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This study addresses a gap in our understanding of the effects of sea-level rise on the sedimentary systems and
morphological development of recent and ancient carbonate ramp settings. Many ancient carbonate sequences
are interpreted as having been deposited in carbonate ramp settings. These settings are poorly-represented in
the Recent. The study documents the present-day transgressiveflooding of the AbuDhabi coastline at the southern
shoreline of the Arabian/Persian Gulf, a carbonate ramp depositional system that is widely employed as a Recent
analogue for numerous ancient carbonate systems. Fourteen years of field-based observations are integrated
with historical and recent high-resolution satellite imagery in order to document and assess the onset of flooding.
Predicted rates of transgression (i.e. landward movement of the shoreline) of 2.5m yr−1 (±0.2 m yr−1) based on
global sea-level rise alonewere far exceeded by the flooding rate calculated from the back-stepping of coastal fea-
tures (10–29 m yr−1). This discrepancy results from the dynamic nature of the flooding with increased water
depth exposing the coastline to increased erosion and, thereby, enhancing back-stepping. A non-accretionary
transgressive shoreline trajectory results from relatively rapid sea-level rise coupledwith a low-angle ramp geom-
etry and a paucity of sediments. The flooding is represented by the landward migration of facies belts, a range of
erosive features and the onset of bioturbation. Employing Intergovernmental Panel on Climate Change (Church
et al., 2013) predictions for 21st century sea-level rise, and allowing for the post-flooding lag time that is typical
for the start-up of carbonate factories, it is calculated that the coastline will continue to retrograde for the foresee-
able future. Total passive flooding (without considering feedback in the modification of the shoreline) by the year
2100 is calculated to likely be between340 and 571mwith aflooding rate of 3.40–8.64myr−1. However, adopting
the observation that global sea-level rise only accounts for 15% of the recorded shoreline retreat, this figure rises
dramatically to a total likely dynamic flooding (considering modifications to the shoreline) of between 2.3 and
3.8 km. Loss of microbial and mangal habitats will subject the exposed shoreline to increasing erosion. Shoreline
retreat will threaten existing coastal infrastructure.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The past two centuries have witnessed a rise in global sea-level at
an accelerating rate, with 3.2 mm yr−1 observed from instrumental re-
cords over the past two decades (Church and White, 2011; Meyssignac
and Cazenave, 2012; Church et al., 2013). This industrial-era signature
of global sea-level rise has been documented in a range of coastal
systems (Singh, 1997; Leatherman et al., 2000; Rankey and Morgan,
2002; Woodroffe, 2008; Ford and Kench, 2015; Romine et al., 2016;
Testut et al., 2016). However, to date, there have not been any studies
of the effects of this transgression on sedimentary systems and shore-
line morphology in a carbonate ramp setting. The coastline of Abu
Dhabi, lying at the southern shore of the Persian/Arabian Gulf, hereafter
referred to as the Gulf, is an ideal setting for studying the process of
transgression in such a setting. The overall progradational geometry
a@jgi.co.jp (T. Onuma).
for the Abu Dhabi coastline during the Late Holocene regression and
stillstand is well-documented (Evans et al., 1969; Kinsman and Park,
1976; Lokier and Steuber, 2008; Stewart et al., 2011; Lokier et al.,
2015). Yet only a small number of previous studies have conjectured
the effects of a eustatic sea-level rise, with the creation of new accom-
modation that only recently overwhelmed sediment production and
thus initiated the onset of a transgressive phase (Evans and Kirkham,
2002; Lokier et al., 2015).

The primary objective of this study is to utilise fourteen years of
field-based observations along with historical and recent satellite imag-
ery to document and assess the process of transgression in an arid carbon-
ate and evaporite coastal depositional system that is morphologically
analogous to numerous ancient carbonate ramp systems. The study
also aims to establish the diagnostic sedimentary features that can be
employed to assist in the identification of transgressive surfaces in ancient
sedimentary sequences throughout the stratigraphic record. These
outcomes provide a resource with which to interpret the sequence strat-
igraphic context in ancient carbonate ramp settings and, conversely, to
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consider the likely implications of global sea-level rise on future shoreline
morphodynamics. Furthermore, predictions of probable rates of geomor-
phic change are fundamental to planning future coastline management
(Pethick, 2001; Romine et al., 2016).

2. Setting

The Gulf is a shallow (average 35 m) microtidal (1–2 m) epeiric sea
lying at the northernmargin of theArabian Plate (Fig. 1). Thefloor of the
almost completely land-locked basin dips gently north-eastward
towards the coast of Iran. The sediments of the seafloor are dominated
by muddy to fine-grained carbonates (Evans, 1966; Uchupi et al.,
1996) and associated hardgrounds (Shinn, 1969). There is a general
increase in siliciclastic content towards the Iranian shoreline (Emery,
1956).

The Abu Dhabi coastline of the Gulf comprises a northward-dipping,
low-angle, carbonate ramp characterised by the transition from a
supratidal sabkha, through a broad carbonate-dominated intertidal
environment, into a subtidal carbonate setting (Evans et al., 1964).
The coast is locally isolated from open-marine conditions by a complex
of peninsulas, shoals and islands that formed as Holocene sediments ac-
creted around Pleistocene limestone associatedwith the underlyingGreat
Pearl Bank (Purser and Evans, 1973; Harris, 1994). The southern Gulf
shoreline has been tectonically stable throughout the late Quaternary
(Stevens et al., 2014).

The emirate of Abu Dhabi experiences an arid climate with a mean
annual rainfall of 72 mm, concentrated during February and March as
localised, brief, torrential rainstorms (Raafat, 2007). Mean annual evap-
oration of 2.75 m exceeds rainfall by almost 4000% (Bottomley, 1996).
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Fig. 1. Satellite image of the Abu Dhabi coastline between Abu Dhabi Island in the east andAbu al
study area is highlighted by the white box, the black arrow indicates the position of the island s
acquired 3rd July 2002.
Temperatures measured in the study area regularly exceed 50 °C
on summer days yet may drop as low as 7 °C during winter nights
(Lokier and Fiorini, 2016). The prevailing wind is the northwesterly
Shamal. Storms are rare and typically of relatively short duration and
low energy.

3. Methods

This study utilised and integrated multiple datasets including
satellite imagery, shoreline transect surveys and long-term repeat
field observations along a 16 km section of coastline containing a
range of settings representative of the Gulf coastal system of the UAE
(Fig. 1). The study employed Quickbird data with a spatial resolution
of 0.6 m/pixel for the Panchromatic Band, acquired in 2003, 2004,
2005 and 2007, and WorldView-2 data with a 0.5 m/pixel resolution
for the same band acquired in 2010. Multi-band data covering the
visible-near infrared region with a spatial resolution of 2.4 m/pixels
and 2.0 m/pixel, for Quickbird and WorldView-2 respectively, were
also used along with PAN-sharpened colour images with 0.6 m/pixel
for Quickbird and 0.5 m/pixel for WorldView-2 data. Multi-band data
were converted to space reflectance using parameters provided by the
Technical Note of Digital Globe, and Normalized Vegetation Index im-
ages were produced in order to trace the distribution change of onshore
vegetation aswell asmicrobialmats in the intertidal zone. The resultant
images were examined and compared in order to trace temporal
morphological changes along the coastline.

Field-based observations have been regularlymade in theAbuDhabi
sabkha since the year 2000. Though not initially focused on this specific
study, the earlier field observations (prior to 2007) provided an
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invaluable resource for selecting locations for more robust, long-term
monitoring. Observations were also regularly undertaken outside of
the focus areas in order to ensure that the widest possible gamut of
data was incorporated into the study. Field observations also included
surveying two transects normal to the shoreline in order to measure
the height and slope of the carbonate ramp coastal system. The survey
was undertaken using anAltus APS-3 differential global positioning sys-
tem (dGPS). At each measurement position, at least 10 measurements
were made and the average of these was used to geolocated the
position.

A particular challenge resulting from the low-angle geometry of
the Abu Dhabi coastal system is demarking a definitive ‘coastline’.
In this carbonate ramp system the horizontal distance between
mean high water and mean low water may locally exceed 4 km,
with a high degree of variability resulting from even the mildest
winds or atmospheric pressure variations. In the absence of a defin-
itive coastline, we employ the microbial mat belt as a datum. The
landward and seaward limits of microbial mat belts are strongly con-
trolled by their position in the intertidal zone (Lokier and Steuber,
2008). The seaward extent of the belt is constrained by a balance be-
tween microbial mat growth rate and the presence of grazing organ-
isms - particularly gastropods. The mat's landward limit is governed
by the limits of flooding; microbial mats must be regularly inundated
to avoid desiccation.
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Fig. 2. Series of satellite images over a 7-year period showing geomorphological changes associ
A) Satellite image showing a series of spits landward (south) of a low-relief island. B) Spits ret
towards a stand ofmangroves (M). A crevasse splay develops in the south of the image (C). C) Sp
crevasse splay developingwith aneasterly orientation (C2). D) Continued southern spitmigratio
building of the beach on the westernmargin of the spit (Be). E) Spits continue to retrograde tow
destroyed bymigrating sand bars. New spit systemdeveloping (S2). Refer to Fig. 1 for the locatio
Panchromatic Band) except those of 10/10/10 which are WorldView-2 (0.5 m/pixel resolution
4. Evidence of shoreline change

Shorelines are highly dynamic features in a near-continuous state of
morphological flux at a range of spatial and temporal scales (Woodroffe,
2008; Rankey, 2011). The dGPS survey in this study established that
the upper intertidal to supratidal portion of the ramp system dips
very gently seawards at an angle of between 0.07° and 0.08°. By
employing the Intergovernmental Panel on Climate Change (IPCC)
global mean sea level rise rate of 3.2 mm yr−1 for the period between
1993 and 2010 (Church et al., 2013), an average transgression rate of
2.5 ± 0.2 m yr−1 can be predicted. It can be anticipated that such a
significant rate of transgression would result in substantial coastline
change. Field and remote sensing observations of a range of erosional
and constructional features from theAbuDhabi coastline are documented
herein.

A number of morphological features were monitored in the vicinity
of a low-lying vegetated island in the west of the study area (Fig. 2).
Unfortunately, dredging and land reclamation activity destroyed this
area in 2011 thereby abruptly curtailing monitoring. Prior to this loss, a
series of spits developed at the western shore of the island andmigrated
landwards over a monitoring period of seven years. The spits were
composed of coarse sand to gravel dominated by whole and fragmented
gastropods with subordinate bivalves and other skeletal allochems.
These bodies migrated towards the southeast over a pustular microbial
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rograde over the microbial mat (S). In the north of the image sand bars (B) migrate south
its and sand bars continue to retrograde towards the south. The spit is breachedwith a new
n. Sandbars begin to burymangroves and isolate them frommarine circulation. Significant
ards the south - total migration of 218m in 7 years and 7months. Mangrove stand totally
nwithin the study area. All images fromQuickbird 2 (0.6m/pixel spatial resolution for the
). Infrared is displayed as red, red as green and green as blue.
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mat (Court et al., 2017) underlain by an anoxic, organic-rich mud to
fine-sand grade sediment. The migration was monitored between
April 2003 and August 2010 using a combination of field observa-
tions (Fig. 3A) and remote sensing imagery (Fig. 2). Over this seven
and a half year period, the spit migrated 218 m landward over the
microbial mats, equating to an average rate of 29 m yr−1. Similar
back-stepping has been observed in beach ridges elsewhere along
the coast (Fig. 3B).
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Fig. 3. Field photographs of a range of erosional and migrational features observed at the Abu D
microbialmats over a period of 15months. Arrowsdenote the observed location of the tip of the
the south over amicrobial surfacewith footprints (black arrows). C) Breaching of a beach-ridge
line denotes limit of washover (person for scale is 1.75 m tall). D & E) Paired Quickbird 2 (left)
(white arrow) by retrograding sand bodies over a period of 20months. F) Field photograph of th
View towards the north. G) Hardground erosion on the leeward side of the peninsula shown
microbially-bound layers of muddy sands in the upper intertidal zone, white arrows indicate d
Storm events result in localised breaching of beach ridges to produce
crevasse splays comprising coarse-grained carbonate sands (Figs. 2C,
3C). Once emplaced, these sands are not susceptible to reworking,
thereby contributing to the aggradation of the island surface.
Retrograding sand bodies also have a significant impact on the develop-
ment of mangals (Fig. 3D–F).Where the aerial roots (pneumatophores)
of mangroves are buried by migrating sands, the mangrove trees die
and become vulnerable to subsequent erosion (Ellison, 1999).
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habi coastline. A) Observations of a spit migrating 17.5 m landwards (southeast) over the
spit at the specified dates. B) Beach ridge back-stepping (direction ofwhite arrow) towards
with associated crevasse splay. Black arrows indicate the limits of the breach, black dashed
andWorldview 2 (right) satellite images showing the inundation and loss of mangroves
emangroves killed throughburial by retrograding sand bodies as indicated in panelsD& E.
in Fig. 1 (bending person for scale is 1.15 m high, view towards the north). H) Erosion of
istinct microbial surfaces, landwards (south) to top of image.
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In the intertidal zone to the seaward and east of the island there is
significant exposure and erosion of the hardgrounds (Fig. 3G). During
rare higher energy storm events, clasts from the hardground are carried
landward onto the surface of the sabkhawhere they are incorporated as
a minor component into beach ridges or more muddy facies as angular
extraclasts. Erosion is also observed at the landward limit of the inter-
tidal zone. Firmgrounds, formed through the binding of sediments by
interstitial microbial growth, are being eroded (Fig. 3H). Fragments of
the firmground are easily abraded to form sub-rounded intraclasts or,
if transported more distally, potentially extraclasts.

Within the middle to lower intertidal zone, tidal creeks are
retrograding through headward erosion of the underlying hardground
facies. Retrograding lobes of the intertidal bioclastic and peloidal sands
locally divert the most-landward portion of the intertidal creeks; this
process sometimes diverts ebb tidal flow to a different creek catchment
resulting in abandonment of the old creek system (Fig. 4).
4.1. Migration of facies belts

As mentioned previously, the extent of the microbial mat belt is
strongly controlled by its positionwithin the upper part of the intertidal
zone. The community composition, morphological characteristics
and resilience of the microbial mats are particularly susceptible to any
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Fig. 4. Series of satellite images over a 7-year period showing geomorphological changes assoc
image showing the supratidal (ST), microbial mat belt (MM) and intertidal (IT) environments o
the supratidal zone (P). C) Increasedmicrobial mat development in the north-western flooded
(arrow). D) Image with flooding of tidal creeks, intertidal bioclastic and peloidal sand facies ret
distance of 60m at ‘a’ and 100 m at ‘b’. The landward margin of the microbial mats has migrate
spatial resolution for the Panchromatic Band) except those of 8/10/10 which are WorldView-2
changes in the amount and duration of tidal flooding and any changes
in energy within the depositional system.

The areal extent of themicrobialmat belt can be clearly defined from
satellite imagery (Fig. 4). In the field, it is possible to sub-divide the mi-
crobial mat belt into a number of morphological sub-zones (Court et al.,
2017). No bioturbation is observed within the microbial mat belt or in
facies landward of themicrobial mats. During the period of observation,
a variety of changes have been observed in relation to themicrobial mat
belt.

Satellite and field observations show that both the seaward and
landward margins of the microbial mats are migrating landwards
(Fig. 4). The seaward margin of the mats is being buried beneath the
back-stepping bioclastic and peloidal sands of the intertidal zone
(Fig. 5A–E). Between February 2007 and September 2010 the seaward
margin of the microbial mats locally retrograded by between 60 and
100m, equivalent to a rate of 16–27m yr−1. The retrograding bioclastic
and peloidal sands initially cover the mat surface with a thin sediment
veneer (Fig. 5A) that results in a morphological change in the growth
of the mats. Low-lying areas of the mat and gaps between polygons
(Fig. 5B) are preferentially covered by sediment thereby reducing the
small-scale relief of the mat surface. Within weeks, this sediment is
colonised and stabilised by interstitial microbial growth (Fig. 5C).
Topographically higher areas of themicrobialmats, such asmatmargins
continue to grow but are increasingly susceptible to grazing by benthic
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f the Abu Dhabi Sabkha. B) Unusually high tides result in flooding and ponding of water in
area. Retrogradation of the landwardsmargin of themicrobial mat belt inmuch of the area
rograde over themicrobial mat belt (arrows). E) Intertidal sands have back-stepped over a
d landwards by only 35 m over the same period. All images fromQuickbird 2 (0.6 m/pixel
(0.5 m/pixel resolution). Infrared is displayed as red, red as green and green as blue.
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fauna that residewithin the now-adjacent sands.With increasing burial,
and over time, the microbial mats become susceptible to degradation.
Increased flooding of the microbial mats, and the presence of host sed-
iment, facilitates the presence of increased numbers of grazing fauna
dominated by gastropods, ostracods and crabs (Fig. 5D). The presence
of a significant organic component within the sediment results in the
onset of anoxic conditions immediately below the sediment surface
(Fig. 5E). Burrowing is absent from the microbial mats and supratidal
facies. is limited to simple shallow dwelling burrows constructed by
crabs (Scopimera crabicauda). Burrows are absent.
The landward margin of the microbial mats is also back-stepping
throughout the study area, though, at a rate of only 10 m yr−1 this is
significantly slower than the retrogradation of the seaward margin
over the same observation period (Fig. 4). The disparity in the retrogra-
dation rates between the seaward and landwardmargins of themicrobi-
al mat belt has resulted in the belt becoming significantly narrower as
can be clearly visualised from Normalized Difference Vegetation Index
images (Fig. 6). Throughout the study area the landward margin of the
microbialmat belt is characterised by a thin pustularmat that is develop-
ing above amixed carbonate-evaporite sequence with abundant sand to

Image of Fig. 5
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Fig. 6. Paired Normalized Difference Vegetation Index images from 4/7/2005 (Quickbird 2) and 8/10/2010 (Worldview 2) showing that the seaward limit of the microbial mat belt has
moved significantly landward while the landward limit has retrograded to a lesser extent over the 5 years of observation. The dashed white line shows the former position of the
seaward margin of the microbial mat. Distribution of the vegetation, including microbial mats, is highlighted by the green to red colours. The trackways seen in the images (white
arrow) are a result of seismic trucks surveying the area during the 20th Century. The location of the image is indicated by the white arrow in Fig. 1.
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gravel grade gypsum. The gypsum was formed through the evaporation
of groundwater in the shallow sub-surface of the supratidal sabkha
(Lokier and Steuber, 2008).

During fieldwork, large areas of the microbial mat were observed to
episodically be removed either during rare higher-energy storm events
or more gently through rafting resulting when trapped gas below the
impermeable mat surface buoys-up themat during periods of excessive
flooding. Such denudation exposes the underlying sediment (Fig. 5F)
either to renewed microbial colonisation or, likely in the case of
storm-events, to erosion to form localised depressions thatmay develop
into intertidal ponds (Paul et al., in prep.).

5. Discussion

The remote sensing and field observations documented in this study
record a shoreline that has entered a phase of erosion and retrograda-
tion consistent with the onset of marine transgression. This provides
an exceptional opportunity to establish the diagnostic sedimentary
features that would provide evidence of transgression of a carbonate
ramp system within the geological record. Employing the axiom that
improved knowledge of the past and present are key to more accurate
predictions of the future,we conjecture the likely future effects of shore-
line retreat and implications thereof.

5.1. Calculated transgression compared with measured retrogradation

Under the tectonically stable conditions of the southern Gulf shore-
line (Stevens et al., 2014; Lokier et al., 2015; Pfeffer and Allemand,
2016), relative sea level can be considered as equivalent to eustatic
sea level over the duration of the study. The predicted average rate of
flooding for the Abu Dhabi coastline of 2.5 ± 0.2 m yr−1 is much
lower than any of the observed rates of coastal feature retrograda-
tion, i.e. 10–29m yr−1. Consequently, eustatic sea-level rise accounts
for only an average of 15% (8.6–25%) of the observed shoreline
retreat, a figure that is very similar to the 12% noted from the open
beaches of the Mediterranean coast of France (Brunel and Sabatier,
2009). This large discrepancy arises from the assumption that ma-
rine transgression is a passive submersion process without modifica-
tion of the shoreline. Such a model is over-simplified because during
transgression coastal landforms are forced to migrate in order to
maintain their specific position in relation to the coastal energy gra-
dient (Pethick, 2001). It is inferred that this model of dynamic active
submersion (Brunel and Sabatier, 2009) will expose the coastline to
increased erosion (Leatherman et al., 2000; Woodroffe, 2008) and
result in shorelines retreating at a rate greater than that predicted
for sea-level rise alone. Further, the carbonate factory in these shal-
low to intertidal environments does not produce sufficient sediment
to fill the accommodation space newly created by rising sea level; a
situation that is compounded by the lack of fluvial systems and the
prevailing onshore, Shamal, wind both of which prevent the influx
of detrital sediment from the land.

It is widely accepted that the much-employed Brunn (1962) model
for shoreline retreat is over-simplified, neglecting site-specific geomor-
phological and sedimentological factors (Cooper and Pilkey, 2004). The
model is particularly inadequate in the vicinity of barrier islands, capes
and spits (Leatherman et al., 2000). Local-scale variations in the
geomorphological response of the coastline to sea-level change are
common (Webb and Kench, 2010; Ford and Kench, 2015; Romine
et al., 2016), with adjacent portions of the coastline variously displaying
erosion, accretion or no significant change. The nature of the response is
controlled by the antecedent topography (Romine et al., 2016), changes
in boundary conditions (Webb and Kench, 2010) and sediment supply
(Carrasco et al., 2016; Testut et al., 2016).

5.2. Recognising transgression in the stratigraphic record

Can the present-dayflooding at theAbuDhabi coastline be considered
as representative of a transgressive event in the true sequence

Image of Fig. 6
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stratigraphic context? Transgression may be defined as a landward shift
of the marine system initiated where base-level rises at a rate higher
than the shoreline sedimentation rate (Catuneanu et al., 2009). The trans-
gressive part of the sequence lies immediately on the maximum regres-
sive surface (transgressive surface) of the previous regressive phase
(Catuneanu et al., 2011). Presented with these definitions, we conclude
that the observations made during this study support the interpretation
that the Abu Dhabi coastline has entered a phase of transgression record-
ing the transition from a progradational to a retrogradational geometry of
the sedimentary bodies.

The architecture of transgressive deposits is a product of the rate of
sediment supply, the rate of sea-level change, the geomorphology of
the shoreline system and the energy regime – a single transgressive
transect comprises sectors recording deposition and sectors of erosion
(Cattaneo and Steel, 2003). The relatively high rate of relative
sea-level rise, low-angle geometry and limited sediment supply at the
Abu Dhabi coastline support a non-accretionary transgressive shoreline
trajectory (sensu Helland-Hansen and Gjelberg, 1994). Under these
conditions, a rapid landward shift in the shoreline would be expected
to initially produce only thin transgressive deposits with in situ drown-
ing of the shoreface (Cattaneo and Steel, 2003). This is particularly
the case in carbonate-dominated systems where a lag time of a few
hundred to a few thousand years is commonbefore the carbonate factory
is fully functioning again (Tipper, 1997; Kemp and Sadler, 2014).

The presence of cohesive, microbially-bound, fine-grained sediment
further inhibits the formation of a tidal ravinement surface, except
where headward erosion occurs at the thalweg of tidal channels.
Headward erosion of tidal creeks has been documented from other set-
tings (Knighton et al., 1991; Rankey and Morgan, 2002). During high
tides, seawater incursion is concentrated within slight topographic
depressions, the centre of which becomes increasingly susceptible to
tidal scouring and subsequent deepening (Knighton et al., 1991). This
process is producing highly localised tidal ravinement surfaces where
tidal creeks erode the underlying hardground.

Transgressive lags, occurring as either conglomeratic, glauconitic,
fossiliferous or geochemical deposits (Kidwell, 1989; Cattaneo and
Steel, 2003), are typically expected where there is sediment starvation
of the shelf (Swift, 1976) or condensation resulting from dynamic
bypass (Kidwell, 1989). Lag deposits are not observed in the current
study as there is a paucity of bioclasts, intraclasts or extraclasts.
Although eroded firmground and hardground clasts were observed,
these were relatively rare and only locally concentrated in, for example,
beach ridges or spits. Carbonate sedimentation rates, though low at
13–50 cm/ky (Kinsman, 1969; Lokier and Steuber, 2008), are sufficient
to prevent sediment starvation.

It has previously been inferred that, within tidal flat systems, new
accommodation is initially rapidly filled by microbial mats (Strasser,
2015) until they are sufficiently inundated to permit grazing organisms
to destroy them (Farmer, 1992). During the present study, we observe a
distinct narrowing of themicrobial mat belt at the coastline. The super-
position of the back-stepping upper intertidal microbial mats over
supratidal-deposited evaporite facies forms a distinct stratigraphic rela-
tionship that is indicative of transgression (Lokier et al., 2013). Should
themicrobialmats be rapidly buried, increasing the likelihood of preser-
vation, then they may act as an aquitard preventing dissolution of the
underlying evaporite facies and allowing their retention into the burial
regime.Where the surfacemicrobialmat belt is destroyed, either during
higher energy events such as storms or through the headward erosion
of tidal channels, the underlying unlithified sediment is exposed and
is susceptible to erosion.

Bioturbation is limited to the intertidal and subtidal facies that lie
seaward of themicrobial mat belt. During flooding, the surfacemicrobi-
al mat becomes accessible to a range of grazing and burrowing fauna
(Lokier and Steuber, 2008). However, the retrograding facies rapidly
bury the organic-rich microbial mats, resulting in the onset of anoxic
conditions in the shallow sub-surface and a consequent inhibition of
infaunal detrital sediment feeders. Burrows are limited to shallow,
open, dwelling burrows and bioturbation is unlikely to be so intensive
as to destroy primary sedimentary structures. Under these conditions,
the onset of bioturbation locally records the onset of transgression.
Locally, microbial mats are rapidly (hours to weeks) buried beneath
relatively-thick coarse grained carbonate sands, associatedwith the ret-
rogradation of spits or washover deposits. Under these circumstances
the buried microbial mat will be isolated from bioturbation resulting
in a sedimentary sequence characterised by coarse-grained sediments
directly overlying finer grained facies displaying a microbial lamination
and lacking faunal bioturbation.
5.3. Projections of 21st century transgression

Based on different Representative Concentration Pathways (RCP)
scenarios, the IPCC 5th Assessment Report predicts a likely global
mean sea-level rise of between 0.44 (0.28–0.61) m (RCP2.6) and 0.74
(0.52–0.98) m (RCP8.5) by the year 2100 (Church et al., 2013). Given
that there is currently no significant vertical land motion (subsidence
or tectonic uplift) at the southern shore of the Gulf (Pfeffer and
Allemand, 2016), these global mean sea-level rise figures can be
employed to predict the range of the degree of likely flooding of the
natural Abu Dhabi coastline.

Based on the angle of slope and the amount of projected sea level
rise it is calculated that by 2100 the amount of total passive flooding is
to be likely between 340 (216–471) m (RCP2.6) and 571 (401–756) m
(RCP8.5) (Fig. 7). The rate of flooding at the Abu Dhabi coastline is cal-
culated to lie in the range between 3.40 (1.54–5.25) m yr−1 (RCP2.6)
and 8.64 (5.79–12.12) m yr−1 (RCP8.5) by the year 2100. This would
result in a significant reduction in land area in natural coastal systems.

The above figures assume passive flooding of the coastline without
any dynamic response to sea-level rise, as discussed earlier. Adopting
an assumption that sea-level rise will continue to account for only 15%
of shoreline retreat, we can significantly revise the above figures. The
amount of total dynamic flooding by 2100 would be likely between
2.26 (1.44–3.14) km (RCP2.6) and 3.81 (2.68–5.04) km (RCP8.5).
Since most of the Abu Dhabi coastline is not embanked by a cliff or
scarp, there is no theoretical limit to the amount of landward migration
of the shoreline.

Of course, the assumption that sea-level rise will continue to contrib-
ute only 15% of shoreline regression for the remainder of the 21st century
is highly conjectural and open to significant error. Localised variations in
sediment availability and transport pathways make predictions highly
challenging (Romine et al., 2016). The creation of new accommodation
and onset of improved marine circulation may promote a positive
response from the carbonate factory (Eberli, 2013), with an increase in
carbonate production that may go some way to offsetting the transgres-
sive process. Conversely, as surface water temperatures rise and pH
decreases the stress on marine organisms will inhibit carbonate produc-
tion. As has been documented elsewhere, there is normally a significant
lag time before the organic carbonate factory is fully established (Kemp
and Sadler, 2014). In the low-angle carbonate ramp setting, the trans-
port of sediments will be controlled by waves and tides. Increased
water depth will result in greater wave energy reaching the shore
thereby increasing shoreline erosion (Woodroffe, 2008) and sediment
reworking; likewise, tidal energy may locally increase or decrease
(Cattaneo and Steel, 2003).

The sedimentary column in the shallow sub-surface of the Abu
Dhabi coastline contains a significant proportion of evaporite minerals
(Lokier and Steuber, 2008) that will be highly susceptible to in situ dis-
solution during marine flooding. Where these sediments are mechani-
cally eroded, their dissolution will be even more rapid and they will
not contribute to the sediment supply. The loss of these evaporite min-
erals will further limit the supply of reworked sediment during the
flooding phase.
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5.4. Environmental and societal implications

The calculated figures for transgression of the Abu Dhabi coastline,
even those assuming passive flooding, have significant environmental
and societal implications. Natural ecosystems are unlikely to respond
positively to such rapid inundation, it is likely that mangals and micro-
bial mats will be most affected. Increasing energy at the shoreline will
further erode microbial mats while increased inundation will inhibit
recolonisation. Flooding will drown mangroves, with sediment smoth-
ering of their aerial pneumatophores resulting in the death of the
trees (Ellison, 1999) and the loss of mangals. The loss of the mangal
and microbial mat communities will have significant impacts on the
protection and stabilisation of coastal sediments, enhancing erosion
and further promoting shoreline retreat.

The societal implications of sea-level rise are enormous. Globally, in
excess of 2 billion people (37% of global population) live within 100 km
of a coastline (Cohen et al., 1997) with over 145 million people living
within 1 m of present day mean sea level (Anthoff et al., 2006). In the
United Arab Emirates c. 5 million people (85.5% of the population)
reside in the low-lying cities of the Gulf coastline (DESA, 2016). Man-
agement of the coastal system requires predictive rates of transgression
and geomorphic change (Pethick, 2001; Brunel and Sabatier, 2009).
More accurate predictions can be achieved through the establishment
of a continuous, long-term, high-frequency, monitoring program
recording in situ oceanic and meteorological parameters in tandem
with satellite observations and regular geodesic surveys of coastline
transects. These observations should be supported by surveys of coastal
sedimentary facies geometries and sediment transport pathways in
order to understand the role of sediment supply and loss within the
coastal system.
6. Conclusions

Numerous lines of sedimentological and geomorphological observa-
tions have been employed to conclude that the present-day Abu Dhabi
coastline has entered a period of marine transgression. Measured rates
of retrogradation (10–29m yr−1) are significantly higher than the like-
ly rate of flooding calculated from IPCC predicted sea-level rise alone
(2.5 ± 2 m yr−1). This discrepancy is reconciled by the application of
an inferred dynamic flooding scenario in which rising sea-level in-
creases the energy regime at the shoreline, thereby facilitating erosion
and enhancing shoreline retreat. The low-angle carbonate ramp setting
supports a non-accretionary transgressive shoreline trajectory with lit-
tle likelihood of a well-developed ravinement surface or of transgres-
sive lag deposits. The onset of transgression in such a context may be
difficult to recognise in the stratigraphic record. Identification would
be aided by the recognition of back-stepping of marine facies, the burial
of microbial mats and the onset of bioturbation by marine organisms.

Employing IPCC RCP scenarios for future sea-level rise and the angle
of slope of the coastal system, calculated likely total passive flooding of
the Abu Dhabi coastline ranges between 340 m and 571 m by the year
2100, at a rate of between 3.40 m yr−1 and 8.64 m yr−1. These values
increase significantly if it is assumed that future flooding will continue
to be dynamic, at a rate akin to that observed during the duration of
the current study. Under this scenario, calculated likely total dynamic
flooding by 2100 would be between 2.26 km and 3.81 km. All of these
figures, both passive and dynamic, imply a significant reduction in
land area with substantial environmental and societal consequences.
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