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ABSTRACT

Barrier islands are important landforms in many coastal systems around the
globe. Studies of modern barrier island systems are mostly limited to those of
siliciclastic realms, where the islands are recognized as mobile features that
form on transgressive coastlines and migrate landward as sea-level rises. Bar-
rier islands of the ‘Great Pearl Bank’ along the United Arab Emirates coast are
the best-known carbonate examples. These Holocene islands, however, are
interpreted to be anchored by older deposits and immobile. The mid-Holo-
cene to late-Holocene depositional system at Al Ruwais, northern Qatar, pro-
vides an example of a mobile carbonate barrier island system, perhaps more
similar to siliciclastic equivalents. Sedimentological and petrographic analy-
ses, as well as *C-dating of shells and biogenic remains from vibracored sedi-
ments and surface deposits, show that after 7000 years ago a barrier system
with a narrow back-barrier lagoon formed along what is now an exposed
coastal zone, while, contemporaneously, a laterally-extensive coral reef was
forming immediately offshore. After 1400 years ago the barrier system was
forced to step ca 3 km seaward in response to a sea-level fall of less than
2 m, where it re-established itself directly on the mid-Holocene reef. Since
that time, the barrier has retreated landward as much as 1000 m to its current
position, exposing previously-deposited back-barrier lagoonal sediment at the
open-coast shoreline. In modern neritic warm-water carbonate settings mobile
barrier island systems are rare. Their construction and migration may be
inhibited by reef formation, early cementation, and the relative inefficiency of
sourcing beach sediments from open carbonate shelves. Carbonate barrier
island systems likely formed more commonly during geological periods when
ramps and unrimmed shelves predominated and in calcite seas, when mete-
oric cementation was minimized as a result of initial calcitic allochem miner-
alogy. As with their siliciclastic analogues, however, recognition of the
influence of these transient landforms in the rock record is challenging.

Keywords Arabian Gulf, barrier island, carbonate ramp, Persian Gulf,
sequence stratigraphy.
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INTRODUCTION

Siliciclastic barrier island systems and the pro-
cesses leading to their formation and migration
have garnered significant attention over the past
45 years (Swift, 1975; Barwis & Hayes, 1979;
Schwartz, 1982; Davis, 1985, 1994; Dalrymple
et al., 1992; Cooper et al., 2012; Fruergaard
et al., 2015a,b, 2018; Kinsela et al., 2016; Zar-
emba et al., 2016; Oliver et al., 2017a,b; Dough-
erty, 2018; Raff et al., 2018). The barrier island
model is widely applied to explain deposits
observed along transgressive wave-dominated
shorelines (Boyd, 2010), where the islands are
interpreted to migrate landward with sea-level
rise (e.g. Swift, 1975; Cowell et al., 1999). Fac-
tors understood to influence the existence of
siliciclastic barrier islands include the presence
of: (i) sufficient wave energy to redistribute sand
along the shoreline, although barrier island sys-
tems typically do not form when wave heights
exceed 2 m (Flemming, 2012); (ii) tidal ranges of
<3-5 m (Hayes, 1979), above which tidal cur-
rents counteract the influence of wave energy; as
well as (iii) sufficient mobile sediment to build
a barrier; (iv) a transport system to move sedi-
ment to the area of barrier formation; and (v) a
low-gradient profile to provide space for a back-
barrier lagoon to form (Davis, 1994). Although
modern-day siliciclastic barrier island systems
are common, occupying 12 to 13% of the
world’s shorelines (Pilkey & Fraser, 2003),
equivalent carbonate barrier island systems are
not abundant, comprising only 1% of all coasts
(Stutz & Pilkey, 2001).

In the carbonate realm, on rimmed shelves
and on shallow isolated platforms, significant
linear grainstone bodies are generally observed
in high-energy settings at seaward margins
(Jones, 2010; Harris et al.,, 2011), at locations
where the tidal wave passes abruptly into shal-
low water and tidal current speeds reach maxi-
mum values (cf. Reynaud & Dalrymple, 2012,
fig. 13-3). The location of these sand bodies (or
shoals) are therefore dictated by the seaward
extent of the underlying shelf or platform, and
such deposits are not thought to migrate consid-
erable distances from their marginal positions
because of their genetic linkage with tidal-
current amplification at that location. On
unrimmed, shallow, warm-water carbonate
shelves, such as are observed in the Gulf of
Mexico (e.g. Logan et al,, 1969; Ginsburg &
James, 1974), barrier islands are mostly absent.
A notable exception is reported by Phleger &
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Ayala-Castanares (1971); however, the extent to
which this example migrated landward during
the post-glacial transgression is uncertain. Bar-
rier island systems appear to be common along
the shorelines of cool-water carbonate shelves of
Australia, including the Coorong region of
southeastern Australia (James & Bone, 2017;
Joury et al., 2018). With respect to carbonate
ramps, the carbonate islands of the ‘Great Pearl
Bank’ in the modern Arabian Gulf ramp setting
are not considered similar to siliciclastic barrier
islands, because they are thought to have formed
on Pleistocene palaeo-topographic highs and are
not interpreted as mobile (Purser & Evans,
1973). Shallow carbonate ramp systems are
understood to have been more common in the
geological past, including during greenhouse
periods (Burchette & Wright, 1992). Depositional
models of these ancient systems commonly indi-
cate that high-energy shallow water sites, where
waves impinge and barrier islands might form,
were instead occupied by subaqueous ‘shoals’
(e.g. Calvet etal, 1990; Seyedmehdi et al,
2016), or depositional sand bodies referred to as
‘ramp crests’ (e.g. Kerans & Kempter, 2002).
Although the possibility of carbonate barrier
islands (or ‘beach barriers’) has been raised
(Tucker & Wright, 1990; Tucker, 1991), their
presence is not widely considered in carbonate
sedimentological literature.

A carbonate barrier island system formed dur-
ing the mid-Holocene to late-Holocene at the
northern tip of the Qatar peninsula, near Al
Ruwais (Purkis et al., 2017). These Holocene
deposits sit directly above dolomitized Eocene
bedrock, allowing clear delineation of Holocene
deposition from the ancient. The purpose of this
contribution is to document this example and
provide a model for how such carbonate island
systems might have evolved in the ancient past.
Critically, this study permits comparison of car-
bonate barrier islands with siliciclastic equiva-
lents, offering insights as to why carbonate
barrier islands are relatively less common in
modern coastal systems, and whether this was
also likely the case in past geological ages.

STUDY AREA

The Arabian Gulf is a foreland basin that sits at
the southern foot of the Zagros Mountain range,
an Eocene to recent orogen associated with colli-
sion of the Arabian and Eurasian plates (Dewey
et al., 1973; Glennie et al., 1990; Marzouk & El
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Sattar, 1994) (Fig. 1A). The basin is ca 800 km
in length, 250 km wide and is mostly
<60 metres water depth (mwd). Qatar is located
in the southern portion of the Gulf (Fig. 1B),
which is bathed in waters of <40 m depth and is
the site of extensive carbonate sedimentation
(Purser, 1973; Alsharhan & Kendall, 2003). The
slope of the basin from the southern shallows to
the deeper northern area is generally <2°, and
the setting is described as a carbonate ramp
(Ahr, 1973; Read, 1985), although this is not
without caveats (Walkden & Williams, 1998).
During the last glacial maximum (LGM),
which occurred about 18 ka, sea-level was ca
120 m lower than today (Fairbridge, 1961; Sarn-
thein, 1972; Kassler, 1973; Lambeck, 1996). At
this time, the entire Arabian Gulf was exposed.
The Gulf started to flood 14 ka (Lambeck, 1996)
and sea-level rose close to that of the present-
day coastline 7 to 6 ka. Shortly after 6 ka, the
Holocene sea-level reached a highstand about
1-5 to 4-0m above the present-day level
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Fig. 1. (A) Location of Qatar (red rectangle) showing
major tectonic and basinal features. (B) Satellite image
of Qatar showing study area location (red rectangle)
and dominant wind direction.

(Kassler, 1973; Lambeck, 1996; Strohmenger
et al., 2010; Engel & Briickner, 2014; Lokier
et al.,, 2015) (Fig. 2). Between the present-day
and 6 ka, sea-level has fallen to its current posi-
tion (Strohmenger & Jameson, 2015), ultimately
as a result of global seawater redistribution asso-
ciated with hydroisostatic subsidence at conti-
nental margins (Mitrovica & Milne, 2002).

The Arabian Gulf is a semi-restricted body of
water, connected to the Indian Ocean through
the narrow Strait of Hormuz (Fig. 1A). The arid
to hyper-arid continental subtropical climate of
Qatar (Eccleston et al.,, 1981; Glennie, 2005)
reflects that of the region, and evaporation of
gulf water greatly exceeds freshwater input
(Kéampf & Sadrinasab, 2005; Sheppard et al,
2010). Salinities are elevated throughout the
Gulf for much of the year (Purser, 1973; Alshar-
han & Kendall, 2003), and in the southern Gulf
salinities commonly reach highs of >40 ppt in
summer. Sea surface temperatures in the region
generally fluctuate between 20°C and 28°C
(Kémpf & Sadrinasab, 2005; Sheppard et al,
2010). The dominant winds are the north-
westerly ‘shamal’ winds which reach peak
strengths in the late spring and summer
(Fig. 1B) (Yu et al., 2016). Whereas peak wind
speeds can reach storm force, most windstorms
are short and do not produce large ocean waves.
Peak wave heights at the northern, windward
coast seldom exceed 0-5 m (Loughland et al,
2012). Storm surges are generally small, with
amplitudes generally 1 m or less in the study
area (El-Sabh & Murty, 1989). The coastlines of
Qatar are affected by a semi-diurnal tide with a
range of 1-1 to 2-3 m (Al-Yousef, 2003).

The carbonate depositional system offshore at
Al Ruwais, has been documented in detail by
Purkis et al. (2017) (Fig. 2). The coastal system
is described as an inner-ramp [above fair-
weather wave base (FWWB)] and proximal mid-
ramp (below FWWB) carbonate realm. The most
prominent depositional features in the study
area are barrier islands (Jazeerat Reken and
Umm Tays; Fig. 2) that further segregate the
inner ramp into open and restricted settings.
Northward, towards the open Gulf, barrier
island beaches are composed of coarse to very
coarse carbonate sands rich in red algal and
coral remains. These sediments are sourced from
moribund reefs or from their genetically-related
sand sheets, which may be found immediately
seaward of the islands. Immediately landward of
the barrier-island-beaches, 2 m high coastal
dune deposits are present, stabilized by low
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Fig. 2. WorldView-2 (2015) satellite image of the Al Ruwais region showing island names, components of the
modern depositional system, and the location of Fig. 4. ETD, ebb-tide delta; TC, tidal channel; TI, tidal inlet;

WOF, washover fan.

shrubs. These elevated features descend south-
ward (landward) to crab-burrowed sand flats
(with small amounts of carbonate mud) variably
occupied by microbial mats (Fig. 2) that form in
the protected upper intertidal settings directly
behind the aeolian dunes. The open deeper
intertidal and shallow subtidal lagoonal settings
behind the barriers host fine-grained to medium-
grained peloidal sand sheets, cut by tidal chan-
nels and irregularly populated by seagrass. Man-
grove forests dissected by tidal creeks generally
inhabit more restricted deeper intertidal and
shallow subtidal areas behind Umm Tays Island.

Recent lithified and unlithified sediments can
be observed at various locations along the low-
lying (<4 m above sea-level) coastlines of Qatar,
representing the mid-Holocene (2 to 7 ka) high-
stand (e.g. Billeaud et al., 2014; Strohmenger &
Jameson, 2015). Deposits of this age lie between

the modern sediments described above, and the
underlying Eocene bedrock that is exposed fur-
ther inland. Similar highstand deposits can also
be observed in the Al Ruwais region, onshore
and directly landward of the active barrier-
lagoon system. This study focuses on mapping
and characterization of these mid-Holocene
onshore rocks and sediments, and seaward
deposits of equivalent age underlying the mod-
ern system and integrating this with information
about the evolution of the modern barrier.

METHODS

Mid-Holocene to late-Holocene deposits were
described using surface observations as well as
trenching (n = 1) and vibracoring (n=7) to a
depth of up to 4 m below the ground surface.
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Fig. 3. Sea-level curve of Lambeck (1996) for the Arabian Gulf. "*C age dates of allochems from both surface and
core samples for this study are also plotted relative to sample elevation (Table 1). QVD refers to Qatar National

Vertical Datum.

Vibracores were taken using an Atlas Copco
hammer corer (Atlas Copco Limited, Hemel
Hampstead, UK) using half-open steel probes
with a diameter of 6-0, 5-0 or 3-6 cm. Cores and
trenches were photographed and initially
described in the field. The elevation of all sites
was determined using a Topcon HiPer Pro dif-
ferential global positioning system (DGPS) (Top-
con Corporation, Tokyo, Japan). The measured
grids were tied to cadastral survey points result-
ing in a lateral and vertical measurement error
of £2 cm (Table 1). Sedimentary components
and Dunham’s texture classifications (Dunham,
1962) were confirmed on selected samples using
binocular microscopy as well as plane and
polarized light microscopy of standard petro-
graphic thin sections, half of each being stained
with alizarin red-S to allow differentiation of
calcite and aragonite. Because the deposits
under study include both lithified and unlithi-
fied sediments, the Dunham texture

classification is used for both. For simplicity,
however, grainstone-textured unlithified sedi-
ments are commonly referred to as ‘sands’.

Selected individual well-preserved and
cement-free mollusc shells, worm tubes or coral
fragments from the surface and shallow subsur-
face (n = 33) were cleaned with ethanol and
deionized water and sent to Beta Analytic (Miami,
FL, USA) for "C dating. All ages are reported as
calibrated ages in calendar years before 1950 ct.
For calibration the Marine13 calibration dataset
was used (Reimer et al.,, 2013) and a local AR
value of 180 + 53 years (Southon et al., 2002)
was applied. Samples selected for dating were not
in life position with the notable exception of some
coral samples (Table 1). Ages are plotted as a
function of sample elevation and shown relative
to the mid-Holocene to late-Holocene sea-level
curve on Fig. 3. For mapping purposes, SPOT-5
(2-5 m resolution) and WorldView-2 (0-5 m reso-
lution) satellite imagery were acquired.
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Table 1. Location, elevation, depth, fossil type and measured age of "*C dated samples.

Elevation Sample Fossil
Sample Source Latitude (V) Longitude (E) (m) depth (m) type Age (Bp)
BR-1 Onshore Outcrop  26°9'0-7400”  51°15'34-3800" 1-44 Surface Bivalve 8170 + 100
BR-2 Onshore Outcrop  26°9'0-3900”  51°15'37-5300"” 1-44 Surface Bivalve 5180 + 150
BR-3 Onshore Outcrop 26°8'56-9700” 51°15'58-0800" NA Surface Bivalve 3410 = 60
BR-4 Onshore Outcrop  26°8'43-8200” 51°16'23-8900" 1-53 Surface Bivalve 5040 + 200
BR-5 Onshore Outcrop  26°8'27-5600” 51°16'50-6500" 1-32 Surface Bivalve 6400 + 1230
CT1 Top Coral Terrace 26°9'51-00" 51°16'13-87" NA Surface Coral* 1510 + 50
CT2 Top Coral Terrace 26°9'51-00” 51°16'13-87" NA Surface Coral* 1460 + 90
T1-1 Trench 1 26°9/3-4482" 51°15'28-3032" 0-95 0-30 Bivalve 1250 £+ 110
C1-1 Core 1 26°8/57-7788" 51°15'27-7164" 0-86 0-73 Gastropod 5810 £+ 120
C2-1 Core 2 26°8'33-1100” 51°16’19-8600" NA 0-85 Bivalve 5975 + 140
C2-2 Core 2 26°8/33-1100” 51°16'19-8600" NA 0-28 Bivalve 2265 + 140
C3-1 Core 3 26°8'39-5052" 51°15'53-679"  1-26 0-58 Gastropod 1370 + 130
C4-1 Core 4 26°8/40-0524” 51°16'25-683" 1-62 1-75 Gastropod 6060 + 150
C4-2 Core 4 26°8'40-0524" 51°16'25-683" 1-62 1-6 Gastropod 6730 + 160
C4-3 Core 4 26°8'40-0524” 51°16'25-683"  1-62 0-8 Gastropod 5750 + 140
C4-4 Core 4 26°8/40-0524” 51°16'25-683"  1-62 0-78 Gastropod 5980 + 170
C5-1 Core 5 26°9/30-762" 51°16'30-2658" 0-98 3-82 Coral* 3900 £ 170
C5-2 Core 5 26°9/30-762" 51°16'30-2658" 0-98 3-58 Coral* 3660 £+ 160
C5-3 Core 5 26°9/30-762" 51°16'30-2658” 0-98 3-45 Bivalve 1450 £+ 140
C5-4 Core 5 26°9'30-762" 51°16'30-2658” 0-98 1-75 Worm tube 1380 + 120
C5-5 Core 5 26°9/30-762" 51°16'30-2658" 0-98 0-85 Bivalve 810 + 130
C5-6 Core 5 26°9/30-762" 51°16'30-2658" 0-98 0-05 Gastropod 980 + 120
C6-1 Core 6 26°9'33-6528” 51°16'25-5498" 0-58 31 Gastropod 2270 £+ 160
C6-2 Core 6 26°9'33-6528” 51°16'25-5498" 0-58 2-96 Gastropod 2610 £+ 160
C6-3 Core 6 26°9'33-6528” 51°16'25-5498" 0-58 2-96 Gastropod 1900 + 160
Cé6-4 Core 6 26°9'33-6528"” 51°16/25-5498" 0-58 2:24 Gastropod 1130 + 140
C6-5 Core 6 26°9'33-6528” 51°16'25-5498" 0-58 1-2 Gastropod 1100 £ 140
C6-6 Core 6 26°9'33-6528” 51°16'25-5498" 0-58 0-8 Gastropod 1030 £+ 140
C7-1 Core 7 26°9'20-073" 51°16'15-6288" 0-84 2-55 Coral 2080 + 180
C7-2 Core 7 26°9'20-073" 51°16'15-6288” 0-84 1-95 Coral 2060 + 180
C7-3 Core 7 26°9'20-073”  51°16'15-6288” 0-84 1.75 Gastropod 1040 + 130
C7-4 Core 7 26°9/20-073" 51°16'15-6288" 0-84 0-65 Gastropod 130 £+ 130
C7-5 Core 7 26°9/20-073" 51°16'15-6288" 0-84 0-15 Gastropod 120 £+ 120

NA, not available.

* InPlace.
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Fig. 4. WorldView-2 (2015) image of the onshore Al Ruwais area showing the location of various types of depos-
its as well as trench and vibracore locations and penetration depths, photograph locations for Fig. 5 and **C dates
from surface fossils. See text and Table 2 for more information on deposit types.

ONSHORE SURFACE OBSERVATIONS

The 'C ages of molluscs taken from surface
exposures show that mid-Holocene age deposits
can be found along the landward shoreline of
the modern lagoon in the Al Ruwais region,
extending landward ca 600 m before onlapping
the underlying Eocene bedrock (Table 1; Figs 3,

segregated into three types based on surface
observations (Table 2).

Continuous linear limestone rock outcrops
forming type 1 deposits (Fig. 4) may be
observed: (i) to the south-east along the land-
ward shoreline of the modern restricted inter-
tidal (lagoon) system having overlying carbonate
sands (Fig. 5B); and (ii) extending north-west-

4 and 5A). Onshore deposits can be broadly ward both alongshore and onshore, where

Fig. 5. Field photographs, locations of (A) to (F) shown in Fig. 4. (A) Image looking south-east at the contact
between Holocene sediment and Eocene bedrock. For scale, shrubs in the foreground range from 1 to 5 dm in
width. (B) Image looking eastward to lithified mid-Holocene deposits representing the seaward margin of the type
1 deposits exposed along the inner edge of the modern lagoon. Seaward-dipping planar bedding indicates palaeo-
beach deposits. Field vehicle for scale 1-8 m high. (C) Break in outcrop of lithified mid-Holocene type 1 deposits,
interpreted as a tidal inlet, where trench 1 was excavated. Field vehicles for scale. (D) Image looking north (sea-
ward) from a low-lying area occupied by type 3 mid-Holocene deposits to type 2 deposits behind. Mangroves on
the horizon mark the location of the type 1 deposits that lie along the landward shoreline of the modern lagoon.
Note tyre tracks in the foreground (25 cm wide) for scale. (E) Surface exposure of stromatolites (type 2 deposits)
landward of type 1 deposits. Field vehicle for scale. (F) Image showing vertical trace fossil tubes common to type 2
deposits. Bottle for scale, 20 cm wide. (G) Crab burrows, similar to trace fossils shown in Fig. 4F, but located in the
modern intertidal zone behind Umm Tays Island (lithified example) and in the modern intertidal along the Gulf of
Salwa coast (unlithified example inset). Foot and finger for scale. (H) Image showing lithified relict (late Holocene)
linear deposit of carbonate grainstone sitting directly upon moribund reef. Person for scale is ca 1-8 m tall.
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overlying sands are not observed (Fig. 5C). In all
instances type 1 deposits have typical elevations
of >1-3 m above mean sea-level (msl). The lithi-
fied deposits are grainstones that contain large
clasts (up to tens of centimetres) of dolomitized
Eocene bedrock, as well as whole mollusc shells
and fragments thereof. Other allochems identi-
fied in these rocks include red algal fragments,
coral fragments, coated grains, benthic foramini-
fera (rotalids and miliolids) and intraclasts
(Fig. 6). Low-angle (<5°) inclined bedding has
been recognized in these deposits, and bedding
commonly dips seaward (Fig. 5B). Cements are
typically of two types, bladed Mg-calcite and
cryptocrystalline Mg-calcite, and their order of
precipitation varies (Fig. 6A and B). The cryp-
tocrystalline cements commonly show a menis-
cus fabric (Fig. 6A), and so are not interpreted
as depositional mud. Clotted textures have been
observed in these rocks (Fig. 6B). Allochems
observed in the overlying unlithified carbonate
sands (observed in the south-east) are similar to
those of the underlying grainstones.
Variably-lithified type 2 sediments lie directly
landward of type 1 deposits, extending 100 to
500 m southward, with a lobate landward mar-
gin (Fig. 4). These deposits occupy slightly
lower elevations relative to type 1 deposits,
commonly 1-0 to 1-3 m above msl (Fig. 5D) and
include lithified features (Fig. 5E) identical in
shape to modern microbial mats of Al Ruwais
(Fig. 2; upper left insert), although the

Table 2. Onshore deposit types at Al Ruwais.

possibility that the features represent mud
cracks cannot be completely discounted. Lime-
stones with innumerable vertical tubes are also
commonly found in this area (Fig. 5F), as are
both lithified and unlithified cerithid gastropod
deposits. Further landward, low-lying (<1 m
above msl) unlithified type 3 deposits include
carbonate mud and sand with similar allochems
to those found in type 1 and 2 deposits. Type 3
deposits variably extend between 100 m and
500 m southward of type 2 sediments, and
onlap Eocene bedrock.

Four vibracores (cores 1 to 4) were taken and
one trench (trench 1) was excavated in the
onshore Al Ruwais area, all of which reached
the underlying Eocene bedrock <2 m beneath
the surface (Figs 4 and 7). Allochems in cored
sediments are similar to those observed at the
surface, and include significant quantities of
molluscs, red algae and Eocene rock fragments.
The cored sediment from deposit type 2 is
mostly carbonate sand, whereas sediment from
deposit type 3 is mostly of wackestone or pack-
stone texture (Fig. 7).

UMM TAYS ISLAND SEDIMENTS AND
VIBRACORE DESCRIPTIONS

The nature of recent sedimentary deposits in the
area of Umm Tays Island has been reviewed in
detail by Purkis et al. (2017). Surface sediments

Deposit Elevation above
type Distribution msl Allochems Textures Observations
1 Linear Belts 1-3to 1-6 Eocene bedrock Grainstone Rocks with gently
clasts, mollusc seaward-dipping
shells, red algal bedding overlain
fragments, coral locally by carbonate
fragments, coated sands. Rocks are
grains, benthic cemented by bladed
foraminifera and and crypocrystalline
intraclasts Mg-calcite cements
with common meniscus
fabrics
2 Lobes 1-0to 1-3 As type 1 Grainstone and Lithified microbial
with higher minor packstone  mats or mudcracks,
concentrations of variably lithified
gastropods gastropod-dominated
deposits, crab burrows
3 Irregular Lenses  0-7 to 0-9 As type 1 Packstone and Unlithified mud-bearing

wackestone deposits with pedogenic

overprint
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Fig. 6. Thin section microphotographs. (A) Image of rock from of type 1 deposit showing common allochems and
cements. Meniscus cements (MC) are common. (B) Image of rock from type 1 deposit showing allochems, cements
and clotted textures. B, bivalve; BMC, bladed Mg-calcite cement; C, coral; CCC, cryptocrystalline Mg-calcite
cement; CG, coated grain; Eo, Eocene clasts (recrystallized dolomite); I, intraclast; MF, miliolid foraminifera; RF,

rotalid foraminifera.
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5749 £ 138A _ w - Eocene Rock
(Gas) 9 100
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-2 € 39 Gas Gastropod
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Fig. 7. Descriptions and fossil dates for onshore cores delineated by deposit type. Core and trench locations are

shown in Fig. 4.

generally lack mud. The upper shoreface of the
open coast, as well as the seaward-facing barrier
beach and associated aeolian dunes, are charac-
terized by the presence of coarse to very coarse
coralgal sands. The intertidal to subtidal lagoon
landward of the barrier island displays more
variable, but generally finer grain-size

distribution, ranging from fine to very coarse
sand. Common back-barrier allochems include
peloids, as well as coral, and red algal remains.
To augment these observations, three vibracores
(cores 5, 6 and 7) were taken on Umm Tays
Island (Fig. 8A). Core 5 was taken on the mod-
ern barrier beach, where muddy sediment was
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Fig. 8. (A) Satellite image (WorldView-2, 2015) showing location of cores 5 to 7 relative to core 1 and trench 1.
The red line shows the location of the cross-section shown on the bottom right. (B) Image of core 5 being
extracted from eroding muddy layer on the seaward side of Umm Tays Island. People for scale are ca 1-8 m tall.
(C) Cross-section — see (A) for location — showing cores positioned at their measured elevations. The topography
of the modern surface and the top the Eocene are estimated between the core and trench control points.

exposed by erosion in the beach swash zone
during high tide (Fig. 8B). Cores 6 and 7 were
recovered from the modern intertidal back-bar-
rier area. Figure 8C is a cross-section represent-
ing the transect line shown in Fig. 8A, with
cores hung at their measured elevations.
Holocene deposits on Umm Tays Island are
thicker than onshore equivalents, ranging
between 2:6 m and 3-8 m of sediment (Fig. 9).
Coral boundstone (Platygyra) is observed at the
base of core 5 and coral-rich sands containing
large coral fragments are observed at the base of
cores 6 and 7 (Fig. 9). The coral-rich sediment is
underlain in core 6 by a thin but conspicuous
well-cemented grainstone (Fig. 9), with cement
morphologies identical to those observed in
onshore type 1 deposits (Fig. 6). Lying directly
above the coral deposits are grainstone and
packstone-textured sediments rich in fragments

of red algae, corals, peloids and mollusc shells.
The carbonate mud content observed in the
cores is higher than that found by the Purkis
et al. (2017) study of surface deposits.

DEPOSITIONAL INTERPRETATIONS
AND EVOLUTIONARY MODEL

Onshore, type 1 deposits contain allochems
including clasts from the underlying Eocene
rocks, as well as detrital skeletal grains and frag-
ments from the Holocene carbonate depositional
system '*C-dated to have formed between 8270
and 3350 cal yr Bp (Table 1; Fig. 4). Remembering
that these dates represent when individual shells
formed, not when they reached their final deposi-
tional position, type 1 rocks and sediments were
deposited, at least in some part, after 3350 cal yr
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Fig. 9. Descriptions of cores from Umm Tays Island with associated fossil dates.

BP (Fig. 3). The rocks are cemented by both bladed
and cryptocrystalline high Mg-calcite cements
(Fig. 6A and B), both of which commonly form in
marine waters (e.g. James & Choquette, 1990a;
Scholle & Ulmer-Scholle, 2003) or mixed marine—
meteoric waters (Mauz et al., 2015), whereas the
meniscus-like fabric of the cements indicates that
they formed partly in vadose settings (James &
Choquette, 1990b) overlying marine waters. Clot-
ted, or micropeloidal cement textures (Fig. 6B)
are indicative of microbial activity (Scholle &
Ulmer-Scholle, 2003), evidence of which has
been previously observed in association with bea-
chrock cement (Webb et al., 1999). The linear
shape of grainstone bodies, texture and age dates,
as well as cement mineralogy and fabric, all point
to lithified type 1 deposits as being mid-Holocene
beachrock deposits (cf. Vousdoukas et al., 2007).
The allochem content of these rocks, rich in mol-
luscs, coral fragments and red algal remains,
shows that the depositional system during this
time was similar to that of today, and incorpora-
tion of Eocene clasts reflects the presence of the
underlying bedrock exposure surface over which
the sea transgressed. The elongate, coast-parallel
geometry of the type 1 deposits supports a

foreshore interpretation. Almost identical depos-
its (with fewer Eocene grains) are found today
along the seaward-facing beaches of Umm Tays
and Jazeerat Reken barrier islands (Fig. 8B). The
overlying unlithified carbonate sands found in
association (Fig. 5B) are interpreted as the rem-
nants of back-beach aeolian dune deposits, equiv-
alent to those observed along the modern island
beach systems (Fig. 8B).

Surface features of type 2 rocks include lithified
remains of microbial mats (stromatolites) or possi-
bly mud cracks (Figs 5E and 7; core 4), with fea-
tures identical to microbial mats found in the
modern back-barrier of Jazeerat Reken island
(Fig. 1). Other rocks display tubular features
(Fig. 5F) identical to those in rocks and sediments
from the modern back-barrier intertidal settings
(Fig. 5G), that are interpreted to have formed
through the burrowing action of crabs, very com-
monly observed in the modern depositional sys-
tem (Fig. 2). Considering their location relative to
the beach deposits (type 1) as well as their deposi-
tional features, and the prevalence of cerithid gas-
tropods, type 2 deposits are most likely back-
beach intertidal sediments and rocks that formed
landward of a mid-Holocene beach (Fig. 10). In
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Fig. 10. Same area as in Fig. 4 but showing interpreted depositional environments, and inferred barrier prograda-

tion during the middle Holocene.

the modern system, the elevation of the land sur-
face decreases from the carbonate aeolian depos-
its (McKee & Ward, 1983) to landward intertidal
settings, where microbial mats and crab-burrowed
sand flats in various stages of lithification are
common (Fig. 3). Concentrated cerithid deposits
can be found along the margins of microbial mats
upon which they graze. The lobate geometry of
the landward margin of these type 2 deposits
(Fig. 4) suggests the presence of washover lobes/
fans and/or lobate flood-tidal deltas.

Satellite imagery of type 3 deposits shows that
they are commonly darker in colour relative to
type 2 equivalents, likely reflecting greater water
retention in these finer sediments (Figs 4 and

D). Cores 1, 2 and 3 were taken from type 3
deposits, within which trench 1 was also exca-
vated (Fig. 7). Supporting surface observations,
the cores demonstrate that type 3 sediments are
mostly of packstone and wackestone texture.
The allochems in these cores are similar to those
found in both the mid-Holocene beachrocks and
generally throughout the modern depositional
system. The '*C-dating of both surface and

shallow subsurface fossils show these deposits
to have formed mostly prior to 1400 years ago
(Table 1). Based on their distribution, low eleva-
tion, higher mud content, allochem content and
age, type 3 deposits are interpreted as mid-Holo-
cene lower energy, subtidal lagoonal sediments
(Fig. 10). The presence of these sediments indi-
cates that type 1 foreshore deposits were not
land-attached, but that they represent a mid-
Holocene beach barrier protecting a back-barrier
lagoon. Breaks in type 1 deposits are interpreted
to represent inlets, connections between the
open gulf and the back-barrier lagoon (Fig. 5C).
Such openings are smaller than the tidal inlets
in the modern barrier (Fig. 2) likely because of
the smaller surface area of the mid-Holocene
lagoon, and the resulting smaller tidal prism (cf.
Dalrymple, 2010). Trench 1 (Fig. 7) shows that
sediments deposited in these inlets were grainy
with muddy sediments only occurring at the top
of the trench, likely representing abandonment
of the mid-Holocene barrier system.

Deposits recovered from vibracoring on Umm
Tays Island (Fig. 9) indicate that environments
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descriptions (see Figs 7 and 9).

of deposition have evolved there during the late
Holocene. Immediately above the Eocene con-
tact, in-place coral boundstone or coarse coral-
rich sands were observed in cores 5 and 7. At
the core 6 location, a thin layer of grainstone
with beachrock-type cements separates similar
coral deposits from the Eocene rock (Fig. 9). The
corals from these cores were dated to have
formed between ca 3900 and 1900 years ago,
whereas somewhat younger ages (1460 to
1510 years ago) were obtained from samples of
the coral terrace exposed immediately seaward
of Umm Tays Island (Table 1; Fig. 8B). In all
Umm Tays Island cores, the coral deposits are
immediately overlain by both muddy and grainy
sediments rich in molluscs and red algae. These
deposits formed after ca 1400 years ago, and are
similar to, but muddier than, those currently
being deposited in the modern back-barrier area
(Purkis et al., 2017). Due to their allochem and
mud content, these sediments are interpreted to
represent recent back-barrier deposits. Linear

belts of lithified grainstones sitting directly on
the moribund reef systems (Fig. 5H) up to
200 m seaward of the modern barrier likely rep-
resent older beachrock deposits, similar to those
found fronting the modern beach (Fig. 8B), indi-
cating the previous (although recent) position of
the barrier beach. The exposure of mud-sup-
ported back-barrier deposits by erosion in the
modern foreshore (Fig. 8B) also attests to the
landward migration of this barrier.

To summarize, the evidence presented above
points to a barrier/back-barrier-lagoonal system
having migrated significant distances in both sea-
ward and landward directions since the mid-
Holocene. The exact timing of these changes is
complicated by the fact that '*C dating determines
when a shell was formed, but not when a deposit
incorporating the shell was formed. Therefore,
ages of detrital grains should be assumed to be
older than the deposit itself to some degree. Also,
although care was taken in selecting pristine,
cement-free shell for dating, carbon from fossil
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shells can be contaminated by more recent diage-
netic products, skewing the dates to younger ages.
In spite of these limitations, the "*C dates obtained
for detrital grains during this study can be used
with a regional understanding of the sea-level his-
tory (Fig. 3), as well as age dating of in-place coral
samples and the law of superposition to broadly
reconstruct the timing of events.

Based on regional studies (Lambeck, 1996),
prior to 7 ka the Al Ruwais region was exposed
to the meteoric environment as the ocean had
not yet risen to the modern level (Fig. 3).
Between 7 ka and 5 ka the area was flooded by
marine waters and sea-level rose to ca 1-6 m
higher than the current level, based on the ele-
vation of the lithified stromatolites or mud
cracks (both assumed to be intertidal) at the core
4 location (Fig. 5E). This elevation is in agree-
ment with the elevations of onshore beachrock
occurrences, 1-3 to 1-6 m (Table 1), which are
considered to be useful as indicators of previous
sea-level (Kelletat, 2006; Desruelles et al., 2009;
Mauz et al., 2015). During this time a beach-bar-
rier was established along the location of the
modern mainland shoreline (Fig. 10) with tidal
openings and a narrow back-barrier intertidal-
flat and lagoon system behind it (Fig. 11A).
Stepwise progradation of the barrier system
occurred in the north-western portion of the
onshore study area as shown by the presence of
two ridges of type 1 deposits (Figs 10 and 11B),
whereas no evidence of similar progradation is
found to the south-east. Seaward of the barrier,
an extensive shore-parallel coral reef flourished
contemporaneously, based on dates of in-place
corals, at the position of, or immediately front-
ing the modern barrier islands (Fig. 8B). The
narrow barrier/coral system persisted until ca
1400 years ago based on the youngest onshore
fossil dates (Table 1), with one onshore date
from trench 1 (1250 £ 110 years) giving a
slightly younger date.

As sea-level dropped to near current levels ca
1400 years ago (Fig. 11C), a major rearrangement
of the Al Ruwais depositional system occurred in
which the landward barrier system was exposed,
and the coral reef met its demise. The interpreted
timing and magnitude of the sea-level fall is in
good agreement with that determined by Lokier
et al. (2015) for elsewhere in the Arabian Gulf.
Based on the observation that linear beachrock
deposits cap parts of the coral reef seaward of the
modern barrier island, a new barrier system was
apparently established directly on top of the
coral reef (Figs 5H and 8B), most likely in

response to the establishment of significant
wave-energy dissipation on the reef as water
depth decreased during the sea-level fall. Assum-
ing that detrital grains give some estimate, back-
barrier sediments penetrated by cores 5, 6 and 7
on Umm Tays Island accumulated between ca
1400 to 800 years ago (Fig. 11C and D). Since
that time the barrier has both aggraded (at core 7
position) and retreated ca 200 m landward based
on the separation between the fossil beachrock
on the reef crest and the immediately adjacent
modern beach (Fig. 5H). This back-stepping is
confirmed by the observation that back-barrier
sediments are exposed in the modern shoreface
by ongoing erosion at core position 5 (Figs 8B
and 11E). Modern barrier retreat likely created
the northwesterly tombolo-like attachment to
Jazeerat Reken Island (Fig. 2), indicating that the
barrier there has retreated as much as 1 km since
its inception.

DISCUSSION

The origin of barrier islands at Al Ruwais

Three modes of barrier island formation have
been postulated (Davis, 1994): (i) vertical aggra-
dation and exposure of sub-aqueous sand bars
(De Beaumont, 1845); (ii) lateral accretion of
land-attached sand spits, later dissected and
separated from land by breaches caused by tide-
related and wave-related erosion (Gilbert, 1885);
and (iii) coastal submergence causing isolation
of coastal ridges (McGee, 1890). Lateral accretion
of land-attached spits, and resulting formation
of carbonate cheniers (Billeaud et al., 2014) and
mixed carbonate—siliciclastic strand plains
(Strohmenger & Jameson, 2015) is a common
depositional motif along the Qatar coastlines. At
Al Dakhirah, 50 km south-east of Al Ruwais
(Fig. 1), successive seaward formation of later-
ally-accreting carbonate spits and infilling of
landward lagoons has been associated with
3 km of shoreline progradation forced by the
late Holocene regression (Billeaud et al., 2014).
Aerial photography of the Al Ruwais region
from 1963 shows the system prior to coastal
building construction (Fig. 12). The image
demonstrates two successive phases of spit for-
mation (S1 and S2) nucleated from Eocene bed-
rock highs in the mid-Holocene based both on
S1 sediment age dates in this study, and the
similar elevation (+1-5 m) of S1 and S2, in
agreement with the regional Holocene sea-level
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Fig. 12. A 1963 aerial photograph
of the Al Ruwais region prior to
coastal building construction. Land-
attached (i.e. Eocene-bedrock-
attached) spits are apparent onshore
(S1, S2). Eocene bedrock labelled
‘E’. A modern barrier headland
(MBH) is attached to Jazeerat Reken
Island and is interpreted as a
remnant of an earlier island, that
may have been one source of
sediment for the modern barriers.
Photograph courtesy of the Qatar
Ministry of Municipality and
Environment.

Jazeerat Reken Island

51°160°E

curve (Fig. 2). Lateral accretion of the spits
appears to have occurred from the north-west to
the south-east, in alignment with the present
wind and wave directions (Yousif et al., 2018).
Lateral accretion of spit system 2, observed to
cause stepwise progradation in the north-wes-
tern portion of the mid-Holocene system
(Fig. 10), perhaps did not continue to the south-
east because it was abandoned during sea-level
fall. Tt is also possible that the south-western
portion of S2 retreated and amalgamated with
S1 prior to sea-level fall.

The mode of formation of the late Holocene bar-
rier island is more uncertain. Because the modern
barrier islands formed directly on a mid-Holocene
carbonate reef during sea-level fall, coastal sub-
mergence causing isolation of coastal ridges can
be dismissed as a possibility for late Holocene
barrier island formation at Al Ruwais. Spit-like
lateral accretion is undoubtedly important in the
formation of the modern barrier, because
recurved-spit morphology is clearly visible in
some areas. Images of the system, however, do
not indicate that the barrier was ever land-
attached, as observed of the mid-Holocene depos-
its (Fig. 12). Jazeerat Reken Island is attached to a
modern barrier headland (Fig. 12). This island
may have formed through localized exposure of a
portion of the mid-Holocene reef, although no
visual evidence is observed of any part of the reef
having been exposed there or elsewhere in the
system. Alternatively, and perhaps more likely
based on the observed linear beachrock deposits
overlying the reef elsewhere (Fig. 5H), upon sea-
level fall, and the seaward migration of the

intertidal zone to the reef crest, the modern bar-
rier island formed as the result of loose sediment
deposition upon the reef top by wave action fol-
lowed by upward accretion and emergence. In
either case, the headland appears to be too small
to have supplied all of the sediment comprising
the modern barrier chain. This study interprets
that the late-Holocene shallowing of the mid-
Holocene shore-parallel reef caused nucleation of
an overlying beach-barrier, with much of the sedi-
ment forming the barrier being cannibalized from
the reefal material found seaward, and in the
updrift ‘headland’.

Carbonate barrier islands systems: an
underappreciated depositional model?

The setting in which the mid-Holocene and
modern barrier-island systems at Al Ruwais
exist falls within the general parameters under-
stood to be necessary for the formation of silici-
clastic barrier islands (Davies, 1964; Hayes,
1979; Davis et al., 2004), in that it is a low-gra-
dient, micro-tidal coastal area with wave heights
of <2 m. The necessary sediment supply (Davis,
1994) would appear to be predominantly from
nearby shallow-subtidal areas based on the com-
position of the grains (Purkis et al., 2017). The
observed decrease in average grain size from the
barrier to the lagoon is also seen in siliciclastic
systems (Davis, 1994). Aside from the beach bar-
riers themselves, common geomorphic compo-
nents of siliciclastic barrier systems (Flemming,
2012) are also found in the Al Ruwais system
(Fig. 2) including aeolian dunes, tidal inlets and
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back-barrier channels, flood-tide and ebb-tide
deltas, and washover fans, as well as back-bar-
rier microbial mats, tidal flats and mangrove for-
ests in place of salt marshes. Erosion and
migration of tidal inlets is indicated by the cur-
vature of the bracketing barrier deposits (i.e.
recurved spit morphology; Fig. 12), processes
observed in siliciclastic systems (Hayes, 1979).
Therefore, in terms of depositional setting, gen-
eral grain-size trend, geomorphology and deposi-
tional processes, the carbonate barrier island
system at Al Ruwais is identical to those of the
siliciclastic realm. This is similarly true for the
setting, grain-size trend and geomorphic compo-
nents of the barrier island system fronting the
Terminos Lagoon in the Gulf of Mexico (Phleger
& Ayala-Castanares, 1971). Given the observa-
tions above it is clear that, provided the oceano-
graphic and geomorphic settings are similar,
siliciclastic-style barrier island systems can
occur in the carbonate realm, apparently
through similar processes of formation.

Several questions arise from this basic obser-
vation. First, can carbonate barrier-island sys-
tems form on an open shelf or ramp, and
migrate long distances landward during trans-
gressions as siliciclastic islands do, or do they
mostly form on palaeo-topographic highs, being
anchored in place by early marine and meteoric
cementation? Second, why are carbonate barrier
island systems not more common along modern
coasts of the carbonate realm? Third, were car-
bonate barrier island systems likely more com-
mon in the geological past?

Assuming that the above interpretations are
correct, this study of barrier island formation at
Al Ruwais demonstrates that carbonate barrier
islands can form both from dissection of land-
attached spits (mid-Holocene example) and
nucleation on pre-existing ridges (late Holocene
example). Although the Al Ruwais example
demonstrates that barrier islands can form in the
same way that their siliciclastic counterparts
can, it is plausible that landward migration of
carbonate barrier islands, especially of arago-
nite-rich deposits in humid settings, might be
inhibited relative to siliciclastic counterparts as
a result of early marine and meteoric cementa-
tion. In the arid aragonite-rich system of Al-
Ruwais, however, such migration is documented
for both barrier systems, despite cementation
(i.e. beachrock formation) of the foreshore. Land-
ward migration is indicated for the mid-Holo-
cene spit-related barrier system by the presence
of beachrock deposits that underlie the mid-

Holocene coral deposits in core 6 (Fig. 9), which
proves that the mid-Holocene beach formed kilo-
metres seaward of (and presumably before) the
onshore mid-Holocene barrier beach deposit.
Landward migration is proven for the late Holo-
cene barrier, both by the existence of beachrocks
marking previous barrier locations (Fig. 5H) as
much as 200 m seaward of the current barrier
beach, and by the exposure of fine back-barrier
sediments on the modern barrier beach through
erosion of the foreshore (Fig. 8B). Assuming that
the modern barrier headland to the north-west
(Fig. 12) marks the initial nucleation point of
Jazeerat Reken Island, ca 1 km of landward
migration of that barrier likely occurred since its
initial formation, in the process forming a tom-
bolo that extends south-eastward from the rocky
island. Recent landward migration may be
occurring in association with sea-level rise
(Alothman et al., 2014). The mobility of meteori-
cally-exposed, aragonite-rich carbonate sand
bodies in an arid setting can also be observed
south-eastward of Al Ruwais at Al Dakhirah.
Here carbonate spits are constantly forming and
reforming over decadal time periods (Billeaud
et al., 2014). In the more humid southern Gulf
of Mexico, the possibility of landward migration
of the carbonate barrier islands fronting the
Terminos Lagoon cannot be assessed; however,
significant modern shoreface erosion is docu-
mented (Phleger & Ayala-Castanares, 1971).
Indeed, Google Earth® images show traces of a
recurved-spit morphology in shallow water to
the north of the lagoon. Based on these shapes,
up to 1 km of landward migration of the carbon-
ate beach is implied. Therefore, the presence of
beachrock cementation is apparently not a major
impediment to the migration of carbonate barrier
islands.

The relative scarcity of carbonate barriers in
modern warm-water coastal depositional sys-
tems remains an issue demanding explanation.
With regard to the Qatar coastlines south of Al
Ruwais, land-attached beaches are observed. In
some areas kilometres of strand plain (Stroh-
menger & Jameson, 2015) and chenier (Billeaud
et al., 2014) progradation has occurred over the
past 6000 years in conjunction with the recent
regression. Such depositional motifs are more
common along regressive wave-dominated
shorelines (Plint, 2010). Since most mobile-type
barrier islands form on transgressive coastlines,
formation of barrier islands at Al Ruwais during
the recent regression is unusual, and likely
results from the emergence of the fringing reef

© 2019 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 67, 534-558



that formed immediately prior to sea-level
fall, allowing nucleation of a barrier while
retaining accommodation for back-barrier subti-
dal settings.

More broadly, several possibilities may
explain why carbonate barrier islands are less
common than siliciclastic equivalents. The nat-
ure of shallow water flat-topped carbonate plat-
forms greatly limits the amount of wave energy
reaching inner-platform shorelines. This reflects
damping of open-ocean waves at platform mar-
gins by the presence of shallow subtidal reefs
and grain shoals, as well as emergent equiva-
lents of the same that form islands. As a result
tidal flats can be developed instead of beaches
along inner platform highs (cf. the western coast
of Andros Island, the Bahamas). The platform-
marginal grainy systems are not observed to
migrate platformward significantly for several
reasons. First, coral reefs form large, hard, rela-
tively immobile structures that can keep up with
sea-level rise (Davis, 1985; James & Macintyre,
1985; Neumann & Macintyre, 1985), second,
early marine and meteoric (in the case of
islands) cementation is common (James & Cho-
quette, 1990a,b) and third, on large platforms,
such as the Bahamas, grain belts generated in
these settings are commonly wide (>5 km) (Har-
ris et al., 2011). The width of these belts reflects
the presence of a line-source of sediment (skele-
tal and non-skeletal grains forming at the mar-
gin) that is redistributed platformward by tidal
energy. Tidal-current action is amplified at the
margin of continental shelves and platforms
(Fleming & Revelle, 1955; Reynaud & Dalrymple,
2012). These margin-linked tidal shoals will be
less prone to migration than a thin wave-formed
barrier island system of any composition.

On open shelves, the direction of sediment
supply may increase the propensity for silici-
clastic barrier islands to form relative to detrital
carbonate equivalents. In siliciclastic settings,
the sediment source is typically an eroding
headland composed of unconsolidated sedi-
ment, with the sediment moving alongshore in
the shallow water nearshore zone of high wave
energy. As a result, sediment availability is gen-
erally not a significant limitation. On open car-
bonate shelves, by contrast, eroding headlands
are not common; instead, the sediment must be
moved onshore from the shoreface and/or inner
shelf, a source that is indicated by the ecology
of the organisms comprising the barrier super-
structure (e.g. Joury et al., 2018). This onshore
movement of sediment, especially if the
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sediment comes from the lower shoreface and
inner shelf, is much less efficient than along-
shore movement because normal fair-weather
wave action is thought to move sediment
onshore from relatively shallow depths (i.e. the
upper shoreface; Niedoroda et al., 1984; Storms,
2003; Aagaard et al., 2004; Joury et al., 2018).
Onshore movement from greater depths requires
larger, non-storm waves, because large storm
waves typically lead to erosion and net seaward
transport of sediment seaward (Niedoroda et al.,
1984; Storms, 2003; Brill et al.,, 2016). Signifi-
cant nourishment of barriers in carbonate set-
tings may therefore be dependent on the action
of swell waves (cf. Backstrom et al., 2009). This
process, however, appears not to supply sedi-
ment as rapidly as longshore transport, so the
formation of a carbonate barrier might be limited
by sediment availability. Further work is needed
to document this more fully.

Barrier islands are present intermittently along
the southern coast of the Arabian Gulf, the most
continuous set stretching for nearly 300 km
along the United Arab Emirates (UAE) and adja-
cent coasts (Purser, 1973). This notwithstanding,
how commonly barrier islands formed in the
more extensive shallow carbonate ramp settings
of the geological past (Burchette & Wright, 1992)
is difficult to assess. Evidence of the presence of
siliciclastic barriers is typically not well-pre-
served in transgressive sequences, as the mobile
landforms continually erode on their seaward
face and migrate landward, leaving only a coarse
lag erosively overlying back-barrier lagoon sedi-
ments or older material (Boyd & Penland, 1981;
Boyd, 2010). As with siliciclastic equivalents,
evidence of the presence of mobile carbonate
barrier systems having formed during transgres-
sive periods may be challenging to recognize in
the rock record due to similar sediment recy-
cling, and the realization that no extensive kars-
tification or exposure evidence will be preserved
along most of the barrier’s retreat path. In these
areas, the only evidence of the former barrier
will be the possible preservation of lagoonal
deposits in topographic lows on the underlying
surface. The thin, linear, discontinuous strands
of beachrock providing evidence of recent bar-
rier retreat at Al Ruwais would likely be difficult
to recognize in the rock record. Other evidence
may include the observed mixing of lagoonal
and open-shelf skeletal assemblages in the trans-
gressive lag, as has been noted in the cool-water
realm (Rivers et al., 2007), where barrier islands
are more commonly observed. The only
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locations where the actual barrier can be pre-
served is at the transgressive-regressive turn-
around, or at rare places where the shoreface
steps up and over the barrier, either because of
very rapid sea-level rise or because the barrier
stalls against a topographic step (Storms et al.,
2008).

Independent of preservation issues, Burchette
& Wright (1992) noted that ramps were com-
monly the dominant carbonate platform type
during geological ages when reef complexes
were less common. Therefore if barrier island
formation is inhibited by the presence of reefs, a
greater presence of barrier islands in the past
may correlate positively with times of ramp
development. Another speculative reason that
barrier island formation may be more common
in ramp settings is ramp geometry, as the low
gradient of the ramp margin is expected to pro-
vide the space during transgressive flooding in
which laterally-extensive lagoons might be
expected. The absence of carbonate barriers in
modern shelf settings may reflect the absence of
such lagoon accommodation. In areas with lithi-
fied rocks along the highstand coast that lack
abundant sediment, a wave-cut notch is created
at the highstand elevation (cf. Sisma-Ventura
et al., 2017, and references therein). The last
several interglacial highstands have all risen to
approximately the same elevation (Shackleton,
2000), and it is likely in tectonically stable areas
that the current highstand has reoccupied an
earlier notch. In such cases there is no space for
the creation of a lagoon and, hence, barrier
islands cannot exist. A survey of areas with car-
bonate beaches today using Google Earth® indi-
cates that this situation is common, whereas
areas with siliciclastic barrier islands generally
lack such notches, perhaps because of the
unconsolidated nature of previous highstand
deposits, or have well-developed incised valleys
in which lagoons can form.

Finally, with the exception of the early Trias-
sic, geological times when ramp complexes were
common (Burchette & Wright, 1992) were times
of calcite seas (Sandberg, 1983), when early
cementation associated with aragonite dissolu-
tion in meteoric waters would have been less
common. In that way the aragonite-poor cool-
water carbonate systems are analogues for calcite-
sea carbonates (James, 1997), the greater presence
of barrier island systems in the modern cool-
water realm may well point to the same for the
ramps of calcite seas. One example was reported
by Wright (1986), where a Mississippian ramp

sequence was interpreted to have been developed
in response to the landward migration of a ‘bar-
rier’ implied to have been an island (Wright,
1986, fig. 16). In summary, although direct evi-
dence may be sparse, mobile carbonate barrier
island systems are likely to have been more com-
mon in geological periods when ramp settings
predominated due to restricted reef development,
conducive platform geometry and limited early
meteoric cementation.

Implications for subsurface models of
greenhouse ramps

In the Al Ruwais area two temporally-distinct
and spatially-distinct, and in some ways dissim-
ilar, sets of coastal carbonate deposits formed
over the past ca 7000 years. During the mid-
Holocene (ca 7000 to 1400 years ago), a narrow
barrier system with a muddy back-barrier lagoon
fringed the shoreline, and a shoreline-parallel
coral reef system flourished immediately in front
of it. Approximately 1400 years ago, the deposi-
tional system was forced to form a new barrier
ca 3 km to the north (Fig. 11) in response to an
approximate 1-6 m sea-level fall, the exact tim-
ing and duration of which are uncertain. Assum-
ing that deposition soon followed sediment
formation, the age of back-barrier sediments
overlying the coral deposits in core 5 indicates
that the sea-level fall was sudden. The newly-
established system lacks an extensive growing
coral reef (some patch reefs formed seaward of
the current barrier islands), and the back-barrier
system is much wider and sandier than the mid-
Holocene equivalent. Modern barrier island
deposits at Al Ruwais are coarser-grained than
deposits immediately behind and in front of the
barrier (Purkis et al., 2017). This was also likely
true during the mid-Holocene, as the onshore
barrier-beach grainstone deposits are coarser
than those of the onshore back-barrier lagoon,
where packstone-textured and wackestone-tex-
tured sediments are found. If it is presumed that
primary porosity is a control on eventual fluid
flow and storage capacity, it is important to
point out that the mid-Holocene and modern
barrier deposits are separated by ca 3 km of
finer-grained carbonate sediment (Fig. 11), gen-
erating disconnected, shore-parallel, ribbon-
shaped sand bodies. Some facies models of car-
bonate ramps imply that prograding ‘barrier
bank’ bodies are continuous and connected (e.g.
Read, 1985). This assumption might be particu-
larly held for rocks deposited during greenhouse
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Fig. 13. Sequence stratigraphic models of ramp carbonates: (A) after Handford & Loucks (1993); and (B) based on
expectations assuming mobile barrier island migration during transgression and strand plain progradation during

highstand and regression.

times when sea-level changes are thought to
have been lower amplitude relative to today’s
icehouse period. Read (1995) for instance main-
tains that during greenhouse times: “parase-
quences tend to have layer cake stacking
patterns” and “grainstone facies show limited
lateral migration from cycle to cycle”. The
amplitude of recent sea-level change at Al
Ruwais (<2 m) and the length of time over
which it likely occurred (a few thousand years),
might be similar to that of high-order sea-level
changes during greenhouse periods. For
instance, in the Mesozoic metre-scale sea-level
fluctuations are thought to have been common
(Skelton, 2003), and sub-Milankovitch deposi-
tional cycles were produced over a period of
only a few thousand years (Ziihlke et al., 2003).
This is not to say that Read’s (1985) generaliza-
tions about greenhouse depositional architecture
were incorrect, but that the Al Ruwais situation
offers an alternative model, where step-wise
ramp progradation can occur over greenhouse-
cycle-type periods and amplitudes creating
grainstone bodies (barrier island deposits) that
are separated spatially by significant areas of
lower-energy deposits. The width and continuity
of back-barrier facies belts is likely a function of
the antecedent topography, with facies belts nar-
rowing in areas of more steeply-dipping bed-
rock.

Sequence stratigraphic models of carbonate
ramp deposits (e.g. Handford & Loucks, 1993;
Kerans & Tinker, 1997; Schlager, 2005) perhaps
reflect the understanding gained from observa-
tion of warm-water reefal systems common in
the modern setting. The tenets of these models
include: (i) the concept of a lag time (Tipper,
1997) between sea-level rise and carbonate grain
production, caused by a slow-growth phase

(Schlager, 2005) after exposure; (ii) the develop-
ment, during times of relative sea-level stability,
of a high-energy reef or grain body where nor-
mal wave base intersects the ramp, separating
lower-energy ‘back-barrier’ facies from lower-
energy open-marine deposits; and (iii) the gener-
ally-basinward stepping of all facies as carbon-
ate production reaches full potential. These
perceptions lend themselves to sequence strati-
graphic models with the following characteris-
tics (Fig. 13A): (i) progradation within a
parasequence of both barrier and back-barrier
deposits over open shelf deposits; (ii) broad seg-
regation between back-barrier and open marine
deposits; and (iii) the amalgamation of barrier
deposits in highstand systems tracts.

Using analogues from the modern Qatar coast-
line, and integrating the understanding from sili-
ciclastic studies of wave-dominated shorelines,
Fig. 13B depicts an alternative sequence strati-
graphic model for carbonate ramps forming in
non-reefal settings. This model assumes that bar-
rier islands nucleate during the initiation of
transgression and keep up with sea-level rise,
migrating landward across the ramp. Such an
assumption is supported both by the apparent
rapid formation of barrier islands at Al Ruwais in
response to sea-level change, and the inferred
presence of similar carbonate barriers required
for the formation of saline waters (in protected
lagoons) on the cool-water shelves of southern
Australia during the Flandrian Transgression
(Rivers et al., 2009). The model also assumes
that, during regressive phases, strand plain or
chenier deposits similar to those observed along
Qatar coasts south of Al Ruwais (Billeaud et al.,
2014; Strohmenger & Jameson, 2015) construct
progradational shorelines. Applying these depo-
sitional motifs yields a stratigraphic model that
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differs from the ramp model described above in
three ways. First, parasequence bases both at the
highstand shoreline, and in more basinward set-
tings, variably include erosionally-truncated rem-
nants of lagoonal deposits stranded by the
passing of the barrier during transgression. Such
deposits will preferentially occupy topographi-
cally low areas on the underlying parasequence
(Fig. 13B). Second, highstand shoreline grain-
stones are typically not stacked and amalgamated
barrier deposits, but are amalgamated shoreface
deposits, or chenier bodies separated by fine-
grained lagoonal deposits. Third, within the
progradational phase of coastal carbonate parase-
quences, subtidal lagoons are not expected, as
barrier islands required for their development are
more common during transgressions (retrograda-
tion). Deposits expected for progradational shore-
lines (strand plains and cheniers), will not be
covered by prograding lagoonal deposits, as com-
monly depicted for ramp models (Fig. 13A),
since there is no accommodation behind the
shoreline. Lagoonal deposits overlying barrier
deposits are predicted in the model but are asso-
ciated with transgression over the barrier in the
succeeding parasequence. This type of succes-
sion was interpreted by Wright (1986) for a Car-
boniferous carbonate ramp deposit in Wales.

CONCLUSIONS

The Al Ruwais area of northern Qatar has been
the site of shallow water carbonate sedimentation
since the mid-Holocene. Two distinct deposi-
tional packages have been identified. Between ca
7000 and 1400 years ago, when sea-level was up
to 1-6 m higher than today, a barrier/back-barrier
system was active in an area immediately land-
ward of the modern shoreline. During the same
period, a laterally-continuous coral reef flour-
ished in the open waters ca 3 km to the north.
Towards the end of this period sea-level fell to its
current position, and the reefal system died, per-
haps due to exposure or the influx of detrital sedi-
ment. Between 1400 and 800 years ago a new
barrier island was established directly on top of
the moribund reef, and the old barrier to the
south was exposed to the meteoric realm. Over
the past ca 800 years the new barrier has
retreated landward as much as 1 km to its current
position.

This study demonstrates that the processes
forming mobile carbonate barrier island systems
are identical to those that form siliciclastic

equivalents. The paucity of modern carbonate bar-
rier islands relative to siliciclastic analogues
likely reflects the influence of reef structures and
flat-topped platforms in dissipating wave energy
before it reaches the shoreline, and early cementa-
tion in the carbonate realm which limits shoreline
erosion to some (small) extent. Carbonate barrier
islands appear to be more common in cool-water
realms, where reefs are absent and early cementa-
tion is inhibited. For similar reasons, carbonate
barrier islands were likely more common in
warm-water settings during geological periods
when ramp systems were dominant and calcite
seas prevailed. Due to the self-cannibalizing nat-
ure of barrier island systems, however, evidence
of their passage through a particular location
along the shoreline-transit path is challenging to
recognize in the rock record.
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