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ABSTRACT

Sabkhas are key landforms along the southern coast of the Arabian Gulf and
represent modern analogues for depositional and diagenetic processes con-
trolling properties and quality of ancient hydrocarbon-bearing carbonates.
While previous investigations of coastal sabkhas in Qatar have mainly
focused on dolomitization processes, presented here is one of the first stud-
ies reconstructing facies changes and coastal formation in great detail. In the
sabkha of Al-Kharayej (Gulf of Salwa), fifteen different facies types were dis-
tinguished based on twelve sediment cores, two trenches, as well as grain-
size distribution, X-ray powder diffraction, thin section and microfossil anal-
yses. Age estimates were based on seventy-eight *C-AMS and optically stim-
ulated luminescence data. The sabkha parasequence comprises pre-
transgressive dune sands, a thin, transgressive layer of reworked dune mate-
rial, a mid-energy open-coast to open-lagoon facies, a low-energy lagoon
facies, saline lake facies (salina: swallow-tail gypsum and gypsum mush)
and the supratidal sabkha characterized by diagenetic overprinting (buckled
gypsum crusts and halite crust). Transgressive marine flooding created open-
coast to open-lagoon sedimentation after ca 7000 cal yr Bp, followed by ini-
tial spit formation at the northern sabkha end at the beginning of the relative
sea-level highstand (6000 cal yr Bp). This main outer spit prograded south-
ward and a more narrow, low-energy spit, diverted landward, closing a small
lagoon in the northern sabkha 4500 to 4000 cal yr Bp. The falling relative
sea-level and longshore drift intensified the southward extension and widen-
ing of the main spit, and the main lagoon became more shallow. At 2000 to
1500 cal yr Bp, the outer spit had almost closed the main lagoon, leading to
salina and, finally, sabkha conditions. It is shown how specific local condi-
tions (coastline orientation; wind, wave, tidal energy, longshore drift; deposi-
tional relief; sediment sources) created a spit-controlled sabkha that is
genetically distinct from the classical model of shore-perpendicular accumu-
lation of coarser sediment during high tides or storms.
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INTRODUCTION

The term ‘sabkha’ is the Arabic expression for salt
flat and includes all types of coastal and inland
salt flats in arid environments prone to varying
frequency and duration of inundation. Evaporite
deposition prevails, either within the sediment or
at the surface, in combination with clays, silts
and sands. The salinity of groundwater in sab-
khas may reach up to 600 g L™', where mostly
Na* and Mg®" as ions, and Cl~ and [SO,]*™ result
in the precipitation of gypsum and anhydrites
(e.g. Alsharhan & Kendall, 2003; Al-Farraj, 2005;
Al-Jaloud & Hussain, 2006). Sabkhas have extre-
mely flat, salt-encrusted or gypsum-encrusted sur-
faces with elevation controlled by the top of the
groundwater capillary fringe (Warren et al., 1985).
They are very common landforms along the pro-
tected southern shores of the Arabian Gulf (Evans
et al., 1969; Taylor & Illing, 1969; Barth, 1998; Al-
Farraj, 2005; Alsharhan & Kendall, 2011; Evans,
2011; Strohmenger et al., 2011; Billeaud et al,,
2014; Whitaker et al., 2014; Strohmenger & Jame-
son, 2015, 2018; Brauchli et al., 2016).

The common model for coastal sabkhas of the
southern Arabian Gulf implies that they are con-
tinuously fed by highly saline seawater replac-
ing evaporative losses in the supratidal through
a hydraulic gradient, i.e. ‘evaporite pumping’
(Hst & Siegenthaler, 1969) and, in many cases,
gravitational replacement of groundwater by sea-
water during highest tides (Butler, 1969; McKen-
zie et al., 1980; Barth, 1998). In the Abu Dhabi
sabkhas, it has also been shown that the main
source of water and solutes may derive from
continental groundwater (Wood et al., 2002).
Sabkhas may prograde into lagoons forming
behind barrier islands, as along the Abu Dhabi
coast (Alsharhan & Kendall, 2011; Strohmenger
et al., 2011). However, the initial formation of
sabkhas can also be related to longshore dynam-
ics in prograding coastal settings, where spit for-
mation and high sediment input lead to the
formation of a gradually closing lagoon, which
at some point is cut off from the sea, becoming a
hypersaline salina (saline lake), later overprinted
by sabkha-type interstitial evaporite deposition
and surface crust formation (Purser, 1985;
Homewood et al., 2007; Mettraux et al., 2011).

While previous investigations of coastal sab-
khas of Qatar have mainly focused on dolomiti-
zation processes (e.g. Illing & Taylor, 1993;
Whitaker et al., 2014; Shalev et al., 2021), this
paper presents one of the first studies along the
Qatari coast aiming at deciphering facies
changes and coastal formation processes through
time in detail. The studied record reflects envi-
ronmental changes from a pre-Holocene to early
Holocene terrestrial environment to shallow
marine flooding during the mid-Holocene rela-
tive sea-level (RSL) highstand. This was fol-
lowed by the closure of the lagoon triggering the
formation of a salina and, finally, a coastal sab-
kha. The coastal sabkha of Al-Kharayej was cho-
sen, as it represents the widest and best
developed example along the eastern part of the
shallow Gulf of Salwa.

Present day arid-climate coastal systems, like
those of Qatar, provide analogues for deposi-
tional and diagenetic processes that control the
quality of ancient reservoirs. Many major reser-
voirs in Qatar and the Middle East (for example,
Permo-Triassic Khuff and Jurassic Arab forma-
tions) formed under conditions that are remark-
ably similar to those shaping the Qatari
coastline today (e.g. Jameson et al., 2009; Stroh-
menger & Jameson, 2015).

STUDY AREA

The Qatar peninsula represents an anticlinal
structure of uplifted Tertiary limestones, dolo-
mites, marls, chalks and shales protruding into
the southern Arabian Gulf (Fig. 1). Sedimenta-
tion started in a shallow-marine shelf environ-
ment during the Palaeocene. These thick
sequences are overlain by Lower and Middle
Eocene carbonates (Dammam Formation), today
covering 80% of Qatar’s surface. They are inter-
calated by evaporites and were also deposited in
shallow water, although clays within the Upper
Dammam Formation indicate gradual subsidence
and greater depths. Tectonic uplift and folding
since the end of the Middle Eocene caused the
emergence of Qatar, resulting in continental con-
ditions and a lack of preserved sediments from
the Upper Eocene and Oligocene (e.g. Al-Yousef,
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Fig. 1. (A) Topographic and bathymetric overview of the

1121

51.5

wider study region. Bathymetry and topography are

based on the GEBCO_2014 grid (Weatherall et al., 2015) and SRTM30 data (Farr et al., 2007) provided by the US
Geological Survey, respectively. The white frame indicates the extent of the map in Fig. 1B. (B) Geological map of
southern Qatar based on the Qatar Geological Map of 1980 (State of Qatar, 1980). The black frame shows the loca-
tion of maps in Fig. 2. L Eo, Lower Eocene; L-M Mio, Lower to Middle Miocene; M Eo, Middle Eocene; Mio/Plio,

Miocene/Pliocene.

2003). Recently, Rivers & Larson (2018) and
Rivers et al. (2019a) provided evidence for high-
angle faulting underlying the roughly north—
south-trending dominant structural landform of
the Dukhan ‘anticline’, which, therefore, has been
reinterpreted to be a reactivated graben system.
Miocene sedimentary rocks are mainly found
in southern Qatar, represented by the shallow
marine Dam and continental Hofuf formations.
Quaternary deposits and landforms mainly com-
prise aeolian sand as sheets or barchan dunes
(Embabi & Ashour, 1993; Engel et al., 2018), silt
to coarser-grained alluvium covering inland
karst depressions (riyad) (Engel et al., 2020),
mixed siliciclastic-carbonate inland and coastal
sabkhas (e.g. Al-Yousef, 2003; Billeaud et al.,

2014; Whitaker et al., 2014; Strohmenger &
Jameson, 2015, 2018), as well as skeletal beach
sands (Shinn, 1973a; Strohmenger & Jameson,
2015; Rivers et al., 2020).

The Arabian Gulf is a semi-enclosed, shallow
sea with an average depth of 35 m (Fig. 1A).
During the Last Glacial Maximum (LGM), global
sea-level was about 120 to 130 m lower than
today (Sarnthein, 1972; Kassler, 1973; Lambeck,
1996; Lambeck et al., 2014) and the Arabian
Gulf was dry until 14 000 years Bp, with an
ancient Shatt Al-Arab river feeding two separate
freshwater lakes (Lambeck, 1996). After flooding,
current sea-level was reached ca 7000 to
6500 years ago (Lambeck, 1996; Engel & Briick-
ner, 2014; Strohmenger & Jameson, 2015; Parker
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Fig. 2. Overview of the sabkha of Al-Kharayej, south-west Qatar, with location of sediment cores, deep wells,
trenches and surface age dating sites with calibrated **C data (cal yr sp). The black frame around T2 indicates the
map location of Fig. 12. White lines indicate the north-south (Fig. 3) and west-east (Fig. 4) transects. L-M Mio,
Lower to Middle Miocene; Mio/Plio, Miocene/Pliocene. Satellite image: WorldView 2 from 2011; geological map

based on Seltrust Engineering Ltd (1980).

et al., 2020). A RSL highstand of at least 2 m at
around 6000 to 4500 years ago is indicated by
stranded beach ridges, tidal channels and ele-
vated sabkha deposits, for example, along the
coastlines of Qatar, the United Arab Emirates
(UAE) and Saudi Arabia (Strohmenger et al,
2011; Engel & Briickner, 2014; Strohmenger &
Jameson, 2018; Parker et al., 2020). Regression
since then induced shoreline migration of up to
several kilometres in Qatar, for which, however,
detailed, field-based spatio-temporal data are
scarce (Cuttler & Al-Naimi, 2013; Billeaud et al.,

2014; Engel & Briickner, 2014; Strohmenger &
Jameson, 2018).

The study site at Al-Kharayej protrudes into
the Gulf of Salwa (Fig. 2), which is a very shal-
low extension of the Arabian Gulf, 110 km long
and only 11 km wide at its southern end
(Fig. 1A). It results from Quaternary tectonic
subsidence (Kassler, 1973). The water depth is
mostly <20 m (Fig. 1A). The tidal range is 30 cm
for Dukhan, north-east Gulf of Salwa (State of
Qatar, 2009), and water temperatures range
between 20 to 35°C. The salinity increases
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Fig. 4. West-east transect through the central part of the sabkha of Al-Kharayej (location in Fig. 2) showing facies
distribution and calibrated age data (Tables S1 and S3). A legend to the core logs can be found in Figs 3 and 5.
Sedimentary and microfossil data that led to the differentiation of facies are presented in Figs 5 to 7, 9 and 11).

towards the southern end (Sugden, 1963), ranging
between 50 to 60 psu (Rivers et al., 2019b), and
partially up to 70 psu (Purser & Seibold, 1973;
Sheppard et al., 2010). The dominant regional
Shamal wind system operating in a NNW-SSE
direction (Rao et al, 2001; Engel et al., 2018)
drives a moderate southward longshore drift at
both sides of the Gulf of Salwa (Chao et al., 1992).

METHODS

Ten vibracores up to a length of 8 m (AZ-W1 to
AZ-W5; AZ-W8 to AZ-W12) were taken across
the entire sabkha; they were documented and
sampled in the field. Two wells with a diameter
of 10 cm, up to 20.5 m deep, were drilled (AZ-
W6 and AZ-W7) by Gulf Laboratories Co., Doha,

Qatar, using a truck-mounted drill rig. Further-
more, two trench profiles were analyzed. All
sampling sites were located using a digital glo-
bal navigation satellite system (DGNSS).

The reconstruction of sedimentary environ-
ments and processes is mainly based on grain
size (laser diffraction; high-speed camera), X-ray
powder diffraction (XRD), thin section and micro-
fossil analyses (foraminifera, ostracods). Grain-
size data were analyzed with univariate statistical
measures using GRADISTAT (Blott & Pye, 2001),
and for data from cores AZ-W1 to AZ-W5 by end-
member modelling using the R package EMMA-
geo (Dietze & Dietze, 2019). The XRD and micro-
fossil data were analyzed qualitatively and by
principal component analysis (PCA) (Past 3.11
software; Hammer et al., 2001). Age data were
derived from 78 '*C-AMS and optically
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High-resolution facies analysis of a coastal sabkha
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RESULTS

In total, 15 different facies types were identified
in the study area, covering a wide range of texture
and porosity. These facies types can be separated
into those representing the sedimentary wedge
underlying the modern sabkha (A, B, C1, C2, D1,
D2, D3, E1, E2) and those forming the morpholog-
ical barriers (F1, F2, G, H, I, J1). Their spatial dis-
tribution is indicated based on a north—south
transect (Fig. 3) and an east-west transect (Fig. 4).

Facies types of the sedimentary wedge
underlying the modern sabkha

The characteristics of all facies types are sum-
marized in Table 1. Facies A occurs on top of
all cores inside the sabkha (Figs 5, 6A and 7). It
is usually cemented by a buckled gypsum crust,
bassanite, anhydrite and, in the centre, halite. At
the landward margins, this crust only very thinly
covers the sand-dominated Facies C2 with articu-
lated bivalves in living position indicating ongo-
ing deflation. In the centre, where Facies A
reaches a thickness of up to a few decimetres,
surface structures comprise polygons (Fig. 8A),
sometimes associated with characteristic tepee
structures, and circular mounds created by

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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High-resolution facies analysis of a coastal sabkha 1129

insular growth of large gypsum crystals (Fig. 8B
and C). In the deep well AZ-W6, Facies A was
also found at the base (Figs 9 and S2).

Facies B only occurs in the innermost part of
the sabkha around core AZ-W5, where it under-
lies Facies A. It consists of a basal layer of
almost pure millimetre-scale to centimetre-scale
gypsum mush, partly cemented, confined by a
massive layer of prismatic, twinned gypsum
(swallow-tail gypsum), ca 10 cm in thickness
(Figs 5 to 8D). The XRD reflects minor occur-
rences of halite, aragonite and quartz (Fig. 5).

Facies C1 (Figs 6D and 7) has a patchy occur-
rence, always underlying Facies A or B (or F2 in
case of the inner barrier), with some bivalves of
Hiatula mirbahensis in living position and
exposed at the surface by deflation in the north
near AZ-W1 (Fig. 10). C1 appears non-bedded and
bioturbated, indicated by vertical burrows well-
preserved in the weakly consolidated carbonate
near AZ-W4 (Fig. 10A and B). Facies G2 (Figs 6E
and 7) occurs throughout most of the sabkha, in a
thickness of up to 2 m close to the surface. The
particle-size distribution is fully represented by
end member 1, the distribution of which is very
broad, peaking at 100 pm (Fig. S3). Associations
of foraminifera and ostracods are both more abun-
dant and diverse compared to C1 (Fig. 11).

Facies D1 is the most common facies inside the
sabkha, found at a depth of ca 1 to 4 m below the
present sea-level (Figs 6F, 6G and 7). D1 is poorly
sorted, best represented by the coarsest end mem-
ber 4 with a main peak near 900 pm, a broad distri-
bution and two smaller peaks close to 100 pm and
<1 pm (Figs 5 and S3). Facies D2 (Figs 61, 6H and
7) is only found in the deep core AZ-W6 from the
outer barrier at a depth of 1010 to 700 cm b.s. (be-
low surface) (Fig. 9). Facies D3 (Figs 6] and 7) is
also only found in AZ-W6, where it occurs below
D2 and alternates with D1 (Fig. 9).

Facies E1 (Fig 6K and 7) is typically thin and
found in between D1 and E2. It is not identified
in all cores. Minor amounts of carbonate com-
prise fine-crystalline rhombs of dolomite
(Fig. S4). The particle-size distribution is best
represented by unimodal end member 3 peaking
in medium to coarse sand (Figs 5 and S3). Facies
E2 (Figs 6L and 7) either underlies D1 or E1. It
resembles E1, but lacks carbonate, apart from
very few large but poorly preserved foraminiferal
tests of P. planatus documented in the field, and
occasional grain coatings. The particle-size distri-
bution is almost equally represented by end
members 2 and 3, the former showing two minor
peaks in the clay category and at the silt/sand

boundary in addition to the main one, which is
shifted towards the fine/medium sand boundary
(Figs 5 and S3). E2 represents the bottom facies
in every core (Figs 3 and 4).

Facies types of the barriers

The sabkha comprises two different types of bar-
riers with six different documented facies types
(Table 1). The main barrier is up to 1 km wide,
up to 2.5 m higher than the sabkha floor, and
separates the sabkha from the Gulf of Salwa
(Figs 2, 12 and 13). Another narrow barrier, only
250 m wide, up to 2 m higher than the sabkha
floor, and with a snaky outline runs across the
northern part of the sabkha from the outer bar-
rier inland in a south-eastern direction, thereby
constantly losing width (Figs 2 and 14).

Facies F1 mostly comprises the top part of the outer
beach ridge (Figs 4 and 13) and shows onlapping
structures and low-angle cross-bedding with seaward
inclination. Facies F2 makes up most of the narrow,
snaky barrier (Figs 2 and 14). The particle-size distri-
bution peaks in the coarse-sand category; minor peaks
at the upper end are caused by single large shells
(Fig. 15). Some isolated patches, where the sandstone
is cemented (for example, AZ-W2 in Fig. 3) and pre-
serves fenestral structures (Fig. 15), stand out for up
to 1 m above the non-cemented barrier (for example,
AZ-W3 in Fig. 3 or Fig. 15), indicating post-
depositional deflation.

Facies G is only observed in AZ-T2, where it
occurs in two patches on top of the sequence
(Fig. 13). Facies H occurs as lenses or thin
onlapping strata mostly intercalating with Facies
F1 in AZ-T2, where it may fill small channel-
like structures (Fig. 13). Facies I only occurs
inside small channel structures where it overlies
Facies H. Facies J1 generally underlies F1. Both
facies are similar, whereas J1 shows distinct
wavy bedding (Fig. 13).

Age data

Radiocarbon data from sediment cores and
surface samples

Radiocarbon dating of bulk carbonate sediment
from basal Facies E2, overlying the Dammam
limestone, reveals the oldest, Pleistocene ages in
cores AZ-W1 (27 475 to 27 180 cal yr Bp), AZ-
W3 (22 490 to 22 275 cal yr Br), AZ-W4 (39 719
to 38 511 cal yr BP) and AZ-W5 (38 529 to 36
979 cal yr Bp). A cerithid shell found in Facies
E2 in core AZ-W7 (9.25 m b.s.), however, was
dated to 5381 to 4963 cal yr Bp, while the

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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uppermost dating of Facies E1/E2 right below the
contact with Facies D1 is 8332 to 8134 cal yr Bp
(microbial mat in AZ-W4; Figs 3 and S6). Right
above the contact, '*C data of Facies E1 and the
lowermost part of Facies D1 range between 7917
to 7658 cal yr Bp (cerithid shell; AZ-W12) and
6009 to 5702 cal yr Bp (bivalve shell fragment;
AZ-W5) with an apparent trend towards younger
ages inland, where the contact between Facies
E1/E2 and Facies D1 rises (Fig. 4).

Facies D1, present in all cores, accumulated
over several millennia. Its upper part shows con-
stantly younger ages towards the south reaching

from 5551 to 5276 cal yr Bp in the north (bivalve
shell fragment in AZ-W1; cerithid shells: 5540 to
5235 cal yrBp and 6612 to 6312 cal yr Bp), to 3728
to 3397 cal yr Bp in the central part of the sabkha
(bivalve shell fragment; AZ-W5) and 1869 to
1565 cal yr Bp in the southernmost core AZ-W12
(cerithid shell; parallel dating of plant remains:
2355 to 2184 cal yr Bp). Facies D1 is overlain by
Facies C1 (central part of the sabkha) and C2
(northern and southern ends of the sabkha),
respectively, which are dated to 5585 to
5310 cal yrBpin the north (AZ-W3; cerithid shell),
2511 to 2139 cal yr BP in the centre (AZ-WS5;

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 6. Thin sections of facies identified in the study area. (A) Facies A (sabkha): lenticular gypsum crystals
(white arrow), low amount of rounded quartz grains (red arrow), non-cemented [sample W1/2, 12 to 9 cm below
surface (b.s.), x2.5, crossed polarized light (XPL)]. (B) Facies A (sabkha): wackestone, angular to moderately
rounded quartz grains (white arrow) and fine carbonates (red arrow), low amount of skeletal grains (yellow arrow)
and ooids (light blue arrow), slightly cemented by gypsum, carbonate and halite matrix (surface crust) (W12/1, 4
to 0 cm b.s., x2.5, XPL). (C) Facies B (saline lake): almost pure lenticular gypsum, partly aggregated (white arrow),
needles (red arrow), very few subangular quartz grains and dark aragonite (yellow arrow) (W5/5, 24 to 21 cm b.s.,
x2.5, XPL). (D) Facies C1 (low-energy protected lagoon — quartz-dominated): subangular to subrounded quartz
grains (white arrows), fine to medium sand, foraminifera (red arrow), fine skeletal grains [W1/5, 55 to 50 cm b.s.,
x2.5, plane polarized light (PPL)]. (E) Facies C2 (low-energy protected lagoon — carbonate-dominated): packstone,
peloid-dominated, with foraminifera (white arrow), shell fragments (red arrow) and ostracods (yellow arrow)
(W11/6, 90 to 80 cm b.s., x2.5, PPL). (F) Facies D1 (mid-energy open lagoon): packstone, poorly sorted, subangu-
lar quartz grains (white arrow) and high concentration of skeletal material [mostly ostracods (red arrow), foramini-
fera (yellow arrow), gastropods, bivalves], minor ooids (light blue arrow), abundant serpulids (light green arrow),
often showing straight attachment surfaces, indicate growth on seagrass leaves (W11/10, 250 to 240 cm b.s., x2.5,
PPL). (G) Facies D1 (mid-energy open lagoon): packstone—wackestone, non-cemented, large shell fragments (white
arrow), smaller skeletal fragments aggregated with peloids (red arrow), minor amount of moderately sorted,
rounded quartz grains (yellow arrow) (W10/16, 333 to 323 cm b.s., x2.5, PPL). (H) Facies D2 (high-energy open
lagoon): quartz-rich grainstone, poorly sorted, moderately to well-rounded (white arrow), coated quartz grains
(pseudo-ooids) (red arrow), foraminifera, ostracods, serpulids, mollusc fragments (light blue arrow) (W7/23, 665 to
660 cm b.s., x2.5, PPL). (I) Facies D2 (high-energy open lagoon): carbonate-rich sandstone, moderately to well-
rounded, coated quartz grains (superficial ooids) (white arrow), cemented by fibrous aragonite (hardground) (red
arrow), very low amount of skeletal material (light blue arrow) (W7/24, 677 cm b.s., x2.5, PPL). (J) Facies D3
(low-energy, deeper subtidal): packstone, fine-grained peloids and skeletal grains, subangular quartz grains, many
of them coated (pseudo-ooids) (white arrow), ostracods (red arrow) and foraminifera (yellow arrow), mm-bedded
(W6/57, 1465 to 1460 cm b.s., x5.0, PPL). (K) Facies E1 (reworked dune — transgressive): sand, frosted and coated
quartz grains (pseudo-ooids) (white arrow), minor amounts of peloids and skeletal grains (red arrow), some fora-
minifera (yellow arrow), ostracods (light blue arrow) and ooids (light green arrow) (W5/20, 440 to 430 cm b.s.,
x2.5, PPL). (L) Facies E2 (aeolian dune): sand, subangular (white arrow) to (sub-Jrounded (red arrow), frosted
quartz grains, moderately to well-sorted, very minor amounts of dark carbonates (yellow arrow), non-cemented,
no skeletal components (W5/29, 780 to 748 cm b.s., x2.5, PPL).

articulated bivalve shell), and 1794 to 1479 cal yr
BP in the south (AZ-W12; cerithid shell). A compar-
ison between AZ-W5 and AZ-W9, where the upper
part of Facies C1 is dated to 3711 to 3390 cal yr Bp
(cerithid shell), shows that its accumulation
stopped significantly earlier at the landward margin
of the sabkha. Facies C is in most of the cores over-
lain by Facies B and A, for which no ages could be
obtained, apart from surface dates shown in Fig. 2.
The snaky barrier (Facies F2) shows a radiocarbon
date of 5886 to 5611 cal yr Bp (AZ-W3; gastropod
shell). The seaward barrier (mainly Facies F1) shows
a broad distribution of *C data: In the wide, central
section, ages of 6443 to 6191 cal yr Bp, 5826 to
5516 cal yr BP (AZ-WS6; cerithid shells) and 5238 to
4856 cal yrBpP (AZ-W7; cerithid shell) were obtained
from the central and landward part of the barrier;
some of them are not in stratigraphic order. The ages
from the seaward part of the barrier obtained in the
north are younger, ranging from 3609 to 3316 cal yr
Bp at the landward edge of AZ-T2 to 1217 to
938 cal yr Bp at its seaward end. A cerithid surface
from cemented surface beachrock at the narrow
palaeo-spit inland of the main barrier in the central
part of the sabkha provides an age of 3755 to

3417 cal yrBp (AZ-Spit 1; Fig. 2), whereas a cerithid
shell from the active beach in the south gives a mod-
ern age. In general, there is a stark contrast between
surface data from the very northern, sandy landward
margin of the sabkha (5534 to 5209 cal yr Bp and
5440 to 5061 cal yrBp at AZ-OSL-7; articulated Hiat-
ula mirbahensis and cerithid shells) and those from
the southern counterpart ranging from 3387 to
3065 cal yr Bp (AZ-6-12; cerithid shell) to 1036 to
752 cal yrBpP (AZ-3-12; cerithid shell).

The age distributions from the vibracores,
including adjacent surface data (Fig. 2), show no
inconsistencies. Where different material is
dated from the same stratigraphic depth, the 20
age spans either overlap (AZ-W1), show moder-
ate or, as in one case only, extreme discrepancy
(AZ-W12). Radiocarbon data from the deeper
wells AZ-W6 and AZ-W7, however, almost
entirely fall into the range of 6000 to 5000 years
ago and show numerous inconsistencies (Fig. 4).

Optically stimulated luminescence (OSL) ages
A comparably large scatter of equivalent-dose (D,)
distributions is observed in all OSL samples. How-
ever, while AZ-T1 and AZ-W7 show normally

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
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Fig. 7. Thin sections, core sections and grain-size distribution of the sabkha facies types. Details on thin sections
can be found in Fig. 6. The red frame on the core sections indicates where samples for thin sections and grain-
size analysis were taken. Grain-size diagrams: x axis = grain size (um), y axis = amount of grains in specific class
(vol. %). Red scale bar = 1 mm, yellow scale bar = 0.5 mm.

distributed D, with moderate over-dispersion values The OSL age estimate from Facies E2 at the base
of 17 to 63%, the AZ-T2 samples are characterized of AZ-W7 (Figs 4 and S5) gives a latest Pleistocene,
by over-dispersion values of 84 to 100% and right- pre-transgressive age of 12060 + 910 years. Sam-
skewed dose distributions (Fig. S1). ples of the narrow, snaky barrier, for which the
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International Association of Sedimentologists, Sedimentology, 69, 1119-1150



High-resolution facies analysis of a coastal sabkha 1133

Fig. 8. Surface patterns of evaporites. (A) Ephemeral halite-dominated crust in the southern central part of the sabkha
near AZ-W10 forming a typical polygonal pattern. The transition to the prevailing buckled gypsum crust and tepee
structures in the upper right is sharp. The diameter of the polygons is mostly between 50 cm and 80 cm. (B) Gircular
mounds of buckled gypsum crust (dark brown) in the centre near AZ-W5 elevated by large prismatic gypsum growing
right below the surface. The mound in the central part of the picture has a diameter of ca 15 m. (C) In some of these
cases, prismatic gypsum breaks the surface, dehydrates and transforms into bassanite/anhydrite, as exemplified in the
insert, where the transformed whitish part (bassanite/anhydrite) experienced subaerial exposure. (D) The central part of
the sabkha at AZ-W5 shows the typical sequence of white carbonate mud with traces of bioturbation (see lower insert)
(Facies C1), pure gypsum mush, large swallow-tail gypsum (see upper insert) (Facies B), overlain by a mixture of pris-
matic and lenticular gypsum crystals, quartz sand and halite, protected by a thin buckled crust (Facies A).

central age model (CAM; Galbraith et al., 1999) was
chosen, are dated to 7682 + 884 years and 5414 +
467 years (AZ-T1). At AZ-T2, ages of 1244 +
118 years and 918 + 229 years were obtained
using the minimum age model (MAM; Galbraith
et al., 1999) for the landward and seaward ends of
the trench, respectively.

DISCUSSION

Resolving the facies architecture of the Al-
Kharayej sabkha

Facies E2: Pre-transgressive dunes
The moderately to well-rounded quartz grains of
Facies E2 underlie the transgressive wedge of

the sabkha and represent the aeolian dunes of
the dry, late Pleistocene Gulf of Salwa. Its char-
acteristic unimodal grain-size distribution corre-
sponds to modern aeolian sands of barchan
dunes and surface depressions found in Qatar
today (Embabi & Ashour, 1993; Engel et al,
2018, 2020) and is directly related to the
drowned barchan dunes, which have been iden-
tified inside the Gulf of Salwa (Kassler, 1973;
Al-Hinai et al., 1987).

Facies E1: Reworked dune (transgression
facies)

The rounded quartz grains with minor carbonate
coating and minor amounts of carbonate of
Facies E1 (Fig. S6A) represent dune sand

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 69, 1119-1150



1134 M. Engel et al.

Foraminifera Ostracoda
©
g g
§_gg g g d_d%.dd_ a
T2 . . ;- o
2888 3588 % g 88 72f8%cc.,0
S8 0352 020 22 98945 EF STz e a
S002? SEeffP T oSS535580%5 0
m cm Grain size distribution (1m) ~ Mineral composition (%) §8835 8c85s58888 @§§§%5'§§'§3%%2§
_ S sc 93 X 8:=5 2S5 SSRXESESEL S
SE8ZT L3583 8233c883E22efRe
AZW6 6443 1 10 100 1000 0 50 100 S00ES N03SToSNO0F0a 0P LB O
Op —_—
s
_—
——
=
|
o
—_— ]
2 =
e
4 =
— ——
. ]
6 : =
: - -
8 : —: oo s o
: : o s
. | o o
: : . . e
5713
10 Y5450 B g0ist 096 &
= : 0Qoo0oo0 000 o o
L T cooeo QOO0 .
= I ) Qooos0o oaO
12 | E— ] s o O o (<] °
= 399 9Q¢ g
e o© - -0O°: :
= : ) PR
14 — S | —— ) ® 0 Q ° Q
=]
| eeee—— - im] Q@ o Q@ o o o° °
E— e Q20 @ e e B A
_—————
— : , °eeoooco N B N
16 — ) Q-20° c00 - . B °
B 0 0 000 - .
— . Q-0 Qo O--0-
[ Ire—— °oo°o£0 Qo0 o0 L}
o0 O o ° o
181785 e
Facies Volume % in grain-size classes Mineralogy Microfossil counts
A [c2 b3 [JF1 01 2 3 4 5 6 7 8 10 [Quartz [l Mg-Calcite [l Bassanite 0
s Mot et [F2 [ Plagioclase [l Aragonite [l Anhydrite < 13
Clct WDz [CJE2 [ K-feldspar [l Dolomite  [] Halite ° 25
M Calcite [ Gypsum o 6-10
Q 11-30
Q 31-100

Fig. 9. Deep well AZ-W6 (location in Fig. 2) on top of the outer barrier, with core log as well as data on grain-
size distribution, mineralogy and microfossil content. A legend for the core log is shown in Figs 3 and 5.

overprinted by marine reworking during the
rapid early to mid-Holocene transgression. E1
occurs in the form of a thin transition layer
between the predominantly late Pleistocene
dunes (E2) and the coarse-grained, mid-energy
open lagoon (D1) throughout the sabkha.

Facies D1: Mid-energy open lagoon to open
coast

The medium to coarse-grained skeletal—peloidal
packstone, poorly sorted and with minor

occurrences of coated quartz grains, indicates a
higher-energy environment, i.e. a subtidal, open-
lagoon environment. Its thickness of up to several
metres in the entire sabkha corresponds to rapid
accumulation during the RSL highstand in the
southern Arabian Gulf around 6000 to 4500 years
ago (Lokier et al., 2015; Strohmenger & Jameson,
2018; Parker et al., 2020; Rivers et al., 2020). In
contrast to C2, Facies D1 lacks shallow, protected-
lagoon ostracods of Cyprideis torosa and Hemi-
cytheridea, but shows a higher diversity, which
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Fig. 10. (A) Vertical burrows preserved in Facies C1 near AZ-W4 indicate prevailing deflation of the surrounding
material. (B) Where not overlain by Facies A (supratidal sabkha) or B (saline lake, salina), Facies C1 (low-energy
protected lagoon) may form a carbonate crust which close to AZ-W4 also suffers from deflation and corrasion indi-
cated by the exposed burrows (grey circle) and small exposed shells (blue circle). Pens for scale are ca 14 cm long.
(C) Articulated bivalves of Hiatula mirbahensis were even found in living position and exposed at the surface by
deflation in the north near AZ-W1. Lens cap is 5.5 cm in diameter.

may be attributed to a decrease in terrigenous input
in the deepening lagoon (Mostafawi, 2003). It is
also rich in serpulids, often showing straight
attachment surfaces, indicating growth on seagrass
leaves (Fig. 6F). The abundant ostracod taxa of
Loxoconcha spp. and Xestoleberis spp. have also
been found to be dominant elsewhere in moder-
ately restricted parts of the Gulf of Salwa (Hughes
Clarke & Keij, 1973).

Facies D2: High-energy open lagoon to open
coast

The coarse-grained sand with varying amounts
of skeletal debris representing D2 is only found
in deep well AZ-W7 on the outer barrier. It rep-
resents the highest-energy facies of the study
area. It is very similar to Facies D1, but slightly
coarser and contains a higher number of coated
quartz grains, which are typical for higher-
energy, outer lagoon environments of the Gulf of
Salwa (Rivers et al., 2019b).

Facies D3: Deeper subtidal

The laminated fine-grained peloid—skeletal
packstone is also only found relatively deep in
AZ-W7, where it alternates with Facies D1. It
likely corresponds with the rapid transgression
until 7000 to 6000 years ago leading to quick
flooding and water depths of several metres.
Whether the alternation of D1 (coarse-grained)
and D3 (fine-grained) in AZ-W7 is the result of
rapid vertical fluctuations in relative sea-level,
event-type, storm-wave deposition, or lateral
coastal changes remains open.

Facies C2: Low-energy, carbonate-dominated
lagoon
Facies C2 represents a low-energy, carbonate-
dominated lagoon. It is characterized by a high
amount of autochthonous aragonite mud and
low input of aeolian sand. In AZ-W10, the fora-
miniferal assemblage of the upper part of C2 is
dominated by Ammonia tepida and Elphidium
spp. Ammonia and Elphidium represent the
only foraminiferal taxa in the very shallow
(<1 m) parts of a protected, siliciclastic embay-
ment along the Saudi Gulf coast, explained by
the resistance of their tests against mechanical
abrasion (cf. Arslan et al., 2016). Ammonia tep-
ida is also the most common species in the
mud-dominated tidal flats of Kuwait, northern
Gulf (Al-Abdul-Razzaq et al., 1983). In the
lower part of C2 in AZ-W10, Quinqueloculina
spp. becomes abundant — besides Peneroplis
planatus and P. pertusus — which is very com-
mon in the intertidal to deeper subtidal envi-
ronments of the southern Gulf (Ahmed, 1991).
The ostracod Hemicytheridea, also associated
with very shallow, restricted conditions of inner
embayments (Al-Abdul-Razzaq et al., 1983),
occurs only in C2 in significant numbers. C. tor-
osa is only found in the upper part of C2, where
it supports the interpretation of a shallow, shel-
tered and hypersaline lagoon environment
according to its high abundance in similarly
challenging environments of Abu Dhabi (Bate,
1971; Stewart et al., 2011).

The high amount of aragonite in C2 (Fig. 11)
derives from evaporation-driven salinity increase,
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Fig. 11. Sediment core AZ-W10 (Fig. 2) with core log and data on mineralogy and foraminifera and ostracod con-
tent. Colour codes for mineral composition and a legend for the core log are shown in Fig. 3.

which in marginal-lagoon settings of Qatar may
add up to 90 psu, and diagenetic aragonite pre-
cipitation in the water column. Further salinity
increases following marine regression, and grad-
ual shallowing and silting up of the lagoon under
evaporation pressure then leads to gypsum and
halite precipitation towards the top of the sedi-
ment column (Facies B and A) (Rivers et al.,
2019b). With its hardground at around the
groundwater level in AZ-W10 (Fig. 11), Facies C2
corresponds to the bioclastic or peloid—skeletal
packstone of the lowermost intertidal to shallow
subtidal lagoon environment identified by Stroh-
menger et al. (2011) near Al-Qanatir (Al-Rufayq)
Island and by Strohmenger et al. (2010) inside

the Mussafah Channel (both Abu Dhabi). It also
corresponds to the soft-pelleted, skeletal lime
muds of the restricted, shallow lagoons of Sabkha
Faishakh and Sabkha Hussain, north-western
Qatar (Taylor & Illing, 1969; Illing & Taylor,
1993).

The separation between open-lagoon (D1) and
protected low-energy lagoon (C2) facies is
clearly demonstrated by the PCA of proxy data
of AZ-W10 (Fig. S7). Principal component (PC)
1 explains >40% of the distribution. Based on
the negative values of aragonite, which is mostly
present in the low-energy lime muds (e.g. Illing
& Taylor, 1993), and positive values of quartz,
derived from the reworking of dunes in higher-
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Fig. 12. Location of transect AZ-T2
(green line) at the northern seaward
part of the outer barrier, which
delineates the sabkha. The location
of the map is shown in Fig. 2.
Annual rates of barrier progradation
(in cm yr ') are inferred from
optically stimulated luminescence
(OSL) data from AZ-T2 (Tables S2
and S3; Fig. 13) (satellite image
from 13 October 2013; copyright
DigitalGlobe, accessed through Bing
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energy environments, PC 1 is interpreted to pos-
itively correlate with hydraulic energy, i.e. low
values representing protected-lagoon conditions
(C2) and high values representing higher-energy
open-lagoon conditions (D1). PC 2 may posi-
tively correlate with water depth.

Facies C1: Low-energy, sand-dominated
lagoon

Facies C1 represents a low-energy, sand-
dominated lagoon, similar to C2, but with a sig-
nificantly higher input of quartz sand. Macro-
benthic and microbenthic remains indicate a
shallow and protected lagoon, still permanently
connected to the Gulf of Salwa. Parts of this
lagoon may have been intertidal, as Hiatula
mirbahensis bivalves, found in living posi-
tion, endure temporary exposure and usually
populate such soft, fine-sandy to muddy, pro-
tected habitats along the Emirates coast (Morris
& Morris, 1993; Feulner & Hornby, 2006). Like-
wise, Peneroplis planatus is abundant in the
intertidal zone of the low-inclination coastlines
along the southern Arabian Gulf (Al-Abdul-
Razzaq et al., 1983; Ahmed, 1991; Al-Kathany
et al., 2015). In Qatari waters, the genus Pen-
eroplis was found in the shallowest environ-
ments (Al-Hitmi, 2000). Ostracods of the genus
Xestoleberis, i.e. X. rhomboidea and X.
rotunda, which dominate Facies C1, are also
associated with soft-bottom intertidal zones of

protected bays along the southern and western
Gulf. They are competitive in high salinities
(42 to 72.459%,) and a wide range of water tem-
peratures (21 to 35°C) (Al-Abdul-Razzaq et al.,
1982; Mostafawi, 2003). The second prominent
genus, Loxoconcha spp., could not be deter-
mined to species level. Four species of Loxo-
concha have been identified along the coast of
the southern Arabian Gulf. They are predomi-
nantly distributed on the nearshore shelf, but
also in tidal channels and protected lagoons
(Bate & Gurney, 1981).

In the north, C1 formed during the mid-
Holocene (AZ-W1; Fig. 3). Quartz sand domi-
nates and indicates long-distance aeolian input
by the Shamal at a time when upwind dune
fields in the north-western peninsula still
existed (cf. Engel et al,, 2018). The occurrence
of similar Facies C2 grainstone in the south (AZ-
W12; Fig. 3) at a later stage during the late Holo-
cene, when upwind sand sources had ceased
(cf. Engel et al., 2018), is dominated by arago-
nite, testifying to only local aeolian input from
the seaward barrier which, to a large part, con-
sists of skeletal grains.

The protrusion of articulated H. mirbahensis
and exposure of vertical burrows (Fig. 10A and
B) in the northern part around AZ-W4 (Figs 2
and 3) indicate deflation driven by a gradual
lowering of the capillary fringe to produce a
Stokes surface (Fryberger et al., 1988), which in
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Fig. 13. Trench AZ-T2 (for location see Figs 2 and 12) showing the facies architecture of the northernmost sea-
ward barrier. It is separated into four sections and has a gap between ca 13.5 m and 16 m from its western end
(numbers in bold on top of the profile sections refer to distance in metres from the western end of the trench;
those in regular font indicate the thickness of the profile in metres).

Qatari sabkhas lies mostly around 0.5 m above also dominant and controlled in a similar way by
the groundwater table (Whitaker et al., 2014). In a lowering groundwater level and Stokes surface
the Asaila Basin, central-eastern Qatar, deflation is after the mid-Holocene RSL highstand. Ground
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Fig. 14. Geomorphic features of the snaky spit and the sabkha floor (based on WorldView 2 satellite image from

2011).

surface lowering has been estimated to a mini-
mum of 1.5 m, inferred from the elevation of rem-
nant yardang-type mounds (Engel et al., 2020).

Facies B: Saline lake/lagoon (salina)

Facies B only occurs in the very central part of
the sabkha (AZ-W5), where, in combination
with the overlying supratidal sabkha deposits, it
forms a regressive evaporite sequence. The pris-
matic gypsum mush (selenite) embedded in a
soft, grey mud followed by a layer of large dis-
placive and replacive twinned gypsum minerals
of >10 cm length, indicate subaqueous formation

from a highly concentrated brine in the final,
shallow stages of the salina body (Warren, 1996;
Strohmenger & Jameson, 2018). Extremely high
surface temperatures during summer dehydrate
and transform exposed parts of prismatic gyp-
sum crystals (swallow tails) to bassanite/anhy-
drite (exposed, whitish parts in Fig. 8C).

Facies A: Recent supratidal sabkha

Gypsum-encrusted and halite-encrusted quartz
grains, as well as lenticular and prismatic gyp-
sum crystals in Facies A, combined with a
buckled crust, are typical for active supratidal
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Fig. 15. Trench AZ-T1 on top of the narrow, snaky barrier crossing the northern sabkha (Figs 2 and 14). Sampling
depths for grain-size distribution (five samples: lower right diagram) and optically stimulated luminescence (OSL)
dating (Tables S2 and S3) are shown, along with a detail photograph of cemented sandstone with fenestral struc-
tures (upper right). From the three OSL samples (yellow tubes), only two were eventually dated.

sabkha environments (e.g. Al-Yousef, 2003;
Strohmenger et al., 2011; Strohmenger & Jame-
son, 2015). In some places, clear polygonal
structures are indicative of supratidal condi-
tions (Billeaud et al., 2014). In Facies A, a
small percentage of gypsum is replaced by bas-
sanite and anhydrite through dissolution and
reprecipitation (Gunatilaka et al., 1985; Warren
et al., 1985; Alsharhan & Kendall, 2003; Stroh-
menger et al., 2011), mostly in the capillary
zone above the palaeo-groundwater table as
thermalites (Wood et al.,, 2005; Strohmenger
et al., 2010). Occasional cerithid shells and
small, indeterminable bivalve shell fragments
are likely introduced by strong Shamal winds
from the seaward barrier, because muddy inter-
tidal feeding grounds with microbial mats and
algae cover required by the surface-grazing Cer-
ithium sp. (cf. Stewart et al., 2011) are cur-
rently absent. Similar modern sabkha

environments have been described elsewhere in
Qatar, such as in Al Dakhirah (Billeaud et al.,
2014) or Sawda Nathil (Strohmenger & Jame-
son, 2018).

Thus, the parasequence described here, starting
with pre-transgressive dunes (E2), overlain by
reworked dunes (E1), open lagoon (D1), protected
lagoon (C1/C2), salina and sabkha deposits
(Fig. 3), is quite similar to the classical sabkha
sequence often found along the southern coast of
the Arabian Gulf (e.g. Alsharhan & Kendall,
2003; Evans, 2011; Strohmenger et al., 2011).

Resolving the barrier architecture

Facies J1: Mid-energy upper shoreface

The skeletal-peloid grainstone of Facies J1
underlies the foreshore and represents the shal-
low subtidal upper shoreface (Fig. 13). The
coexistence of planar and wavy or trough cross-
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Fig. 16. (A) to (G) Scenarios of beach, lagoon and sabkha formation at Al-Kharayej during the Holocene based on
the age data and facies model established in this study. For further information, refer to text. Numbers in (G) indi-
cate the location of the ten vibracores. The green dots indicate the location of the trenches.

beds is characteristic for depositional environ-
ments right below mean low water (e.g. Reinson,
1979; Dashtgard et al., 2012).

Facies F1: Outer beach barrier, mid to
high-energy foreshore environment

The peloid—skeletal grainstone of Facies F1
with very low-angle seaward inclination makes
up the upper, subaerial part of the barrier sep-
arating the sabkha from the Gulf of Salwa. The

cemented sections with fenestral structures
(keystone vugs) indicate formation in the
swash zone of the foreshore and later preser-
vation as beachrock. It largely corresponds
with the linear ridge of ‘type 1 deposit’ identi-
fied as the mid-Holocene beach associated
with landward shallow-lagoon deposits at Al-
Ruwais, northern Qatar (Rivers et al., 2020).
Mauz et al. (2015, p. 7) link “low angle
seaward-dipping tabular cross-bedding and
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Fig. 17. Scenarios of coastal regression and sabkha formation at Al-Khareyej, combining depositional history and
associated coastal landform changes.

keystone vugs” in beachrock with formation grainstone with massive shells (Fig. 13), indicat-
from the mean tidal level to mean high-water ing higher-energy deposition. Interbedded with
level. F1, they form a progradational, seaward dipping

foreshore architecture with several bounding sur-
Facies H: High-energy foreshore faces (e.g. Neal et al., 2002). The distribution of lar-
The foreshore of the outer barrier shows several ger mollusc shells in pockets can also be observed
onlap structures of very coarse skeletal—peloid in the modern upper foreshore environment.

© 2021 The Authors. Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology, 69, 1119-1150



High-resolution facies analysis of a coastal sabkha 1143

Facies G: Backshore

In contrast to the dominant occurrence of
Facies F1, small sections of the uppermost part
of AZ-T2 show landward inclination. These are
interpreted as supratidal backshore deposits,
mostly resulting from small-scale storm over-
wash (cf. Davis, 1978; Schwartz, 1982). Thus,
the barrier architecture as exposed in AZ-T2
corresponds to the regressive (prograding) bar-
rier parasequence as, for instance, summarized
in Reinson (1979).

Facies I: Aeolian deposition in swales

The quartz-dominated Facies I is only found in
small backshore depressions. The moderately to
well-sorted medium to coarse sand with only
few shell components indicates aeolian deposi-
tion in the backshore, whereas the absence of
vegetation on the barrier prevents proper fore-
dune formation.

Facies F2: Protected beach/spit (snaky barrier)
Sand grains of F2 along the snaky barrier are
moderately to well-rounded and show a uni-
modal distribution, similar to E2. However, the
deposit is significantly coarser (peaking in the
coarse-sand category) than the aeolian facies.
Beachrock cementation, again showing fenestral
structures (Fig. 15), support the interpretation of
a foreshore environment, but exposed to lower
energy compared to F1.

Chronostratigraphy

All calibrated "*C ages represent maximum ages,
because post-mortem relocation of the dated
objects can never be entirely excluded, apart from
articulated shells in living position (i.e. H. mirba-
hensis) and the thin microbial mat in AZ-W4.
However, the majority of '*C data from the vibra-
cores (AZ-W1 to AZ-W5; AZ-W8 to AZ-W12) in
combination with surface samples show no incon-
sistencies. They are in accordance with the regio-
nal RSL history, and can be used with confidence
for reconstructing sabkha formation in space and
time. Nevertheless, multiple datings from the
same depth in the upper part of Facies D1 in AZ-
W12 (Fig. 3) show that individual **C data could
be overestimating the age of sedimentation by up
to several hundreds of years.

The '*C data from Facies E2 ranging from
22 000 to 40 000 yr cal BP may overestimate the
age of deposition by thousands of years, if com-
pared to the more reliable basal OSL age of AZ-
W7 of ca 12 000 years. This OSL age, however,

confirms the latest Pleistocene, pre-transgressive
age of the dunes underlying the sabkha sequence,
when sand dunes covered large parts of the
entire dry Gulf (Sarnthein, 1972; Strohmenger &
Jameson, 2015). The *C data derived from the
deep wells of AZ-W6 and AZ-W7 show multiple
inconsistencies and generally cover the age range
of the earlier part of the mid-Holocene RSL high-
stand only. They are not in accordance with the
consistent chronostratigraphy of the vibracores.
Reasons may include longshore reworking of
dated Cerithium shells along the outer barrier
and possible incorporation into deeper parts of
the well through the coring process. Thus, age
data of AZ-W6 and AZ-W?7 were not considered
for the model of sabkha formation.

The OSL ages show relatively low precision
due to low dose rates (0.6 to 1.1 Gy ka1 and
spatially heterogeneous beta radiation in the
heterogeneous coastal sediments dominated by
quartz and different carbonate, similar to that
experienced by Brill et al. (2017). Thus, for the
aeolian (Facies E2) and low-energy foreshore
(Facies F2) sediments from AZ-T1 and AZ-W?7,
which show no indication of incomplete OSL
signal resetting in their D, distributions, large ali-
quots of 8 mm diameter in combination with the
CAM reduce the influence of spatial dose-rate
variability and increase OSL signal intensities.
The higher-energetic foreshore deposits (Facies
F1) of AZ-T2, in contrast, show clear indication
of incomplete OSL signal resetting in their D,
distributions. Smaller 2 mm aliquots combined
with the MAM for burial-dose determination
were applied to account for these effects. The
resulting OSL ages are in stratigraphic order and
either agree with (seaward part of AZ-T2) or are
significantly younger than '*C-AMS ages from
similar strata, which are prone to reworking.
Thus, the OSL data are considered to provide
robust chronologies for sediment deposition of
all dated facies.

Sabkha formation in space and time

During MIS stages 4 to 2, the Arabian Gulf was
a large river valley draining the Euphrates and
Tigris basin and receiving numerous tributaries
from the Iranian landmass (short, steep gradient)
and the Arabian Shield (longer, low gradient).
The  pre-transgressive  (before 14 000 to
12 000 years ago) sedimentation inside the Gulf
was dominated by fluvial and aeolian quartz
sand and silt (Sarnthein, 1972; Stoffers & Ross,
1979; Ross et al., 1986; Strohmenger & Jameson,
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2015). In the marginal Gulf of Salwa, barchanoid
dunes dominated under a presumably hyperarid
climate regime before the onset of the Holocene
(Al-Hinai et al., 1987; Goudie et al., 2000;
Leighton et al., 2014) and the transgression,
respectively (Fig. 16A). Massive gypsum (Facies
A) at the base of AZ-W6 (Figs 9 and S2) indi-
cates the localized formation of a pre-
transgressive sabkha or saline lake inside an
interdunal depression.

Based on the few systematically dated and
published RSL index points of the mid-
Holocene RSL highstand in Qatar (Vita-Finzi,
1978; Engel & Briickner, 2014; Rivers et al.,
2020), rising RSL reached present-day levels
around 6500 years ago — 1000 years later than
estimated in Puls et al. (2009) and Billeaud
et al. (2014). At that time, the area of the sabkha
of Al-Kharayej became flooded and a narrow
beach started to form (Figs 16B and 17). At the
time of the highstand, ca 6000 years ago (Stroh-
menger & Jameson, 2015; Rivers et al., 2020), a
flying spit started to grow from the beach to
form the nucleus of the later broad outer barrier.

At 5500 to 5000 cal yr Bp, the main spit diverted
landward, developed a snaky outline and started
to enclose the northern section of today’s sabkha
(Figs 16C and 17). Thus, the northern section
quickly evolved from open-coast to open-lagoon
and protected-lagoon conditions within ca
1000 years. Deviations of spits have been observed
in various coastal settings elsewhere, but whether
they are triggered by major storms or thresholds in
the feedback between the production and distribu-
tion of sediment and substrate morphology (Kwar-
teng et al, 2005) is difficult to decipher, even
though it was previously found that spit curvature
is linked to wave-energy reduction (Allard et al.,
2008). Small-scale cuspate spits along both sides
of the snaky spit (Fig. 14) indicate a longshore
drift towards the south-east on the southern side
and — less distinct — towards the north-west on the
northern, inner side, where it was possibly driven
by tidal currents. These diverging mechanisms
forming the spit on both sides might have led to
its snaky outline. The entire spit until this time
had grown by a rate of ca 2.5 to 3.0 m yr .

At 4500 to 4000 cal yr Bp, the snaky barrier
had nearly constrained the northern sabkha sec-
tion. The closed lagoon gradually filled with
clastic deposits, skeletal grains and evaporites
from south to north, driven by the tidal current
entering from the south and indicated by accre-
tionary, curved shorelines visible in Fig. 14
(‘linear accretion features’). Meanwhile, the spit

of the outer barrier had grown further south
increasing the area of protected-lagoon condi-
tions in today’s main sabkha section (Fig. 16D).
An increase of evaporation rates supporting the
further transformation into a salina and sabkha
later on can be inferred from significant aridiza-
tion trends after the early to mid-Holocene
humid phase across the Arabian Peninsula
(Fleitmann et al., 2003; Parker et al., 2016; Engel
et al., 2017, 2020). Shallowing of the entire
coastal geomorphic system was driven by both
gradual coastal and aeolian sedimentation and
the initiation of the RSL fall at that time (cf. Par-
ker et al., 2020). The RSL-related lowering of
the capillary fringe in the supratidal sabkha of
the northern section resulted in deflation (cf.
Fryberger et al., 1988), which has also been
observed in the landward part of sabkhas else-
where in Qatar (Strohmenger & Jameson, 2015)
and the karst basin of Asaila close to the Gulf of
Salwa coast (Engel et al., 2020). A gradual
reduction of aeolian sand supply and sand
movement in the form of barchanoid dunes
within the Shamal corridor, which is roughly
shore-parallel at the study site, has to be
expected as the transgression had cut off the
upwind sand source inside the Bahrain Ridge
and the Gulf of Salwa, leading to long-term
deprivation of sand on the entire peninsula
(Embabi & Ashour, 1993; Engel et al., 2018).

At 3500 to 3000 cal yr Bp, the tidal connection
had closed and a salina had formed, gradually
transitioning into a supratidal sabkha. Rapid
progradation of the outer spit (ca 6 m yr~* since
5500 to 5000 cal yr Br) was fuelled by RSL fall
(cf. Nielsen & Johannessen, 2008) and led to the
extension of the open lagoon south of the snaky
barrier. At the same time, the main spit accreted
westward and widened. Several potential small-
scale tidal inlets and tidal deltas cutting the
older part of the spit can be identified in the
satellite image (Fig. 14). In the northern part of
this lagoon, conditions became increasingly pro-
tected, while at the northernmost margin the
sabkha started to form (Fig. 16E). Beach ridge-
type features identifiable on satellite imagery
and between the inner boundary of the main
spit and the deviating snaky spit, labelled as
‘linear accretion features’ in Fig. 14, reflect con-
traction of the protected lagoon. Whether these
features correspond to beach ridges or cheniers
(Shinn, 1973a, 2011), as they are underlain and
flanked by muddy lagoonal facies (cf. Otvos,
2000), is difficult to infer, because they were not
morphologically visible in the field.
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At 2000 to 1500 cal yr Bp, the main spit had
almost reached the modern shape of the outer
barrier constraining the sabkha. A tidal connec-
tion in the south was still open permitting lim-
ited exchange of water (Fig. 16F). The inner part
of this closed lagoon, as reflected by AZ-WS5,
subsequently developed into a salina, before the
closure of the barrier in the south led to present-
day supratidal sabkha conditions (Figs 16G and
17). Further lowering of the Stokes surface
resulted in deflation over the last two millennia,
even though these effects are not as severe as in
the northern section (Fig. 10).

Based on this spatio-temporal reconstruction,
the sabkha of Al-Kharayej is a suitable example
for a longshore transport-driven, spit-controlled
formation, as systematically outlined by Purser
(1985). Along the north-eastern coast of Qatar,
however, similar lagoons are not yet entirely
closed off (Shinn, 1973a; Billeaud et al., 2014).
The sabkha of Al-Kharayej stands in genetic con-
trast to the Mesaieed sabkha in the south-east of
Qatar (Strohmenger & Jameson, 2015), which
formed mainly due to coastal progradation fed by
high detrital input of ‘calving’ barchan dunes in
combination with evaporite pumping and the
infiltration of seawater (Shinn, 1973b). Further-
more, it does not entirely comply with the classi-
cal model of sabkha formation as developed along
the UAE coast, where the shore-perpendicular
accumulation of coastal deposits during high tides
or storms in combination with the mid-Holocene
to late Holocene RSL fall results in the prograda-
tion of wide, low-inclination tidal flats into the
lagoons and the precipitation of interstitial evap-
orites in the supratidal zone (Evans, 2011).

The regressive sabkha sequence of AZ-W5 in the
centre of the main sabkha, showing by far the high-
est concentration of halite, supports the bull’s eye
model, describing the concentric sequence of dif-
ferent evaporitic minerals depending on their solu-
bility. According to the contraction of the lagoon
and salina from the margins to the centre, the min-
eral of highest solubility, i.e. halite, is dominant in
the centre, followed by gypsum and carbonates
towards the margins (Warren et al., 1985; Sonnen-
feld & Perthuisot, 1989; Ginau et al., 2012).

Diagenetic modification of the sabkha:
implications for reservoir characteristics

Many of the oil and gas reservoirs in the Middle
East formed under conditions similar to the
mid-Holocene to late Holocene coastal prograda-
tion along the coastline of Qatar. Sabkha

sequences, such as the one described here, rep-
resent baffles or seals in the sedimentary record,
due to the abundance of porosity-destroying
evaporites (Strohmenger & Jameson, 2015). After
burial, the primary precipitated gypsum will be
transformed to anhydrite-after-gypsum, forming
efficient barriers or seals, depending on the lat-
eral and vertical continuity and thickness. Thus,
the sabkha of Al-Kharayej represents a modern
analogue for depositional and diagenetic pro-
cesses controlling reservoir property and quality
of the arid-climate carbonates, represented by
the Permo-Triassic Khuff and the Jurassic Arab
formations, even though its siliciclastic content
is higher than in the fossil examples. Based on
the main controlling factors driving coastal sedi-
mentation — some of which equally affect the
entire peninsula (RSL; climate), whereas others
are site-specific (coastline orientation; wind,
wave and tidal energy; depositional relief; sedi-
ment sources) — coastal sedimentation patterns
in Qatar can be separated into windward, lee-
ward, oblique and protected sections (Strohmen-
ger & Jameson, 2015).

For instance, the oblique coastal system of the
Mesaieed sabkha (south-east Qatar), characterized
by an upper, middle and lower sabkha, as well
as the coastal area, all evolving since ca
8000 years ago, differs from Al-Kharayej. While
the upper and middle sabkha lithosomes show
signs of significant deflation and diagenetic over-
printing through gypsum precipitation (especially
laminated and buckled gypsum crust in the
upper part), the lower sabkha and coastal area
consist of a series of prograding spits of coarse
skeletal material with surprisingly grainy facies
in the associated back-beach-lagoon and tidal-flat
environments (Strohmenger & Jameson, 2015).

The sabkha of Al-Kharayej also experiences
longshore sediment transport, but under lower
wave and tidal-energy conditions and a shore-
parallel main wind direction. In contrast to the
sabkha of Mesaieed, where the Shamal wind
drives the longshore current away from the coast
in an oblique angle, forcing a sequence of spits
to prograde into the Gulf, at Al-Kharayej only
one major spit made up of coarse skeletal and
quartz sand formed. Furthermore, there is a rela-
tively porous section of dune sands of unknown
thickness between the transgressive marine to
coastal wedge of the sabkha and the Eocene bed-
rock, which has not been described at Mesaieed
(Strohmenger & Jameson, 2015). At Al-Kharayej,
the majority of the sabkha lithosome consists of
mid-energy open to protected lagoon facies
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(Facies D1, C2, C1), i.e. carbonate mud with
varying amounts of skeletal debris, ooids and
other grainy particles. These facies reach a
thickness of up to 6 m in the centre (for exam-
ple, AZ-W11) and up to 15 m beneath the outer
barrier (AZ-W6), where open-lagoon packstone
dominates. Interestingly, laminated gypsum
crust, interpreted as subaqueous gypsum precip-
itation during folding of lower-lying parts of the
sabkha (Strohmenger & Jameson, 2015), has not
been observed, while buckled gypsum crust
(Facies A), related to gypsum growth within
pores of the sediment column through capillary
rise of saline groundwater or seawater (Stroh-
menger & Jameson, 2018), is very common
throughout the uppermost layer in varying
intensity. This type of diagenetic overprinting,
along with the concentrated swallow-tail, salina-
type gypsum crystals found in the uppermost
layers of the central area around AZ-W5 (Facies
B), is restricted to the upper few decimetres of
the sediment column (14 cm in AZ-W10; 24 cm
in AZ-W5). While dolomite is a major compo-
nent of many other sabkha sequences in Qatar
and Abu Dhabi (Bontognali et al., 2010; Stroh-
menger et al., 2010, 2011; Brauchli et al., 2016;
Shalev et al., 2021), only minor amounts were
found at Al-Khareyej. This coincides with a lack
of thick and continuous microbial deposits,
which are also prominent features throughout
many other costal sabkha sequences along the
southern Arabian Gulf.

Al-Kharayej represents a model of a complex,
heterogeneous reservoir system, deposited under
relatively low wave-energy and tidal-energy con-
ditions. In the absence of stepwise seaward
migration of coarse-grained beaches and spits, as
in Mesaieed, finer-grained carbonate-mud facies
dominates the area behind the main barrier. Sec-
ondary, but still very early diagenetic plugging
of the pore space by gypsum, as observed at
Mesaieed (up to 60% of the porosity is lost by
gypsum cementation within the upper sabkha
environment; Strohmenger & Jameson, 2015), is
less intense in the study area. In summary, the
sedimentary architecture of Al-Kharayej is quite
unique along the Qatar coastline and not only
differs from the one in Mesaieed, but also from
the windward coast at Al-Ruwais, dominated by
Holocene carbonates (beaches, aeolian dunes,
and coral reefs/patch reefs; Purkis et al., 2017;
Rivers et al., 2020), the eastern, oblique coast-
line at Al-Dakhirah, dominated by longshore
transported carbonates (Billeaud et al., 2014),
and the south-eastern, leeward coastline at Khor

Al-Adaid, dominated by siliciclastic aeolian
dunes and evaporites (sabkha-type gypsum; Riv-
ers et al., 2019b).

CONCLUSIONS

Coastal sabkha formation in Qatar is driven by
regional [relative sea-level (RSL) changes; cli-
mate] and local (coastline orientation; wind,
wave and tidal energy, longshore drift; deposi-
tional relief; sediment sources) factors. Among
these, RSL changes are the main driver of the
general pattern of early to mid-Holocene trans-
gression and subsequent regression, leading to
coastal progradation and the formation of nar-
row beach-ridge sequences (for example, Al-
Sirriyah; Engel & Briickner, 2014), wider spit
sequences with tidal flats in between (for exam-
ple, Mesaieed; Strohmenger & Jameson, 2015) or
various forms of coastal sabkhas, such as at the
protected coast of Al-Kharaye;j.

At Al-Kharayej, the coastline runs roughly par-
allel to the Shamal winds causing a mainly obli-
que angle of approaching waves. This in
combination with a low to mid-energy wave
regime, a low tidal range, as well as abundant sed-
iment available in the Gulf of Salwa through
reworking of drowned dunes and the authigenic
production of skeletal carbonates led to the forma-
tion of a large coastal sabkha above the pre-
transgressive, Pleistocene dune surface. Fifteen
different facies types were identified from 12 sedi-
ment cores and two trenches. The sabkha’s parase-
quence comprises pre-transgressive dune sands
(Facies E2), a thin, transgressive layer of reworked
dune material (Facies E1), a mid-energy open-
coast to open-lagoon facies (Facies D1), overlain
by a low-energy lagoonal facies (Facies C1, C2),
closed lagoon to salina (Facies B) and, finally, the
supratidal sabkha diagenetic overprint (Facies A).

In combination with the 'C and optically
stimulated luminescence (OSL) dataset, marine
flooding of the area resulted in open-coast to
open-lagoonal sedimentation and the formation
of a beach at its landward margin. Initial spit
formation at the very northern end can be recon-
structed for the transition from the mid-
Holocene transgression to RSL highstand,
around 6000 cal yr Bp. During the following mil-
lennium, this main outer spit prograded south-
ward and a snaky, low-energy spit diverted
landward, gradually closing off a lagoon in the
northern part of the sabkha around 4500 to
4000 cal yr Bp. The falling RSL and longshore
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drift resulted in further southward extension
and widening of the outer spit as well as shal-
lowing of the open lagoon south of the snaky
barrier. Around 2000 to 1500 cal yr Bp, the outer
spit had almost reached its current shape, gradu-
ally closing the landward lagoon, leading to sal-
ina and, finally, sabkha conditions. This almost
complete separation of the lagoon from the Gulf
of Salwa caused the formation of a back-barrier
salina (saline lake), where subaqueous prismatic
gypsum precipitated in the form of gypsum
swallow-tail crystals (Figs 5, 8C and 8D). After
drying out, the salina deposits were thinly cov-
ered by aeolian sand and overprinted under sab-
kha conditions. In some parts, deflation led to
the erosion of the uppermost layer.

In contrast to most other sabkhas described in
literature, such as the famous examples along the
United Arab Emirates coast (e.g. Alsharhan & Ken-
dall, 2003; Evans, 2011), sabkha genesis at Al-
Khareyej mainly results from the longshore drift
and sediment availability nurturing a spit system
that creates a protected, shallowing lagoon. In
combination with RSL fall after the mid-Holocene
highstand, this low-energy environment domi-
nated by carbonate muds silted up and trans-
formed into a supratidal coastal sabkha. This is
also in contrast to the east coast of Qatar, for exam-
ple, the coarser-grained Mesaieed sabkha, as
grainstone facies at Al-Khareyej is mostly
restricted to the main outer barrier and the thinner
and narrower snaky barrier. Diagenetic overprint-
ing is mostly present in the form of a buckled gyp-
sum crust (sabkha-type gypsum and minor salt
precipitation within the upper centimetres of the
sediment). Unlike at Mesaieed, where extensive
early diagenetic gypsum precipitation signifi-
cantly reduced the pore space, plugging of the
pore space by gypsum cementation has a less
intense impact on reservoir properties at Al-
Kharayej.
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