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Abstract

The Holocene sediments of the coast of the United Arab Emirates in the southeastern Arabian Gulf are frequently cited in the

literature as type examples for analogous assemblages of carbonates, evaporites and siliciclastics throughout the geologic

record. This paper is intended as a convenient single source for the description of sediments of this region, providing

information on how to reach the classic localities and some of the analogs.

The Holocene sediments of the region accumulate over an area that is 500 km long and up to 60 km wide. The sediments

collecting offshore are predominantly pelecypod sands mixed with lime and argillaceous mud, with these latter fine sediments

increasing as the water deepens. The pelecypod-rich sediments also collect east of Abu Dhabi Island both in the deeper tidal

channels between the barrier island lagoons and in deeper portions of the protected lagoons. West of Abu Dhabi Island the

shallow water margin is the site of coral reefs and coralgal sands, whereas to the east oolites accumulate on the tidal deltas of

channels located between barrier islands. Grapestones accumulate to the lee of the reefs and the oolite shoals where cementation

becomes more common. They are particularly common on the less protected shallow water margins of the lagoons west of Abu

Dhabi Island. Pelleted lime muds accumulate in the lagoons in the lee of the barrier islands of the eastern Abu Dhabi. Lining the

inner shores of the protected lagoons of Abu Dhabi and on other islands to the west are cyano-bacterial mats and mangrove

swamps. Landward of these, a prograding north facing shoreline is formed by supratidal salt flats (sabkhas), in which evaporite

minerals are accumulating.

This paper describes the localities associated with (1) the mangrove swamps of the west side of the Al Dhabaiya peninsula;

(2) the indurated cemented carbonate crusts, cyanobacterial flats and sabkha evaporites on the shore of the Khor al Bazam south

of Qanatir Island; (3) the reef and oolitic sand flats on the coast just east of Jebel Dhana; and (4) the marine travertine and

aragonite coats associated with the beach sediments in a small bay south of Jebel Dhana; and (5) the Sabkha Mutti between

Jebel Barakah and Al Sila.

Similar sedimentological associations of carbonate and evaporites to those of the Holocene of the United Arab Emirates are

to be found in the Tertiary and Mesozoic sedimentary rocks of the immediate subsurface in the Arabian Gulf. Other analogs to
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this setting include the Paleozoic carbonates of the western USA, Europe, and Asia, Mesozoic carbonates of the Gulf of

Mexico, Europe, and Middle East and Tertiary sedimentary rocks in the Middle East.
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1. Introduction

This paper presents a guide that reviews and

describes the classic Holocene sediments of the

United Arab Emirates. These are frequently cited in

the literature as type examples of similar ancient

carbonate–evaporite depositional systems that form

some of the major subsurface reservoirs of the Ara-

bian Gulf, and many other carbonate–evaporite res-

ervoirs from other stratigraphic settings around the

world. This paper is intended as a convenient single

source for the description of the Holocene sediments

of the United Arab Emirates, their localities and some

of their analogs, often previously described in the

literature.

The United Arab Emirates is located on the eastern

side of the Arabian Peninsula, between latitudes

22j40V and 26j00V, and longitudes 51j00V and

56j00V, where the interior platform of the Arabian

shelf occurs in the subsurface. It is bounded on the

northwest by the Qatar–South Fars Arch, and on the

northeast and east by the foreland basin of the Arabian

Gulf, and adjacent foreland fold and thrust belt of

Oman (Fig. 1).

Fig. 1. Location map of the United Arab Emirates and adjacent area showing principal bathymetric provinces and depth of water (in meters) of

the Arabian Gulf (modified from Purser and Seibold, 1973).
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The coast of the United Arab Emirates forms the

southern margin of the Arabian Gulf, a NW–SE

trending sea that is approximately 900 km long and

up to 350 km wide (Fig. 1). It covers approximately

226,000 km2, has an average depth of 35 m and a

maximum depth of 100 m at the Strait of Hormuz

(Purser and Seibold, 1973). This semi-enclosed sea

has a gently sloping bathymetry and a long axis that

separates it into two provinces characterized by differ-

ing tectonic histories. These are (a) the stable foreland

Arabia influenced by late Pliocene to Pleistocene

folding, faulting and salt diapirism; and (b) the unsta-

ble Iranian Tertiary fold belt formed by the Plio–

Pleistocene Zagros folding (Kassler, 1973). The Ara-

bian Gulf is asymmetric, with its deeper axis closer to

the Iranian side of the basin (Purser and Seibold,

1973). This axis is part of a syncline tied to the

folding of the Zagros (Kassler, 1973). The Arabian

Gulf can be also considered as being formed by five

sub-basins: the ‘‘Western’’ and ‘‘Central’’ sub-basins

on the Iranian side of the Gulf divided by the shallow

ridge of the ‘‘Central Swell’’; and the third sub-basin

known as ‘‘Arabian Homocline’’ on the Arabian side

of the Gulf reflecting the gently inclined nature of the

sea floor (Purser and Seibold, 1973). In the northern

Arabian Gulf the Shat Al Arab Delta forms the

Mesopotamian shallow shelf. South of the Strait of

Hormuz, where it connects the Arabian Gulf with the

Gulf of Oman, the east swell of the Arabian shelf

separates the Arabian Homocline and the Central sub-

basin on the Iranian side.

The morphology of the Arabian Gulf is dominated

by the Plio–Pleistocene tectonics, though Quaternary

erosion and deposition have modified the relief of

these structures (Kassler, 1973). For instance, a sea-

level fall of around 120 m during the Pleistocene left

the Arabian Gulf entirely exposed, with rivers chan-

neling into its flanks. During this maximum fall and

during the subsequent rise, a series of platforms were

cut into the pre-existing surface (Kassler, 1973; Wei-

jermars, 1999). The Late Pleistocene and Recent sea-

level changes were also associated with dramatic

climatic change, and there is a broad coincidence

between the deduced sea-level and temperature curves

(Fig. 2).

The Arabian Gulf is situated in the low latitudes of

the tropics, and the distribution of its sediment is

controlled by many factors including an arid climate,

the influence of low or high wave energy, the coastal

orientation with respect to northwesterly Shamal

winds and the presence or absence of offshore barriers

(Wagner and Van der Togt, 1973). To the northwest,

the Arabian Gulf is being filled by the Shatt al Arab

delta at the confluence of the Tigris, Euphrates and

Karun rivers (Purser and Seibold, 1973). On the

southwestern Arabian side, the shoreline is largely

linear but is broken by the Qatar Peninsula, which

modifies the tidal and current patterns on the south-

west side of the Gulf. This coast is mostly the site of

carbonate accumulation with some aeolian clastics. In

contrast, the Iranian shoreline is linear and rocky, with

estuaries and coastal plains associated with rivers

draining the Zagros Mountains (Purser and Seibold,

1973), and represents the site of terrigenous sedimen-

tation with some carbonate deposition.

Bioclastic and oolitic sands, representing a high-

energy setting, dominate the sediments of the southern

Arabian coast, and the immediate offshore. Bioclastic

sediments are found as deep as 20 m, suggesting that

the storm wave base extends to at least this depth

(Purser and Seibold, 1973). Most of the Arabian Gulf

deeper than 20 m has low to moderate energy con-

ditions, and here fine-grained argillaceous and micrite

sand sediments accumulate (see Houbolt, 1957;

Purser and Seibold, 1973). The depths to which algae

grow suggest that the euphotic zone extends to a depth

of 20 m in the southern part of the Gulf on the Arabian

side, and is as deep as 30 m in the clear water portions

of the axis (Purser and Seibold, 1973).

The generalized geologic map of the United Arab

Emirates is shown in Fig. 3. Desert sands and coastal

sediments characterize the surface geology of the

western and central part of the country, while to the

northeast a mountain range extends from Al Fujairah

to Ras Al Khaimah and covers the eastern provinces

of Abu Dhabi (Al Ain region). A classic carbonate–

evaporite complex characterizes the coastal areas

adjacent to the Arabian Gulf, whereas siliciclastics,

minor carbonate sands, and local sabkhas characterize

the coastal areas of the Gulf of Oman. Near the

mountainous areas, large areas of fluviatile gravel

form a plain onto which banks of aeolian sand have

been transported by the prevailing wind. The aeolian

sand dunes of the United Arab Emirates include

transverse, barchan and seif dunes complexes, and

cover large areas.
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The Holocene marine and coastal sediments of the

southern Arabian Gulf coast present a contrast to

those of the isolated platform of the Bahamas, repre-

senting the arid equivalent of these shelf sediments,

and those of the Yucatan, British Honduras and

Florida (Fig. 4). Sedimentary features of these areas,

include those of the seaward occurrence of reefs,

carbonate barrier islands and tidal deltas of oolites.

These seaward features protect sheltered saline

lagoons with lime muds and pellets that are flanked

by supratidal evaporite/carbonate flats (Fig. 5). The

coastal sediments pass landward into a continental

aeolian facies.

The paper is focused particularly on the Emirate of

Abu Dhabi where an extensive system of lagoons and

barrier islands occurs (Fig. 6). Most of the localities

described in the text are from western Abu Dhabi on

the southern shore of the Khor al Bazam. This Khor is

an elongate lagoon that forms a continuous open body

of water whose western end is connected to the

Arabian Gulf. A shallow bank forms its northern

margin and has extensive sandy shoals and coral

banks which tidal channels incise. A series of widely

spaced barrier islands occur on the shoal and are more

widely spaced than the barrier islands of the eastern

United Arab Emirates. In fact, in eastern Abu Dhabi

Fig. 2. Temperatures, sea levels and terrace heights in the Arabian Gulf area during the Pleistocene–Holocene (compiled from Fairbridge, 1961;

Kassler, 1973; Al Asfour, 1982).
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Fig. 3. Simplified geologic surface map of coastal areas of the United Arab Emirates (simplified from Hunting Geology and Geophysics, 1979).

Small inset shows the relationship between locations of maps A and B.
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the Holocene coast trends northeast–southwest and

has a narrower barrier/lagoon complex which has

more restricted circulation than that of the Khor al

Bazam.

A similar relationship of Abu Dhabi Holocene

sediments can be seen in the shallow-water carbo-

nate–evaporite facies of the Permian, Jurassic and

Lower Cretaceous subsurface of the Arabian Gulf and

coastal Gulf of Mexico; the Ordovician of the Willi-

ston and Sversdrup Basins of USA; the Pennsylvanian

of the Paradox Basin; the Permian of the West Texas

Basin; the Devonian of Western Canada and Western

Australia; and the Permian of the Zechstein Sea of the

North Sea. Many of the coastal morphologies of the

sedimentary features of the Holocene of the United

Arab Emirates coastal embayment are analogous to

the siliciclastic settings of the Wadden Zee of Holland,

the Gulf of Mexico, and the east coast of the USA.

2. Climatology and oceanography

The United Arab Emirates has an arid, sub-tropical

continental climate that, because the Arabian Gulf is

surrounded by land, exhibits extreme seasonal fluctu-

ations (Purser and Seibold, 1973). The narrow Strait

of Hormuz inhibits the exchange of marine water into

the Gulf so that the water temperature and salinity

vary widely. Since the Arabian Gulf is close to the

Tropic of Cancer, during the summer its temperatures

are high. In fact, air temperatures commonly reach

45–50 jC in the summer but are as low as 0 jC in the

Fig. 4. Comparison of modern carbonate platform-ramp depositional systems. Note the area of shallow shelf in each setting (colored black in the

figure). A sea-level fall of more than 10 m would expose the inner and mid-shelf in a ramped setting, while the mid- to outer-shelf would

become a favorable setting for shallow water carbonate deposition. On a rimmed margin (i.e. the Great Bahama Bank), the entire shelf would be

exposed and would cause a hiatus in carbonate deposition. Note the 100- and 200-m contours showing deeper areas. A 100-m drop in sea level

would expose these during Pleistocene glaciation (after Burchette and Wright, 1992).
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winter. The combined effect of strong winds, high

temperature and low rainfall results in significant

evaporation and high salinities (Kendall and Skipwith,

1969a). The high temperature, coupled with the arid-

ity of the United Arab Emirates coast, partially

explains the widespread occurrence of carbonates

and evaporites in its coastal plain. Both Butler

(1965) and Kinsman (1964a) recorded sabkha surface

temperatures of over 40 jC in the winter months and

indicated that these do not reach much above 50 jC in

the summer. Water temperatures of the Arabian Gulf

tend to increase away from its entrance, particularly in

the shallow coastal areas and lagoons (Purser and

Seibold, 1973). Water temperatures vary from 23 to

24 jC in the nearshore to 22–36 jC in the inner

lagoon (Evans et al., 1969). Locally, these can reach

as high as 40 jC in the summer and as low as 15 jC in

the winter.

The average rainfall of the United Arab Emirates

coastal region is less than 40 mm. These rains occur in

autumn, winter and spring, and although infrequent,

they may be torrential. Butler (1965) records that the

Fig. 5. Facies variations associated with carbonate tidal flat accumulation (Shinn, 1983). (A) Shows the sequence on tidal flats around the Qatar

Peninsula. Note the lack of a well-developed algal mat or anhydrite zone due to slightly higher rainfall than on the Abu Dhabi Coast. (B) Shows

sedimentary structures, such as soil clasts, current-deposited intraclasts, minor algal heads and domes, mud polygons and mudcracks, developed

in humid climates, such as at Andros Island in the Bahamas. (C) Shows the sedimentary features associated with arid tidal flats, such as on the

Abu Dhabi Coast in the Arabian Gulf or in the Shark Bay region, western Australia. Note that the major characteristic of the last case is the

presence of nodular or chicken wire anhydrite. The intertidal zones can range from oxidized muds to (D) coral reefs to (E) rippled cross-bedded

sands containing large club-shaped algal structures. The right-hand section tracks the relative abundance of the various characteristic

sedimentary structures, grains, minerals and fossils. It should be emphasized that no particular geologic example is likely to exhibit all the

features shown here.
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rain, although producing ephemeral changes in the

evaporite mineralogy, has had little effect on the

sediments and groundwaters. Recent construction of

roads, massive landfill, and local irrigation projects

may have changed this. On the Arabian side of the

Gulf, fluvial input does not occur, so sediment accu-

mulation tends to be of almost pure carbonate (Purser

and Seibold, 1973). Fluvial sediment input when it

does occur is low and is confined mainly to the

Iranian side of the Gulf reflecting sources in the

Zagros Mountains, and from the Shatt al Arab. In

the latter case, most of this sediment is deposited in

the marshes of Iraq and Kuwait (Berry et al., 1970).

Evaporation rates in the southern Arabian Gulf

were estimated by Privett (1959) to be as much as

124 cm/year. High summer salinities recorded by

Sugden (1963) for some part of the southern Gulf

suggest that evaporation is greatest in summer, espe-

cially in restricted lagoons. Correspondingly, humid-

ity along the coast is also higher in the summer.

Salinities of the Arabian Gulf suggest these respond

to the hydrographic barrier created by oceanic upwell-

ing at the Strait of Hormuz which prevents the Indian

Ocean from entering. The water movement is counter-

clockwise driven by density currents (Fig. 7) (Emery,

1956; Hartman et al., 1971; Sheppard et al., 1992).

Salinities range from 37% near the Strait of Hormuz

to greater than 65% in the lagoons of the Arabian

Coast (Bathurst, 1975). Water lost to high rates of

evaporation is not compensated by fluvial input and

rainfall. The result is that nearshore waters have

salinities ranging from 42.7xto 44.5x; lagoonal

waters have salinities ranging from 53.6xto 66.9x,

the central part of the Gulf has salinities that average

37–40x(Evans et al., 1969). The shallow areas off

the United Arab Emirates coast have salinities that

average 40–50x, while the lagoonal areas and

embayments of the United Arab Emirates can average

60–70x.

In the United Arab Emirates coastal waters, Kins-

man (1964a) found that salinity changed with the state

of the tide; the more restricted the circulation, the

greater the salinity variation. Incidentally, brines col-

lected by Butler (1965) from the ground waters of the

Fig. 6. General sedimentary facies along the coastal areas of Abu Dhabi Emirate showing the localities mentioned in the text (modified from

Kendall and Skipwith, 1969a,b).
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sabkha both before and after storm-induced marine

flooding showed no appreciable difference in the

concentrations of the various salts. There was, how-

ever, some effect on the evaporites. Halite was washed

from the surface sediments, while anhydrite on the

surface above the intertidal zone was eroded. In Khor

al Bazam, pH values 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 25

jC (71 jF).
Most of the common elements present in the

marine waters maintain a constant ratio. The excep-

tion is calcium, which is depleted in the inner lagoons,

particularly in summer (Evans et al., 1969). The

coastal and lagoonal waters are also found to contain

lower concentrations of phosphate and nitrate, but

with higher concentration of silicates than in the

waters of the open sea. Seasonal changes in nutrient

concentration occur in the coastal and lagoonal

waters. The phosphate concentration is higher in

winter, while the silicate concentration is higher in

summer. The nitrate concentration shows no signifi-

cant seasonal variation (Evans et al., 1969).

Winds blow dominantly from the northwest

throughout the year. The strongest winds are the

northwest gale-force ‘‘shamals’’ which occur during

the winter. When these winds are prolonged and

coincide with spring tides they can cause flooding of

extensive portions of the coastal plain. Shamals are

probably as important a geological agent as the hurri-

canes described by Pray (1966). The shamals carry

sediment onto the supratidal flat, breach and flatten

coastal dunes; they initiate intertidal spits and beach

ridges at the top of the intertidal flat; they transport

sediment landward from the seaward edge of the

offshore bank and the coastal terraces; they construct

wave-break-point bars in front of the offshore bank

and coastal terrace; and they initiate transverse mega-

ripples on the shoal areas of tidal deltas and coastal

terraces. Kinsman (1964a) and Kirkham (1997) sug-

gest the dominant wind direction has been constant

through the Holocene and Quaternary, so that the

wind-blown Pleistocene Miliolite sediment of the area

has cross-bedding which invariably dips southeast.

Offshore from the Khor al Bazam region, waves

that exceed 2.5 m are generated by the northwestern

shamal winds but are dissipated by the offshore bank

along its northern flank before they can reach the

Khor al Bazam lagoon. To the south in the Khor al

Bazam they seldom exceed 1 m. Tides and tidal

currents are more effective in this lagoon and to the

lee of the northern shoals that flank it. These produce

Fig. 7. Counter-clockwise circulation patterns of the Arabian Gulf that are driven by density currents. Salinities in the Gulf are slightly higher

than the Indian Ocean. Note the narrow connection to the Indian Ocean at the Strait of Hormuz (after Sheppard et al., 1992). Light arrows are

incoming surface water from the Gulf of Oman, and dark arrows are a denser deeper water flow.
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sand bars, sand waves, and scour marks. On the

intertidal and terrace areas of the southern shore of

the Khor al Bazam, landward of the break point of

waves, there is a steady movement of material toward

the east that is only interrupted by headlands. This

longshore drift is driven by southeastern-directed

waves, created by the northwest winds (Kirkham,

1997). These waves break obliquely on the east–west

trending coastline. Within the shoal and channel area

east of Abu al Abyad Island there is very little long-

shore drift, although movement of sediment on the

shoals results from both wave and tidal action. Unsur-

prisingly along the exposed coast east of Dubai long

coastal spits of migrating sediment are common.

Waves and currents are the most important means

of sediment transport in the shallow areas of the

Arabian parts of the basin (Purser and Seibold,

1973). The northeasterly trending ‘‘shamal’’ winds

are responsible for wave activity along the United

Arab Emirates coast, with the tidal deltas receiving

most of the wave energy (Evans et al., 1969). These

latter authors suggest wave energy causes turbulence

in the lagoonal settings, winnowing the sediments that

are not protected by islands or banks. As indicated

above, the general circulation pattern of the Arabian

Gulf consists of a slow circulatory surface current

moving anti-clockwise along the Iranian coast (Emery,

1956; Hartman et al., 1971). While this current has

little effect on sediment textures, it does control the

temperature, salinity and nutrient concentration of the

Arabian Gulf.

Tidal currents are aligned approximately parallel to

the axis of the Arabian Gulf. The tides are mixed

diurnal, ranging from 2.5 m seaward of the islands to

approximately 1 m in the protected lagoons. At the

coastal barriers of eastern Abu Dhabi, the tidal range

is approximately 1.5 m, but only 1 m in the adjacent

lagoons (Evans, 1970), though, as indicated earlier,

prolonged winds may cause the tide to rise several

meters, flooding coastal areas. Evans et al. (1969)

report tidal current speeds measured at three locations:

(a) seaward of the tidal deltas of eastern Abu Dhabi at

0.25 m/s at the sea surface and 0.15 m/s on the sea

floor, flowing approximately parallel to the shore; (b)

within the tidal deltas at 0.65 m/s at the sea surface

and 0.40 m/s at the sea floor; and (c) in the inner

southern lagoons at 0.25 m/s at the surface and 0.20

m/s on the sea floor.

As in eastern Abu Dhabi, the tidal currents of

western Abu Dhabi reach high velocities where they

are constricted by channels, forming deltas that are

often up to 8 km2 in diameter. Seaward of the offshore

bank, tidal movement is in an east–west direction, but

within the Khor al Bazam lagoon the regime is more

complicated. As with the lagoons south of Abu Dhabi

Island (Kinsman, 1964a), restricted access to open

waters in the Khor al Bazam causes both a time lag

and a distinct decrease in tidal range southward across

the lagoon from the seaward, northern entrance. At the

restricted eastern head of the Khor al Bazam, partic-

ularly along the south coast of Abu al Abyad Island,

westerly flowing ebb currents are dominant, and sand

from here is moved into the deeper parts of the lagoon

to the west.

North and seaward of the offshore bank, the action

of waves and the resultant movement of material are

complicated by the presence of offshore shoals and

coral banks. Here, tidal currents flow in two directions

but tend not to be channeled as they are in the Khor al

Bazam. Material is moved both to the east and to the

west. There is movement to the east when the ebbing

current carries suspended sediment discharged from

tidal channels, as at the mouth of Khor Salali (Fig. 6).

Alternatively, westward movement may occur at low

tide where waves stir up bottom material. This is then

transported by the flooding tide. In many cases, wind-

generated currents are probably the controlling factor

with respect to the over-all longshore movement of

material. These have an easterly trend where the

offshore bank and the mainland coast are aligned

east–west and a southwest trend where the coast is

aligned northeast–southwest.

3. General setting of the coastline complex

The Holocene sediments of the United Arab Emi-

rates coast (Figs. 3 and 6) accumulate on Neogene

sedimentary rocks. This Miocene substrate consists of

a sequence of marls, sandstones, limestones and

evaporites dipping gently southward. Along the coast,

these rocks crop out as a low, northeast–southwest

escarpment seldom higher than 35 m. This escarpment

parallels the United Arab Emirates coast and is cut by

valleys that trend northwest–southeast. The orienta-

tion of the ridges and valleys is similar to that of many

A.S. Alsharhan, C.G.St.C. Kendall / Earth-Science Reviews 61 (2003) 191–243200



of the local islands and lagoons suggesting a combi-

nation of structural control and the dominant wind

blowing from the northwest. It is difficult to distin-

guish between these structural and wind controls.

Banked up against the Neogene rocks and covering

them are Quaternary carbonates known locally as

miliolite (Kinsman 1964a; Kirkham, 1997). This field

term is used throughout the Arabian Gulf region to

describe a calcareous, cross-bedded sand of post-

Miocene age with a locally high miliolid content.

The sedimentary rocks were deposited during the last

major glacial eustatic low stand in the Arabian Gulf.

These largely aeolian sands line the inner margins of

the present-day salt flats or sabkhas and are some-

times truncated so that their surface lies close to the

present water table (a Stokes surface) and their festoon

cross beds are exposed as wind-deflated surfaces.

They underlie much of the Holocene carbonate–

evaporite complex and also form the cores barrier

islands and headlands (Kirkham, 1998a).

Though Walkenden and Williams (1998) may dis-

agree, the gradational increase of the slope of the

carbonate and evaporite depositional surface along the

coastline between Abu Dhabi and Jebel Dhanna into

the Arabian Gulf matches the setting and character of

a classic carbonate ramp (Evans, 1994). The deeper

water of the outer shelf to the north and east is the site

of the accumulation of argillaceous and/or micritic

sediment that generally passes southward into accu-

mulations of peleypod sand on the gently sloping sea

floor of the inner shelf. Locally thin bands of grain-

stone occur with grain types that reflect the composi-

tion of the adjacent shallow shelf shoals, representing

storm wash-over lenses from these shoals. In the

vicinity of Abu Dhabi Island, at the crest of the ramp,

the offshore shelf skeletal sediments pass landward

into oolite shoals that form in the shallow waters

where wave and tidal energy is concentrated to form

tidal deltas (Fig. 8). In western Abu Dhabi skeletal

banks and reefs form the crest of the ramp.

The coast between Dubai and Ras Al Khaimah is

curvo-linear, lying oblique to shamal winds, its asso-

ciated waves and surface currents. Here storm beaches

flanked by coastal dunes are composed largely of

skeletal carbonate sands. Near Sharjah, Umm al

Quwain and Ras al Khaimah, a series of sub-parallel

spits have enabled the coastline to prograde seaward

of some 5–10 km. Channels dissect the spits and

terminate seaward in small tidal deltas formed by

pelleted carbonate sand. The absence of offshore

barriers means that deep waters impinge directly onto

the shore, making it a region of maximum water

agitation and effective longshore transport (Purser

and Evans, 1973). Interestingly at Ras Ghanada, a

sabkha and lagoon complex just to the northeast of

Abu Dhabi Island (Figs. 6 and 9), there is a great

example of one of the more mature sediment-filled

systems along the Abu Dhabi coast. It includes a

nearly closed lagoon connected to the Arabian Gulf

by narrow channels, and is being enveloped by a large

sabkha constituting the supratidal part of the lagoon

(Baltzer et al., 1994).

Southwest along the coast of the United Arab

Emirates, barrier islands become numerous and wide-

spread and include Abu Dhabi, Al Sadiyat, Al Qana-

tir, Abu Al Abyad, and Marawwah (Fig. 6). These

islands and the peninsula of Al Dhabaiya are

nucleated around Pleistocene aeolian calcareous sands

and marine sediment, the miliolite mentioned earlier,

that is locally elevated some 2 to 4 m above sea level

(Kirkham, 1998b). The Holocene sediments accumu-

lating on these low islands are largely a mix of marine

and aeolian carbonates that reach only a few meters

above sea level. At Al Dhabaiya, the coastline of Abu

Dhabi is divided into two parts, and west of this

peninsula (Fig. 6), the protecting barrier islands are

more widely separated from each other than those to

the east. They occur on extensive bioclastic sandy

shoals and coral banks cut by tidal channels.

In contrast to the east of the peninsula, the barrier/

lagoon complex is closely spaced. Here the islands,

like that of Abu Dhabi, lie on a narrow shelf open to

heavy seas, have steep beach faces and landward form

large aeolian dunes that prior to the building boom of

the United Arab Emirates often had a height greater

than 5 m. The barrier islands to the east are ‘T’

shaped, with the top of the ‘T’ lying seaward and

parallel to the trend of the coast at right angles to the

dominant wind direction. The stems of the ‘T’ are

sediment tails that extend south and lagoonward in

response to the aeolian transport of carbonate sand

and the lateral accretion of sand spits by longshore

currents. These tails restrict the circulation in the

series of coastal lagoons formed in their protection.

At the seaward margins of most of the barrier

islands, oolitic sands, and locally, skeletal grainstones
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collect on relatively high-energy shoals, beach bar-

riers, tidal deltas and channels. These latter channels

are the site of the accumulation of well-abraded

mollusks, echinoids, foraminifera, and corals. Later-

ally discontinuous reefs occur just north of the central

portions of the barrier islands (Evans et al., 1964b).

Interestingly, coral reefs also develop along the sea-

ward flanks of the inter-island tidal channels and in

the seaward portions of the lagoons where tidal

channel waters provide enough circulation to enable

coral growth (Kinsman, 1964b).

In the restricted lagoons to the south, tidal move-

ment tends to be at right angles to the coast and

landward of the barrier islands, the lagoonal sediments

are commonly dominated by lime mudstones with

scattered skeletal fragments derived from in situ

Fig. 8. Sedimentary facies distribution around Abu Dhabi Island and adjacent islands (modified from Kenig et al., 1991).
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growth of organisms. Where sand size carbonates

occur in the seaward portions of the lagoons these

are often composed of fecal pellets. Close to the edges

of the oolite deltas, where they are subject to flood

tides, grapestones accumulate.

At low tide, extensive parts of the lagoon floor are

exposed and evaporation of the intertidal waters

results in increased salinities. This is matched by a

decrease in echinoids, corals, and algae and an

increase in gastropods and imperforate foraminifera.

Here, as in other north-facing protected coastal areas

of the United Arab Emirates, the accumulation of

lagoonal sediments is being encroached on and termi-

nated by sediments from tidal flat settings (often lined

by mangroves and cyano-bacterial mats) that, in turn,

are flanked and being encroached on by supratidal salt

flat (sabkha) sediments.

These mangrove swamps grow locally in intertidal

waters and are the site of the lime mud and pelleted

mud accumulation. They have characteristic root

structures and form mangrove peats. The swamps in

which they accumulate are comprised largely of the

shrubs of black mangrove (Avicennia marina) and

they are criss-crossed by narrow tidal channels.

Landward of the mangroves the inner intertidal zone

along the Abu Dhabi coast has maximum protection

Fig. 9. Sedimentary facies of Ras Ghanada, eastern Abu Dhabi Island (modified from Baltzer et al., 1994).
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from the dominant north–northwest wind, and here

microbial mats dominate the tidal flats of the coast.

During the diurnal flooding by tides, very little sedi-

ment is deposited onto the mats but storm events can

transport lime mud and sands onto their surface. These

flats pass landward into the supratidal zone of the

‘‘sabkha’’ (Evans et al., 1964a,b; Butler et al., 1982;

Kirkham, 1997) without any break in slope. The sabkha

is very flat and slopes towards the coast. Its surface lies

above the level of normal spring tides. Occasional

storm-induced flooding transports carbonate sand/lime

mud onto its surface as laminae form, which are then

disrupted by desiccation and evaporite mineral growth.

These coastal sabkhas lie seaward of an early Holocene

high-energy shoreline which is characterized by bio-

clastic sand rich in cerithid gastropods. Trenches cut in

the coastal sabkhas exhibit shoaling upward cycles.

These cycles (Fig. 10) commonly consist of a subtidal/

intertidal sequence overlain by supratidal facies but as

Kinsman and Park (1976), Butler et al. (1982), Kenig et

al. (1989) and Kirkham (1997) have demonstrated the

cycles found in mainland coastal sabkha can be quite

complex (Fig. 11). For instance, as can be seen in the

canal cut at Mussafah, the cycle begins with a trans-

gressive algal mat followed by a prograding shoaling

upward cycle of lagoonal muds and sands. Locally,

these sands are underlain by indurated cemented crusts.

Prograding cyano-bacterial peats, anhydrite, and gyp-

sum and halite cap the sands and muds. The intense

evaporation creates high salt concentration in surface

capillaries, but also brings an upward movement of

brines from the water table. This causes the precipita-

tion of gypsum and aragonite while the Mg2 + /Ca2 +

ratio rises so local dolomitization of interstitial aragon-

ite mud also occurs.

Similar cyano-bacterial flats also occur west of the

peninsula of Al Dhabaiya in the protection of the

islands of Abu Al Abyad and the Khusifa. However,

where this protection is reduced to the west, as it is

along the exposed coast of the Khor al Bazam, a series

of small beach ridges form in the intertidal zone

backed by sabkha (Kendall and Skipwith, 1969a;

Kirkham, 1997).

West of Al Dhabaiya is an offshore barrier/lagoon

complex that provides mixed protection to the exten-

sive Khor al Bazam lagoon. This has less restricted

Fig. 10. Schematic of complete Holocene sequence coastal sabkha of the southern Arabian Gulf (after Warren, 1991).
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circulation than the lagoons to the east because its

western end is up to 20 m deep, connects with the

Arabian Gulf and is exposed to greater wave action.

However, the Khor al Bazam is at its most restricted

where it becomes intertidal just south of the island of

Abu Al Abyad. The barrier islands of the bank north

of the Khor Al Bazam are protected by coral reefs and

shoals, enabling the development of gentle beach

Fig. 11. Ideal Holocene organo-sedimentary sequence of the Abu Dhabi coastal area (modified from Kenig et al., 1991).
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faces on their north shore with small dunes forming

just landward (Kendall and Skipwith, 1969a). The

dominant tidal movement in the Khor al Bazam is

east–west.

4. Sedimentary facies in the Khor al Bazam lagoon

The Khor al Bazam lagoon is situated to the west

of Al Dhabaiya Peninsula. Here the west of Al

Dhabaiya coral reefs grow along most of an offshore

bank to the North of the Khor al Bazam and oolites

are restricted to a few coastal strips. This contrasts the

region to the east of Al Dhabaiya, where coral reefs

are restricted to small patches and oolites collect on

the inter-island tidal deltas (Evans et al., 1964a,b).

The eastern end of the Khor al Bazam lagoon is

protected from heavy waves by the offshore banks

and more widely spaced barrier islands, including the

40-km-long Abu Al Abyad. Here the setting to the lea

of this island is not unlike the protected lagoons and

mainland coastal flats south of Abu Dhabi Island, so

that just west of Al Dhabaiya a 40-km-long cyano-

bacterial mat, some 2 km wide, is prograding north-

ward across sandy micrites and sands. In contrast at

the west end of the Khor al Bazam, carbonate muds

accumulate only in a narrow belt of deepwater south

of the offshore bank. On northward facing intertidal

platform (Kendall and Skipwith, 1969b), grapestones

skeletal debris and local oolites are the dominant

sediment components.

Kendall and Skipwith (1969a,b) identified some

nine distinct sedimentary facies within the Khor Al

Bazam lagoon and its adjacent areas (Figs. 6 and 12).

These include: (1) a coral and coralline algal facies

occurring on the offshore bank and the northern edge

of the coastal terrace; (2) an oolitic sand facies

occurring on the more exposed coastal terraces of

the western area; (3) a pellet-aggregate (grapestone)

and pellet facies accumulating on the coastal terrace;

(4) a mud and pellet facies which occurs in the

northeastern subtidal area of the Khor Al Bazam

and in the Khusaifa region (Fig. 6); (5) a molluscan

sand facies collecting the axis of the Khor al Bazam;

Fig. 12. Sedimentary facies distribution of Khor al Bazam, western Abu Dhabi.
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(6) a mangrove swamp facies in protected waters

with more open marine circulation; (7) an algal mat

facies of the protected northeastern shore; (8) evap-

orite facies forming of the sabkha landward of the

headland seas; and (9) an eolian facies of the inner

sabkha.

Fig. 13. Sedimentary facies map for the Al Dhabaiya Peninsula, western Abu Dhabi.
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5. Mangrove swamp west of Al Dhabaiya

Peninsula

The southwestern coast of Al Dhabaiya Peninsula

(Fig. 13) is a field locality where mangrove growth is

common and can be reached from the local road

system. Here a series of Pleistocene outcrops protect

the coast so that around and between them, cyano-

bacterial flats and tidal creeks are lined by stands of the

black mangrove, Avicennia marina. This mangrove has

a characteristic system of protruding roots or ‘‘pneu-

matophores’’. It is the only mangrove that has been

found in the Khor al Bazam (Plate 1-1) and it occurs as

small bushes and trees in areas protected from turbulent

wave action.

Mangroves grow in many shallow protected areas in

the United Arab Emirates, usually lining the banks of

creeks draining algal flats or in narrow strips parallel to

the shore at the very top of the intertidal flats (Plate 1-

2). These plants grow where they experience frequent

tidal interchange, so that their roots and lower trunk are

normally covered at high tide. Larger mangroves grow

on the edges of channels where there is better tidal

interchange and they diminish in height and distribu-

tion inland just as Allen (1965) describes for the Niger

delta. For instance on the margins of the Khor al

Bazam, and elsewhere on the protected coasts of the

United Arab Emirates, as mangrove-lined channels

become sediment-choked, the area becomes colonized

by a crinkled cyano-bacterial mat and the mangroves

die. These algal mats grow landward of the mangroves

and are often underlain by a gypsum mush (Plate 1-3).

The mats also grow on creek banks, are crinkled (Plate

1-4) and occasionally tufted. The creek banks are often

cemented to form a beachrock. In some cases, dunes

covered with halophytes, including Salicornia sp. and

Arthocnemum Glaucum (Plate 1-5), enclose the cyano-

bacterial mat. Aragonite 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). In the United Arab Emirates, this mud com-

monly is intensely burrowed by crabs (Plate 1-6, 1-7).

Some of this mud undoubtedly precipitates in situ,

either in response to the evaporation of the seawater

or local microbial activity.

There are three characteristic systems of coastal

progradation associated with the mangrove swamps of

the southwestern coast of Al Dhabaiya Peninsula. In

one case, one can traverse from the mangrove-lined

tidal creeks laterally into a burrowed crab flat with

some Salicornia sp. colonizing local highs, into a

gypsiferous crinkled cyano-bacterial flat and finally

sabkha flats (Plate 1-7). Penecontemperaneous

cementation can be observed forming indurated

cemented crusts around the bushes of Salicornia sp.

and extending across the burrowed crab flats. Mud-

cracked zones are common here (Plate 1-8). In con-

trast, it is possible to traverse from mangrove-lined

creeks, followed by burrowed crab flats, into Salicor-

nia sp.-fixed gypsum dunes across a narrow belt of

algal flats. The third case occurs where Salicornia sp.-

fixed dunes adjoin bioclastic beaches that are abruptly

separated from adjacent sand flats by mangrove stands

trapping fine-grained mud. In all three of these differ-

ent mangrove settings, indurated cemented crusts and

beachrocks are common.

6. Supratidal flat south of Al Qanatir Island

South of Al Qanatir Island on the northward-facing

shore of the Khor Al Bazam to the west of Al

Dhabaiya Peninsula, a field locality can be visited in

which the surface sediment can be traced across the

lower tidal flat to the high supratidal into the adjacent

sabkha. Surface features include carbonate mud to

sand tidal flats capped locally by indurated carbonate

crusts, followed landward by a series of distinct cyano-

bacterial mat surfaces that pass laterally into a thin

polygonally cracked and sometimes convoluted halite

crust (Fig. 14). These variations in surface sediment

character and morphology reflect the tidal flat and

adjacent sabkha topography and their relationship to

tidal range (Butler, 1969; Butler et al., 1982).

Plate 1. Sedimentary facies west of Al Dhabaiya Peninsula. (1) Mangroves parallel to beach face at the top of an intertidal sand flat. (2)

Mangroves occurring just seaward of intertidal beachrock. (3) Cyano-bacterial mat underlain by gypsum and crab muds landward of the

mangrove creek. (4) Crinkled cyano-bacterial mat landward of mangrove creek. (5) Salicornia sp. colonize dunes rich in windblown gypsum,

stabilizing the higher areas. (6) Cemented crab burrows along tidal creek. (7) Salicornia sp. and crab burrows at creek edge. Gypsum dunes

occur on the topographically higher areas. (8) Mud-cracks along the bank of a small tidal channel.
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These variations are used to differentiate the pro-

tected southeastern shore of the Khor al Bazam into a

sand flat with indurated cemented crusts (lower tidal

flat); cyano-bacterial mat (upper intertidal) facies; the

gypsum mush (lower supratidal); a mid salt flat (mid

supratidal); and an upper salt flat (upper supratidal),

respectively. This lateral sequence of these facies is

preserved vertically in the upper supratidal zone

reflecting the seaward progradation of these facies. In

the thicker supratidal sequences of the upper supratidal

zone, complicated vertical facies variations are dis-

played by the interfingering of the algal peats, displa-

cive evaporites, and carbonate muds and sands brought

in by tidal or storm events.

The sedimentary zones of the algal flat and coastal

sabkha lie just north of a series of beach ridges rich in

cerithid gastropods. These ridges are close to the

landward edge of the Holocene transgression that

Kinsman and Park (1976) and Kirkham (1997) have

observed, and lie just a short distance landward. This

suggests that wave energy was initially higher during

the first phases of the fill of the Khor al Bazam.

This representative sequence of the Al Qanatir area

is a close match to similar shoaling upward cycles of

cyano-bacterial mats elsewhere along the eastern

shore of the Khor al Bazam and the shores of other

protected lagoons in Abu Dhabi. Exceptions occur

where the sabkha slope is interrupted by beach ridges,

tidal channel depressions and by elevated tepee struc-

tures formed by the indurated surface crusts of the

lower tidal flat (Alsharhan and Kendall, 2002).

6.1. Indurated cemented crusts

Indurated cemented crusts and beachrock occur

along the Abu Dhabi coast at Al Dhabiya, Al Qanatir,

Ras al Aish and Jebel Dhanna, and their component

grains, cement fabrics and early diagenetic effects

have been studied by Kendall and Skipwith (1969b)

and Whittle et al. (1998). Here, at Al Qanatir, indu-

rated cemented crusts and beachrocks are common in

the more elevated portions of the tidal flat, close to but

just seaward of the algal flat; the sediment is com-

posed of carbonate sands and muds. The muds, where

Plate 2. Sedimentary facies southwest of Jebel Dhana. (1) Cerithid gastropods and clasts coated by aragonitic crusts on the easternmost spit

(knife for scale). (2) Aragonite-coated beachrock along an intra-spit tidal channel. (3) Beachrock zonation. The lower intertidal shows little to no

aragonite coating while the upper areas are thickly coated. (4) Polished travertine-like coated aragonite surface of beachrock. (5) Uncoated

cerithids and clasts on the easternmost spit. (6) Mega-polygons formed from indurated and cemented carbonate crust that reach 3 m in diameter

at Al Qanatir in the eastern Khor al Bazam. (7) Digitate aragonite coating on beachrock from the lower intertidal zone. (8) Tufted algal surface.

Fig. 14. Sedimentary facies map for the southern shore of the SW Khor al Bazam south of Al Qanatir Island, western Abu Dhabi.
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Plate 3. Beach rocks and cemented carbonate surface intertidal crusts from southwest of Jebel Dhana and in the eastern Khor Al Bazam. (1)

Mega-polygons coated with travertine-like aragonitic crust southwest of Jebel Dhanna. (2) Laterally continuous indurated cemented crusts

which show dessication cracks and fill by both sediment and cement in the eastern Khor Al Bazam. (3) Marginal cracks of the indurated

cemented crust surface filled by sediment and cement in the eastern Khor Al Bazam. (4) In intertidal zone feeding balls characteristic of

Scopimera sp. in the foreground and black mangroves Avicennia marina in the background, beach face grading into mud just west of the Al

Dhabaiya Peninsula. (5) Tidal channel dissecting the intertidal sand and mud flats in the eastern Khor Al Bazam. (6) Mud cracks forming along

the edge of a tidal creek in the eastern Khor Al Bazam.
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they occur, pass laterally into sands that are com-

monly cemented and form extensive laterally contin-

uous indurated cemented crusts (Plate 2-6). Intertidal

sand and mud flats with indurated cemented crusts lie

just to the seaward of the cyanobacterial mats and

form mega-polygonal saucers in response to sediment

and cement-filled cracks of the saucer margins. These

progressively fill and cause the polygonal margins to

crumple. The indurated cemented crusts are often

buckled into mega-polygons 2 to 3 m in diameter.

Sometimes, the edges of these mega-polygons pro-

trude above the adjacent sands and are coated by a

blackened-surface of cyano-bacteria (Plate 3-3).

Though layers of sediment often cover the polygons,

Fig. 15. Thermal expansion process that leads to buckling of indurated cemented crusts (Kendall et al., 1994).
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their indurated cemented crust surfaces can be totally

exposed. These crumpled margins can be filled by

several generations of sediment and cement. The

process of the carbonate cementation of these indu-

rated cemented crusts also appears to be related to

high evaporation rates during low tide, and to the

repetition of diurnal temperature variation on the

sediment surface. During the night, thermal cooling

causes the crusts to contract. The initial shrinkage

cracks that develop in the sediment crust are subse-

quently filled by loose sediment which itself is rapidly

cemented and partially fills the crack. In the heat of

the next day, this crack-fill occupies volume and acts

rigidly to prevent the fissures from closing completely

(Fig. 15) (Kendall and Warren, 1987).

Through the continued processes of diurnal thermal

expansion and contraction, crack filling and cementa-

tion, these thin crusts expand laterally and buckle

upward, forming large mega-polygons, 1 to 2 m in

diameter (Plate 3-1–3-3). These crusts are normally

coated by blue-green algae and are densely cemented

with micrite, particularly on the undersurfaces of the

polygons. Most of the cement associated with these

landward crusts is magnesium calcite. On the algal

flats where wave and current scour has removed the

overlying algal peat, the beachrock crust is coated with

thick micritic cement layers that sometimes develop

into thick radial fibrous aragonite cements (Kendall et

al., 1994). This indurated cemented crust surface

extends landward beneath the sabkha flats, forming a

time-transgressive layer that has been persistent over at

least the last 3000 years.

Local dissolution of the indurated cemented crust

surface appears to be driven by infestation of cyano-

bacteria. The best examples occur where the indurated

cemented crusts are, but the crumpled margins have

Fig. 16. Distribution of evaporites and algal mats in southwest Abu Dhabi Island and along the southern shore of the SW Khor al Bazam

(modified from Kendall and Skipwith, 1968).
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been removed. Commonly occurring in association

with the indurated cemented crusts are ubiquitous

colonies of miliolids and cerithids. Additionally,

occasional mangroves colonize small areas of the

sand and mud flats. Seaward of the algal flat and

indurated cemented crusts are undulating surfaces of

carbonate sands and muds (Plate 3-4). Locally, in the

lower lying areas, tidal creeks dissect this surface

Plate 4. Supratidal flat south of the Khor al Bazam. (1) Polygonally cracked surface crust of halite. (2) Sand-rich crumpled halite polygons with

tepeed margins. (3) Trench showing gypsum mush (with organic-rich gypsum crystals) above cyano-bacterial peat and carbonate sand. (4)

Gypsum rosettes. (5) Crab burrowed tufted cyano-bacterial mat. In the distance are Salicornia and the black mangroves Avacennia marina.
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and are incised into carbonate muds (Plate 3-5).

Along the tidal channels mud-cracks are common

(Plate 3-6).

6.2. Distribution of cyanobacterial mat south of Al

Qanatir

Wide and long tidal flats characterize the coastal

lagoons of the eastern Khor al Bazam and south of

Abu Dhabi (Fig. 16). Here, cyanobacterial mats form

part of the seaward edge of the prograding coastal

plain, with an average width of about 2 km and

underlain by some 5–30 cm of the compacted peat-

like remains of cyano-bacteria (Plate 4-3). Based

upon gross surface morphology of the cyano-bacte-

rial mats, Kendall and Skipwith (1968) described and

subdivided the mat into zones (Fig. 17). In general

terms, from seaward to landward, these zones are

Fig. 17. Zonation of algal morphology along the Abu Dhabi coastal area. (1) Lagoonal carbonate sands and (or) muds; (2) poorly laminated

algal-rich carbonate muds; (3) algal mat formed into cinders; (4) carbonate-indurated cemented crusts; (5) lagoonal sediments with gypsum

crystals; (6) polygonal zone algal peat with gypsum crystals; (7) polygonal zone algal peat; (8) anhydrite nodules and layers in matrix of

windblown carbonate and quartz; (9) halite crust formed into compressional polygons.
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mamillated mats, polygonal, and crenulated mats.

The morphologic variations in the zones probably

represent differences in the microbial species that

form the mats as they are modified by environmental

conditions, primarily of subaerial exposure. Mat

types can be directly correlated to the topography

of the flat. The algal peats in the subsurface can be

recognized and, locally, preservation of desiccation

polygons occurs on the bedding planes of the algal

peat facies.

6.2.1. Mamillated or cinder mat

Landward of the indurated cemented crusts of the

lower intertidal mamillated or cinder mat occurs on a

substrate of intertidal sands, muds and indurated

cemented crusts. This is the first mat type in the

vertical and lateral sequence of the mat facies (Plate

5-4) and resembles a surface of cinders. Often, this

portion of the mat is removed by wave erosion and

tends to colonize raised patches surrounding depres-

sions filled by rippled carbonate sediment.

6.2.2. Polygonal mat

The mats take on the form of a ‘‘mud’’-cracked

polygonal surface in the mid- to upper intertidal zone.

Here, the mats are broken into polygons whose edges

are upturned, and on a small scale this provide a niche

for pinnacles of cyano-bacterial mat to grow (Plate 5-2,

5-3). These pinnacles are abundant in areas with low

tide exposure and occur with several environmental

Plate 5. Cyanobacterial mat morphology south of Al Qanatir Island. (1) Crenulated or crinkle mat of the upper intertidal zone. Note the gypsum

mush and cyano-bacterial peat below. (2) Polygonal mat with its characteristic upturned edges and discoloration toward the center of the mat. (3)

Large cyano-bacterial mat polygons that reach 1 or 2 m in diameter. (4) The cinderlike cyano-bacterial mat marking the seaward margin of the

algal flats.
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modifications (e.g. ripples caused by waves). In the

mid-intertidal zone, particularly within tidal creeks, a

smooth, continuous, polygonally desiccated, flat mat

occurs and displays large-scale polygons. Here, this

mat is layered and commonly has a beige- to pink

surface color, but it can be dark greenish black. This

flat mat accumulates to a thickness of several centi-

meters and contains large (1 m) desiccation polygons

at the surface. In the numerous and wide ponded and

tidal channel areas, polygonal and crenulated zones are

dominant. Here, crenulated and pinnacle mats are well

developed; flat, polygonal mats and mamillate mats

form within ponded waters in the lower intertidal zone.

6.2.3. Crenulated or crinkled mat

In the upper intertidal zone, which is flooded during

middle to high tide, the cyanobacterial mat predom-

inantly forms a crenulated or crinkle zone mat under

which the gypsum facies begins to develop (Plate 5-1).

The crenulated mat is a leathery, wrinkled layer, which

is black on the air-exposed upper surface of the folds,

but commonly retains a pinkish beige color on the

lower, less exposed surfaces. The folds trap air and

gases that are expelled when walked upon. 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 at the transitions

between the crenulated mat with the pinnacle and

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.

Gypsum actively precipitates just beneath the

crenulated mats of cyano-bacteria in the upper inter-

tidal zone and at a depth of a centimeter or less

beneath the surface sediment in the lower supratidal

zone (i.e. is only flooded by wind tides). The sediment

is moist, apparently inhibiting the formation of anhy-

drite, except where dewatering of the sediment occurs.

This dewatering apparently occurs where footsteps

and vehicle tracks have compressed the sediment.

Often these features are filled with layers of anhydrite.

The surface carbonate washover sediment may con-

tain halite, but it does not form a crust at the surface

(Plate 4-3). The crystals in the gypsum vary in size,

from a few millimeters to as much as a centimeter in

diameter. The crystals overlie a cyano-bacterial peat,

commonly with a transition zone of organic-rich

gypsum layers. Below the peat are the ubiquitous

indurated cemented crusts and unconsolidated carbo-

nate sands of the earlier lower tidal flats.

6.3. Morphology of cyanobacterial mat south of Al

Qanatir

Samples of cyano-bacterial material and associ-

ated carbonate sediments have collected from the

actively growing mat and where the algal mat

extends inland and beneath other sediments. These

samples have been investigated in terms of their (1)

surface conditions at deposition; (2) geometry and

relationship to surrounding facies; and (3) organic

chemical composition from whole rock, bitumen

and kerogen analysis.

Along the southeastern margin of the Khor al

Bazam and the restrictive coasts of the lagoons

south of the island of Abu Dhabi, cyanobacterial

mats have prograded seaward, so that in some areas

it extends landward for more than 2 km beneath the

thin veneer of displacive evaporites and windblown

and storm-washover sediment. In the vicinity of the

Abu Dhabi Island, carbon-14 dating of the cyano-

bacterial peat (Kenig et al., 1989) suggests that the

algal mat has prograded as much as 7 km in the

last 4000 years. Park (1977) (Table 1) has proposed

a modified descriptive classification scheme based

on mat morphology. The dominant controls he

listed as affecting mat development are shown in

Fig. 18. Due to complex wetting patterns, it is

difficult to establish a clear zonation of the various

forms, although broad trends may be identified as

described by Kinsman and Park (1976).

As the mat becomes more deeply buried further

inland, gross morphologic structures are less well

preserved. For example, below the gypsum mush

facies polygonal and mamillated mats are easily

distinguishable in buried sections. Beneath the lower

supratidal facies (farther inland) only the polygonal

mat was identified by field inspection. The crenulated

algal mat subfacies was not evident in the subsurface

at all. This mat may not be preserved because (1) it

forms more inland in a higher and more oxidizing

depositional setting and/or (2) it forms in a setting

conducive to precipitation of post-depositional, dis-

placive gypsum.
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6.4. Discussion of the source-rock potential of the

cyanobacterial mat south of Al Qanatir

Samples of cyano-bacterial material and associated

carbonate sediments have been collected along trans-

ects perpendicular and longitudinal to the shoreline. At

selected locations, trenches were dug, and vertical 3-

in. diameter cores of sediment have been collected.

Cores were taken in areas where the algal mat extends

inland and beneath other sediments so post burial

effects could be investigated. These samples were

investigated in terms of their (1) surface conditions

at deposition; (2) geometry and relationship to sur-

rounding facies; and (3) organic chemical composition

Table 1

Classification and preservation potential algal mats from Abu Dhabi coast (after Park, 1977)

Mat form Description Preservation potential in rock record

Subtidal heads Isolated domes with mm-scale liminae Fair to poor. Dependent upon the effectiveness

of its competitors, e.g., sea grass, burrowers

and grazers

Coccoid algal patches Loosely bound gelatinous patches,

having no internal structure

None, owing to lack of any cohesive structure

Mamillate mat Gelatinous, pustular growths resembling

bunches of grapes. No obvious internal structure

Poor to none. Pustular habit certainly lost but

the mat may be preserved initially as a

compacted gelatinous layer

Flat mat Generally smooth, even surface commonly

extending over a considerable area.

Internally displays pronounced mm-scale lamination

Excellent. Thick accumulations common; is

the most predominant stromatolite structure

found in the area

Pinnacle mat 2–60-mm projections having concentric

laminar structure and sediment filled cores

Fair. Probably responsible for LLH-microstructure

so much in evidence in buried sections. Some are

preserved on polygon rims while largest forms

may be knocked over and preserved as oncolites

Blister mat Smooth convoluted mat surface. The

convolutions may be either hollow

or filled with gypsum and/or carbonate mud

Poor to none. Pockets of gypsum may betray its

earlier existence but the organic mat itself is

generally lost through desiccation

Wrinkle mat Highly desiccated, brittle flakes None to poor. Generally lost but hardening as a

result of desiccation may permit some isolate

clasts to the preserved

Beige mat Very thin remnant organic layer transition

zone between algal belt and sabkha.

Sediment-rich, hence beige coloration

None. No structure ever formed, the thin laminae

being destroyed either by desiccation or evaporites

Polygons mat Saucer-shaped secondary modifications to several

of the primary mat forms, in particular flat mat

Good to excellent. Responsible for the stacked

saucer and mushroom-shaped structures often

evident in buried sections. The latter term includes

a wide range of structures associated with

polygon rims

Lithified algal heads Elongate mounds and heads often comprising

a palisade structure having both radial and concentric

elements. Elsewhere consists of a less regular framework

of aragonite grains each formed of a chaotic assemblage

of needles and the whole is associated with

tufts of the algal Scytonema

Good to excellent. Many of the larger fossil

digitate stromatolite heads may also have been

penecontemperaneously lithified in like manner

Our heuristic guesses of chances of preservation of cyanobacterial material in the rock record over 20,000 years are represented by none as a

zero chance of preservation; poor to none as 1 chance in 1000 of preservation; poor as 1 chance in 500 of preservation; fair to poor as 1 chance

in 250 of preservation; fair as 1 chance in 125 of preservation; good to fair as 1 chance in 60 of preservation; good as 1 chance in 30 of

preservation; excellent to good as 1 chance in 10 of preservation; and excellent as 1 chance in 5 of preservation.
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from whole rock, bitumen and kerogen analysis. High

evaporation rates on the highest intertidal portion of

the tidal flat have resulted in the precipitation of

gypsum crystals within and beneath the algal mat. In

this area, the water might be colored due to occurrence

of the dinoflagellates, as described by Sheppard et al.

(1992), where certain microorganisms are associated

with the varying colors at depth (Fig. 19).

As the mat becomes more deeply buried further

inland, gross morphologic structures are less well

preserved. For example, below the gypsum mush

facies polygonal and mamillate mats are easily dis-

tinguishable in buried sections. Beneath the lower

supratidal facies (farther inland) only the polygonal

mat was identified by field inspection. The crenulated

algal mat subfacies was not evident in the subsurface

Fig. 18. Controls affecting algal mat development along the Abu Dhabi coast (after Park, 1977).
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at all. This mat may not be preserved because it forms

further inland in a higher and more oxidizing deposi-

tional setting and/or it forms in a setting conducive to

precipitation of post-depositional, displacive gypsum.

Microscopic evidence shows that the solid organic

matter cyano-bacterial mat is mostly highly fluores-

cent algal material that is relatively free of microbial

maceration and may become a source rock. TOC

(total organic carbon) analyses and laboratory studies

by Kenig et al. (1991) and Kendall et al. (2002)

suggest these algal deposits are potential hydrocarbon

source. Rock-eval pyrolysis (HI values) suggests that

the organic matter is capable of generating oil and gas

but may be more gas prone, though elemental analysis

indicates that it is more oil prone than gas prone.

Both rock-eval pyrolysis and elemental analysis

show that the organicmatter follows the type II kerogen

evolution pathway (Fig. 20). TOC of the sediment in

the Al Qanatir area has a wide range of organic enrich-

ment (0.46% to 8.40% TOC). Whole-rock pyrolysis

yields moderately high hydrogen indices (HI) of 389 to

597, typical of marine type II kerogens. These values

Fig. 19. Chemical and physical details through a typical algal mat on a sabkha (composite). Thickness of mat (mm) is shown on the left, with

color of the various ‘sublayers’. Redox potential shows anoxic conditions below about 2 cm deep. Main microorganism groups at each depth are

indicated to the right (from Sheppard et al., 1992).
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vary slightly from the values (0.5% to 2.7% TOC and

HI 510 to 675) published by Kenig et al. (1989) and

Kendall et al. (2002). Elemental composition (C, H, N,

O, S) of isolated solid organic material (kerogen

precursors) showed atomic hydrogen to carbon (H/C)

ratios (1.20 to 1.54) that fall directly on the type II

evolutionary pathway, as shown in a modified van

Krevelen diagram (Tissot and Welte, 1984). Stable car-

bon isotope-ratios ranged from � 8.41% to � 10.78%.

This association of concentrations of organic mat-

ter interbedded with carbonates and evaporites is

uncommon in the Holocene (Schreiber et al., 2001),

but could have been more common in the geological

past, and may represent a potential source rock. A

number of major oil fields in the Arabian Gulf, the

United States and in other parts of the world occur in

ancient carbonate–evaporite sequences similar to

those of the study and could also have contained

similar algal sediments that occur in modern settings

and may also have been present in similar ancient

sequences and, consequently, could account for the

occurrence of petroleum in these sequences.

The petrographic analysis provides an alternate

means of recognizing mat types in the subsurface.

Additionally, the study of microstructures can delineate

subtle diagenetic changes in the mat as well as the

degree of preservation of cyano-bacterial constituents

of the mat. Thus, the following observations of cellular

and amorphous organic components of the mats are

concluded.

(1) Coccoid species (or at least the cell walls of

these organisms) are relatively well preserved, regard-

less of the mat type in which they are found. Liter-

ature citing fossil examples of cyano-bacteria em-

phasizes this point, since many of the examples are

coccoid species similar (or perhaps identical) to those

collected at Al Qanatir and described by Golubic and

Barghoorn (1977), Awramik (1984) and Golubic and

Yun (1985).

(2) The amorphous organic material (sheath mate-

rial and probably cell fluids) may degrade in a manner

that destroys depositional microstructure. If or when

this material is preserved in an amorphous form, the

origins of which are difficult or impossible to decipher.

Fig. 20. Modified van Krevelen diagram showing H/C to O/C relationships from elemental analyses of algal mat samples from Abu Dhabi.
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Fig. 21. Lithofacies distribution in subsurface for the southern shore of the SW Khor al Bazam south of Al Qanatir Island, western Abu Dhabi.
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(3) The dissolution of inorganic components (e.g.,

pods of micritic carbonates) and subsequent compac-

tion of the mats may alter the depositional structure of

the mat.

6.5. Sabkha flats south of Al Qanatir Island

Landward of the cyanobacterial mats the coastal

flats can be subdivided on the basis of flood frequency

into many facies belts that occur in the supratidal zone

and are described in more detail in Butler et al. (1982),

Warren and Kendall (1985), Alsharhan and Kendall

(1994) and Alsharhan and Kendall (2002), and are

shown in map and cross-sectional view (Figs. 16 and

21).

6.5.1. Mid salt flat facies

The mid salt flat is covered with a convoluted crust

of halite. It overlies a thin gypsum mush that is being

replaced by anhydrite. Trenches cut through this sur-

face pass down into a gypsum mush interlayered with

storm washover carbonate sediment, a thicker layer of

a loose mush of gypsum crystals, a well-developed

cyano-bacterial peat, and an indurated cemented car-

bonate crust, capping a thick succession of carbonate

sand (Plate 4-4). The cyano-bacterial peat is com-

monly laminated and displays desiccation polygons

on its bedding plane. These algal peats commonly

overlie an indurated carbonate crust that is cemented

by carbonates or gypsum, but is not always present.

6.5.2. Upper salt flat facies seaward of the beach

ridges

The upper salt flat facies is defined primarily by an

upper sequence of anhydrite. This anhydrite may

locally form at the sediment surface or lie beneath a

polygonally cracked surface crust of halite. Trenches

cut in the surface exhibit in descending order, halite

polygons, a sequence of storm washover carbonates,

anhydrite nodules (a few millimeters to 7 or so centi-

meters across) in a carbonate sand matrix overlying a

layer of anhydrite (as much as 20 cm thick), a thin

gypsum mush may also occur but is often absent, and

cyano-bacterial peat (Plate 4-3). The interbedded

nature of the carbonate and anhydrite often creates a

mottled texture particularly where gypsum has altered

to anhydrite through dewatering. Large (up to 6 cm)

gypsum crystals are common within or immediately

below the lowest part of the cyano-bacterial peat layer,

often preserving the original laminations. Lying

beneath the peat is a 2–5-cm layer of unconsolidated

carbonate sand. Locally, a burrowed carbonate mud

may replace this. Beneath this layer there is a com-

monly cemented 2–5-cm-thick layer of medium- to

very coarse-grained carbonate sand (a cemented inter-

tidal carbonate crust) that is identical in composition to

the overlying unconsolidated sand. Locally, these ind-

urated carbonate crusts may be absent. Below the crust

is a carbonate sand which is often greater than 1 m in

thickness and matches the character of the sandy car-

bonates accumulating in the low intertidal zone today.

6.5.3. Stranded beach ridge facies

Three to 4 km from the intertidal algal flats to the

north are a series of stranded beach ridges (Fig. 14)

that stand out as topographic highs that are as much as

a meter or so above the adjacent sabkha. These ridges

are rich in cerithid tests, but other gastropod and

pelecypod tests are common components along with

encrusting bryozoan (that coated long since decayed

bladder wrack), cuttle fish bones and foraminifera.

This beach ridge belt is some 2 to 3 km wide. It is

thought to represent a shoreline formed some 4000

years B.P. (Kirkham, 1997) when the Khor al Bazam

was more open and deeper. No gypsum or anhydrite

has been recorded within these ridges, probably

because the marine-derived groundwater has easy

access to them and is constantly replaced from marine

sources. Carbonate cementation is lacking too. Kirk-

ham (1997) suggests these ridges may have protected

small discontinuous lagoons to their south.

6.5.4. The upper salt flat facies landward of beach

ridges

The upper salt flat facies south and landward of the

cerithid beach ridges is capped by a widespread

polygonally cracked surface crust of halite (Plate 4-

1). Locally, the halite may be crumpled into convo-

luted 5 cm high sand-rich polygons (Plate 4-2). The

halite crust overlies a sand composed dominantly of

carbonate with some quartz. Both the quartz and

carbonate are derived from a combination of wind-

blown and storm washover sediments associated with

the tidal flats to the north and sediments eroded from

the Tertiary and Quaternary sedimentary rocks and

transported from the south by the wind and flash
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floods. Caught up in the sand and traced from the

surface down, this sandy matrix often contains dis-

persed anhydrite nodules (1 to 5 cm in diameter),

beneath which is a more continuous diapiric anhydrite

layer from 1 to 10 cm thick (Plate 4-3). Beneath this

anhydrite zone, with its predominantly carbonate sand

matrix, is the water table at about a meter in depth.

Close to the water table, gypsum rosettes become

common. Kirkham (1997) identified this evaporite

facies as the product of the Flandrian transgression

that is believed to have deposited sediments and

minerals in a discontinuous coastal lagoon just to

the lea of the cerithid beach ridges. Locally, instead

of carbonate sand Kirkham (1997) has recorded algal

sediments that we too have sometimes seen.

7. Coastal terraces just east of Jebel Dhanna

A series of coastal terraces mark the southern

margin of the western Khor al Bazam from Terif to

Jebel Dhanna. The edge of these coastal terraces has

an abrupt drop off which is colonized by green, brown

and red calcareous algae and corals.

At the Jebel Dhanna field locality the coastal

terrace sediments occur on the eroded surface of what

appears to be a Late Pleistocene or Early Holocene

reef flat and wave-cut benches of pre-Holocene rocks.

The sediments have varying thickness of unconsoli-

dated sands that may be bioclastic, oolitic or grape-

stones. Locally, as Kendall and Skipwith (1969a)

note, alternating layers of poorly cemented indurated

cemented crust (1 to 3 cm thick) may underlie these

sands. The cemented layers have flat upper surfaces

and irregular lower surfaces. Some layers are contem-

poraneous beachrock and are forming from the uncon-

solidated sediment of the sand flat.

Kirkham (1998a) has noted other similar occurren-

ces along the United Arab Emirates coast. These rocks

are probably cemented by calcium carbonate that was

precipitated by cyano-bacteria (Nesteroff, 1956) and

from evaporating capillary water during low tide

(Ginsburg, 1953). This latter process is probably

especially active during the height of summer. Before

additional sediment accumulates, the upper surface of

the beachrock is often truncated by storm action.

Sugden (1963) observed similar crusts at the west

end of Abu Dhabi.

Not all the layers are contemporaneous and some

are of different composition than the loose sand above

them. These horizons often extend from 2 m below

the low water mark to a few meters above the high

water mark (in the latter case they are often overlain

by beach and algal sediments) (Kendall and Skipwith,

1969a; Kirkham, 1998a). These limestones probably

represent sediments deposited as sea level trans-

gressed across the shelf during the last rise in sea

level. They were cemented to form beachrock that

was contemporaneous with the change in sea level.

At the seaward edge of the coastal terrace and

offshore bank, sand ridges lie parallel to the shore and

are covered by the highest tides in the region. These

match the break point bars of King (1959). Field

inspection of the bars of the Khor al Bazam visible

on aerial photographs suggests that they are produced

during storms by plunging breakers, as they crossed

the edge of the offshore shoal areas and coastal

terrace. The spill of the breakers transported the sand

across the top of the reef fronts and terrace. These

sands are composed of bioclastic debris.

Parallel ridges of bioclastic carbonate sand sepa-

rated by gullies occur within the intertidal zone of the

coastal terrace. Three types of runnels and bars are

distinguished in this area: those with frequent cross-

cutting channels, those with few cross-cutting chan-

nels and those which are angled (Fig. 22A and B).

Similar bars are believed by Williams (1960) to be

formed by breaking waves.

Intertidal spits and beaches on which, locally,

oolites are forming delimit the landward edge of the

coastal terrace. In the vicinity of the Jebel Dhanna

Peninsula (Fig. 1), oolitic grains are accumulating on

coastal terraces to its west and offshore to the north in

the vicinity of Sir Bani Yas Island. Closer to the

shoreline the surface of the terraces may be divided

on the basis of fauna into Cerithium sp. flats on the

lower area and crab flats on the upper (Kinsman,

1964a). Scopimera sp., the crab characteristic of the

latter zone, produces radial patterns of feeding balls.

Crabs, worms and mollusks extensively burrow the

sediments of the flats so that primary sedimentary

structures are destroyed. Ginsburg (1957) reported the

same phenomenon in carbonate sediments of Florida.

Intertidal spits are one of the most common fea-

tures associated with the shoreline of the western

Khor al Bazam and can be seen just west of Jebel
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Dhanna. They delineate the upper limit of the inter-

tidal flats (Kendall and Skipwith, 1969a; Kirkham,

1997), and trend from west to east, forming by long-

shore drift. The seaward side of each spit has a beach

face slope with a gradient of 1:6, while the slope of

the adjacent seaward intertidal flat has a gradient of

approximately 1:5000. A line of brown algae or

bladder wrack usually marks the base of the beach

face slope. As can be seen at Jebel Dhanna above the

beach face there is usually at least one berm backed by

a line of hummocky dunes. In cross-section, the

landward facing slope of a spit is convex and curves

down to the approximate level of the old intertidal flat

upon which it rests. The sediments show the sheet-like

geometry described by Imbrie and Buchanan (1965)

for similar features from the Bahamas. The spits

increase in width seaward unless another spit devel-

oped seaward of them. Spits appear to begin to form

along lines of drifted seaweed that accumulate on the

tidal flat. The inner edge of the coastal berms along

the Khor Al Bazam is fixed by Salicornia sp. This

plant traps sediment and stabilizes the low dunes

Fig. 22. Occurrence of mangroves along western Abu Dhabi coast. (A) Parallel to beaches and (B) growing in tidal creeks.
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(Kendall and Skipwith, 1969a; Kirkham, 1997). This

vegetation is best developed at the seaward edge of

the dune field and decreases in frequency and size

landward. This change in character can be attributed

to a combination of the daily dews that collect on

these dunes and the presence of moisture-retaining

bladder wrack caught up in the sediments of the berm.

The intensity of dew precipitation declines rapidly

landward as does the remnants of the bladder wrack.

Ghost crabs with their characteristic burrows and

adjacent cone-like sand mounds locally colonize the

berm. The entire coastline of the western Khor al

Bazam is lined with similar compound forms of spits

that are now stranded inland by coastal accretion in

the form of a series of beach ridges (Kirkham, 1997).

These beach ridges were described by Kendall and

Skipwith (1969a) as similar to the chenier ridges of

Louisiana (Byrne et al., 1959; Gould and McFarland,

1959) and parts of the Niger delta (Allen, 1965). Spits

within each compound beach ridge are commonly

hooked, sometimes forming into a looped bar (Evans,

1942). Other spits drape headlands to form winged

headlands (Thornbury, 1954; Kirkham, 1997); exam-

ples include Ras al Aish (Fig. 23) and west of Al

Mirfa. The island of Marawah shows similar features

(Kendall and Skipwith, 1969a).

The southern coast of the Khor Al Bazam west of

Al Qanatir toward Jebel Dhanna appears to have had

a history that suggests that this portion of the United

Arab Emirates coast has been exposed to constant

wave action while other areas have become more

protected. This is supported by the abundance of the

beach ridges that often delineate the upper margins of

the tidal flat along the coast of the Khor al Bazam

(Kirkham, 1997). As in similar beach ridges stranded

in the sabkha to southwest of Abu Dhabi and in the

eastern Khor al Bazam, these beach ridges are com-

posed of accumulations of cerithid gastropod and

bryozoan fragments. Locally, the ridges have isolated

large embayments between headlands of the Tertiary

rock, which were probably filled and became isolated

during the Flandarian transgression (Kirkham, 1997).

These embayments are now extensive sandy sabkhas

with the sediment derived from storm washover,

aeolian materials, and outwash from the Tertiary. In

these areas, halite is precipitated near the subsurface

Fig. 23. Sedimentary facies distribution at Ras Al Aish of western Abu Dhabi (see Fig. 6 for location).
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Fig. 24. Geologic map of Jebel Dhanna (western Abu Dhabi), and distribution of aragonite crusts at southwest Jebel Dhanna.
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Fig. 25. Traverse cross the supratidal zone at Jebel Dhanna locality showing progressive changes in morphology of aragonitic crusts. Profile

locations are shown in Fig. 24B.
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and is underlain by carbonate sands and local cyano-

bacterial mats. Layering is disrupted by halite near the

surface of the sabkha, thus convoluting the bedding of

these sediments.

The beach ridges of the Khor al Bazam are

commonly uncemented; however, local beach rocks

do occur. Thin aragonitic cement coatings are present

in settings just seaward of the beach ridges and spits

that mark the coast of the Khor al Bazam lagoon. For

instance, near Ras Al Aish surface cements coat

marine indurated cemented carbonate crusts and

beachrocks developing in the upper tidal flat sands

situated seaward of the beach ridges (Fig. 24; see also

Kendall and Skipwith, 1969a). In fact, beachrock and

indurated cemented crust surfaces are common in the

middle tidal flat near Jebel Dhanna. Most of these

indurated cemented crust facies are not coated with

carbonate cement crusts.

8. Intertidal aragonite cement coats on beach

rocks: southwest of Jebel Dhanna

Southwest of the Jebel Dhanna Peninsula (Figs. 5,

24 and 25), a system of coastal spits has isolated the

field locality of a small bay. These spits are composed

of cerithid gastropod shells that collected here in

response to southward longshore transport and local

westerly storms (Plate 2-1). These spits are cemented

into well-developed beachrock (Fig. 24) and along the

western lee shore of the partially isolated bay, arago-

nitic marine cements form travertine-like coatings on

the intertidal rock surface. These marine carbonate

cement crusts are up to 3 cm in thickness in this low

energy region (Plate 2-2; see also Purser and Loreau,

1973; Kendall et al., 1994; Alsharhan and Kendall,

2002). Here, small tidal channels dissect the spits and

are filled by aragonite mud that is locally up to several

centimeters thick.

The gently dipping beachrock forms along the

intertidal edge of the bay and exhibits a subtle zo-

nation. Here, a darker, uncoated beachrock occurs in a

lower (more seaward) topographic position, and a

lighter, coated beachrock occurs in a higher position

(some of which has a polished texture). Topograph-

ically above this, coated cerithids are collecting on the

berms of the spits (Plate 2-1, 2-3). The cement coat-

ing gives the beachrock a frosted appearance and

occurs only on the upper, exposed surface. Ridge

and runnel bedform structures are preserved in

cemented beachrock along the leeward edge of the

beach ridges and are also coated with micritic ara-

gonite measuring 5 to 30 mm in thickness. Where the

spits are coated with the micritic marine aragonite,

this surface resembles the flowstones from meteoric

settings (Plate 2-4). The loose coated cerithid shells

and other mollusk fragments that occur resemble

pisolites. Progressing seaward and southward, each

spit shows less cementation, with the most seaward

spit showing only intermittent, very poorly cemented

crusts about 1 cm below the sediment/water interface.

Also, uncoated loose cerithid shells occur on the sea-

ward easternmost spit (Plate 2-5).

The carbonate crusts at Jebel Dhanna display a

micritic to fibrous platy fabric that appears to bifur-

cate as the crust thickens. These plates have rounded

edges and are joined by ridges and walls composed of

micritic aragonite cement. The underside of the crusts

is covered with popcorn-like carbonate fabric with

individual domes branching out and increasing in size

away from the substrate. This platy fabric is a

characteristic of cave flowstones and travertine where

water degasses on the rock surface and carbonate is

precipitated just beneath the meniscus surface. It

appears then that the Jebel Dhanna crusts have a

similar origin to caves but form in an intertidal

setting.

The thickness, microscopic characteristics and

morphology of the cement coatings from Jebel

Dhanna suggest incremental deposition of aragonite

co-existing with traces of sulfate minerals. Most of

these cement coatings are micritic, but the layers

encrusting algal flat indurated cemented crusts have

a more radially fibrous microstructure and are com-

posed solely of aragonite. The stable isotope com-

position of these coatings has a mean value of d18O=
+ 0.35, d13C= + 4.00 that falls within the composi-

tional range for modern nonskeletal aragonite. This

suggests that the marine travertines precipitate from

agitated, slightly hypersaline Arabian Gulf seawater

through repeated immersion and evaporation (Kendall

et al., 1994).

Locally, the cemented crusts are buckled into

mega-polygons, most commonly on the berms of

the spits. The buckled margins of these mega-poly-

gons are juvenile forms of tepees, similar to those
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described by Asseretto and Kendall (1977). These

megapolygon slabs of beachrock have an incomplete

marine travertine coating (Plate 2-7).

The topographically higher areas in this complex

of spits tend to be colonized by the halophytes

Anthrocnemum sp. and Salicornia sp. stabilizing the

Fig. 26. Sedimentary facies distribution of Sabkha Matti in western United Arab Emirates (modified from Hunting Geology and Geophysics,

1979; Glennie et al., 1994).
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local dunes. These plants are growing among the

coated cerithids. The black mangrove Avicennia mar-

ina is growing in the topographically lower areas

between these ridges of cerithids. Sediment grain size

ranges from fine silts and muds in the lower intertidal

to coarse sands and gravels in the upper intertidal

zones. In the protected bay east of the coastal spits, the

intertidal zone is characterized by cyano-bacterial flats

that have common tufted mats (Plate 2-8).

9. Facies distribution from Jebel Barakah to Al

Sila

The area extending from Jebel Barakah (west of

Jebel Dhanna) to Al Sila encompasses the enormous

inland sabkha, the ‘‘Sabkha Matti’’ (Fig. 26). This

sabkha is a low-lying region that occurs on and across

the western border of the United Arab Emirates with

Saudi Arabia. It extends southward from the coast for

some 150 km. Near the coast of Abu Dhabi, it is

characterized by a narrow strip of supratidal carbonate

sands and evaporites that form a coastal sabkha (Fig.

26). Southward it grades into an area of inland

siliciclastic sabkha. To the east it passes into an erg-

margin of aeolian deposits, while to the west it is

formed and underlain by the widespread fluvial grav-

els of a deflated gravel plain that probably formed

during a pluvial phase of the Pleistocene (Glennie,

1970). Late Pleistocene aeolian-rich dune sands

derived from the nearby marine terraces locally over-

lie the gravels (Glennie, 1970).

The Sabkha Matti (Fig. 26) formed about 6000

years ago when sea level was higher and filled the

Table 2

Sedimentological characteristics of typical sabkhas and salinas (after Warren and Kendall, 1985; Warren, 1991)

Sabkha (Subaerial) Salina (Subaqueous)

Sulfate-dominated facies

Evaporite units are supratidal, matrix, dominated,

usually < 60% sulfate

Evaporite units are subaqueous, relatively pure,

often >70% sulfate

Each evaporite (supratidal) depositional unit is thin,

typically < 1–2 m

Each evaporite (subaqueous) depositional unit

is thick, 1–20 m

Displacive and replacive nodular and enterolithic textures Bottom-nucleated evaporite crystal textures; often

laminated, laminae can be laterally continuous but

do not extend across the whole basin

Evaporite crystals are diagenetic and grow in a matrix

of mechanically deposited carbonates or siliciclastic sediments

Deposition can be mechanical; evaporites contain

clastic textures; gypsolites, wave and current ripples,

cross-beds, rip-up breccias, reverse and normal graded beds

Associated with sabkha tepees, flat-laminated

and polygonal algal mats

Associated with groundwater tepees, laminar algal mats

and domal subaqueous stromatolites

Facies units tend to be laterally extensive, parallel to shoreline;

deposited as ‘‘peritidal’’ trilogy

Facies often symmetric or asymmetric bull’s-eye patterns;

sometimes as vertical aggrading facies

Carbonate matrix washed in from lagoon during storms; sands

can be blown in from adjacent sand seas (ergs)

Carbonate facies outline areas of less saline water in basin;

vadose pisolites can be common in such areas

Hydrology dominated by storm recharge and shallow brine reflux Hydrology dominated by evaporative drawdown and

deeper brine reflux

Halite-dominated facies

Tend to be matrix-rich units usually less than 2 m thick.

Chaotic halite muds and karstic surfaces are commonplace

Units are relatively pure and thick; composed of superimposed

halite crusts separated by terrigenous or carbonate-sulfate

laminae. Each depositional unit was as thick as the brine pond

was deep, 2–10 m

Crystals tend to be displacive or replacive with common inclusions

of matrix in the halite crystals; ‘‘pagoda’’ or skeletal halites

are good indicators of mud flat deposition

Bottom-nucleated chevrons, rippled and cross-bedded

accumulations, and cumulates; chevrons in crusts deposited

in ponds with fluctuating salinities or on flats which may later

exposed. Chevron halite often composed of brine-inclusions-rich,

upward-aligned crystals. In ephemeral water environments these

crystals can be crosscut with clear halite filling karst cavities
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Arabian Gulf. This raised the groundwater table of

low-lying areas (Glennie, 1970). Apart from the

narrow coastal margin the Sabkha Matti probably

owes its origin to this rise in sea level (or local

subsidence), which was followed by marine penepla-

nation and a gentle tilting to the north of this area

(Glennie, 1970). Sedimentation in the Sabkhat Matti

area owes its character to post-glacial alteration of a

largely dune-rich desert that formed largely during the

last glaciation. At this time, the lower global sea level

enabled the local dune sand to be transported from the

north and northwest across a dry ‘Arabian Gulf’ by

the northern (Shamal) winds. With the onset of post-

glacial flooding of the Arabian Gulf this supply of

aeolian sand was cut off. Deflation of the near-coastal

dunes sourced other dunes further south, removed

sand down to the level of the rising water table, and

caused the formation of both the coastal and inland

sabkhas. In fact during the winter months, the water

table now coincides with the present sabkha surface.

In these areas evaporite growth is laterally extensive,

surface halite crust forms, while in the very shallow

subsurface anhydrite and gypsum collect. Coupled

with the high evaporation of these areas the near

Fig. 27. Depositional settings of the subsurface Hith Formation in southern Arabian Gulf (after Alsharhan and Kendall, 1994).
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surface ground waters cause the local dune sands to be

cemented by gypsum (Glennie, 1970; Glennie et al.,

1994).

10. Analogues to ancient sedimentary rocks in the

Middle East and other regions

The introduction to this paper notes that the Hol-

ocene carbonate–evaporite sediments of the United

Arab Emirates have been considered to be the ana-

logues to similar carbonate and evaporites in the

subsurface of the Arabian Gulf and other ancient

carbonate–evaporites sequences from elsewhere in

the world. A lack of understanding of how these

ancient carbonate–evaporite systems developed has

been a major motivation for studies of the Holocene

sediments of the United Arab Emirates. As a direct

consequence of these studies, Warren and Kendall

(1985) and Warren (1991) were able to formulate

rules that have enabled the differentiation of sedi-

ments that accumulated in supratidal settings like

those of the Holocene of the United Arab Emirates

and those playas from the Holocene of South and

Western Australia (Table 2).

A striking match is between the depositional set-

tings of the Holocene of the United Arab Emirates and

those of the subsurface lower Tithonian Hith Forma-

tion carbonates and evaporites close to their eastern

edges. Both the Holocene coastal environment of

United Arab Emirates and the eastern margin of the

Hith have relatively limited aerial extent and repeated

cycles of interbedded carbonate and evaporite that

belong to an inner shelf-lagoon-tidal flat-sabkha set-

ting. However, it should be noted that comparisons of

the Holocene sediments of the United Arab Emirates’

present-day sedimentary sequences with sections of

most of the Hith Formation suggest that most of this

formation accumulated in a setting dominated by

playas formed in an essentially arid climate (Alshar-

han and Kendall, 1994). This latter interpretation is

based on the facts in contrast to the Holocene sabkha

sediments of United Arab Emirates: the Hith has a

much thicker sequence of sediments, is dominated by

evaporites, and contains much less carbonate than in

the Holocene Sabkha. Thus, using the rules outlined

by Warren and Kendall (1985), it would appear that

much of the Hith evaporite was deposited in a sub-

aqueous mega-environment that covered a much

greater geographic area (Fig. 27). This conclusion is

based on the study of the Holocene sabkhas of the

United Arab Emirates and provided the information

needed to interpret depositional settings of these

ancient evaporite sequences. It also furnished impor-

tant clues to early diagenetic events within the Hith

Formation (Alsharhan and Kendall, 1994). It explains

why the Hith forms such an excellent seal in Saudi

Arabia, Qatar, Bahrain, and western Abu Dhabi,

preventing the upward movement of oil generated in

the Jurassic source rocks (Alsharhan and Kendall,

1986). Thus, studies of the Holocene of the United

Arab Emirates and playas from the Holocene of South

Fig. 28. Composite depositional model for the Upper Jurassic Arab/Hith formations in the Arabian Gulf (modified from Alsharhan and Nairn,

1994).
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and Western Australia enable us to recognize that

most of the seal formed by the Hith anhydrite is

dominated by the playa facies, while eastward it

changes to a dominantly sabkha and peritidal carbo-

nate.

A similar comparison can be made between the

depositional settings of the Holocene of the United

Arab Emirates and those of the subsurface of the

easternmost Arab Formation (Upper Jurassic). Upper

portions of these cyclic sedimentary rocks are inter-

preted to have also accumulated in an inner shelf-

lagoon-tidal flat-sabkha setting and lower parts of the

cycles in an intertidal setting (Fig. 28) (Alsharhan and

Kendall, 1994; Alsharhan and Whittle, 1995; Al

Silwadi et al., 1996; Alsharhan and Kendall, 2002).

It is noted how storm activity and exceptionally high

tides resulted in flooding of local playa margins with

the deposition of ‘‘storm sediments’’. Since these

playas had very flat surfaces, such storm sediments

would have been deposited over quite extensive areas.

Mudflats and cyano-bacterial mat sediments charac-

terize the intertidal sediments, while the periodic

flooding produced influxes of shallow subtidal inner

lagoon sediments. Beach bars were probably devel-

oped close to the seaward margins of the local Arab

Formation shelf, and shoals were formed at the land-

ward limits of this formation by high storm tides. The

shallow subtidal (lagoonal) setting within the Arab

Formation is characterized by hypersaline biota and

sediments that became progressively coarser grained

landwards. Coarser-grained sediments may have

formed proximal to offshore bars in the outer lagoon.

Channels running into the lagoon from the intertidal

zone may also have produced an influx of channel

outwash bioclastic coarse-grained sands. The shoals

divided the lagoons from the intertidal zones. Channel

sands were dependent on tidal energy and tended to be

restricted to lagoons and intertidal settings. The shelf

environment extended seawards from the outer rea-

ches of the lagoon, with the inner boundary generally

delineated by offshore bars.

The Late Permian Khuff Formation in the Arabian

Gulf is formed of a series of cyclic units, each of

which commences with dolomitic subtidal grainstones

to packstones and passes upwards into lagoonal/inter-

tidal dolomites to be capped by subtidal, supratidal

anhydrite, or dolomitic anhydrite. The sedimentary

rocks have the characteristics of typical cyclic carbo-

Fig. 29. Depositional model for the Upper Permian Khuff Formation in southern Arabian Gulf (modified from Alsharhan, 1993).
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nate–evaporite sequences that accumulated in supra-

tidal (sabkha), lagoon, shoal and shallow shelf settings

(Fig. 29) (Alsharhan, 1993). In the Khuff, the algal

laminated boundstones are often associated with tee-

pee structures and desiccation cracks, and are inter-

preted to be regularly associated with sabkha sequen-

ces. These match the Holocene sediments of Abu

Dhabi algal mats which are characteristic of intertidal

and supratidal settings. As with many other sedimen-

tary sections that formed in sabkha settings, these

algal boundstones contain evidence of deposition in

intertidal to supratidal setting and can be used for

environmental reconstruction. The character of the

Khuff reservoir is interpreted to be largely the result

of sabkha diagenesis. Such diagenetic changes were

synchronous with deposition and are thought to have

occurred just below the sabkha surface. Butler (1969)

and Butler et al. (1982) described this complex inter-

play of high rates of evaporation, saline groundwater

and meteoric flushing that produced many of the

characteristic diagenetic fabrics and minerals of sab-

kha sequences.

As we will show below in the United States,

similar carbonate traps are associated with major oil

fields of the Central Basin platform and on the North-

west shelf of the Permian basin of Texas and New

Mexico, where shelf carbonates interfinger with updip

evaporites and clastics (Ward et al., 1986). This

association also occurs within fields of the Williston

basin, where the Madison Limestone/Charles evapor-

ites (Lindsay and Kendall, 1985) and the Ordovician

Red River Formation carbonate–evaporite sequence

trap and form hydrocarbon reservoirs (Roehl, 1985).

Similar rocks can also be found in the Western

Canadian basin, where the Devonian shoaling-upward

carbonates and evaporites (Kendall and Harwood,

1991) are associated with sequences that are similar

to those seen in Abu Dhabi and in Lake MacLeod of

Western Australia.

For instance, modern sabkhas and lagoons along

the coast of Abu Dhabi contain sediments quite

similar to those that were deposited in Permian Red

Cave innershelf and carbonate–evaporite sabkha set-

ting of Texas Panhandle (Fig. 30). Progradation of the

intertidal and sabkha surface over subtidal settings of

the United Arab Emirates has created a distinctive

sedimentary sequence that can be compared to the

progradational carbonate shoreline facies sequences in

the Red Cave Formation described by Handford and

Fredericks (1980). The depositional model of these

authors (Fig. 30) was developed to show the lateral

and vertical facies relationships and illustrate the

depositional mechanisms and the variations in carbo-

nate–evaporite and mud-rich sabkha settings.

The marine cements composed of micritic aragon-

ite and sulfate minerals that form coatings and crusts

on beachrocks on the western coast of the United

Arab Emirates are not uncommon in the geologic

Fig. 30. Composite depositional model for the Permian Red Cave carbonate, evaporite and clastic facies of Texas Panhandle (modified after

Handford and Fredericks, 1980).
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record. These cements precipitate incrementally from

hypersaline sea water during cycles of repeated

immersion and evaporation. They have similar mor-

phologies, microstructures and depositional settings to

pore-filling cements associated with teepee structures

in Permo-Triassic carbonate rocks from Val Brem-

bana, Italy, and the Guadalupe Mountains of Texas

and New Mexico (Assereto and Kendall, 1977). They

are also similar to lacustrian algal-related cements of

the Great Salt Lake, Utah. It is our contention that

these travertine-like coatings and their mode of for-

mation are the Holocene analogs to carbonate cements

and processes that contributed to the formation of

ancient teepee structures (Kendall et al., 1994).

Depositional settings of the United Arab Emi-

rates Coast are in part analogous to the Oxfordian

Buckner sabkha system of South Texas. Subtidal

units of the lower part of the Buckner Formation

were deposited in coastal lagoons, tidal-channel

deltas, spits, and beaches represented by burrowed

gastropod and pellet wackestones, and oolitic

wackestones to grainstones. Intertidal facies include

sediment characterized by cross-laminated sands and

algal-laminated dolomite mudstones deposited in

sand flats and algal mat zones. Supratidal facies

are characterized by anhydrite nodules intercalated

with carbonate, mud, and sand (Fig. 31), as

described by Budd and Loucks (1981).

Fig. 32. Composite depositional model of the Middle Permian Lower Clear Fork Formation of Texas Panhandle (modified from Handford,

1981).

Fig. 31. Depositional model of the Jurassic (Smackover and lower Buckner formations) basinal shelf, shoal and sabkha systems, South Texas

(modified from Budd and Loucks, 1981).
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The facies pattern and sedimentological features of

the Lower Clear Fork Formation (Middle Permian) in

the Texas Panhandle have features in common with

modern coastal and continental sabkha (Handford,

1981). Handford (1981) concluded that the dolomite

in each evaporite cycle is overlain by nodular anhy-

drite (scattered in mud matrix or large, more tightly

packed nodules). The nodules sometimes coalesced

through compaction to form mosaic and massive

anhydrite. Thus, with the occurrence of progradational

carbonate-shoreline sequences, evaporites are inter-

preted as a sediment-displacive diagenetic product in

a coastal-margin or marginal sabkha which lay adja-

cent to the inner shelf like that of the United Arab

Emirates coast (Fig. 32).

Depositional and diagenetic features of coastal

sabkha sediments in the Arabian Gulf also have

analogs in the Upper Devonian Skettler Formation

of Alberta, Canada, as described by Fuller and Porter

(1969). The fossil sabkha profiles are repeated with

small variations numerous times in vertical succes-

sion. In these ancient sedimentary rocks, laminites

(varves and bituminous carbonates) exhibit evidence

of widespread calcite diagenesis, including anhydrite

replacement that probably occurred annually. Nodular

anhydrite can be seen to have invaded and disrupted

laminites indicating capillary-zone diagenesis during a

period when the water level was lower. The laminar

anhydrites have an organic matrix; they were appa-

rently deposited in compressible mucilaginous layers.

Partings in algal mat trapped in this laminar anhydrite

seem to have been in place before growth of the

original sulfate. These constrained the upward expan-

sion of bulges and protuberances in the sulfate layers

(Fuller and Porter, 1969).

As indicated above, the carbonates facies pattern

recognized on outcrops of the Permian Guadalupian of

west Texas and southeastern NewMexico described by

Ward et al. (1986) (Fig. 33) also resemble the modern

sediment distributed in the Arabian Gulf. The width of

the grainstone deposits, interpreted to have formed

largely on subtidal flats, is extremely variable and

ranges from a few hundred meters to less than 1 km.

Sedimentary structures observed in the subtidal to

intertidal grainstones include steep cross-beds to low-

angle features which may be associated with the swash

zone in front of barrier islands. The shelf deposits

interfinger with barrier facies downdip and downsec-

tion, but have an abrupt contact with the evaporites

updip. These bedded shelf sedimentary rocks are bur-

rowed dolomites capped by algal-laminated anhydritic

dolomites. The change in character of the sediment

Fig. 33. Generalized block diagram of Guadalupian shelf, shelf-margin, and basin facies illustrating vertical and lateral evolution of facies tract

as viewed in Permian Basin of west Texas and New Mexico, USA (modified from Ward et al., 1986).
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landward across the shelf suggests that the shoaling-

upward, lime mudstone cycles represent lagoon fill.

The margins of the lagoon were formed by the barrier

island teepee/pisolite facies in a basinward direction,

and the pellet/grapestones shoreline facies in a more

shelfward direction (Fig. 33). A modern analog to the

lagoon fill of the Carlsbad Group (Upper Permian)

located in West Texas and New Mexico in the Guada-

lupe Mountains can be seen in the Khor al Bazam of

Abu Dhabi. The latter evolved from a high-energy,

sandy lagoon with well-developed carbonate beaches

on its inner margin (Kendall and Skipwith, 1969b). As

the lagoon filled, the character of the sedimentary rocks

along its inner margin changed to low-energy algal mat

facies, and its center becamemuddy. The lateral change

in a landward direction from lagoonal dolomites to a

mixture of carbonates, evaporites, and quartz siltstones

occurs within about 150–200 m as described by Sarg

(1977) from Seven Rivers Formation (Permian). This

facies transition is exposed in the Seven Rivers embay-

ment in Southeast New Mexico over an area about 3

miles (5 km) wide and extending about 50 miles (80

km) along facies strike. The evaporite facies consists

predominantly of layers, 1–7 m thick, of mosaic

gypsum interbedded with dolomite and quartz silt-

stone, which Sarg (1977) believed to have been depos-

ited in a subaqueous setting. These evaporites

represent, for the most part, deposition from an evap-

orite lagoon at the shelfward margin of the carbonate

lagoon facies. The evaporites and siliciclastics repre-

sent deposition within lagoons formed over deflation

flats behind an old shoreline. Most of the gypsum was

thus deposited in standing bodies of water, although

some of the evaporites, we believe, were also deposited

in the displacive mode as found in coastal sabkhas

(Kendall and Skipwith, 1969a,b).

Similar relationships can be seen in the shallow-

water carbonate–evaporite facies of the Ordovician

Red River Formation of the Williston Basin (North

Dakota) (Derby and Kilpatrick, 1985), and the Ordo-

vician Bauman Fjord Formation of Ellsmere Island in

Canada (Mossop, 1979); the Pennsylvanian of the

Paradox Basin in the USA with its high stand open

marine shoaling upward cycles with evidence of

freshwater diagenesis that passes basinward into low

stand basinal evaporites (Goldhammer et al., 1991),

the Permian of the Zechstein Sea in north Germany

(Strohmenger et al., 1996), and parts of the Lower

Cretaceous of the Arabian Gulf and central Texas

(Kendall et al., 1991).

As an interesting footnote, the authors have noted

that supratidal sediments so characteristic of the

Holocene of the United Arab Emirates are often

absent in the shoaling upward carbonates of ancient

sections in which they would be expected to be

present. For instance, this is true of the more seaward

portions of the shoaling upward cycles of the Carlsbad

Group of West Texas and New Mexico. This absence

of evaporites suggests that the depositional fabrics of

the supratidal sedimentary rocks may have often been

removed by erosion or were never present. We favor

the former explanation since sabkha-related anhydrite

accumulation would be expected to have taken place

over intertidal and lagoonal sediments, but might

easily have been deflated.

11. Conclusions

The sediments of the Holocene of the United Arab

Emirates exhibit a wide range of sedimentary facies

which include: (a) pelecypod sands mixed with lime

and argillaceous mud offshore; (b) pelecypod-rich

sediment in the deeper tidal channels between the

barrier island lagoons and deeper portions of the Khor

al Bazam; (c) coral reefs and coralgal sands of coastal

margins to the west; (d) oolite shoals that accumulate

on the tidal deltas of channels that debouch from

between barrier islands to the east; (e) grapestones that

occur on exposed coastal terraces of the western Khor

al Bazam and to the lee of the reefs and oolite shoals

in eastern Abu Dhabi; (f) pelleted lime muds that

accumulate in the lagoons of the eastern Abu Dhabi;

(g) cyanobacterial mats and mangrove swamps lining

the inner shores of the protected lagoons of Abu

Dhabi and the east Khor al Bazam; and (h) supratidal

salt flats, (sabkhas) where evaporite mineral accumu-

late along the inner shoreline.

Similar facies associations of shallow-water carbo-

nate–evaporite occur in the subsurface of the Arabian

Gulf and include the Permian Khuff Formation, the

Upper Jurassic Arab Formation and the Hith Anhydrite

and the Tertiary Umm Er Rhaduma Formation and the

Fars Group. Other similar associations from other

locals include the Ordovician Red River Formation

of the Williston Basin, and the Ordovician Bauman
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Fjord Formation of Ellsmere Island, the Devonian of

Western Canada and Western Australia, the Pennsyl-

vanian of the Paradox Basin, the Permian of West

Texas and the Zechstein Sea in the North Sea area, the

Jurassic sedimentary rocks of the Gulf of Mexico and

parts of the Lower Cretaceous of South Eastern Texas.
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