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ABSTRACT: The coastal areas of Abu Dhabi in the UAE are protected by wide tidal flats which can be divided 
into five distinctive Holocene facies belts from seaward to landward. These are: 1) an upper intertidal 
cyanobacterial mat facies ranging from 10 to 55 cm (4 to 20 inches) in thickness, which is composed of laminated 
cyanobacterial mats intercalated with aragonite mud, gypsum crystals and protodolomites; 2) a lower supratidal 
gypsum mush facies forming a layer, locally up to 30 cm (12 inches) thick, capped by a crinkled cyanobacterial 
mat surface; 3) a mid-supratidal salt flat facies, which is up to 60 cm (23 inches) thick and is characterized by a thin 
crumpled polygonal surface of halite (2-5 cm thick) capping polygonal anhydrite layers (which replace and 
displace gypsum), carbonate washover sands, and some pockets of gypsum crystals. Aragonite muds trapped below 
this layer may be partially replaced by protodolomite; 4) an upper supratidal salt-flat facies, which ranges in 
thickness from 2 to 65 cm (1 to 25 inches) and contains near-surface nodular anhydrite in a matrix of carbonate 
sand. Beneath this is a layer of chicken-wire anhydrite that has completely replaced the gypsum mush. The 
cyanobacterial peat below contains abundant large lenticular gypsum crystals. Protodolomite replaces intertidal 
carbonates, while anhydrite fills molds of gastropod shells also occurs; 5) landward of stranded cerithid beach 
ridges is an upper supratidal recycled eolianite facies, and storm washover sediment which includes gypsum 
crystals which were eroded from the upper cyanobacterial flats. These crystals now form the nucleus to the 
"cumulus cloud-like" nodules and layers of anhydrite which are commonly found just within and beneath the 
sabkha surface. These often overlie shallow lagoonal sediments which may be dominated by carbonate mud. Large 
gypsum rosettes are found in this mud. 
 On the most landward side of the sabkha, particularly within the sabkhas closer to the city of Abu Dhabi, the 
anhydrite layers and nodules are replaced by gypsum. This replacement is a response to the influx of the fresher 
continental waters from the Arabian interior entering the coastal system, and local flash flooding. The lateral facies 
belts, with the exception of the replacement of anhydrite by gypsum, have been explained as the product of storm 
washover of marine flood waters and/or the evaporative pumping of the marine ground waters. Recent road 
building parallel to the coast near Qanatir, just landward of the cyanobacterial flat has coincided with the fall in the 
marine water table landward of the road and is directly related to anhydrite conversion to gypsum. The evaporative 
pumping model predicts that the marine ground waters would percolate beneath the road, but clearly this is not so. 
Thus, the marine water table was recharged by flooding, but now is flooded only by fresh water, so the water table 
has dropped and the anhydrite has become gypsum. 
 
 
 
 
 



 3

1. INTRODUCTION 
 
This paper presents results of studies made of the 
supratidal evaporites found in the vicinity of Qanatir 
in the Khor Al Bazam of Abu Dhabi. This east-west 
trending lagoon, is part of a shallow-water carbonate 
and supratidal evaporite tract that lines central Abu 
Dhabi along the United Arab Emirates (UAE) coast 
embayment (Fig. 1) to the south of the axial trough of 
the Arabian Gulf. 
 This coastal complex of seaward reefs, carbonate 
barrier islands, tidal channels and deltas, and shallow 
lagoons is the site of the accumulation of oolitic sands 
and finer mud-sized carbonates (Fig. 2). These 
lagoons, which include the Khor Al Bazam, are 
rimmed by cyanobacterial flats, which in turn have 
been partly covered by prograding supratidal salt flats 
or sabkhas (see Kendall & Skipwith, 1968, 1969; 
Purser, 1973; Butler et al., 1982). 
 Many cores and samples have been collected from 
these supratidal flats and have been described by 
Curtis et al. (1963, 1964), Kinsman (1964), Patterson 
and Kinsman (1981), Butler (1969) and Butler et al. 
(1982), Kendall (1991). Below this Holocene 
sequence, the Pre-Pleistocene sediments consist of 
outwash fans of mixed clastic and carbonate, marine 
carbonate and cyanobacterial sediments, and 
supratidal salt flats (Fig. 3). The base of the Holocene 
varies from marine sediments seaward to more 
restricted evaporative sediments landward. 
 The sediments of the coastal region pass landward 
into a continental dunes and wadis and seaward into 
basinal facies. These Holocene sediments provide one 
of the best Holocene analogs to ancient shallow 
water carbonate and supratidal evaporite sequences 
(Curtis et al., 1963; Kinsman, 1964; Wood & Wolf, 
1969; Butler et al., 1982; Warren & Kendall, 1985). 
 
2. SUPRATIDAL EVAPORITES FAVORED BY 
CLIMATE 
 
The UAE has an arid, sub-tropical climate and 
because the Arabian Gulf is surrounded by land, the 
climate is continental with high seasonal fluctuations 
(Purser & Seibold, 1973). The narrow Straits of 
Hormuz inhibit exchange of marine water, creating 
restricted sedimentary settings in which water 
temperature and salinity vary widely. Temperatures 
are high in the Arabian Gulf during the summer 
months because it lies close to the Tropic of Cancer. 
The air temperatures often reach 45-50°C in the 

summer but can be as low as 0°C in the winter 
(Purser & Seibold, 1973). These temperatures, 
coupled with the aridity of the UAE coast, partially 
explains the widespread occurrence of carbonates 
and evaporites. Both Butler (1965) and Kinsman 
(1964b) recorded sabkha surface temperatures of 
over 40°C in the winter months. Butler (oral comm.) 
states that temperatures reach 50°C in the summer. 
Water temperatures tend to increase moving away 
from the entrance to the Arabian Gulf, increasing in 
the shallow coastal areas and lagoons (Purser & 
Seibold, 1973). Temperatures vary from 23-24°C in 
the nearshore to 22-36°C in the inner lagoon (Evans 
et al., 1969) and can reach as high as 40°C in the 
summer and as low as 15°C in the winter (Purser & 
Seibold, 1973). 
 Tidal currents are aligned approximately parallel 
to the axis of the Gulf (Hartmann & Woodward, 
1971). The tides are mixed diurnal, ranging from 2.5 
m to the north of the islands to approximately 1 m to 
the south in the lagoons (Evans et al., 1969). On the 
coastal barriers of Abu Dhabi, the tidal range is 
approximately 1.5 m, but is only 1 m in the adjacent 
lagoons (Evans, 1970). The southeasterly trending 
"shamal" winds are responsible for wave activity 
along the UAE coast, with the tidal deltas receiving 
most of the wave energy (Evans et al., 1969). 
Prolonged winds may cause the tide to rise, flooding 
coastal areas. 
 The combined effect of strong winds, high 
temperature and low rainfall results in significant 
evaporation and high salinities (Purser & Seibold, 
1973). This leads to the precipitation of the evaporite 
minerals gypsum and anhydrite beneath the sediment 
surface of the sabkha settings of the Khor Al Bazam. 
The average rainfall is less than five cm (Evans et 
al., 1969). These rains fall in autumn, winter or 
spring and although infrequent may be torrential. 
This produces ephemeral changes in the evaporite 
mineralogy but has little effect on the gross 
sedimentary character on groundwaters (Butler, 
1965). 
 Evaporation rates in the southern Arabian Gulf 
are estimated by Privett (1959) to be as much as 124 
cm per annum. The high summer salinities recorded 
by Sugden (1963) for part of the southern Gulf 
suggest that evaporation is greatest in summer, 
especially in restricted lagoons. 
 Salinity studies of the Arabian Gulf were made by 
Emery (1956) and Sugden (1963). Salinities range 
from 37% near the Strait of Hormuz to greater than  
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Figure 1.  Arabian Gulf and its gross morphologic features (after Purser, 1973). 

 

 
 

Figure 2.  Map of the general marine facies of the coast of Abu Dhabi in the UAE. 
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65% in the lagoons of the Arabian Coast. The low 
influx of fresh water and the high rates of evaporation 
produce these high salinities. Kinsman (1964b), 
working in the lagoon just west of Abu Dhabi found 
that salinity changed with the state of the tide, and that 
the more restricted the circulation the greater the 
salinity variation. 
 Water lost to evaporation is not compensated by 
fluvial input and precipitation. The nearshore waters 
have salinities ranging from 42.7-44.5 ppt; lagoonal 
waters have salinities ranging from 53.6-66.9 ppt 
(Evans et al., 1969). While salinities in the central part 
of the Gulf average 37-40 ppt, the shallow areas of the 
UAE Coast average 40-50 ppt. The lagoonal areas and 
embayments can average 60-70 ppt (Purser & Seibold 
1973). These are the waters that are being washed 
onto the sabkha during high spring tides when there is 
a strong "shamal" and/or are the source of the waters 
thought by Hsu and Schneider (1973) to be sucked 
beneath the sabkha from the sea by "evaporative 
pumping". 
 Brines collected by Butler (1965) from the ground 
waters of the sabkha both before and after storm-
induced marine flooding showed no appreciable 
difference in the concentrations of the various salts. 
However, halite was washed from the surface 
sediments, and anhydrite near the sabkha surface 
above the intertidal zone was eroded. 
 pH values for the Khor Al Bazam were taken at a 
wide number of stations and at different times of day. 
They were all found to be approximately 7.8 at a 
temperature of 77° F (25oC). 
 The coastal "sabkha" plain is formed by 
supratidal, intertidal and lagoonal sediments that have 
accreted in the Holocene (Fig. 3). Using radiocarbon 
dating, Kinsman (oral comm.) has shown that the 
inner parts of this sabkha are no more than 2000 years 
old. This sabkha stretches "from Ras Ghanada almost 
to the Qatar peninsula in the west, a total distance of 
almost 320 km" (Evans et al., 1964). Except where 
hills of Tertiary and Quaternary rocks jut out as 
peninsulas, the width of the sabkha of the Khor Al 
Bazam varies and can reach as much as 32 km. It 
backs the intertidal flats of the coastal terrace. In 
places, the sabkha surface lies flush with eroded 
Quaternary rocks. 
  
 
 
 

 The sabkha surface of the Khor Al Bazam can 
take several forms. Often it is represented by the old 
beach ridges. These are the most conspicuous features 
of the sabkha and are identified by their distinctive 
appearance in aerial photographs. Similar to the 
"cheniers," of Louisiana (Byrne et al., 1959) they have 
linear shapes with a smooth seaward margin and an 
irregular landward outline (Fig. 4). These ridges 
normally consist of well-sorted, coarse skeletal sand 
(primarily cerithid gastropods), and mark various 
stages of seaward accretion of the sabkha by intertidal 
spits. They drape headlands and cross embayments. It 
is likely that some of the beach ridges represent 
barrier beaches that formed seaward of now infilled 
lagoons to the lee of what were offshore banks. South 
of the ridges lining the Khor Al Bazam the sediment 
surface is very sandy and probably represents the final 
infill of lagoons. Moreover, some of the sandy 
sediment is formed by the bedded Quaternary 
Miliolite. Other sediments of the sandy surface show 
crude horizontal laminae, with well-sorted horizons of 
foraminifera-rich sand which probably accumulated 
during storm flooding. These beds are commonly 
contorted by the crystallization of halite or the decay 
of the foraminifera-encrusted, sargassum-like seaweed 
washed inland. 
 Salt encrusted cynobacterial flats occur between 
beach ridges, and seaward of them. South of the large 
eastern cyanobacterial flat of the Khor Al Bazam, the 
sabkha surface is covered by storm washover 
sediments. Trenches dug at least 2 km inland from the 
present highwater mark reveal that cyanobacterial 
laminae are still preserved resting on lagoonal 
sediments and an associated beachrock crust. 
 Responding to evaporation, the groundwaters of 
the sabkha show a progressive landward increase in 
salinity (Kinsman, 1964b; Butler, 1965) and produce 
four parallel gradational belts of distinct evaporite 
mineral assemblages and associated structures (Fig. 5) 
(Butler et al., 1965): 
1.  Upper intertidal: gypsum and celestite crystals and 

dolomitized calcium carbonate within the 
capillary zone (Fig. 5d). 

2.  High water mark: calcium sulphate hemihydrate 
(Skipwith, 1966), anhydrite nodules and dolomite 
accompanying solution of gypsum in the capillary 
zone; dolomite and large "sand crystals" of 
gypsum below the water table; halite precipitated 
by the evaporation of stranded tidal waters and 
capillary water at the air sediment interface. 
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Figure 3. General block diagram of the gross surface stratigraphy of coastal Abu Dhabi, UAE. 

 
 

 
 

Figure 4. Coastal sabkha and tidal flats in the vicinity of the Qanatir. Note the east west road 
at the top of the tidal flat. This acts as a barrier of flood waters. 
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Figure 5. General features of the margin of the coastal sabkha at Al Qanatir. A: The polygonal 
sources of hardground of the lower subtidal. B: The cindery cyanobacterial surface of the seaward 
edge of the algal flats. C: The polygonal cyanobacterial mats in the center of the algal flats. D: 
The crenulated cyanobacterial mat surface overlying the gypsum mush layer. E: Surface 
anhydrite layers contorted into polygons. F: Diapir anhydrite layers and halite polygons just 
seaward of the stranded cerithid rich beach ridges. G: Beach ridges. H: Anhydrite inverting to 
gypsum close to Tertiary hills and in to the lee of the road barrier. 
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3.  Above high water mark: anhydrite polygons and 
diapirs within the capillary zone; gypsum and 
dolomite below the water table (Figs 5e, f). 

4.  Adjacent to outwash fans: anhydrite converted to 
gypsum by the influx of less saline ground water 
(Fig. 5h). 

 The occurrence of these mineralogic belts is 
variable and sometimes one or more is absent. Traced 
landward, gypsum normally appears in the capillary 
zone of the cyanobacterial flats as a mush of lenticular 
crystals. Each gypsum crystal is about 0.5 nun in 
diameter and is flattened perpendicular to its c-axis 
(Masson, 1955). Inland from the intertidal zone, the 
layer of crystals thickens to 20 cm. This gypsum is 
generally covered by a thin crenulated cyanobacterial 
mat. At the landward edge of this mat, small blebs of 
anhydrite occur in the surface layer. Some of the 
gypsum crystals in this zone show signs of solution 
and calcium sulfate hemihydrate (CaSO4.0.02H2O) 
may be present (Skipwith, 1966). Just seaward of this 
surface anhydrite zone buried cyanobacterial and 
lagoonal sediments occur which contain larger 
flattened gypsum crystals up to 15 cm in diameter 
whose size is presumably the result of slow growth at 
depth within the water table (Masson, 1955). Where 
this gypsum occurs in sandy lagoonal sediments, it 
contains many inclusions but in microbial sediments 
it characteristically contains few impurities. 
 At some distance from the sea, large gypsum 
crystals commonly may protrude through the sabkha 
surface. Here the water table has fallen and the 
surface sediments, no longer bound by capillary 
water, have been removed by deflation. The gypsum 
crystals are fragmented on exposure by diurnal 
thermal expansion and contraction assisted by the 
formation of small halite crystals along cleavage 
cracks (Shearman, pers. comm., 1965). 
 Anhydrite first forms as small nodules about 0.5-
1 mm in diameter. These lie within the sediment 
surface and are of a soft, thixotropic, white cream 
cheese like texture. Like the gypsum mush, the 
anhydrite forms in the capillary zone. Traced into 
areas of higher salinity, the nodules become more 
abundant and larger, and in places reach as much as 
4-6 cm across. They form in the eolian and storm 
washover sediments that begin to collect on the 
upper cyanobacterial flats and extend back onto parts 
of the sabkha. Landward of the anhydrite nodules  
 
 

zone a surface layer of anhydrite develops, forming a 
series of interlocking saucer shaped structures which 
are polygonal in outline (Butler, 1965). Inland, as the 
sediments overlying the cyanobacterial mat thicken 
further, the anhydrite also thickens and forms layers 
distributed from the sediment surface down to as 
much as a meter. Commonly the lower enterolithic 
layers are contorted and form small crenulations and 
tight folds similar to those of ptygmatic quartz veins. 
In the Khor al Bazam, as once occurred in the sabkha 
inland from Abu Dhabi before the current industrial 
development, some of the enterolithic anhydrite 
layers thicken to more than 20 cm. West of Tarif, 
antiform structures more than 20 m in diameter 
occur. 
 As Butler (1965) first reported near Abu Dhabi, 
the sequence of anhydrite development in the Khor 
Al Bazam similarly ends where groundwater has 
influxed into the sabkha via outwash fans. Here the 
anhydrite has hydrated to gypsum, forming white, 
coarse, elongate, toothlike monoclinical crystals 
about 2-3 cm long and 0.5 cm in diameter. The 
hydration process disturbs the surface of the sabkha 
so much that it resembles a plowed field. The 
blistered surface contains large quantities of halite. 
Elongate, wispy crystals of rock salt are common in 
surface sediments of the sabkha at the top of the 
capillary zone. After flash floods and marine 
incursions, surface waters evaporate and leave a thin 
white crust of halite polygons or, alternatively, sandy 
salt blisters. The salt is removed by wind and may be 
replaced by evaporation of capillary water. Where 
depressions in the sabkha retain pools of flood water 
for any length of time, "hopper" crystals develop. X-
ray analyses of a series of core samples from the 
cyanobacterial flats and sabkha indicate the presence 
of dolomite. This dolomite appears to be a function of 
grain size and forms contemporaneously with the 
gypsum and anhydrite. The proportion of dolomite in 
the calcareous muds is generally greater than that in 
the calcareous sand. One sabkha mud from west of 
Ras al Aish contained more than 80% dolomite. 
 
3. DEPOSTTIONAL ZONES OF THE SOUTH 
EASTERN COAST OF THE KHOR AL BAZAM 
 
The southern margin of the Khor Al Bazam lagoon is 
characterized by supratidal flats or "sabkha" 
composed of carbonates and evaporites. This sabkha 
stretches from the high-water mark inland to the 
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outwash fans, skirting the low escarpment of Miocene 
rocks. These hills usually trend in the same direction 
as the shoreline, but along the western Khor Al Bazam 
they reach the coast in a series of northwest - 
southeast - trending elongate spurs. Miocene rocks 
also occur as buttes in the sabkha. Fans of outwash 
sediment surround the bases of the hills and stand 
slightly above the general surface of the coastal plain. 
Where they occur near the coast, they merge with the 
beach ridges and sometimes become cliffs. 
 An offshore bank, approximately 120 km long and 
8 km wide, separates the restricted waters of the Khor 
Al Bazam from the more open marine waters of the 
Arabian Gulf. The Khor Al Bazam itself is a lagoon 
130 km long, located between the offshore complex 
and the mainland supratidal flats (Fig. 2). The west 
end is 20 m deep while the east end is intertidal, 
making the lagoon boundary difficult to define. 
Eastward, the Khor Al Bazam has a flat bottom, while 
to the west, it is eroded into numerous flat-topped 
ridges. The eroded areas could either have been 
produced by westward tidal flow or by fluvial erosion 
during low Pleistocene sea levels. 
 At the present time, the Khor Al Bazam is being 
filled by sediment from three sources: from the 
offshore bank by tidal deltaic accretion, from the 
shoals of the east Khor Al Bazam as current deposited 
sediment, and from the coastal strip by coastal terrace 
accretion. When the Khor Al Bazam eventually fills, 
the coastline will probably take a north-south 
configuration similar to the area east of Dhabaiya 
(Kinsman, 1964b). 
 In the vicinity of the road to Al Qanatir (Figs 4, 5) 
traced from the sea to the ancient beach sediment to 
the present shoreline, the surface sediment varies from 
1) a series of distinct cyanobacterial mat surfaces, 2) 
moist carbonate mud and gypsum mush, 3) 
convoluted halite crust, and finally 4) a thin (3 mm) 
polygonally-cracked halite surface. These variations 
in surface sediment type and morphology reflect the 
topography and its relationship to tidal range levels 
(Butler, 1969) and in the vicinity of Abu Dhabi have 
been used by Butler et al. (1983) to differentiate the 
cyanobacterial mat (upper intertidal), the gypsum 
mush (lower supratidal), the mid salt flat (mid 
supratidal), and the upper salt flat (upper supratidal) 
facies, respectively. A vertical sequence of these 
facies is represented in the upper supratidal zone, and 
records the progradation of these facies. 
 This sequence is representative of the Al Qanatir 
area, though the sabkha slope is disrupted by beach 

ridges, tidal channel depressions and by elevated 
hardground tepee structures. 
 
3.1. Lower subtidal carbonate flats (Fig. 5) 
 
As can be seen in Figure 5, the sabkha varies from 
marine sediments in the seaward direction to more 
restricted evaporite sediments landward. Traced 
seaward to landward, the zonation of the present tidal 
flats, particularly those flanked by cyanobacterial 
mats, begins with subtidal to intertidal sediments 
consisting of carbonate sands and/or muds that are 
often overlain by intertidal hardgrounds in a landward 
direction (Fig. 5a). The carbonate sands and muds 
have an undulating surface. Locally, in the lower lying 
areas, tidal creeks dissect this surface and are incised 
into the carbonate muds. Mud-cracks are common 
along the tidal channel margins. In regions of more 
open marine circulation but with protection from 
waves, the black mangrove, Avicennia marina, with 
its characteristic system of protruding roots or 
"pneumatophores" is found locally in the middle to 
upper tidal flats (Fig. 6) of the Khor Al Bazam in the 
lee of islands. These mangroves occur as small bushes 
and trees, either in narrow strips parallel to the shore 
at the very top of the intertidal flats (Fig. 7), or in 
areas lining the edges of creeks draining 
cyanobacterial flats (Fig. 8). 
 These areas are protected from vigorous wave 
action and undergo frequent enough tidal interchange 
so that the mangrove roots and lower trunk are 
normally covered at high water. As Tanner et al. 
(1963) observed in Florida a good tidal interchange is 
important to mangrove growth. It is for this reason 
larger mangroves grow on the edges of channels and 
diminish in height and distribution inland (Allen 
1965). In the Khor al Bazam, when these channels 
become filled with carbonate silt, the area is colonized 
by a cyanobacterial mat and the mangroves die. The 
cyanobacterial mats tend to grow landward of the 
mangroves, but may grow on creek banks, however, 
where they form a cinder-like cyanobacterial mat. 
This mat is often cemented to form a beachrock. 
Inland, the cyanobacterial mat is marked by a 
superficial polygonal pattern. This area is backed by 
dunes covered by halophytes, such as Arthrocnemum 
glaucum. 
 Carbonate mud accumulates around the 
mangroves of the Khor al Bazam as it does in Florida 
(Vaughan, 1909) and in the Bahamas (Newell et al., 
1951). This mud is commonly highly burrowed by  
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Figure 6. Map of the Dhabaiya peninsula showing the mixed mangrove/cyanobacterial tidal flat association. 

 
 

 
Figure 7. General block diagram showing general relationships of mangroves to protected beaches. 
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Figure 8. General block diagram showing relationship of mangroves to cyanobacterial mat and tidal creeks. 

 
 
 
crabs. Some of the mud probably precipitates in situ. 
Although mangroves are common between the islands 
seaward of the eastern Khor Al Bazam, they occur 
infrequently or as single specimens seaward of the 
more extensive cyanobacterial flats. 
 In the more elevated portions of the tidal flat, 
closer to the cyanobacterial flat and away from 
mangrove swamps, the sediment is composed of 
carbonate sands. This is commonly cemented and 
forms extensive laterally continuous hardgrounds 
(Fig. 5). Often these are buckled into megapolygons 
2 to 3 m in diameter (Fig. 5). The edges of these 
megapolygons protrude above the adjacent sands and 
are coated by a blackened-surface of cyanobacteria. 
These crumpled margins are filled by several 
generations of sediment and cement. We believe the 
initial cracking is due to thermal expansion, but 
subsequent fracturing and fill are related to 
generations of cementation and sedimentation within 
the cracks forcing further expansion. Local 
dissolution of the hardground surface is sometimes 
driven by infestation by cyanobacteria. Commonly 
occurring in association with the hardgrounds are 
ubiquitous colonies of mitolids and cerithids. 
 These hardgrounds are discontinuous and are 
capped by either "peat-like" layers of cyanobacterial 
sediment adjacent to open lagoons or are capped by  

intertidal burrowed muds adjacent to the protected 
lagoons. Both these peats and burrowed muds are 
capped landward by the supratidal evaporites to the 
landward. The distribution of the hardground crust, 
where it underlies the cyanobacterial flat sediments 
and/or burrowed muds, is probably controlled by the 
existence of older ridges of carbonate sand extending 
as shoals almost perpendicular to the shore. This 
hardground is not present everywhere and seldom 
overlies the cyanobacterial peat layer. Occasionally, 
where the spit ridges are more elevated than usual, 
the hardground extends above the peat layer and is 
onlapped by a layer of gypsum mush with a surface 
of cyanobacterial mat. The hardground is cemented 
by calcium carbonate and locally, by secondary 
gypsum. This cemented layer tends to form a seal 
between the underlying more marine sediments with 
their marine waters and the overlying supratidal salt 
flats with their saline brines. 
 
3.2. Upper intertidal algal flats (Fig. 5). 
 
In the southeastern Khor Al Bazam, in regions of 
restricted marine circulation, the seaward edge of the 
sabkha is marked by extensive flats of laminated 
cyano-bacteria which accumulate on the protected 
intertidal and supratidal flats (Kendall & Skipwith, 
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1968). These cyanobacterial mats form the upper part 
of the tidal flat that flanks much of the Abu Dhabi 
coastal sabkha (Kendall & Skipwith, 1968) (Fig. 1). 
They accrete and prograde where they are protected 
by wide intertidal sand flats. These cyanobacterial 
sediments have an average width of approximately 2 
km and a thickness of at least 30 cm. At the east end 
of the Khor Al Bazam lagoon, the largest flat is 42 km 
long, and to the west, another flat is 9 km long. In 
some areas the flats extend landward in the subsurface 
more than 2 km beneath a thin cover of evaporites and 
wind-blown sediments. Smaller cyanobacterial mats 
occur in the shelter of islands, headlands and swash 
bars. 
 Landward, the cyanobacterial flats usually lie 
directly above the hardground. Locally, in more 
protected areas associated with tidal creeks, burrowed 
lime muds may rest on the hardground. In the former 
case, the sediments of the cyanobacterial tidal flats are 
characterized by a peat-like layer whose composition 
and texture reflects the local depositional processes. 
The surface of the algal flats on which these "peats" 
accumulate are informally divided from seaward to 
landward on the basis of surface morphology into 
cinder zone (Fig. 5b), polygonal zone (Fig. 5c), 
crinkle zone (Fig. 5d) and flat zone (Kendall & 
Skipwith, 1968). Each zone exhibits a different 
surface character to the cyanobacterial mats. 
 Along the seaward edge of these algal flats, the 
surface is pustular with the appearance of an irregular 
surface of black cinders (Fig. 5b). This seaward 
margin is an area where wave and tidal scour occurs, 
often locally removing the surface mats. As the cinder 
zone of pustular cyanobacteria is traced landward, the 
surface becomes smoother and is covered by 
desiccation polygons from 15-30 cm (6 inches to 1 
foot) across which are coated by leatherlike, dark 
green layers of cyanobacteria (Fig. 5c). The edges of 
the mid to upper intertidal polygons upturn, and on a 
small scale provide a niche for pinnacles of algal mat 
(Fig. 5b). The pinnacles of the pinnacle mat are also 
abundant in areas with low tide exposure and occur 
with several environmental modifications (e.g. ripples 
caused by waves) near the shore. 
 Where tidal creeks drain the cyanobacterial flat, 
these meandering bodies of water are obstructed by 
further growths of cyanobacteria forming dammed 
ponds. The ponds may be up to 10 m (30 ft) across, 
but are usually no more than 2-3 m (6-10 ft) in 
diameter. Here, pink and less commonly greenish 
black surface layers of peat collect, broken into huge 

filly pad-like bodies measuring several meters across, 
which themselves may be desiccated into large 
polygons 50 cm to 1 m (2-3 ft) in diameter. These 
polygons are preserved and can be identified well 
landward of the present cyanobacterial flat beneath the 
sabkha surface in trenches cut in the supratidal salt 
flats. The cyanobacterial peat of the polygonal zone 
varies in composition from nearly 100% organic 
material to a very sandy organic material (Kendall et 
al. 1991). The peat richest in organics is associated 
with the ponds formed where the tidal creeks are 
dammed. These peat-filled creeks extend from the 
middle of the intertidal cinder zone to well back into 
the upper intertidal crinkle zone. The most common 
occurrence of the cyanobacterial peat is associated 
with the polygonal zone and is represented by the 
stacked saucer-like structures of this zone (Fig. 5c). 
The cracked, upturned margins of the polygons are 
filled by carbonate sand. The peats of the ponds and 
polygonal zone are 30-45 cm (1-1.5 ft) thick at their 
seaward edge, but compress beneath the sabkha 
surface landward to some 25 cm (10 inches). 
 The preservation of the peat-like remains of the 
cyanobacteria probably can be linked to the "pickling" 
effects from the high salinities of the area and the 
reducing environment to which the remains of these 
micro-organisms are accumulating. The presence of 
stranded beach ridges landward of the cyanobacterial 
flats (Fig. 5g) indicates that these organic peats are 
not the first Holocene sediments to accumulate here. 
In fact, during the early stages of the Holocene, the 
Khor Al Bazam area and portions of the lagoons 
south of the Abu Dhabi islands (Fig. 2) were actually 
open bodies of water, subject to higher wave 
energies than today. The result is that the coasts 
became lined by chenier-like beach ridges formed 
dominantly of cerithid gastropod debris. 
Subsequently, the lagoon margins filled, shallowed, 
became more restricted, and the beach ridges ceased 
to develop. On the coasts of the Khor Al Bazam 
lagoon, intertidal cyanobacterial mats began to form 
while offshore sands or muds accumulated. These 
algal stromatolites have since prograded five to six 
kilometers seaward. 
 
3.3. Lower supratidal evaporites 
 
Landward of the polygonal zone, the upper intertidal 
zone, which is flooded during middle to high tide, is 
predominantly covered with the crenulated or crinkle 
zone cyanobacterial mat (Kendall & Skipwith, 1968), 



 13

under which a mush of gypsum crystals and 
carbonate mud begins to accumulate (Fig. 5d). The 
crenulated mat is a leathery, wrinkled mat, which is 
black on air-exposed upper surfaces of the folds, but 
commonly retains the pinkish beige color on the 
lower, less exposed surfaces. The folds of 
cyanobacterial mat trap air and gases which are 
expelled when compressed. A common 
morphological variation in the texture of these mats 
includes the formation of "tufts" on the upper, more 
aerated surface of the crenulated mat (usually in the 
mid intertidal zone). These occur along transitions of 
the crenulated mat with the pinnacle or polygonal 
mats. In the uppermost intertidal zone, the crenulated 
mat completely desiccates and shrivels to a dried 
crust during low tide. There is no significant 
accumulation of microbial material in this zone. 
 At its landward margin, this crenulated 
cyanobacterial mat surface covers a layer formed by 
a mush of gypsum crystals and carbonate mud. This 
layer ranges in thickness from a few centimeters to 
as much as ten centimeters (an inch to 5 inches). The 
lime muds overlying and caught up in this mush 
show evidence of dolomitization. In the supratidal 
zone, the cyanobacterial mat surface ceases to be 
crinkled and becomes horizontal and is composed of 
a series of thin parallel layers. Here, the cyano-
bacteria do not grow vigorously, so that the pink mat 
surface does not expand and become crenulated. In 
addition to the accumulation of organic peat, these 
mats trap and precipitate lime mud. This 
precipitation is most common in the seaward portion 
of the crinkled zone. 
 Gypsum actively precipitates at a depth of a 
centimeter or less beneath the surface sediment in the 
lower supratidal zone, and beneath crenulated 
cyanobacterial mats of the upper intertidal zone. The 
sediment is moist and prevents formation of 
anhydrite, except where dewatering of the sediment 
occurs, especially where footsteps and vehicle tracks 
have compressed the sediment. The surface 
carbonate washover sediment may contain halite, but 
it does not form a crust at the surface. The gypsum 
crystals are variable in size, from a few millimeters 
to a centimeter in diameter. The crystals overlie a 
cyanobacterial peat, commonly forming a transition 
zone of organic rich gypsum layers. Below the peat 
are the ubiquitous hardgrounds and unconsolidated 
carbonate sands. 
 In wide tidal flats in the protected lee of islands, 
the middle tidal flat is marked by the growth of the 

black mangrove, Avicennia marina. and landward of 
this by the accumulation of lime muds highly 
bioturbated by crabs. The upper tidal flat is again the 
site of accumulation of a gypsum mush covered by a 
crinkled and creriulated cyanobacterial mat. In some 
places, this zonation of mangroves, crab-burrowed 
lime mud and gypsum mush is foreshortened so that 
mangroves abut against beach ridges of cerithids or 
mangroves, and lime muds adjoin the ridges. In the 
wide broad flats of the eastern Khor Al Bazam and to 
the lee of Abu Dhabi, this zonation is spread over a 
wide area. 
 
3.4. Mid-Supratidal evaporites 
 
The mid salt flat is covered with a convoluted and 
polygonal crust of halite (Fig. 5f) that overlies the 
layer of gypsum mush which is being locally replaced 
by anhydrite landward. The gypsum may be 
interlayered with storm washover carbonate sediment, 
and often overlies a well-developed cyanobacterial 
peat, a carbonate hardground cemented by carbonate 
and/or gypsum and a thick sequence of carbonate 
sand. The cyanobacterial peat is commonly laminated 
and displays desiccation polygons on the bedding 
plane. 
 As the layer of gypsum mush is traced landward 
from the polygonal zone of the cyanobacterial flats or 
from the crab-burrowed muds of the mangrove 
swamps, the surface of this evaporite appears to be 
oxidized and is being replaced by anhydrite (Fig. 5h). 
This anhydrite is finely crystalline and has the 
consistency of cream cheese. It is thixotropic and 
contains pseudomorphs after discoidal gypsum, which 
range from 0.05 mm to 30 cm (.002 to 12 inches) in 
diameter (Butler 1969, Butler et al., 1982). 
 The seaward anhydrite is a predominantly 
secondary mineral that replaces gypsum. Locally, it 
replaces carbonates or occurs as a direct precipitate 
into voids. Three to four kilometers south from the 
intertidal cyanobacterial flats are a series of stranded 
beach ridges described earlier that stand out as 
topographic highs approximately a meter above the 
adjacent sabkha (Fig. 5g). Here these ridges contain a 
large quantities of cerithid tests, though other 
gastropod and pelecypod tests are not uncommon, 
along with encrusting bryozoans that coated longsince 
decayed bladder-wrack, cuttle fish bones and 
foraminifera. The beach ridge belt here is some two to 
three kilometers wide. It is thought to represent a 
shoreline formed some 3000 years BP when the Khor 
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Al Bazam was more open and deeper. No gypsum or 
anhydrite have been found within these ridges, 
probably because the groundwater trapped within 
them move easily and are constantly replaced by 
marine waters. Carbonate cementation, however, is 
quite common. 
 This anhydrite-rich layer and the underlying peat 
disappear close to the line of stranded beach ridges. 
The beach ridges overlie laminated and burrowed lime 
muds. At some localities, these burrows remain open. 
 
3.5. Upper supratidal evaporates and storm 
washover carbonate 
 
Trenches cut in the sabkha just seaward of the beach 
ridges have a sedimentary sequence that begins with a 
surface halite layer passing down into a storm 
washover carbonate. This overlies either a gypsum 
mush or anhydrite layers. The landward portion of the 
upper salt flat facies is defined primarily by a thick 
upper sequence of anhydrite (Figs 5f, g). This 
anhydrite may locally form the sediment surface or 
lie beneath a polygonally-cracked surface crust of 
halite. In descending order, the halite polygons, a 
sequence of storm washover carbonates, anhydrite, 
minor gypsum, and cyanobacterial peat all underlie 
the anhydrite or halite surface. Lying beneath the 
peat is a 2-5 cm layer of unconsolidated carbonate 
sand. Locally, this may be replaced by a burrowed 
carbonate mud. As is usual beneath this layer a 
cemented 2-5 cm thick layer of medium- to very 
coarse-grained carbonate sand (an intertidal 
hardground) commonly occurs which is identical to 
the overlying unconsolidated sand. Below the 
hardground is a carbonate sand which is greater than 
1 m thick. Locally, all but the carbonate sand facies 
may be absent. The interbedded nature of the 
carbonate mud and gypsum mush often creates a 
mottled texture particularly where the gypsum alters 
to anhydrite through dewatering. Large (up to 6 cm) 
gypsum crystals are common within or immediately 
below the lowest cyanobacterial peat layer, often 
preserving the original laminations. 
 This vertical sabkha sequence, which extends 
from the cyanobacterial flats to the beach ridges, 
reflects the previously described surface 
relationships for lateral sedimentary settings which 
can be traced from the land to the sea. The major 
difference landward is that the sediments overlying 
the gypsum mush or anhydrite are covered by an 
accumulation of thicker storm washover carbonates 

and clastics, which are derived from the tidal flat or 
blown from inland. This washover sediment includes 
gypsum crystals which were eroded from the upper 
cyanobacterial flats. These crystals now form the 
nucleus to the "cumulus cloud-like" nodules of 
anhydrite found just within and beneath the sabkha 
surface (Fig. 5f). The surface of the upper 
cyanobacterial flat and the adjacent sabkha is capped 
by a sediment-rich layer of halite, disrupted into the 
series of expansion polygons (Fig. 5f). 
 
3.6. Upper supratidal evaporites and recycled 
aeolian and Tertiary Facies 
 
Landward of some of the cerithid rich beach ridges, 
shallow lagoonal sediments may occur that are 
dominated by carbonate mud. Large gypsum rosettes 
are found in this mud. The waters associated with the 
ridges and adjacent landward are stained with iron. 
Meanwhile, to the landward side of the buried 
lagoon, the water takes on a milky appearance, 
probably a response to the presence of suspended 
carbonate mud as described by Swart et al. (1987) 
and Muller et al. (1991) from Recent sediments of 
Qatar and Abu Dhabi. 
 Landward of the beach ridges, early Holocene 
aeolian carbonates and sediments washed out as fans 
from Tertiary outcrops have accumulated (Fig. 3). 
The upper salt flat facies south of the beach ridges is 
capped by a widespread polygonally-cracked surface 
crust of halite (Fig. 5g). Locally, the halite may be 
crumpled into convoluted 5 cm high sandrich ridges. 
The halite crust overlies a sand composed 
dominantly of carbonate with some quartz. Both 
sediments are derived from a combination of 
windblown and storm washover sediments from the 
tidal flats to the north and the Tertiary and 
Quaternary sediments transported from the south by 
the wind and flash floods. Caught up in the sand and 
traced from the surface down are a series of 
dispersed anhydrite nodules (1 to 5 cm in diameter), 
which are locally replaced downward by diapiric 
anhydrite layers from 1 to 10 cm thick. Beneath this 
anhydrite zone, with its predominantly carbonate 
sand matrix, is the water table. Close to the water 
table at about a meter in depth, gypsum rosettes 
become common. 
 On the most landward side of the sabkha of the 
Khor al Bazam, and particularly within the sabkhas 
closer to the city of Abu Dhabi, the anhydrite layers 
and nodules are replaced by gypsum. This 
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replacement is a response to the influx of the fresher 
continental waters from the Arabian interior entering 
the coastal system (Patterson & Kinsman, 1981). 
 The surface of the sabkha is modified by both 
marine and aeolian erosion. For instance, on beach 
ridges, wind carries away only the finer grades of 
sand leaving behind a lag deposit of gastropod shells. 
Aeolian erosion is limited to where sands are 
dampened by capillary water from the water table, 
but marine erosion can extend deeper. In parts of the 
sabkha where it has been, particularly effective, 
marine erosion exposes the water table. Such areas 
are usually covered by a thin, dry, halite crust, 
gypsum protrudes as vertical sand crystals, and the 
polygonal forms of anhydrite may be exposed. 
Marine flooding also breaches old beach lines 
transporting their sediment onto the sabkha behind. 
The outgoing water re-breaches the beach ridges to 
produce small deltas (for example, west of Khusaifa 
and west of Quala). The sheets of flood water are 
driven about the sabkha by strong winds. 
 
4. FLOOD RECHARGE VERSUS 
EVAPORATIVE PUMPING 
 
The horizontal and vertical associations of carbonate 
gypsum, anhydrite, and gypsum have been matched 
to the lateral increase in the salinities of the largely 
marine ground waters of these coastal sabkhas (Fig. 
9). Two mechanisms have been developed to explain 
this relationships. One proposed by Kinsman 
(1964c), supported by Patterson and Kinsman (1981) 
and Butler (1965, 1969), suggests marine flood 
waters driven by shamal winds and high tides are the 
source of the evaporite minerals of the sabkha and 
their diagenesis. Simple mass balance calculations of 
frequency and extent of the marine flooding indicate 
that this mechanism provides a possible source for 
evaporite minerals. The alternative hypothesis of Hsu 
and Schneider (1973) suggests that the marine 
ground waters of the sabkha are sucked from the sea 
under these coastal sediments by evaporation. Simple 
experiments with the pisometry of the water table 
suggests this mechanism for explaining the sabkha 
mineralogies and salanities is possible too. 
 Recently road building has occurred just 
landward of a portion of the cyanobacterial flats of 
Qanatir (Fig. 4) described in this paper. Since the 
road building, the water table landward of this road 
has dropped and anhydrite layers in the sabkha have 
inverted to gypsum. This would suggest that the road 

acts as a barrier to seasonal flooding and so the water 
table is not replenished from the sea, either by 
evaporative pumping (which should occur beneath 
the road) or storm recharge. Instead, occasional 
flooding - related to occasional rain water 
accumulation is converting the anhydrite to gypsum. 
 
5. CONCLUSION 
 
Trenches and cores taken from coastal areas 
protected by wide tidal flats reveal five distinctive 
Holocene facies belts capping the underlying 
Tertiary (Fig. 5). These are summarized below: 1) an 
upper intertidal cyanobacterial mat facies ranging 
from 10 to 55 cm (4 to 20 inches) thick, which is 
composed of laminated cyanobacterial mats 
intercalated with aragonite mud, gypsum crystals and 
protodolomites (locally, this may be replaced by 
mangrove swamp and crab-burrowed lime mud) 
which usually overlies a hardground; 2) a lower 
supratidal gypsum mush facies that is capped by a 
cyanobacterial surface. This mush forms a layer, 
locally up to 30 cm (12 inches) in thickness, which is 
composed of a mass of loose but separate grain-
supported gypsum crystals, with interspersed 
aragonite or dolomitized aragonite muds; 3) a mid-
supratidal salt flat facies, which is up to 60 cm (23 
inches) thick and is characterized by a crumpled 
surface of halite. This caps polygonal anhydrite 
layers and carbonate washover sands, some pockets 
of gypsum crystals, and anhydrite. The anhydrite 
partially replaces the gypsum mush and is 
accompanied by the partial replacement of aragonite 
muds with protodolomite; 4) an upper supratidal salt-
flat facies, which ranges in thickness from 2 to 65 cm 
(1 to 25 inches) and contains near-surface 
occurrences of nodular anhydrite in a matrix of 
carbonate sand. Beneath this is a layer of chicken-
wire anhydrite, which has completely replaced the 
gypsum mush. The cyanobacterial peat below 
contains abundant large lenticular gypsum crystals. 
Protodolomite and the filling of intertidal molds in 
gastropod shells by anhydrite also occurs. A 
continuous to discontinuous cemented carbonate 
layer underlies the cyanobacterial peat; 5) an upper 
supratidal recycled eolianite facies, which is about 
45 cm (18 inches) thick and is composed of Pre-
Holocene eolianites, recycled Holocene eolianite, 
washout material from the Tertiary Hills, and bedded 
storm washover skeletal debris. 
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Figure 9. Block diagram showing various sources of the ground waters found in the coastal sabkhas of the UAE. 
 
 
 
 Local roads close to the cyanobacterial flats act 
as a barrier to shamal-driven marine flooding, 
leading to local drops in the depth of the marine 
water table. Seasonal rainfall floods the areas behind 
the road "barriers" and cause the inversion of 
anhydrite to gypsum. This argues in favor of the 
flood re-change model for the vertical and lateral 
mineralogies of the coastal sabkha flats rather than 
evaporative pumping (Fig. 9). 
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