precambrian igneous rocks have

been distinguished on the "Geological Map of

Jordan" sheet "Aqaba-Ma'an" (Bender and others,

1968), and are described by Bender (1968a) and
van den Boom and Rosch (1969).

Hornblendite and hornblende gabbro were found

west of the Jabal al Muhtadi, on the western slopes i

of the Jabal Parbah, in the Wadi Parbah, and on 1

the west side of the Tila! Turaybin—all on the east
|

Figure 12.—Biotite schist in aplite granite; lower Wadi Abu
Barqa, east side of central Wadi al 'Arabah.

side of the southern Wadi al 'Arabah. Three potas-

sium-argon age determinations by Lenz and others

(1972) resulted in ages of 611±9 million years

(hornblende), 584 ±8 m.y. (biotite), and 564 ±12
m.y. (biotite).

Diorite in the lower Wadi Qunayyah near the

southeast shore of the Dead Sea was also dated

by Lenz and others (1972) as 594±8 m.y. and

585±8 m.y. old by two potassium-argon age deter-

minations on biotite.

Quartz diorite has been found by van den Boom
and Lahloub 1 * in the Jabal al 'Urf area approxi-

mately 38 km north-northwest of Al 'Aqabah (type

locality) and was mapped also in other places in

south Jordan. Pink and gray varieties of grano-

diorite are extensively exposed in the Wadi al Yitm
(Wadi al Yutm) area north of Al 'Aqabah and are

the equivalent of the pink granite and gray granite

of Ionides and Blake (1939).

Biotite aplite granite is the most common plutonic

rock in south Jordan, and is the "granite" of

Blanckenhom (1914), Fuchs (1916), and Blake

(1936). Physical age determinations using the potas-

sium-argon method on biotite resulted in ages of

590±20 m.y. (Dr. Snelling, Oxford Univ., 1965, in

Bender 1968, p. 20), and 592+10 m.y. and 582±8
m.y. (Lenz and others, 1972). The samples were
collected from a roadcut 15 km north of Al 'Aqabah.

Two-mica aplite granites have been identified at

long 35 12'20" E., lat 29°45'29" N., the type localitv

in the area of Jabal al 'Urf ; alaskite has also been

H Boom. i. ir.'.-r van den. and Lahloub. Mahmood. lvM. Geological and
I

petroloeleal inveaticaliona of the Innin rocIII in Um irti of Quwelra,
aoutb Jordan: German tool. Minion in Jordan, unpub. rept (Ted. Rep.

I
Germany Geo). Survey. Hannover.)

Digitized by Google



JORDAN 113

identified west of the Ma'an-Al 'Aqabah highway in

the area of Wadi aJ Yitm (van den Boom and Lah-

loub, 1964 ••).

A great variety of dike rocks (fig. 13) intruded

Figure 13.—Mafic, intermediate, and silicic dikes in alaskite

(southeast and northeast corners of aerial photograph) and

in granodiorite and quartz diorite; approximately 15 km
west-southwest of Al Quwayrah, southern Jordan.

these plutonites during several phases : quartz dikes,

pegmatite, granite-aplite, granite porphyry, quartz

porphyry, felsite, quartz-orthoclase porphyry, plagio-

clase porphyry, kongadiabase (diabase containing

quartz), quartz diorite porphyry, orthoclase por-

phyry, minette, vogesite, kersantite, spessartite,

porphyrite, and diabase (van den Boom and Lahloub,

1964"). The dominant strike directions of these

dikes are northeast and east-northeast, and to a

lesser degree, east and north. The quantity of dikes

decreases with increasing distance eastward from

the southern rift zone (Wadi al 'Arabah). None of

the dikes, with the exception of some quartz por-

phyries, invade overlying Cambrian strata.

CPPER PROTEROZOIC SEDIMENTARY ROCKS

The Saramuj Conglomerates (Rlanckenhorn,

1912) and the Slate-Graywacke Series (Bender,

1965) overlie and are separated by a profound ero-

sion surface from the plutonic rocks. These units

are restricted to local exposures on the east side of

the Wadi al 'Arabah-Dead Sea part of the Rift

province. The Saramuj Conglomerates consist of

;
well-rounded boulders and gravel derived from the

older igneous magmatites and metamorphic rocks;

the conglomerates have a partly brecciated, arkosic

I sandy cement and alternate with coarse and fine,

somewhat arkosic, sandstone beds. They show evi-

dence of slight metamorphism (epi zonal metamor-

phism), and they are greatly faulted and displaced,

but no alpine-type folding was observed. In the

area of Wadi Abu Barqa (approximately 5.5 km
north-northeast of Gharandal) the Saramuj Con-
glomerates are more than 200 m thick and are con-

formably overlain by the Slate-Graywacke Series,

which is more than 200 m thick. The Slate-Gray-

wacke Series consists of gray-green and red-brown,

hard, dense, commonly silicified sandy or silty

8lates that alternate with subgraywackes. This

series is in turn overlain with pronounced angular

unconformity by Cambrian sedimentary rocks (fig.

14). Both the Saramuj Conglomerates and the

Figure 14.—Angular unconformity between the upper Pro-

tcrozoic Slate-Graywacke Series and Cambrian sandstone;
middle course of Wadi Abu Barqa on the east side of

|
Wudi al 'Arabah.
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Slate-Graywacke Series are intruded by numerous

dike rocks, such as diabase, porphyrite, and quartz

porphyry; only some of the quartz porphyry dikes

invade the Cambrian clastic rocks.

UPPER PROTEROZOIC-PALEOZOIC VOLCANIC AND
ASSOCIATED ROCKS

North of Gharandal along the east side of the

Wadi al 'Arabah part of the Rift province, large

masses of irregular stocks and sills and dikes of

quartz porphyry and some porphyrite crop out,

either within or above the magmatites, within the

upper Proterozoic strata, or locally within the

Lower Cambrian clastic rocks (fig. 15; Bender,

1965, 1968b).

FIGURE 15.—Intrusion of quartx porphyry into Cambrian

sandstone; upper course of Wadi Musaymlr, east side of

central Wftdt al 'Arabah.

Ignimbrites and clastic materials in a volcanic

matrix were found in the Wadi Abu Khushaybah

area approximately 22.5 km north-northeast of

Gharandal, at the east side of Wadi al 'Arabah

(Bender, 1968b, pi. 14). The age of one such ignim-

brite, determined by the potassium-argon whole-

rock method, is 471 ±7 m.y. (Lenz and others, 1972).

From an interpretation of these data and of the

mapping results it may be concluded that during

the latest Pi-ecambrian, quartz porphyry volcanism

took place along the southern part of the Wadi al

'Arabah-Jordan geosuture. These quartz porphyry

rocks were subjected to erosion at the beginning of

Cambrian sedimentation. Locally, however, vol-

canism continued while Lower Cambrian clastic

rocks were deposited.

POST-PROTEROZOIC STRATIGRAPHY
AND VOLCANISM

,

The lithostratigraphic subdivision of the sedi-

mentary rocks of Jordan, their time-stratigraphic

correlation, and the general character of depositional

environment are shown on plate 2.

To avoid confusion, the use of the many ill-de-

fined rock-unit and formation names introduced by
various authors has been restricted. Instead,

lithologic or paleontologic descriptive terms have

been used for lithostratigraphic unitB that have

been defined as to their lower and upper contacts,

areal extent, and their position in the time-strati-

graphic scale.

PALEOZOIC ERA

Cambrian sedimentary rocks are exposed in a

belt that extends from the southern end of the

country along the east side of Wadi al 'Arabah to

the Dead Sea (pi. 1). Cambrian sedimentation

started in a continental environment in which basal

conglomerates (as much as 50 m thick) were de-

posited with angular unconformity (fig. 16) above a

pronounced erosional hiatus. The conglomerates are

only found in the area of the geosuture where they

fill in the valleys of a distinct surface cut in the

Precambrian basement complex. Conglomerates are

absent in the area east of the Wadi al 'Arabah,

where bedded arkosic sandstone (as much as 200 m
thick) rests on peneplained rocks of Precambrian

age (fig. 16).

Above the bedded arkosic sandstone, marine trans-

gressive beds crop out along the east side of the

Wadi al 'Arabah between the Dead Sea and Ghar-

andal. Near Gharandal these marine beds are white

Physical age determination* of ram piex of upper Protcrozoic-Paleozoic volcanic and associated rocks

Am
Hark Loratiun ( million ytan) Method Hrtmnrt

Quartz porphyry mass Jabal n{ Tayyihah at mouth 5742:8 K :Ar, whole rock Lenz and others 1972.
of Wiidl Musi into Wadi al

'Arabah.
Porphyrite mass 2 km east of ruins of Faynan 542±8 do Do.

(Fcinan).
Quartz porphyry mass Wii<li Qi:>uyb 530±50 Rb.Sr Dr. Snelling. written

commun., 1966.
Quartz porphyry stock in WuJi Musaymlr 525±10 K:Ar, whole rock Lenz and others 1972.
Lower Cambrian sand-
stone.
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fine-grained sandstone as much as 110 m thick that

interfinger with, and farther south and east are re-

placed by, the lower part of massive brownish-

weathered sandstone of continental origin (fig. 3;

altogether as much as 350 m thick; Quweira Sand-

stone of Quennell, 1951). To the north and west,

however, the white fine-grained sandstone is

gradually replaced by a marine dolomite-limestone-

shale sequence (as much as 50 m thick), which has

been known for a long time in the Dead Sea area

and has yielded fossils of latest Early to Middle

Cambrian age (Blanckenhorn, 1912, p. 129; Dienc-

mann, 1915, p. 23-26; King, 1923; Richter and

Richter, 1964; Picard, 1942; WadI Nasb Limestone

of Hull, 1886; and Burj Limestone Group of

Quennell, 1951, and of Burdon, 1959).

The upper part of the massive brownish-

weathered sandstone of southern Jordan also overlies

the marine Cambrian beds farther north ; in the area

east of the Ghawr as Safi and the Dead Sea, it is

gradually replaced by white bedded sandstone (as

much as 220 m thick, Lillich, 1964,- 1969), which

also may be of marine origin and which is tentative-

ly placed in the Cambrian (pi. 2).

Locally, Ordovician sandstone (fig. 3) crops out

conformably above the Cambrian clastic rocks on

the east side of Wadi al 'Arabah. In south Jordan

east of the Rift province, the Ordovician sequence

is more complete, because it dips gently east-north-

east underneath Cretaceous strata, that rest upon
Paleozoic rocks having a slight angular uncon-

formity.

Massive whitish-weathered sandstone of Ordo-

vician age was deposited in an alternating continent-

al and deltaic-marine environment. The dominantly
coarse grained and commonly crossbedded sandstone

contains many gravel lenses and scattered quartz

pebbles. The sandstone is as much as 300 m thick

in the Khawr Ramm-Qa' Disah area in south Jordan.

Some intercalated silty and micaceous shale yielded

well-preserved Early Ordovician (Arenigian?) trace

fossils (determined by Huckriede in Bender and

Huckriede, 1963). The formation was named Ram
Sandstone by Quennell (1951) who considered it to

be of continental origin and of any ape from Cam-
brian to Jurassic.

Without visible unconformity, b?dd?d brownish-

weathered sandstone approximately 250 m thick

lies above the massive whitish-weathered sandstone.

" l.illi'h. WctfMiiK. ISM. Stratlaraprural tnvr~C«atli,r.. on the Falro-

lotc and M.:.i:t 'i<- »ati.Ur. (•., ». ..f, O,* .j.I,. ,.r lit.- tli ».] Si h: Ct-rman

<;..>l M !>>• n to J -,l»r, ,;,„:., I, tve!.. K.I". l.n«»W C.rol. Surrey.
Hunnovw.

It is exposed only in southern Jordan along a 10- to

15-km-wide belt that extends south-southeast from

the escarpment of Ra's an Naqb into Saudi Arabia.

The sandstone is poorly sorted and dominantly

coarse grained in the lower part, and well sorted

and dominantly medium grained in the upper 50-70

m of the formation. It appears dark brown or even

black, because of desert varnish ; its original colors

were pink, beige, gray-brown, and, in the upper part,

white. It seems to have been deposited in a near-

shore, tidal and in an offshore, shoals environment,

and has yielded some traces of fossils (Selley,

1968 '"). The formation is classed as Lower Ordovi-

cian because it rests on top of known Lower Ordo-

vician strata and is in turn overlain by fossiliferous

sedimentary rocks of Llanvirnian Age. This forma-

tion had been named the Umm Sahm Sandstone and

assigned to the continental Nubian Sandstone Series

of Paleozoic-Triassic-Jurassic age by Quennell

(1951).

The Umm Sahm Sandstone is overlain, with a

marked lithologic break, by varicolored hard shale,

silicified red-brown fine-grained sandstone, and

brown well-bedded fine-grained sandstone that al-

ternate with friable sandy shale and siltstone; these

beds aggregate approximately 80 m thick. The
lower strata of these shallow-water marine fine-

grained clastic rocks contain the Llanvirnian (Mid-

dle Ordovician) index fossil Didymoaraptm cf. D.

bifidus (determined by Huckriede, in Bender and
Huckriede, 1963). The formation was named grap-

tolite sandstone because it contained the first grap-

tolites discovered in Jordan (Bender and Huckriede,

1963, p. 25). The upper contact was established

where sandstone strata full of vertical tubes of

Sabcllarifrr overlie greenish friable shale of the

graptolite sandstone. The Sabellarifex sandstone

consists of dominantly fine-grained sandstone al-

I ternating with a few sandy shale beds (Bender and
Huckriede, 1963, p. 252). It is approximately 120

m thick where exposed west of the Hejaz Railroad.

According to the fossil content of the formations

I
below and above it, the Sabellarifex sandstone is of

Middle Ordovician age (Wolfart, 1968, p. 523).

The Sabellarifex sandstone in turn is conformab-

ly overlain by marine-littoral fine-grained clastic

beds, which contain more silty and fine-grained

sandy shale layers than does the Sabellarifex; also,

these clastic beds locally contain some gypsum and

" S>.|>r. K C. 1S«S. Stdimentoloi-y of the Htibian aandatones In to*
wj'jthrrn irsert of tho Haaormit* Kingdom of Jordan: Jordan Nat R*a
Auth..iity impub. interim r»pL Jordan Nat. Rmurm Authority, Amman.

|
Jordan.
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rock-salt lenses about 1 cm thick. The lower con-

tact of the clastic beds has been placed at the base

of a 12- to 15-m-thick layer of friable greenish

sandy shale above SabeUarifear-bearing sandstone.

This formation was named Conularia sandstone for

Exoconularia(7) sp. (Bender and Huckriede, 1963)

found in the lower third. The Conularia sandstone

is altogether about 250 m thick, a9 measured west

and east of the Hejaz Railroad between MahaUat
Ba(n al Ghul and Al Mudawwarah. This formation

has yielded many fossils described in Bender and
Huckriede (1963), Huckriede (1967), Bender
(1968a), and Wolfart (1968) and can be placed in

the Caradocian-A8hgillian-lower Llandoverian ( ?)

.

In southern Jordan east of the Hejaz Railroad,

Silurian sandstone and shale conformably overlie

the Upper Ordovician. The paleontologic definition

of the Ordovician-Silurian boundary is still con-

troversial (Wolfart, 1968). For practical purposes

it has been here tentatively placed where the thick

marine sequence consisting of the Ordovician grap-

tolite and Sabellarifex sandstones and the Upper
Ordovician to Lower Silurian (?) Conularia sand-

stone is overlain by the Nautiloidea sandstone (pi.

2; fig. 4, 16). Alternating flaggy fine-grained sand-

stone and sandy shale beds characterized by many
nautiloids overlie the Conularia sandstone without

a major lithologic break. The Nautiloidea sandstone

has yielded many fossils that have been described

by Huckriede (Bender and Huckriede, 1963) and
Wolfart (1968). This sandstone unit is approxi-

mately 160 m thick east of the Hejaz railroad. The
total thickness of the whole marine sequence from
the Llanvirnian (graptolite sandstone) to the lower

Llandoverian (Nautiloidea sandstone) is thus ap-

proximately 560 m. The same sequence is 1,000 m
thick or more in Paleozoic sedimentary basins, as

indicated by data from drilling operations approxi-

mately 20 km northeast of Al Mudawwarah, and by
geoelectric and seismic-reflection surveys in the Al

Jafr Basin.

Overlying the Nautiloidea sandstone, red-brown

argillaceous sandstone approximately 80 m thick

is exposed in southeastern Jordan (pi. 1). This

formation consists of alternating red-brown coarse-

grained sandstone, fine-grained sandstone, and

micaceous sandy shale and was most probably de-

posited in a continental environment. It is placed in

the Silurian because of its stratigraphic position in

the sequence (fig. 16).

The red-brown argillaceous sandstone is over-

lain by as much as 200 m of well-stratified, partly

crossbedded, dominantly medium- and coarse-grained

gray and light-brown sandstone. Many of these

strata are full of worm burrows and tracks of

arthropods; some Onchus sp., which is a common
fossil in the Upper Silurian, have been found (de-

termined by Huckriede, in Bender, 1968a, p. 58) in

this worm burrow sandstone.

Devonian sedimentary rocks are not exposed in

Jordan, but they may be in the subsurface of the Al
Azraq-WadI as Sirhan and Al Jafr Basins. Approxi-
mately 80 to 120 km southeast of the southeastern

corner of Jordan, Lower Devonian beds crop out

above the Upper Silurian worm burrow sandstone,

in the Al Awi-Al Huj Mountains in Saudi Arabia
(Jauf Formation above Tawil Sandstone Member of

Bramkamp and others, 1963). The Lower Devonian
there consists of alternating bedded sandstone, sandy
shale, fossiliferous impure limestone, algal lime-

stone, and dolomitic limestone, all of shallow-water
marine origin and totaling about 200 m in thickness.

Carboniferous beds also are not yet known from
exposed sections in Jordan. However, a palynological

study (Olexcon Internatl., Ltd., 1967 "•) of cutting

samples from the Phillips Petroleum Co. SAFRA-
1 wildcat oil well (E. W. Pauley Oil Exploration
and Phillips Petroleum Co., 1957 s0

) about 42 km
east-southeast of 'Amman revealed spores of early

Westfalian A-Namurian-late Visean Age (Bender,

1968a, p. 213). The spores are in alternating mica-
ceous sandstone and argillaceous sandstone, sandy
shale, and impure sandy limestone. Because of the

incomplete sampling in SAFRA-1, the thickness of

the drilled Carboniferous section is not certainly

known; it probably exceeds 200 m.
Permian rocks are not known in exposures or in

subsurface sections in Jordan. On the basis of re-

gional stratigraphy in Syria (Weber, 1963), Israel

(Gerry, 1967), and Saudi Arabia (Helal, 1964),

Permian beds probably will be discovered in the

subsurface of the northern and western parts of

Jordan.

MESOZOIC ERA

Triassic strata are exposed on the east side of

the central Jordan River valley and east of the

Dead Sea. They overlie, without visible angular un-

conformity, the white badded sandstone that is

tentatively placed in the Cambrian (p. 116).

Farther east and west of the Jordan River valley,

Permian (?), Carboniferous, Devonian (?), and

•"OkMvm International. 1.1.1. l'.'«7. M.rr.,i-«V.,t>r..l..,.,. p.h-.o),«v.
«trati«raphr. and oil «,urr, rork i.1»n ! i Tir.t ion. variou. well, and .eetloni:

The Hamje, N.th. i-:»R.!». <ll.«-.» Internal, L-..I . li.,. ,b r. v,i for

Jordan Nat, Resource* Authority.
: S... fmitnolT 3, on p 12
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Silurian-Ordovician rocks can be expected to be

present between Triassic and Cambrian rocks.

On the east side of the central Dead Sea the ex-

posed Triassic rocks consist (from top to bottom)

of alternating yellow-brown fine-grained sandstone,

sandy marl, and shale (approximately 65 m thick)

;

alternating rod-brown, ochre, gray and green shale,

argillaceous fine-grained sandstone, and medium-

and coarse-grained sandstone (approximately 50

m thick) ; and alternating red-violet sandy shale

and dark-red coarse-grained sandstone (approxi-

mately 70 m thick). These Triassic rocks seem to

have been deposited in a frequently changing con-

tinental (?) to lagoonal and littoral to neritic en-

vironment. These sedimentary rocks yield fossils

of Scythian Age (Cox, 1924, 1932; Blake, 1936;

Wetzel and Morton, 1959; comprehensive list in

Bender, 1968a, p. 60-62). To the south, in the area

of the lower course of the Wadi al Mawjib, this se-

quence wedges out between sandstones of Cambrian
and Early Cretaceous age (Lillich in Bender, 1968a,

p. 59). To the north, however, in the lower Nahr az

Zarqa' (Zarqa River) the sequence contains gyp-

sum and increases in thickness, and the marine

depositional environment is more pronounced than

it is on the east side of the central Dead Sea; the

sequence here is more than 280 m thick, is of Scy-

thian, Anisian, and Ladinian(?) Age, and includes

approximately 70 m "Muschelkalk-facies" (Wagner,
1934). To the west across the Wadi al 'Arabah-

Jordan Rift province, the Triassic sequence also in-

creases in thickness to more than 1,000 m in Phillips

Petroleum Co. oil exploration well Halhul-1, (E.

W. Pauley Oil Exploration and Phillips Petroleum

Co., 1958"); there the sandy facies is very thin,

and limestone, dolomite, marl, and anhydrite are

found instead.

Jurassic beds crop out in the areas of the lower

course of the Nahr az Zarqa* (Zarqa River) to ap-

proximately 20 km south of it. on the east side of

the Jordan River valley. Farther south, on the east

side of the northern Dead Sea, Jurassic beds are

absent, and Lower Cretaceous sandstone rests di-

rectly on Triassic rocks.

The exposed Jurassic strata consist of (from top

to bottom): alternating limestone and sandy marl

(220(?) m thick), plant-fossil-bearing sandstone

(as much as 70 m thick), and thick-bedded lime-

stone (as much as 70 m thick). These rocks are

of littoral to neritic origin and yield fossils of

Rathonian Ape (Cox, 1925; Muir-Wood, 1925;

Wetzel and Morton. 1959; van den Boom and Lah-

loub. 1962"; comprehensive fossil list in Bender,

1968a, p. 64-67).

The Jurassic sedimentary rocks increase con-

siderably in thickness northward from the outcrop

area and westward across the Rift province to

more than 2,000 m in the oil exploration well Hal-

hul-1 north of Hebron. There the sequence is

of dominantly calcareous-marly, neritic to bathyal

facies and probably represents the Aalenian, Bajo-

cian, Bathonian, Callovian, and Oxfordian.

Quennell (1951) and Burdon (1959) classified and

described the Jurassic and Triassic rocks in Jordan

as the Zarqa Group.

Lower Cretaceous rocks are exposed locally in

some structurally elevated areas in west Jordan,

and northern Jordan east of the Rift province. They

are also found along a belt that parallels the east

side of the Dead Sea-Wadi Al 'Arabah section of

the Rift province, and along the escarpment of Ra's

an Naqb in the southeast. They are separated from

older sedimentary rocks by a regional depositional

hiatus (angular unconformity). Where exposed, the

Lower Cretaceous rocks overlie:

1. Oxfordian ( ?) limestone in west Jordan

;

2. Bathonian calcareous sandstone and impure lime-

stone on the east side of the Jordan River

valley

;

3. Triassic limestone, shale, and sandstone between

the northeast corner of the Dead Sea and the

Wadi al Mawjib;
4. Silurian sandstone and shale In southeast Jordan

;

5. Ordovician sandstone and sandy shale between

Ra's an Naqb and the Hejaz Railroad in south

Jordan ; and

6. Cambrian and remnants of Ordovician sandstone

at the east side of Wadi al 'Arabah.

West of the Jordan River-Dead Sea part of the

Rift province, varicolored sandstone, argillaceous

sandstone, and sandy shale and marl (more than

300 m thick) are of dominantly continental origin

and are considered to be Neocomian (equal to the

Wadi Hathira Sandstone of Shaw, 1947 ; or Kurnub
Sandstone of Quennell, 1951). Limestone, sandy
limestone, and marl of marine origin and of Aptian

to Albian Age form the upper part (more than 80

m thick) of the Lower Cretaceous (Blake, 1936;

Wetzel and Morton, 1959). These marine beds in-

crease in thickness toward the western parts of

Jordan (Phillips Petroleum Co. oil exploration well

=- B«.m. Guntar v.n dm. and Lahlnub, Mahmood. 1M2. TV iron-or*

drix«it "Ward*" in th» •ouUxrn Aflun dlatrkt: German Gaol. Mla*k»
in Jordan, unpub. rapt.. Fad. Ha*. Carnunr Gaol. Surray. Hannorar
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Ramallah-1, E. W. Pauley Oil Exploration and
Phillips Petroleum Co., 1958 ") ; they decrease in

thickness toward the east across the Jordan River

valley. There, only wedges of marine calcareous

sandstone (together about 40 m thick) of Aptian-

Albian Age (Wetzel and Morton, 1959, p. 138)

crop out in the upper part of a section of approxi-

mately 170 m of varicolored, coarse-, medium-, and
fine-grained sandstone, sandy shale, and sandy

marl that commonly contain plant fossils of Neo-
comian Age (Edwards, 1929).

South from the Dead Sea and southeast along

the escarpment of Ra's an Naqb, two units can be
distinguished in the Lower Cretaceous sequence—

a

lower unit of massive white sandstone (as much as

180 m thick), and an upper unit of varicolored

sandstone (as much as 150 m thick). Both litho-

stratigraphic units contain Early Cretaceous plant

fragments and are apparently of continental origin.

Only the uppermost part of the varicolored sand-

stone, which is more marly and shaly, shows some
marine influence (agglutinate Foraminifera, fish

teeth) in the Ra's an Naqb area.

In southeast Jordan, east of the Hejaz Railroad,

the massive white sandstone is gradually replaced

by brown coarse-grained sandstone (as much as 90

rn thick), whereas the varicolored sandstone fades

diachronously "migrates" from the Lower Creta-

ceous into successively younger time-stratigraphic

units (Cenomanian, Turonian, Santonian) as one

approaches the Nubo-Arabian Shield to the south-

east (Bender and Madler, 1969).

Upper Cretaceous strata underlie most of the

Highlands West of the Rift and most of the northern

part of the Mountain Ridge provinces, and they

cover almost the entire Central Plateau (pi. 1). The
beginning of the Late Cretaceous sedimentation in

west, north, and central Jordan is marked by a

marine calcareous facies, whereas in southeast

Jordan, deposition of sandy sediment continued in a

continental environment.

Alternating limestone, dolomitic limestone, marl,

shale, locally gypsum, and some chert were deposited

on top of the Lower Cretaceous varicolored sand-

stone. This unit is the nodular limestone member
(definitions of Upper Cretaceous lithostratigraphic

members given by Bender, 1968a, p. 72-82), which

correlates with the lower part of Quennell's (1951)

Ajlun Group. It may exceed 450 m in thickness in

west Jordan, close to the east side of the rift; in

the lower course of the Wadi al Mawjib it was

" 8« footnoO t on p. II.

measured as approximately 300 m, and from there

to the south and southeast the thickness decreases

to less than 70 m at Ra's an Naqb. On the basis of

its abundant fossils, the nodular limestone is as-

signed to the Cenomanian (Blanckenhorn, 1914). It

is succeeded by the echinoid limestone member,
which consists of alternating thick- and thin-bedded

limestone, dolomitic limestone, marl, and some shale,

locally with some gypsum layers ; it is equivalent to

the middle and upper parts of Quennell's (1951)

Ajlun Group. The echinoid limestone member is

approximately 210 m thick in the area of the Nahr
az Zarqa' (Zarqa River) ; the thickness may jncrease

to the west and decreases to the south and to the

southeast. The upper third shows an increasing sand

content south and southeast from the Wadi al

Mawjib area. The lower two-thirds of the echinoid

limestone member is of Cenomanian Age, its upper

third—including its lateral facies equivalent, the

sandy limestone member (as much as 110 m thick),

south of Wadi al Mawjib—is placed in the Turonian
and Santonian.

In north Jordan, the massive limestone member
of Santonian Age (as much as 60 m thick) was de-

posited on top of the echinoid limestone member
and is equivalent to the uppermost part of Quen-
nell's (1951) Ajlun Group.

South of 'Amman, the massive limestone member
gradually wedges out, and the succeeding silicifled

limestone member of Campanian Age directly over-

lies the echinoid limestone member, or its facies

equivalent, the sandy limestone member. Thin-

bedded silicifled limestone, chert layers, thin more-

or-less silicified phosphorite, and thin limestone beds

form this mappable lithostratigraphic member (sili-

cified limestone member). It is present everywhere

in the country except in the extreme southeast,

where it wedges out or, together with the underly-

ing Upper Cretaceous rock units, is replaced by the

continental varicolored sandstone. The silicified

limestone member is approximately 135 m thick in

the Wadi al Mawjib area, but decreases to the

west across the Rift province, and 12 km east of

Al Khalil (Hebron) it is 20-30 m thick; to the

east and to the south at MahaUat al Hasa and Al

Qatranah it is 40-70 m thick, and at Zakimat al

nasi it is less than 20 m thick.

Above the silicified limestone member, the phos-

phorite member of Campanian and Maestrichtian

Age consists of alternating thin-bedded limestone,

more-or-less silicified or calcified phosphorite layers,

thick-bedded and crossbedded oyster lumachelles,

and lenses and layers of minable phosphate. The
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phosphorite member is approximately 90 m thick

close to the Rift province in the Wadi at Mawjib
area, and decreases in thickness to the east, to the

south, and to the west across the rift.

Both the silicified limestone member and the

phosphorite member form the lower part of Quen-
nell's (1951) Belqa Group.

Soft chalk, marl, marly limestone, and locally

massive and crystalline limestone (so-called marble)

rest (with a marked lithologie break) on top of

the phosphorite member. This chalk-marl mem-
ber, which is equivalent to the upper part of Quen-
nell's (1951) Belqa Group, ranges in thickness from
about 20 m in southeast Jordan to more than
450 m as drilled in the Al Jafr Basin. The thick

sequence is restricted to basins that strike north-

west. Locally in these basins an euxinic fades of

bituminous marly limestone exceeds 200 m in thick-

ness, as in the Nahr al Yarmuk (Yarmuk River)
area in north Jordan. On the basis of microfossil

evidence, the chalk-marl member represents the up-
per Maestrichtian, Danian, and lower Paleocene, and
in addition upper Paleocene and lower Eocene in the

sedimentary basins that contain thick deposits of

the chalk-marl member.

MESOZOIC VOLCANIC ROCKS
West of the Jordan River, in the Wadi al Malib,

approximately 9 km east of the village of Tubas,
deeply weathered mafic to intermediate eruptive

rocks (phonolites, according to Ionides and Blake,

1939) are exposed. They intrude Middle Jurassic

limestones, and are, together with tuffs and agglom-
erates, covered by Lower Cretaceous sandstone.

Similar, but smaller outcrops nre reported from
Wadi al Fari'ah and near Luhuf Jadir west of the
Jordan River (Rofc & Raffety Consultant Engineers,
1965 '•)•

Silicic dikes and sills in the Triassic limestones
in the area of Wiidi IJishan at the northeast corner
of the Dead Sea are mentioned by Quennell (1951,

p. 104). At 'Ayn MCisii of the same area, Wetzel and
Morton (1959, p. 124) found trachyte sills and lenses
of volcanic ash in the marly sandy beds below and
above the Triassic (Muschelkalk) limestones. The
age of the dolen'to dikes in Wadi al Karak and at
several places at the central east side of Wadi al

'Arabah is yet uncertain; they may have formed
during the w idespread Pleistocene basalt volcanism.

rrxozoic era
Marine sedimentation during the Late Cretaceous

continued without a major litholoyir break into the
«S«* f.KJttwi* 14 on f 12.

Tertiary. Sedimentary rocks of Paleocene and
Eocene age cover extensive areas in north, north-

east, and east-central Jordan; parts west of the

Jordan River; and small stretches along the east

side of the Wadi al 'Arabah part of the Rift prov-

ince (pi. 1 )

.

Massive chalky limestone, alternating thin-

bedded limestone and chert layers, and local num-
mulitic limestone that range in age from early

Paleocene to middle Eocene overlie the chalk-marl

member. For regional mapping purposes, these sedi-

mentary rocks were described and classified as the

chert-limestone member (Bender, 1968a, p. 82-87) ;

it is in part the time equivalent of the upper part
of the chalk-marl member that was still being de-

posited in sedimentary basins where marly and
bituminous sedimentation continued into the Eocene.
The chert-limestone member is as much as 180 m
thick in the Al Azraq-WadT as Sirban sedimentary
basin; it decreases in thickness toward south
Jordan.

Above the chert-limestone member are the car-

charodon marls (more than 50 m thick) and the
limestones and cherts of Thuleithuwat (more than
30 m thick) (pi. 2) ; on the basis of microfossil
evidence determined by Wilhelm Koch (in Bender,
1968a, p. 85) these units are of middle Eocene age.

They are partly the time equivalent of the barite
marls and bituminous marls of Dahikiya (more than
26 m thick), of which the upper part extends into
the upper Eocene on the basis of microfossils de-
termined by Koch (in Bender, 1968a, p. 85). These
beds crop out locally as erosion remnants in the
eastern parts of the Central Plateau ; they are prob-
ably much thicker in the Al Azraq-Wadi as Strain
sedimentary basin.

Oligocene-Miocene strata indicate distinct changes
in the depositional environment, which since the
Cenomanian had remained marine calcareous over
most of Jordan. Glauconitic sandstone, limestone,
and sandstone of Oligocene-Miocene age (more than
70 m thick) unconformably overlie upper Eocene
rocks in the Al Azraq-Faydat ad Dahikiyah area,
and crop out locally east of the Plateau Basalts in
northeast Jordan.

Glauconitic, partly sandy limestone and marl, more
than 40 m thick, are exposed in Wadi at Tayyibah 0n
the east side of the northern Jordan River valley.
They unconformably overlie middle Eocene rocks and
are, according to Wetzel and Morton (1959, p. 167),
of Oligocene age. In the village of Shunat Nimrln
in the same area, approximately 40 m of glauconitic
and in part sandy limestone is exposed; it probably
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is of Oligocene-Miocene age (Wiesemann and Ab-

dullatif, 1963").

The lower syntectonic conglomerate unconform-

ably overlies different units of the Upper Cretaceous

and the lower Tertiary ; it crops out only along the

east side of Wadi al 'Arabah and apparently indi-

cates the first major taphrogenic movements of the

Jordan rift zone. The lower syntectonic conglom-

erate consists of alternating conglomerate, sand-

stone, marl, shale, gypsiferous shale, and some flaky

limestone intercalations that total 280 m in thick-

ness in the type-section area approximately 10 km
north-northeast of Ash Shawbak (Bender, 1968b,

p. 186-188). They contain fossil fresh-water fishes

(Cichlidae) and plants (certain Characeae). The

plant fossils are thus far known to be restricted to

the Rupelian and Tortonian in Europe (determined

by Karl Mftdler, in Bender, 1968b, p. 188). The
lower syntectonic conglomerate is also locally ex-

posed within the Rift province—for example, at

Gharandal in the central part and at Wadi Da])l in

the northern part of the east side of Wadi al

'Arabah. Here, marine influence on the depositional

environment is shown in sandy marl layers in the

upper part of the lower syntectonic conglomerate;

these marl layers contain Ammonica aft*. A. beccarii

(Linne), indicative of earliest Miocene (determined

by Koch, in Bender, 1968a, p. 88).

The upper syntectonic conglomerate (more than

100 m thick) , deposited on an angular unconformity,

is mainly a thick-bedded coarse-grained con-

glomerate that has a sandy calcareous matrix, and

overlies the lower syntectonic conglomerate. The

upper syntectonic conglomerate is also restricted to

the east side of Wadi al 'Arabah; it is of continental

origin and probably of late Neogene age.

The upper syntectonic conglomerate may be the

time equivalent of the sandy marls and conglom-

erates (more than 200 m thick) of Adh Dhira' east

of the Al Lisan Peninsula in the Dead Sea (Wetzel

and Morton, 1959, p. 169), and of the marine oolitic

limestones (more than 40 m thick) from Jabal al

Khurayj in the central Wadi al 'Arabah (Bender,

1968a, p. 91).

Also of marine origin and of Miocene age are

the sandstone and sandy marl (as much as 40 m
thick) of Al Azraq-Faydat a<J Dabikiyah west and

" Tlwwn. G«rd. and Abdullatif, A.. IMS. Geolonr of the Yarmuk

area, aorta Jordan: German Cool. MiMlon in Jordan, unpub. root. Fed.

east of the Plateau Basalt (Baker and Harza Engi-

neering Co., 1968"; Heimbach, 1970).

Restricted to the central and structurally deepest

zone of the Rift province are the evaporites of Al

Lisan. They were not penetrated in the 3,560-m-deep

oil exploration well El Lisan-1; according to a

seismic-reflection survey by ARGAS in 1968", a

thickness of approximately 4,000 m can be assumed
for this unit. Thus, the evaporites are a major part

of the total post-Proterozoic sedimentary column
which is on the order of 10,000 m thick beneath the

Al Lisan Peninsula. The evaporites consist mainly

of halite and a few thin carnallite layers plus some
anhydrite, shale, and marl. The shale and marl in-

crease rapidly in thickness toward the east edge of

the rift valley, but more gradually toward the

south. According to the seismic-reflection survey, it

seems that in the southern Ghawr a? Safi area, ap-

proximately 20 km south of the Dead Sea, the salt

mass is almost completely replaced by a well-bedded

sequence that probably consists of shale and marl.

The salt probably represents a "salt cushion" (that

is, a gentle doming of the upper surface of the salt

bed), which was greatly disturbed at its eastern

flank by taphrogenic structural movement, rather

than a diapiric salt dome. Palynological studies have

revealed that the evaporites are of late Miocene (?)

to Pliocene age, and may in part be earliest Pleis-

tocene (determined by Madler, in Bender, 1968a, p.

90).

Along the east side of the Jordan River valley,

well-cemented coarse-grained clastic rocks alternat-

ing with travertines locally overlie older rock se-

quences unconformably. These clastic rocks, the

Shagur Formation (more than 100 m thick), have

been strongly deformed by structural movements.

They are of continental origin and contain gastro-

pods and ostracodes of late Pliocene to early Pleis-

tocene age (Huckriede, 1966), and thus represent

the oldest Quaternary rocks in Jordan.

A sequence of alternating conglomerate, sand-

stone, marl, shale, and fossil red soil (more than

350 m thick) equivalent to the Series of Grain Sabt

(Ionides and Blake, 1939) is exposed in the central

Jordan River valley. These rocks are also struc-

turally deformed, but to a lesser degree than is the

Shagur Formation. On the basis of rare fossils, the

"Baker, at., and Hana Enrinorrins Co.. IMS. The PrineaM Alia

project— Definite plan report (Airaq). land mmrw: Baker and Hana
Envlaecrina Co., unpub. rrpt. for the Jordan Government.

"Arabian Geopbrelcal and Burveylne Co. (ARGAS 1 . 1M8. Seiamle re-

port El Uean-Ghor Sad: ARGAS, unpub. rent., Jordan Nat. Reeoureai

Authority. Anunaa. Jordan.
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Series of Grain Sabt is tentatively placed in the

lower Pleistocene (equivalent to the Ghor el Katar

Series of Huckriede, 1966).

Pebble tools of the Oldowan type were discovered

by Huckriede (1966) in the gravels of Abu Habil

(more than 10 m thick) on the east side of the

central Jordan River valley; Huckriede classed

these (Travels as middle Pleistocene. He also found

early Paleolithic chert implements in the gravels

of Kufrinjah, approximately 60 km north of the

Dead Sea on the east side of the Jordan River

valley.

The Lisan Formation unconformably overlies all

older rock sequences in the Rift province. It con-

sists of a lower fossiliferous member, mainly shale

and marl (approximately 30 m exposed), and an
upper member of varve-bedded marl and shale con-

taining some gypsum and native sulfur (approxi-

mately 60 m exposed). The Lisan Formation is of

late Pleistocene age and was deposited in a fluctuat-

ing oligohaline and miohaline lacustrine environ-

ment (Huckriede, 1966). Vita-Finzi (1964) reported

upper Pleistocene chert implements from the upper

part of the Lisan Formation in the Jordan River

valley. At the period of its largest extension, the

Lisan Lake covered the entire rift valley from Lake
Tiberias to approximately 80 km south of the Dead
Sea, a lake some 280 to 300 km long.

Along the margin of the Rift province, the Lisan

Formation is intercalated with, or locally replaced

by coarse clastic and sandy deposits derived from
the elevated areas bordering the rift valley. At other

localities close to the shores of the ancient Lisan

Lake, a calcareous pseudo-oolitic facies of the Lisan

Formation, more than 10 m thick, was deposited

—

for example, at Khirbat as Samra' north of Arijja

(Jericho).

Outside the rift valley, fluviatile-lacustrine sedi-

ments were deposited in barred basins and depres-

sions during the Pleistocene—for example, 1 km
cast-southeast of Gharandal, west of MabaUat al

JTasii and in the Al Jafr and Al Azraq-Wadi as

S;ihan Basin*. Fluviatile gravels cover exten-

sive areas of the eastern slopes of the Mountain

clid^e province and also of the adjacent Central

rb.teau.

River and wadi gravels, loesslike sediments and

aeolian sands, mantle rocks, landslide masses, talus

fans, pt litic sediments in mud flats, calcareous sinter,

and caliche form the major constituents of the Holo-

cene deposits.

CENOZOIC VOLCANIC ROCKS
During the late Neogene and Pleistocene, basaltic

volcanism was widespread in Jordan in the follow-

ing areas: West of the Jordan River, within the

Rift province; along the Mountain Ridge province,

along the northwest-striking fracture zones in cen-

tral and south Jordan ; and within the Plateau Basalt

province.

West of the Jordan River, basalt is rare, and of

lesser areal extent than in Jordan east of the rift.

A lava flow covering about 1 km* overlies Eocene

limestone approximately 9 km east of Janln. Even
smaller extrusions, probably connected with north-

west- and east-striking fault zones, were found at

'Anin (approximately 14 km west-northwest of

Janin), at Rafat (approximately 25 km southwest

of Nablus). and at Salim.

Within the rift zone, many rather small areas of

basalt and tuff were mapped (Bender and others,

1968, Amman sheet) between the Dead Sea and

Lake Tiberias; they are absent south of Al Lisan.

The basalt flow of Ghawr al Katar approximately

26.5 km north of the Dead Sea unconformably over-

lies the Series of Grain Sabt (lower Pleistocene)

and is in turn overlain by the Lisan Formation,

(upper Pleistocene). The basalt flows near the east

shore of the northern Dead Sea overlie fluviatile

gravels that contain implements of the Acheulian.

A middle Pleistocene age is therefore assigned to

the activity of these volcanoes.

The basaltic rocks along the Mountain Ridge

province are restricted to an area approximately 20

km wide and 110 km long between Jabal 'Unayzah

in the south and Wadi al Mawjib in the north. The
basalt flows on the upper south side of the Wad! al

Mawjib valley overlie fossil soils and wadi gravels;

the basalt lava of Jabal al Qiranah about 5 km
northwest of MabaUat Jurf ad DarawTsh overlies

fluviatile gravels of middle Pleistocene age, which

yielded many Acheulian implements (Bender, 1968a,

p. 99, 105).

Along the northwest-striking Al Karak-Widl al

Fayba fracture zone, which extends across the en-

tire Central Plateau for more than 300 km, several

isolated basalt flows and basalt and dolerite dikes

were observed. The basalts contain many inclusions

of the calcareous or siliceous country rock that

show traces of superficial melting. The flows also

have been found overlying fluviatile gravels of mid-

dle Pleistocene age. In southern Jordan between Al
1 Quwayrah and Al Mudawwarah, another northwest-

I striking fracture zone, mainly tension fissures of

]
great vertical extent along which basalt dikes have
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intruded, extends for about 70 km through lower I

Paleozoic sandstone. These basalts contain inclusions

of Upper Cretaceous limestone that apparently cov-

ered this area at the time the fractures were formed.

The Plateau Basalts of Djebel ed Drouz and

Wadi Hauran cover an area of about 45,000 km 1 (in

Jordan about 11,000 km*), and extend from the

southern rim of the Damascus Basin in Syria south-
'

ward into northeast Jordan to the northern rim of
|

the Al Azraq depression. The flows continue for
;

about 210 km southeastward into Saudi Arabia (Al

Harrah) along the east side of the Al Azraq-Wadl
j

as Sirhan Basin.

An enormous amount of extrusive rock erupted

from many Assures; many vents are still visible as

long rows of low cones. Basalt and some tuff also

were extruded from clusters of isolated eruption

cones. Six different phases of major emissions can

be distinguished (van den Boom and Suwwan, 1966,

p. 10-20 " ; Bender and others, 1968, El Azraq and
H-4 sheets).

The basalt flows of the lower three phases are only

known from wells drilled for ground water in the

Wadi az, Julayl area northeast of 'Amman (Hunt-

ing Tech. Services, Ltd., 1965"). These flows are,

altogether, as much as 150 m thick in this area and

are separated from each other by approximately

5 m of fossil soils, red clays, and fossil weathered

basalt surfaces. The uppermost of these three flows

is in turn overlain by soils 6 to 20 m thick that are

locally covered by a fourth flow which was drilled

to a depth of 60 m in Wadi aj Julayl. This fourth

flow is exposed between oil pump stations H-5 and

H-4 and in the area east of Faydat ad Dabjklyah;

it covers a rather flat surface of older flows or mid-

dle and upper Eocene limestones and is locally cov-

ered by sandstone, calcareous sandstone, and sandy

marl of Miocene age. The eruption of lava flows 1

to 4 can be therefore placed in a time interval which

at the earliest started in the late Eocene and at the

latest ended in the Miocene.

A fifth flow, which is as much as 25 m thick

where exposed but may be much thicker toward the

center of the eruptions, is the most extensive flow

of the northeast Jordan plateau basalts. This fifth

flow covers older flows and Paleogene and Miocene

sediments; it can be correlated with the basalts on

the limestone plateau of the Nahr al Yarmuk (Yar-

muk River) area and has undergone late Pleisto-

Of Um
drnun Geol Muulon in Jordan.

Surrey. Hannortr. 42 p.

-Sot footnote 11 on p. B.

O.. 1N«. Report on «o!ocl«l
In nortacut Jordan:

r«L R«p. Gcrnonf Gral.

cene erosion. The main tuff eruptions started after

the extrusion of lava flow 5.

The basalts of the sixth extrusive phase form
north-trending flows many kilometers long; as ex-

posed, they are as much as 30 m thick and their

surfaces do not show any evidence of weathering.

They most probably correlate with the basalts that

flowed down the Nahr al Yarmuk (Yarmuk River)

valley to the west where they overlie Pleistocene

fluviatile gravels and fossil landslides. On the basis

of archaeological evidence, Picard (1965, p. 359)

placed the basalts of the Nahr al Yarmuk (Yarmuk
River) valley in the middle Pleistocene. The. long

rows of low basalt cones, which apparently are

fissure effusions, also are part of the sixth eruption

phase, because they cross the flows of the fourth

and fifth phases. These rows strike east-southeast

(azimuth 110°-130 <>

) and were mapped over dis-

tances of 90 km (Bender and others, 1968, El Azraq
sheet)

.

The latest eruptions may have continued into his-

torical times, as for example, in some places in the

Djebel ed Drouz area in Syria (de Vries and Barend-

sen, 1954; Burdon, 1959, p. 47).

STRUCTURE

Five major structural provinces may be distin-

guished according to their structural evolution,

types of deformation, and pattern

:

1. Wadi al 'Arabah-Jordan rift,

2. Nubo-Arabian Shield in southern Jordan,

3. Block faults in central and southeastern Jordan,

4. Upwarping, tilting, and block faulting in north-

ern Jordan, and

5. Anticlinorium, upwarping, and block faulting

west of the Jordan River.

WADT AL 'ARABAH-JORDAN RIFT

The Wadi al 'Arabah-Jordan rift forms a section,

about 360 km long, of the East African-North

Syrian fault system, which is recognizable over a

distance of 6,000 km. The Wadi al 'Arabah-Jordan

rift strikes N. 15° E. from the Gulf of Aqaba to the

Dead Sea to form the south graben, approximately

200 km long, and turns from there almost due north

to Lake Tiberias to form the north graben, ap-

proximately 160 km long. The rift separates the

Palestine block in the west from the Transjordan

block in the east. The width of the graben floor

ranges from 5 km to 20 km; most of it is covered

by Holocene and Pleistocene fluvial, aeolian, and
lacustrine sediments. The southern part of the
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Transjordan block regionally dips more steeply

northward than does the Palestine block, but the

sedimentary column on the northern Palestine block

is thicker than that on the northern Transjordan

block; therefore, the surface structural position of

the Cretaceous-Tertiary sedimentary sequences

gradually attains the same level on both sides of the

rift valley between the Dead Sea and Lake Tiberias.

The Precambrian structural pattern and the Pre-

cambrian joint and dike system as exposed on the

east side of the south graben suggest that a struc-

tural zone of the weakness (geosuture) or major
hinge line already existed here at the end of the

Precambrian. Additional evidence is the morphology

of the surface of the Precambrian basement com-
plex; this surface is a peneplain some distance east

of the south graben, but it is a very irregular sur-

face covered by coarse conglomerates of Early

Cambrian age on both sides of the southern part of

the present rift valley. (For details on the age and
evolution of the Jordan rift, see Bender, 1968b.)

Continued tectonic activity along the old zone of

weakness is indicated by late Proterozoic to Cam-
brian quartz porphyry volcanism in the southern

Wadi al 'Arabah. Moreover, the presence of a hinge

line, or a major paleogeographic divide, is demon-
strated by the disposition of the Cambrian sedimen-

tary facies. These facies relations suggest the exist-

ence of an elevated Transjordan block east of the

southern part of the hinge line which received con-

tinental sediments, and a structurally lower Pale-

stine block west of it which contains marine inter-

calations of Cambrian Age.

Thickness and facies changes in Triassic, Jurassic,

Cretaceous, and lower Tertiary sedimentary rocks

across the present rift valley indicate the continued

mobility of the geosuture.

The taphrogenic structural movements that ini-

tiated the formation of the present graben apparent-

ly occurred along this preexisting zone of weakness
(geosuture) and started during the late Eocene (?)-

Oligocene. In the late Oligocene-Miocene, the Trans-

jordan block east of the south graben was struc-

turally elevated and subjected to continental ero-

sion and, locally, to continental deposition (lower

and upper syntectonic conglomerates at the east

shoulder of the south graben
; p. 121). In the graben

area itself, marine beds were deposited during
the Oligocene and Neogene. The thick evaporite

series of late Miocene (?) -Pliocene age in the Dead
Sea area demonstrates the gradual decrease and ter-

mination of a marine deposition in this part of the

graben. Renewed major taphrogenic movements

I started in the Pliocene-Pleistocene. These movements

continued during several intra-Pleistocene phases

and reached another maximum at the time of the

wide-spread basalt volcanism of the middle Pleisto-

cene. Further structural movements, though of small

scale, are recorded in the upper Pleistocene uncon-

solidated sediments of the graben.

The post-Proterozoic structural movements in the

rift zone, in particular those forming the graben

(taphrogeny) since the Oligocene, were of dip-slip

type. Only local minor movements of tangential com-

pression and lateral displacement have been ob-

served. Clear evidence of major strike-slip displace-

ments along the rift on the order of 70 km to more
than 100 km (Quennell, 1956; Freund, 1965), or

evidence of a ramp valley due to east-west com-

pression (Willis, 1928), was not found during geo-

logic mapping by the author.

NUBO-ARABIAN SHIELD IN SOUTHERN JORDAN

The area bordering the northern Gulf of Aqaba,

southern Wadi al 'Arabah, and the adjacent area

to the east are considered to represent a northern

part of the Nubo-Arabian Shield. The shield

plunges regionally from there to the north and

northeast. As in the southern Negev to the west

(de Sitter, 1962), the structural features in this

part of south Jordan indicate its cratonic character.

On the east side of Wadi al 'Arabah, southwest-

striking graben structures have been mapped where
the upper Proterozoic Saramuj Conglomerates and
the Slate-Graywacke Series (p. 113) were preserved

from erosion prior to Early Cambrian deposition

(Bender and others, 1968, Aqaba-Ma'an sheet).

Epeirogenic movements affected the Paleozoic strata

east of the southern part of Wadi al 'Arabah, re-

sulting in the regional gentle dip of these strata to

the north-northeast. The Paleozoic formations were
in part eroded before the deposition of Lower Creta-

ceous clastic rocks. Therefore, from west to east in

south Jordan, the Lower Cretaceous rocks overlie,

with angular unconformity, progressively younger
Paleozoic rock units that range from Cambrian in

the west to Upper Silurian in the east.

Taphrogenic movements in the rift area strongly

affected the area bordering the rift, chiefly along

northwest-, north-, and north-northeast-striking

|

normal faults, antithetic and synthetic fault systems,

I and narrow long grabens and horsts paralleling the

rift.

Approximately northwest-striking tension joints

and faults, of little vertical displacement but of con-
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siderable length, were traced in south Jordan. The
fissures are locally filled by Pleistocene basalts.

BLOCK FAULTS IN CENTRAL AND
SOUTHEASTERN JORDAN

Blocks faults in central and southeastern Jordan

are characterized by broad epeirogenic swells and
basins which dominantly strike northwest and west-

northwest : The Al Jafr Basin, Bayir-Kilwah Swell,

and Al Azraq-Wadi as Sirban Basin (pi. 3). A pat-

tern of approximately northwest-, approximately

north-northeast-, and east-striking normal faults and
flexures of minor displacements form in part small

horsts and grabens. The northwest-striking fault

systems are very long ; the Al Karak-Wadi al Fayha
fault system, for example, is more than 300 km long

and apparently is caused by deep tensional forces.

In many places, Pleistocene basalts intrude this fault

zone. A few small anticlinelike uplifts in central and
southeastern Jordan can only be explained as caused

by tangential compression (for example, Jabal at

T/ahunah, approximately 8 km northwest of Ma'an).

L'PWARPING, TILTING, AND BLOCK FAULTING IN
NORTHERN JORDAN

In Jordan east of the rift valley between lat 31°30'

and 31°50' N., the pattern of dominant block faults

characteristic of central and southeast Jordan grad-

ually changes northward into another structural

province where tilting becomes a common feature

with faulting. This region is called the province of

upwarping, tilting, and block faulting. The struc-

tures in this area are thought to have been caused

by the general change in rock types, the increase

in thickness, and correspondingly greater weight

of the sedimentary sequence from south to north

and northwest; the relatively thin and dominantly

competent beds in the south reacted to structural

stresses by fracturing and faulting, whereas the

thicker and more incompetent beds in the north

reacted to the same stresses by arching, tilting, and
flexuring. Examples are:

1. The flat broad northwest-striking anticlinal

trend of Jabal as Safra', approximately 42 km
east-southeast of 'Amman,

2. The flat broad upwarp of of 'Ajlun, about 45 km
north-northwest of 'Amman, which strikes

north-northeast for about 25 km and is faulted

mainly in its crestal area, and
3. The uplift of Suwaylib approximately 15 km

northwest of 'Amman, which consists of a

tilted block that extends southwest for about

12 km. This block rises gently from southeast

to northwest and becomes approximately 4
km wide before it steeply dips northwest along

a southwest-striking flexure accentuated by
faults.

ANTICLINORIUM, UPWARPING, AND BLOCK FAULT-
ING WEST OF THE JORDAN RIVER

The anticlinorium, upwarping, and block faulting

west of the Jordan River are part of a broad arched

region that extends to the northern Negev in the

south and to Galilaea in the north. The region in

general gently dips westward to the Mediterranean
Sea, but dips more steeply to the east, before it is

abruptly limited by the Jordan rift.

The upwarps of the region are the Negev up-

warp in the south, the upwarp west of the Jordan
River in the center, and the Galilaean upwarp in

the north. Each is a part of the anticlinorium and is

subdivided into anticlines and synclines and into

tilted blocks commonly limited by flexures. In the

Negev upwarp and in the southern part of the up-
warp west of the Jordan River, these structures

strike mostly northeast, but in the Quseife, Al
Khalil (Hebron), Ramallah, and the Al Buqay*ah
anticlines in the central part of the upwarp west
of the Jordan River, a north-northeast-striking

structural trend becomes dominant. A northwest-

and west-northwest-striking fault system in the

northern part of the upwarp west of the Jordan
River cuts these structural trends, but their north-

northeast continuation can be traced in the northern-

most part of the upwarp and in the Galilaean up-

warp.

ECONOMIC GEOLOGY »"

AQUIFERS

The following major aquifer systems may be dis-

tinguished in Jordan:

L Lower Paleozoic sandstones are important only

in the southern and southeastern parts of the

country; they receive little direct recharge;

ground-water movement is generally east or

northeastward.

2. Carboniferous (?), Triassic, and Jurassic sand-

stones underlie the Cretaceous sandy and cal-

careous sequences in northern Jordan; depth
to these aquifers is more than 400 m in most
areas that require ground-water utilization.

3. Cretaceous sandstones may be hydraulically con-

nected with the Jurassic-Triassic systems in

the northern part of the country. Owing to

intercalated impermeable strata of variable

thickness and extent, several aquifers may be

^ Sqq Note, p> It.
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present within the Cretaceous sandstones at a

particular locality. Generally the Cretaceous

sandstones are of limited value for economic

utilization of ground water because of con-

siderable drilling depths, commonly low per-

meability, and poor water quality.

4. Cenomanian and Turonian limestones form lo-

cally important aquifers mainly in northern

Jordan, where they are directly recharged

from rainfall on outcrops along the Moun-
tain Ridge east of the Rift

5. Campanian and Maestrichtian intercalated

limestone, silicified limestone, chert, and phos-

phorite form the most important and exten-

sive aquifer system in Jordan. These Upper
Cretaceous rocks crop out in the relatively

high rainfall zones along the mountain ridges

and highlands east and west of the rift val-

ley, and in large areas they are at depths that

can be economically drilled beneath a cover

of younger sediments. Ground-water move-

ment generally follows the regional dip away
from the rift valley—eastward from the moun-
tain ridges east of the rift, and westward

from the highlands west of the rift. However,

many of the larger tributaries and side wad is

of the Jordan River valley and the Dead Sea

cut back into these aquifers and even into

deeper aquifers and cause the ground-water

to flow toward the rift valley.

An aquifer of local importance is formed by the

lower Tertiary chert-limestone member, mainly in

the central parts of the Al Jafr and Al Azraq-
Wadi as Sirban Basins.

The chert-limestone member may be hydraulieal-

ly connected with aquifers in the Neogene sand-

stone and sandy marl of Al Azraq and with aquifers

in the extensive basalt rock sequence of Neogene-
Quaternary age north of Al Azraq. Within the rift

valley, aquifer systems of local importance are

formed by the upper Neogene, upper synteetonic

conglomerate, the sands in the Series of Grain Sabt
of early Pleistocene age, the coarse clastic intercala-

tions in the Lisan Formation (upper Pleistocene),

and the more recent alluvial clastic deposits.

Extensive ground-water investigations were made
in Jordan during 1964 through 19G9, in particular,

by the Food and Agriculture Organization of the

United Nations (Parker. 1969; Lloyd. 19U9).

OIL AND G AS. Hi l l MtNors lt()( KS, AND ASPHALT "

For several decades the zone of sedimentary
troughs within the unstable shelf area of the Tethys

Sea along the external rim of Taurides-Iranides has

|

been the favored area of intensive and successful

oil exploration. Much less exploration was carried

J

out near the northern rim of the Nubo-Arabian

!
Shield because the paleogeography and environment

of deposition of the stable shelf area of the Tethys

Sea had been considered unfavorable for forming
commercial quantities of hydrocarbons. During
more recent years, however, petroleum investiga-

tions in the Red Sea area, in Israel, and in Jordan

have revealed that the stable shelf area of the

Tethys Sea contains many more sedimentary basins

and swells than had been expected. In some of these

basins outside Jordan, oil and gas are now being
commercially produced.

In Jordan, new geologic mapping of the entire

country has permitted a reinterpretation of the

geophysical, petroleum geological, and exploration-

drilling results achieved during the periods 1947-
49 (Transjordan Petroleum Development Co., Ltd.)

;

1956-60 (E. W. Pauley Oil Exploration and Phillips

Petroleum Co., 6 exploration wells) ; 1964-66 (J.

W. Mecom Oil Co., 3 exploration wells)"; and 1968-

72 (Industrija Nafta Zagreb Yugoslavia, unpub.
data, 1 exploration well). This reinterpretation

(Bender, 1969) was substantially supported by re-

cent geophysical and drilling activity for ground-
water exploration by the UNFAO "Sandstone

' Aquifer Project in Southeast Jordan" in coopera-

tion with Jordan's Natural Resources Authority

(NRA), since 1964 (unpub. data, 1964-69; Lloyd,

1969; Parker, 1969), and by seismic investigations

carried out for NRA by Arabian Geophysical and
Surveying Co. (1968)" in 1967-68.

It is thought accordingly that the Wadi al 'Arabah-
Jordan Rift, as well as the northwest-striking basins

of Al Jafr and Yarmuk-Al Azraq-Wadi as Sirban
(pi. 3), represent zones of repeated structural sub-

sidence and increased sediment accumulation, espe-

cially during the Maestrichtian-Danian-Paleogene.

A north-northeast-striking sedimentary basin con-
taining a considerably increased thickness of Tri-

assic-Jurassic strata is in the area west of the

Jordan River. Oil and (or) gas possibilities may
exist in these sedimentary basins, in particular with-
in the transition zones between the stable and the

unstable shelf areas of the Tethys Sea. Such pro-

spective areas for oil and (or) gas are:

1. Structural closures and stratigraphic traps in

Cretaceous and older reservoir rocks overlying

Cretaceous and possibly Jurassic-Triassic

' r.-oinuln 2-4 on p. 12.

" S,f footnote 11 on p. III.
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source rocks in the Yarmuk-Al Azraq-Wadi
Sirban Basin (total thickness above Precam-
brian approximately 5,000 m, according to

seismic investigations.)

2. Structural closures and stratigraphic traps in

lower Tertiary and Cretaceous reservoir rocks

below the thick Neogene evaporites or below

and in the shale and marl facies equivalents

of these evaporites, in the Al Lisan-Ghawr as

£af i area, and in the central part of the Jordan
Rift (total thickness of beds above Precam-
brian approximately 10,000 m, on the basis of

seismic investigations.)

3. Structural closures and stratigraphic traps in

Lower Cretaceous, Jurassic, and Triassic

reservoir rocks, especially those near the

southern part of the Jordan-Dead Sea graben
(total thickness of beds above Precambrian ap-

proximately 5,000 m, on the basis of regional

correlations.)

Bituminous rocks are found at different strati-

graphic levels in several areas. The highest bitumen
contents are in the Upper Cretaceous chalk-marl

member (p. 120) ; the bituminous unit in this mem-
ber is an euxinic facies deposited in sedimentary

subbasins (fig. 17). In the Lajjun area, Speers 54

(1969) described a deposit of approximately 15

km *. The deposit is very uniform in character, and
its average yield of shale oil by Fischer assay is

28.1 U.S. gal /ton. Reserves thus far established at

Lajjun are estimated to be about 420 million bar-

rels of shale oil.

Asphalt has been found floating in the Dead Sea
and has been collected in small quantities along its

shores since ancient times. In 1939, a block of

asphalt measuring 150 m1 was salvaged (Ionides

and Blake, 1939, p. 122). The asphalt obviously is

derived from faults exposed at the sea bottom. A
fault breccia impregnated with asphaltic residual

oil was observed southeast of Al Lisan Peninsula

at the mouth of Wadi 'Isal, where a north-northeast-

striking major fault zone separates the echinoid

limestone member (Cenomanian-Santonian) from
Cambrian shale and sandstone. Because of the small

quantities, the asphalt is of no commercial interest

METALLIC MINERALS
COPPER »

Copper mineralization is associated with several

rock types on the east side of Wadi al 'Arabah be-

"Sp«n, C. C, 1*S*. EI Lajjun oil »h»1- o>|..»lt. Jcrdun ; J..,^.n

Nat. Rmiim Authority and BP Reuarch Onlcr. nnpub. r»pt. Jordan

Nat. Ra». Authority, Amman. Jordan.

»S«« NoU, p. tW.

tween Gharandal in the south and the Dead Sea in

the north (Bender, 1965) :

1. In Precambrian mafic dikes; traces, of io com-

mercial interest.

2. In upper Proterozoic-Cambrian quartz por-

phyries ; traces of oxidized disseminated copper

ores deserve further investigations.

3. In the Lower Cambrian basal conglomerate;

traces, of no commercial interest.

4. In the white fine-grained sandstone of latest

Early to Middle Cambrian age.

5. In the dolomite time equivalents of the white

fine-grained sandstone.

The mineralized sandstone and dolomite have

|

some possibilities for economic utilization. In the

sandstone, the mineralization consists of small ore

nodules chiefly of malachite and, very subordinately

(in the centers of nodules), of cuprite, chalcocite,

bornite, and chalcopyrite. Locally, in the Wadi Abu
Khushaybah area, as much as 6 m of the white

fine-grained sandstone is mineralized, its copper

content averaging 0.53 percent. In places where the

mineralization is restricted to thicknesses of only

1.5 m to 0.2 m of the white fine-grained sandstone,

the copper content of channel samples ranges from
1.0 to 9.8 percent.

North of Wadi Abu Khushaybah, some lateral

equivalents of the white fine-grained sandstone are
i impure commonly sandy dolomites; the uppermost
part of these dolomites is also mineralized, mainly
with malachite along fissures and cracks (approxi-

mately 0.4 percent Cu over a 1.40-m-thickness of

dolomite). Furthermore, pockets of a few tons of

high-grade copper ore are found at the top of the

dolomites, and in some places the ore extends into

the overlying sandstones. This ore consists of

plancheite, malachite, and chrysocolla and contains

a maximum of 47 percent Cu. These ore pockets are

irregular and are sparsely distributed in the dolo-

mites.

The copper mineralization in the sandstone is

thought to have been derived from contemporaneous
quartz porphyry volcanism during the sandstone

deposition (syngenetic), but the mineralization at

the contact between dolomite and sandstone is ex-

plained by chemical precipitation from descending
solutions containing some copper derived from
stratigraphically higher sandstones (Bender, 1965).

MANCANESE"

Manganese ore has been long known from the east

side of the northern Wadi al 'Arabah, in the area of

Wadi Dana. The ore, chiefly pyrolusite, subordin-

* Not*, p, iv.
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EXPLANATION
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Figihe 17.—Occurrences rind indications of minerals and rock* of

oil exploration wells in Jordan. (Modified from Bender. 1968a, with the kind
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ately cryptomelane, ramsdellite, hematite, goethite,

malachite, and azurite, consists of nodular masses

as much as 3 m thick in the upper part of the dolo-

mite-limestone-shale unit of latest Early to Middle

Cambrian age. It is overlain by Cambrian sand-

stone. Toward the base of the ore zone, shale and

sandy shale intercalations increase downward to-

ward the barren part of the sequence. Laterally,

the ore thickness may decrease within 200 m, from
8 m to several centimeters thick, but may increase

again at other localities; the ore is continuous for

many square kilometers in the same stratigraphic

interval. The metal content of 36 samples from dif-

ferent localities averaged 33.2 percent Mn and 1.7

percent Cu (Mackay & Schnellmann, 1954"). Van
den Boom and Ibrahim (1954)"* mentioned the fol-

lowing metal contents: Mn, between 36.3 and 49.4

percent; Cu, between 1.11 and 2.06 percent; and
Fe, between 6.13 and 16.3 percent. According to

van den Boom (1969), who gave a detailed descrip-

tion of the manganese ores of Wadi Dana, the de-

posit is of syngenetic origin.

Though 800,000 tons of ore reserves has been

proven by exploration work done by the Jordan
NRA, the economic feasibility of ore production will

be uncertain until processing problems are solved.

IRON

Iron ore was mined in medieval times in the

southern 'Ajlun district, 7 km west of the village

of Burma (about 35 km north-northwest of

'Amman).
The ore, dominantly hematite and some limonite,

forms an irregular lenslike body of metasomatic
origin within the massive limestone of Cenomanian-
Turonian(?) age (lower part of the echinoid lime-

stone member). Test drilling indicates that the ore

body is about 300 m long and 200 m wide and has

a maximum thickness of 9.80 m. The average iron

oxide content of 205 samples from 15 boreholes was
67.9 percent Fe.O,; the proven ore reserves are

561,000 tons (van den Boom and Lahloub, 1962").

CHROMIUM, NICKEL. URANIUM. AND PYRITE

Traces of chromium were described by Blancken-

horn (1912, 1914) from exposures along the Ariha
(Jericho) -Jerusalem road and also east of the

" See footnote 6 on p. II.

"Boom. GOnter Tan den. and Ibrahim. H.. l»*5. Report on the

t-ratoST of the WMi Dana area, with special eonatdrratton of the man-
ganeee-copper occurrence*: German Gaol. Mlaalon in Jordan, anpab.
rept Ted. Rep. German* GeoL Survey. Hannover. «S p.

"See footnote a on p. 118.

Jordan River at some localities in the chalk-marl

member of late Maestrichtian-early Eocene age (p.

120). Eckhardt and Heimbach (1063) identified

a hitherto unknown chromium mineral, chromatite

(CaCrO,), from these outcrops. The chromium is of

no economic interest.

Traces of nickel are associated with Precambrian
copper-bearing mafic dikes (0.001-0.01 percent Ni),

with the copper mineralization of Cambrian sand-

stones and dolomites (0.001-0.01 percent Ni), with

the manganese ores of Wadi liana (0.01-0.1 per-

cent Ni), and with the greenish porphyrite complex

east of Faynan (Feinan) at the east side of the

northern Wadi al 'Arabah (Bender, 1968a, p. 152).

The greenish material of a porphyrite sample con-

tained 0.7 percent Ni.

Several uranium minerals have been found in

the phosphorite member and in the overlying chalk-

marl member (Maestrichtian-lower Eocene), from
exposures in many parts of Jordan; uranophane,

tuyamunite, and metatuyamunite were identified by
F. J. Eckhardt, Geological Survey, Federal Republic

Germany (written commun., 1962). The phosphate
rock produced in the Ar Rusayfah and in the

MaljaUat al Hasa areas contains an average of 100

to 125 ppm UsO,, which corresponds to the world
wide average of U.O^ content in phosphates (H.

Fauth, Geological Survey, Federal Republic Ger-
many, written commun., 1969).

Pyrite is locally abundant in dark shales in the

uppermost Lower Cretaceous sequence, approximate-
ly 20 to 30 m below the base of the Cenomanian
nodular limestone member. No pyrite of economic
value is known.

NONMETALLIC MINERALS -

PHOSPHATE

Geologic mapping (1:25,000 scale) of all the

phosphate-prospective areas in Jordan was done dur-
ing 1961-66 by the German geological mission. The
phosphorite member (pi. 2; fig. 18) could be traced

approximately 250 km from the area of Ra's an
Naqb in south Jordan to the area north of 'Amman,
and the stratigraphic correlation as well as the struc-

tural pattern of the "phosphate belt" was estab-

lished.

Phosphate deposits of economic interest in Jordan
are in the Maestrichtian rock sequence between
Mahauat al Hasa in the south and Suwaylib, north-
west of 'Amman. Here, the Upper Cretaceous forma-
tions, which generally have a phosphate content too
low to be of commercial value, locally contain lenS-

^S*. NotTp. I».
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like ore bodies or seams of considerable extent and

thickness. Because of the regional slight dip of the

phosphorite member to the east and the consequent

thickening of overburden toward the east, the east-

ern boundary of the phosphate belt has not yet been

defined. Its western border, however, was traced ac-

curately in surface mapping, because the phosphate-

bearing strata are uplifted in the west along the

mountain ridge east of the rift valley.

In the individual prospective areas (fig. 17), the

following observations were made:

1. In southeast Jordan, for example in the area

of the village of I.laniya, in the area of Al

'Inab and northeast and east of the ruins of

Kilwah, phosphorite facies are found in

Turonian to Danian-Paleocene-E o c e n e (?)

rocks. The phosphorite facies diachronously

"migrates" into successively younger strati-

graphic levels from west to east. All phosphate

concentrations known in this area are less than

1 m thick and are mostly silicified, calcined, or

sandy. No deposit of economic value has yet

been discovered in southeast Jordan.

2. In south Jordan (Ra's an Naqb-Ma'an), some
phosphorite occurs in the upper part of the

sandy limestone member and in the silicified

limestone member (Turonian-Santonian-Cam-

panian; pi. 2). The main phosphorite occur-

rence, however, is restricted to the phosphorite

member (lower Maestrichtian) which is ap-

proximately 20 m thick in this area. Quality

and quantity of the phosphate ores are below

the margin for commercial production in this

part of south Jordan.

3. In the Maljauat al IJasa-Al Qa(ranah area, the

phosphorite member (Maestrichtian) in-

creases in thickness to about 40 m. Mostly in

its lower third, but also in its upper part,

several phosphate-rich layers and lenses are

separated from each other by limestone, marl,

and chert. Locally the high-grade ore lenses

are as much as 10 m thick (fig. 19). The
minable phosphorite in the individual lenses

ranges from 1 million to 15 million tons. So

far, approximately 53 million tons of ore con-

taining more than 67 percent tricalcium phos-

phate has been proven in this area.

4. Between Al Qa^ranah and 'Amman, other prom-

ising phosphorite layers were located during

geologic mapping, but as yet have not been

prospected sufficiently to justify reserve cal-

culations.

Figure 19.—Phosphate in open-pit mine at M abaWat al ilma:
ore body of Old Concession in central part of photograph
approximately 5 m thick.

5. Approximately 15 km northeast of 'Amman are

the well-known and commercially productive

phosphate deposits of Ar Rusayfah. The four

layers that are mined are more constant in

thickness than are the ore-bearing layers

farther south. At Ar Rusayfah, the ore-bear-

ing phosphorite member is about 30 m thick

and is of Maestrichtian Age. About 39 mil-

lion tons of phosphate ore containing more
than 62 percent tricalcium phosphate have
been proved in the Ar Rusayfah area.

6. North of Ar Rusayfah-'Amman, no phosphate
deposits of economic value are known.

7. In the area west if the Jordan River the phos-

phorite member is 25-35 m thick, but the

phosphate beds are very impure and thin. The
phosphorite member in this area is probably
of Campanian Age.

8. In northeast Jordan, impure and thin phosphorite

layers were discovered in the lower Tertiary,

about 70 km south of the Baghdad road, close

to the Jordan-Iraq border (fig. 17). These
phosphorites have not yet been investigated in

detail.

OTHER MINERALS"

About 16 km northwest of 'Amman, the phos-

phorite member crops out in a steep, partly over-

turned flexure. Here, most of the phosphorite is

altered to hard, dense, gray-greenish and red apa-
tite. The reserves of apatite ore are estimated to be
900,000 tons. The average tricalcium phosphate con-

tent is about 70 percent. The results of a detailed

geologic study of this the only apatite deposit in

Jordan, have been published by Wiesemann and
Rosch (1969).

•' aii Not*, p. W.
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Barite is present 10 km east-southeast of Bayt

Sahur (west of the Jordan River) as an irregular

mass in limestone and marl of Turonian ( ?)-San-

tonian Age. It also fills dikes as much as 0.60 m
thick in the lower Eocene calcareous beds of north-

east Jordan, 46 km northwest of oil pumping sta-

tion H-4. Other thin barite dikes were found in

major fault zones on the east side of southern and

central Wadi al 'Arabah. In the crest of an anti-

clinal structure at Zakimat al rjasa, 52 km southeast

of Bayir, barite rosettes were observed in the vari-

colored sandstone of Early Cretaccous-Cenomanian

Age. Commercial production on a small scale may be

possible from the irregular mass near Bayt Sahur
and from the dikes in northeast Jordan.

Feldspar and mica are common in the Precam-
brian igneous rock complex, but their quality and

quantity do not justify production. Orthoclase or

potassium feldspar might eventually be produced

by processing the pegmatitic granites near Al

Quwayrah.
Quartz forms the main constituent of many peg-

matite dikes in the igneous basement complex, in

particular along the east side of central and south-

ern Wadi al 'Arabah. In most places, however, the

quartz is too impure and disseminated for any com-

mercial use.

Glass sands of good quality and of practically un-

limited quantity have been observed in the lower

part of the Lower Cretaceous massive white sand-

stone unit, and in the massive whitish-weathered

sandstone unit of Early Ordovician age. Suitable

exposures for glass sand production from both of

these stratigraphic units are in the area of Qa
'Disah in southern Jordan, at several places along

the highway crossing the escarpment of Ra's an
Naqb, in the Wadi as Siq approximately 7 km east-

southeast of Gharandal, and near the road between
Na'ur and Ash Shagur.

Agate and rock crystals (quartz) are occasionally

found in vugs, concretions, and fillings of joints in

the silicified limestone member (Campanian), and
in the chert-limestone member (lower Eocene)—
for example, along the outcrop belt of these rocks

between Ra's an Naqb and Al Qtiatranah, near

Mab/maf Bain al Ghul, and approximately 20 km
southeast of Bi'r an Na'am in southeast Jordan.

These occurrences arc of no economic importance.

Garnet was discovered in gravels and sands of the

Wadi Abu Barqa and Wadi Huwar (7 km and 17.5

km north-northeast of Gharandal on the east side

of the Wadi a] 'Arabah). and in biotitc-garnet

schists exposed along the middle course of Wadi

I Abu Barqa, as well as at the part of Wadi Huwar
south of Jabal al Muraybid. Because of the impure
quality of the garnets and because of the small

quantities so far located, they can hardly be con-

sidered as having any commercial value.

Semiprecious stones such as malachite, chryso-

I colla, and plancheite, are constituents of the

|

cpigenetic copper ores in the Cambrian dolomite-

I sandstone complex (p. 127), in the area of Faynan
on the east side of the northern Wadi al 'Arabah.

Cutting and polishing tests have shown that these

minerals are suitable for gem-stone manufacture.
Pockets and lenses of as much as 1 ton of mala-
chite, chrysocolla, and plancheite were found dur-
ing geologic mapping (Bender, 1965, p. 196).

Gypsum forms beds 1-4 m thick in the middle
part of the Cenomanian nodular limestone member
in the Wadi al Karak, and in the lower third of the

echinoid limestone member (Cenomanian-Turonian)
at the northern slope of Wadi al Mawjib. Gypsum
is also exposed about 35 km northwest of 'Amman,
at the mouth of Wadi al Hunah into the Nahr az

Zarqa' River, in a 25-m-thick part of the Triassic

rock sequence. These occurrences could be eventual-

ly of commercial value, but thin gypsum layers in

the chalk-marl member (Maestrichtian-Danian).
and gypsum lamina and gypsum concretions in the

Lisan Formation are of no economic interest.

Several layers of anhydrite were penetrated in

the wildcat oil wells SAFRA-1 (E. W. Pauley Oil

Exploration and Phillips Petroleum Co., 1957 '•) in

Lower Cretaceous ( ?), Jurassic, and Triassic rocks;
anhydrite was also in the Miocene (?) -Pliocene
evnporite sequence in El Lisan-1 (E. W. Pauley Oil

Exploration and Phillips Petroleum Co.. I960'"),
and in other wells on the Al Lisan Peninsula in the
Dead Sea (Jordan Natural Resources Authority, un-
pnb. data. 1967, 1968).

Rock salt is produced in small quantities in the
area of the Al Azraq Basin, where saline ground
water is collected in trenches and brought into

evaporation pans.

The almost unlimited reserves of rock salt that
underlie about 100 m of upper Pleistocene marls on
the Al Lisan Peninsula in the Dead Sea have not
been utilized as yet.

The amount of rock salt dissolved in the Dead
Sea is estimated to be approximately 12,650 mil-
lion tons. Because of impurities, in particular the
magnesium salts, rock salt cannot be produced by
simple evaporation of the sea water.

: .< (..niiwi, J „n p. 12.
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Potash and magnesium salts are also dissolved

in huge quantities in the Dead Sea water. The

total amount of dissolved KC1 is calculated to be

about 2 billion tons, and the amount of MgCl : is

about 23 billion tons (Bentor, 1961). In the total

water volume (143 km 5
) of the Dead Sea, the dis-

solved bromine salts amount to 975 million tons

MgBr, and the rubidium salts amount to 12 mil-

lion tons RbCl (Bentor, 1961).

Potash layers were first discovered in the El

Lisan NRA-1 well (Jordan NRA, unpub. data,

1967), which penetrated a part of the Miocene (?)-

Pliocene evaporite sequence at the southeast side

of the Al Lisan Peninsula (Bender, 1969, p. 602).

Little is yet known about the extent of these potash

layers.

Native sulfur is widespread in the upper Pleisto-

cene Lisan Formation; the formation can be traced

in the rift valley from the north shore of the Dead
Sea for more than 40 km to the north. The sulfur

occurs as finely crystalline coatings on joints and

fault planes, along bedding planes, and in small

pockets within gypsum concretions. Paper-thin

layers of amorphous sulfur are locally interbedded

with the alternating, varvelike shales and marls.

Variable quantities of amorphous sulfur nodules 0.5-

10 cm in diameter cover the bedding planes in parts

of the Lisan Formation. The distribution of sulfur

is very irregular, and no place has yet been discov-

ered where commercial sulfur production from the

Lisan Formation would be justified.

Ochre and umber occur at several places within

sandy gypsiferous lacustrine sediments of middle ( ?)

Pleistocene age on the plateau of Lower Cretaceous

sandstones at Humrat Ma'in, north of Wad! Zarqa'

Ma'ayn. These raw materials for pigment consist

of small irregular lenses as much as 1 m thick of

yellow ochre and of dark-brown to black, impure,

earthy manganese ore containing gypsum. It is not

known whether these pigments are suitable for com-

mercial use.

Clay deposits of commercial value crop out locally

in northern Jordan within the massive white sand-

stone unit of Early Cretaceous age. At Ghawr Kabid

on the east side of the Jordan River valley, a clay

bed 0.40-6.0 m thick is exposed which has an alumi-

num content of 32.8-37.6 percent; the proven re-

serves are 47,000 tons. In the area of Mabis, a simi-

lar deposit of about 46,000 tons of clay is exposed.

Substantial parts of the nodular limestone mem-
ber (Cenomanian) meet the requirements of raw
materia] for cement (25-60 percent carbonates, 40-

75 percent noncarbonates) . Portland cement is be-

ing produced from this rock unit near Al Fuljays,

north of 'Amman.
Tuft" is found in volcanic cones and as thin sheets

in the basalt area in northeast Jordan. It has been

produced for many years from Jabal ar Rutayn
east of Al Mafraq, mainly for lightweight concrete,

for thermal-insulation material, and for roadmak-
ing material. The tuft* reserves are sufficient for

commercial production at a much bigger scale than

at present.

Only a few examples of the multitude of building

stones used since ancient times in Jordan will be

mentioned here:

1. Oolitic limestone of Pleistocene age exposed in

the western Jordan River, near Kirbat as

Samra'.

2. Thick and hard caliche (referred to as "Nari"
in Jordan) of Quaternary age, in the area of

Jarash.

3. Massive oyster-shell limestones of the phos-

phorite member of Campanian-Maestrichtian
Age, in the area between 'Amman and Al

Qa(ranah.

4. Greenish, reddish, light-pink, and white lime-

stones of different units of Turonian to Maes-
trichtian Age west of the Jordan River, par-

ticularly in the vicinity of Jerusalem and
Bethlehem.

5. Reddish, pink, beige, and light-gray limestones

in the upper part of the echinoid limestone

member and in the massive limestone mem-
ber of Turonian-Santonian Age, which are

extensively quarried in and near 'Amman and
at many other localities in north Jordan.

Well qualified as decoration stones are hornblende
gabbro, quartz diorite, granodiorite, and, locally,

quartz porphyry, as exposed at many places on the

east side of Wadi al 'Arabah and in the area of Al
Quwayrah in southern Jordan.

The rocks quarried and sold as marble in Jordan
are actually polishable limestones. They are only

slightly recrystallized, hard and dense, and are
heavily jointed and fissured. These limestones are
variously colored by iron compounds, bituminous
matter, apatite and traces of chromium-, nickel-,

vanadium-, and uranium-bearing minerals. The
limestones are present locally in the upper part of

the chalk-marl member of latest Cretaceous to early

Tertiary age, and are extensively quarried east and
west of the desert highway between Al Jizah and
Al Qa(ranah, particularly in the area of Qasr el

IJammam.
The lower Pleistocene travertine of the Shagur
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Formation can be considered as a valuable building

and decoration stone, which so far has not been

utilized in Jordan. At several places along the east

side of the Jordan River valley the travertine is

suitable for quarrying. Approximately 10 km south

of Dayr 'Alia, extensive outcrops almost parallel-

bedded travertines as much as 10 m thick were ob-

served.
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