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Abstract

The area studied comprises a series of lagoons,
lying along the soutlhern margin of the Trucial Coast embayment,
which is a broad, shelf sea. The lazoons are separated from
the shelf by a complex barrier of islands, coral reefs and
shoal banks. The entire ares is one of carbonate sedimentation.
Air and sea teaperatures are high and rainfall low; high net
eveporation produces saline marine conditions (4Z-65% S.).
Shelf sediments are dominantly a skeletal (mainly wolluscan)
facies; lagoon barrier sediments comprise coral reef and oolite
facies; lagoon sediments are largely aragonite muds, variously
pelleted; stromatolitic algal sediments are abundant in inuer-
most lagoon areas Organisn comuunities have been studied and
“new ecological data derived concernin: comuunities in saline
euvironment:s. Observational studies, together with chemical
and mineralogical analyces, of fauna, flora and sediments, have
delimited the organic contribution to the sediments. Published
synthetic data on the co-precipitation of strontium with arag-
onite has enabled a direct chemicel origin to be ascribed to
at least 80-90% of the lapoonal sediments. Sea water analyses
show a relative loss of calcium to occur from open shelf to

innermost lagoon arezs, most rapid loss taking place in the

turbulent barrier area.
The lagoons are being infilled by a prograding

series of sediments, lying just above normal high water and

in places more than 10 miles (16 kus.) wide. Evaporation



losges from the upper sediment surface are balenced by inward
wovement of lagoon waters. Ground waters, at an average ten-
perature of 34°C |, lie at depths of 1-4 feet. As the brines

move inward they become concentrated and gzypsua first precip-

itates, raising the m r/mCa ratio to values in excess of 11.

8
Dolomitigation of the original lagoonszl sediments then tegins
and very locally magnesite is developed. Further precipitation
of calcium sulphate is wainly as anhydrite - the first recorded
natural occurrence of Recent anhydrite. ‘'he final brines have
a mMg/mCa ratio of less than 2 and contein negligible amounts
of sulphate ion. Celestite is fairly abundant and results
pertly from direct precipitation from concentrated brines but
#ainly as 2 by.-product of the disgenetic reactions.

The sedimentary and diagenetic processes deg-
cribed arc thought to have cperated in many past back-reef

and lagoonal environments.
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CHAPTER I

INTRODUCTION AND GENERAL DESCRIPTION

OF THE REGION

Introduction:

The overall research project to study the
Recent sediments of the Persian Gulf commenced in Sept-
ember 1961, when G, Evans and the author first visited the
region (Figure 2) in H.M.S. Dalrymple. Sediment samples
were collected using Dietz-lafonde grabs and gravity and
piston cofers. Eight stations were occupied in the axial
areas and sediment samples obtained. Later in the season,
eleven more deep water samples were collected by the author
on & return trip from Kuwait to Abu Dhabi, and at the end of
the season, in February 1962, the author collected a further
thirteen shelf samples from the Great Pearl Bank, in the
vicinity of Jazirat Sir Abu Nu'air, During part of the
latter period Evans was engaged in collecting shelf samples
in the small vessel Ghazal, oh loan to the project from the
Iraq Petroleum Company.

The centre for the nearshore studies was the
island of Halat al Bahrani (Figure 3), where the Royal Navy
had established a camp, from which to survey the sea

approaches to the téwn of Abu Dhabi and the 0il Company.






- 3 -
jetty at Ras al Dhabayah. The author worked for two months

from this camp, studying the area near Halat al Bahrani,
Most of the open sea work was completed during a three
week period with G. Evans. The sampling was carried out
from an 18 ft. (6 ms.) motorised launch of shallow draught,
fitted with a small derrick and echo-sounder (Figure 1),

When opportunities arose, the author accompanied
naval survey parties to other parts of the coast. In this
way, reconnaissance and sampling trips were made to Ras
Ghanadha, Ras al Dhabayah and Jazirat Abu al Abayadh,

Land reconnaissance was carried out on the Dhabayah Pen~
insula and along the coastal plain and mainland hills
between Tarif and Abu Dhabi causeway. A week was also

spent on the island of Jazirat Sir Abu Nu'tair; a general
examination was made of this salt plug, particular attention
was directed to the Recent calcarenitic and reef limestones
which form a fringing skirt to the island.

The division of labour within the project
resulted in Evans studying the deep water and shelf sedi-
ments collected during the first field season. The author
concentrated on and extended his studies in the nearshore
area south-west of Abu Dhabi,.

The second field season saw an expanded research
team visiting and working in the region. On this occasion
the author and his wife spent five and a half months in the
field, being joined for the in}tial two to three weeks by

D, J. Shearman, Field sampling studies were extended over
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the entire near-shore and lagoon areas between Abu Dhabi
island and Ras al Kahf, An extensive study was also made
of the islands, and coastal plain and hills of the mainland.
Further reconnalssance trips were made beyond the confines
of the Abu Dhabi area; to the west beyond Mirfa, inland
into the desert dune sand areas and north-east to the
Sheikdomsof Dubai, Sharja, Ajman and Fujara, and also to
Muscat and Oman,

The ficld studies comprised scdiment and water
sampling together with collection of any other specimens
and data which were considered to be critical in the
evolution of the depositional and early diagenetic devel-
opments of the area., Sample stations were fixed by dead
reckoning and by boat to shore triangulction using sextant
or compass. Stations were plotted in the field on tracings
from aerial photographs and on maps drawn from Naval charts
and the interpretation of acerial photographs. Observations
of the bottom were aade using face masks or a glass-bottomed
inspection box. As the waters are clear and shallow, sub-
marine features are shown extrzordinarily well on the aerial
photographs. These features were dircctly examined during
subsequent traversing »f the area in the launch.

The field observations and sampling have
enabled the nearshore island and lagoon complex to be
further subdivided into a series of physiographic units
which are paralleled also by differences in orgonism com-

munities and sedimentary facies. For example, the oolite deltas
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arc well marked sedimentary and physiographic features and
arc traversed by one or more tidal channcls., Offshore,
below 18-20 ft. (6 ms.), the shelf scdiments are largely
of skeletal and detrital origin, Coral reefs occur in both
offshore, interdelta positions and behind the oolite
deltas. The occurrence of coral reefs is outstanding in
vicw of the high temperatures and salinities suffered by
the region, in fact the known temperature and salinity
limits of recef coral growth have been extended by this
study (Kinswman, 1964), Behind the inner reefs and oolite
deltas are wide areas of pellet sands and aragonite sands,
which extend to the mainland coast. 1In some inner lagoon
areas tidal swamps and creeks and extensiwve sprecads of
intertidal algal mats occur.,

The inter-relationships of the organism con-
munities and sedimentary facies were determined, and of
outstanding interest is the complexity of the sedimentary
surface, at any one moment of time, within this nearshore
region of islands and shallow lagoons. The scdiment
distribution is largely controlled by turbulence of the
waters., This ie relected in part to depth but also to water
¢irculation patterns ard to the degrce of shelter of an
area from the prevailing north-westerly winds. The depth
control can be reloated to the tidal effects within the
lagoons and in this context the diminution of tidal range
with distance back frowm the open seca has been considered in

some detail,



- 6 o

Laboratory studies included examination of
loose sediments, thin section analysis of impregnated
sediments and rocks, and X-ray and chemical determinations.
These have confirmed and expanded the picture gained from
the field work. Different sediment types were cstablished
morphologically and these were found to show varying car-
bonate mineralogies and different chemical compositions,
The scdiments were annlysed for magnesium and strontium
and these parameters used as additional evidence regarding
the sediment origin., Laboratory data on the co-precipitation
of strontium in aragonite have enabled a direct chemical
origin to be ascribed to the major portion of the lagoonal
sedinents. Sea water analyscs of samples from the open
shelf to the innermost parts of the lagoons show 2 prog-
ressive loss of calcium to occur which can be equated
partly with the production of organic carbonate materials
but mainly with the development of large amounts of chenm-
ically precipitated carbonates which take the form of oolitic
encrustation of grains and aragonite needle nuds,

The aragonitic and calcitic post-Miocene
limestones have enabled early diagenetic studies to be
made, studies of carly cementation and recrystallisation,
of loss of the less stable carbonate components and devel=-
opment of early replocement textures.

The most interesting diagenetic developments
are those found in the unconsolidated sediments of the

coastal plain and similar areas on some of the islands.
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Here, the original sediments were usually pellet sands and
aragonite muds, but as a result of precipitation from concene
trated sea-water in the pore-spaces and of reaction between
the interstitial brines aond the early sediments, a series of
interesting and iﬁportant developments were found, some of which
are tabulated below:~

1, Gypsum : developed malnly by precipitation from
concentrated interstitial brines, but also by reaction between
brines and the early sediments. Late stage gypsuﬁ is also

developed after anhydrite,

2. Anhydrite : the first recorded occurrence of

Recent anhydrite: thus a critical field study can be made, for
the first time, of the conditions controlling its formation.
Morphologically the anhydrite is seen to be a direct precipitate
from solution, there being no evidence of the pseudomorphing

of gypsum, Chemical studies of the interstitial brines
indicate, however, that the large amounts of anhydrite which

are developed can only reasonably be accounted for by solution
of early gypsum and reprecipitation of the calcium and sulphate
ions as anhydrite,

3, Dolomitisation : the largely aragonitic

sediments are being fairly rapidly dolomitised., The process
is a replacement phenomenon, almost certainly one of solution
and reprecipitation, The process is best defined as Mearly
diagenetic, pre~lithification dolomitisation',

4, Celestite : developed in appreciable



- 8
quantities, following replacement of the relatively high stron-
tium-bearing aragonitic sediments by a relatively low strontium-~
bearing mineral assemblage of gypsum, anhydrite and dolomite,
Some celestite is also precipitated from brines,

5. Magne%ite : developed locally in the high
magnesium enviromment which follows the major gypsum formation
yet precedes the massive removal of magnesium by dolomitisation.

6. Huntite : (MQBCa(COB)h) ¢ an uncommon car-
bonate mineral; this evaporitic development is unique among

its recorded occurrences.,

The mineralogical developments can be closely
followed by analysis of the pore fluids. TFor exomple,
CALEIUM
development of gypsum is paralleled by o loss of eleseiwm and
sulphate ions and dolomitisation is paralleled by loss of
magnesium jions from the brines, The combination of this

dual approach has enabled the evolution of the diagenetic

changes to be unravelled in some detail.,

Glossarz:

A few Arabic words are used throughout this

thesis and their meaning is given below:-
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Abu - father; possessor of,
Al or El - thej the definite article
Halat - dry or drying sand bank; a sandy islet
Jabal or Jebel ~ hill or mountain
Jazirat or Jezirat - island or peninsula
Khor - arm of the sea, inlet or channel
Ras - headland, cape or point
Sobkha - salt flat; low sandy or nuddy areas
subject to occasional flooding. (Sebkha has been used
recently by Illing (1964).)

Publications:

Curtis, R., Evons, G., Kinsocan, D.J.J., Shearwan, D, J.,
1963, "Association of Dolomite and Anhydrite in the Recent
Scdiments of the Persian Gulf', Nature, 197 (4868): pp.679-680,
Evans, G., Kinswan, D.J.J., Shecarman, D.J., 1963, "A Rec-
onnaissancce Survey of the Environument of Recunt Carbonate
Sedimentation along the Trucial Coast, Persian Gulif', In
L.M,J.U. van Straaten (Editor), Deltaic and Shallow Marine
Deposits, Elsevier, Amstcrdam, pp.129-135.

Kinsman, D.,J.J., 1963, "The Rccent Carbonatce Scdiments near
Halat 21 Bahrani, Trucial Coast, Persian Gulf', In L.M.J.U.
van Straaten (Editor). Deltaic and Shallow Marine Deposits,
Elscvier, Austerdan, pp.185-192,

Kinsman, D.J.J., 1964, + . "Reef Coral Tolerance of
High Tenperatures and Salinities, Noture, Vol, 202, No.4939

pp. 1280-1282.
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Regional Geography:

The Persian Gulf is a shallow sea, nowhere
deeper than about 300 feet (92 ms.), connecting via the
Strait of Hormuz with the Gulf of Oman and Indian Ocean,
The Gulf is asymetric in cross section, the deep water
axis lying fairly close to the Persian shore and sloping
gradually but slightly irregularly to the deeper waters of
the Gulf of Oman, there being no sill or threshold at the
Strait of Hormuz (Fig. 2).

The north-eastern or Persian shore is steep
and generally mountainous; inland lie the Zagros Mountains.
A series of islands lies along this shore, some of them
having a tectonic origin, several being intrusive diapiric
structures,

At the head or north-western end of the Persian
Gulf are the extensive deltas of the Tigris, Euphrates and
Karun rivers., These are the only rivers to flow into the
Gulf at all seasons of the year.

The south-western shore is generally low and
inland extend the great deserts of Arabia, Offshore, the
water is everywhere shallow and shoals and islands abound.
The Trucial Coast embayment, lying to the east of the Qatar
Peninsula, has water depths of less than 120 feet (37 ms.)
and an abundance of small islands and shoals, some of which
owe their origin to diapiric intrusion. The eastern shore
of the embayment is flanked by the Oman Mountains and
near-shore water depths increase rapidly as the Strait of

Hormuz is approached,



Fig. 2

Persian Gulf: showing broad bathymetry and

surrounding areas.

Profile A-4; indicates the asymmetry of the

Persian Gulf and broad extent of the shallow
Trucial Coast embayment, with lagoons developed
along the southern shore,

Trucial Ceocast* to show the nature of the island

and lagoon complex of the southern shore of the
embayment. The western part is dominated by

Khor al Bazm, %ﬁong lagoon runniﬁg parallel the
coast; the eastern part comprises smaller more
restricted lagoons. Position of aerial photo-

grapvh mosaic marks area of detailed study.
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Geological History:

The Persian Gulf region has been the site of
extensive sedimentation since Palaeozoic times, great
thicknesses of sediments having been laid down in the
axial regions. Of particular interest, in the basin margin
or shelf areas, is the recurrent development of the cal-
carcous and evaporitic facies, indicating that similar
depositional environments were developed many times,

For example, on the Arabian shorc, anhydrite occurs in
sediments and rocks of Devonian, Permian, Jurassic, Cre=-
taceous, Bocene, Oligocene, Miocene and Recent age.

The Persian and Arabian shores differ markedly
in their tectonic development, Inland of the Persian shore
lie low mountains of gently folded sedimentary rocks, which
pass into the complex fold and thrust belt of the Zagros
Mountains., The Arabian shore is much less disturbed,
folding being gentle and thrusting abscnt. Thec Oman
Mountains are an exception, however, several lines of
evidence pointing to them having been extremely mobile in
the recent past.

Diapiric structures are widely developed,
being recorded on land in the Persian Mountains, forming
islands along the Persian shore and in the Trucial Coast
embayment, and as isolated hills along the Trucial Coast,

The effect of the Pleistocene lowering of
sea~level is of particular interest. Some geologists

have expressed the opinion that the floor of the Persian
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Gulf would have been largely exposed when sea-level fell
to its maximum extent, this opinion being based on the
present-day bathymetry. An alternative suggestion is that
fairly rapid infilling has been taking place, depths would
therefore have been reltively greater than at present, and
the floor not exposed. Until longer cores are available
from the axial areas this problem cannot be solved.

Along the Trucial Coast there is abundant
evidence of fairly recent fluctuations in sea-~level,
Beaches and marine erosion surfaces are found in various
elevated positions in the Persian and Oman Mountains, but
these regions are known to have been tectonically active,
During the same period the Trucial Coast would seem to

have been relatively stable.

Brief Review of Previous Work:

The first study of the Recent sediments of
the Persian Gulf was made by Emery (1956), Temperature,
salinity and current measurements were made and their
vertical and horizontal distributions determined. Water
temperatures in cxcess of 3200 were recorded for the entire
region and water salinity was found to be gencrally greater
then 38%; . Salinity and current measurements in depth
Showed more saline, denser Persian Gulf water to sink and
flow out through the Strait of Hormz beneath the legg
saline, incoming Indian Ocean waters. Some sediment

samples were collected and a sediment distribution map
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compiled with the additional aid of about 23,600 bottonm
nototions derived from navigational charts. The sediments
werce found to be dominantly calcareous, with appreciable
amounts of terrigenous detritus occurring only round the
Tigris-Euphrates and Karun deltas at the head of the Gulf
and along the¢ Persian shore, The finest sediments were
found to occupy the deeper water arcas against the Persian
shore, coral and more sandy sediments occurring in the
shallower waters near the Arabian shore,

Houbolt (1958) has made a detailed study of
the off-shore sediments to the north and east of the Qatar
Peninsula, The shallow water sediments were found to be
essentially skeletal calcarenites, dominantly molluscan in
origin, which pssed laterally into calcilutites towards
the deep water axis. The energy balance of waves and
currents was shown to be responsible for the distribution
of the calcilutite grades of the sediments.

Two coastal lagoons on the Saudi Arabian
mainland, duc west of Bahrain, have been examined by
Bramkamp and Powers (1955). They reported the deposition
of calcium carbonate and gypsum-rich sediments from highly
concentrated brines entrapped in the shallow lagoons.,

Sugden (1963 a & b) has made a study of the
sediments of the Gulfs of Bahrain and Salwa and parts of
the Trucial Coast embayment, finding a widesprcad development
of aragonite nuds, oolites and pseudo-ocolites. He con-

sidered in detail the problems of formation of aragonitic
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oolites. A regional survey was also made of the variation
in salinity, with particular reference to the remarkably
high values occuring in the Gulf of Salwa and along the
Truclal Coast, where salinities as much as 60% above that
of normal ocean water occur. Sugden considered the high
salinities to have had 1little effect on the diversity and
abundance of the marine fauna. The distribution of the
high salinity waters was also considered with respect to
evaporit~> deposition.

Wells and Illing (Wells 1962), working in the
coastal lagoons and intertidal areas around the Qatar
Peninsula, have recorded the occurrence of dlomite and
gypsum within the Recent carbonate sediments. More recently
(1963) they have described the precipitation of calcium
carbonate in the Trucial Coast embayment, The precipitation
takes the form of isolated pnotches of milky water, or
"whitings" arnd is thought to be triggered off by the
sporadic, abnormally rapid development of "blooms" or
high paopulations of diatoms in the surface waters. The
authors consider this process could well be important in

the large-scale formation of fine-grained carbonate sediments,
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Description of Trucial Coast Embayment -~ Trucial Coast:

General

The Trucial Coast embayment is a broad shelf
sea with depths rarely exceeding 120 feet (37 ms,. ). The
western and southern shores are of low relief; islands and
shoals abound and marine waters everywhere are shallow,
Eastwards the land relief rises, offshore islands are absent
and nearshore water depths comparatively greater (Fig. 2).

In the north-western parts of the embayment
Houbolt (1958) has described a series of offshore terraces
which he has related to post-glacial rises in sea-level.,
Detailed study of available Admiralty soundings would cast
doubt on these being well marked features; if indeed, they
are developed at all., The general bottom topography would
seem to be rather irregular, local surface relief in depths
of 120 feet (37 ms.) being as great ss 40 feet (12 ms.).

A gradual, if irregular, shallowing occurs southwards
towards the Trucial Coast shore and at distances of 20-25
miles {32-40 kms.) depths rarely exceed 60 feet (18 ms.).

The form of the southern shore is shown in
Fig. 2. The nearshore island and lagoon complex may be
conveniently considered in two parts, In the west the
islands are joined by sandy shoals and are separated from
the mainland by a lagoon about 60 miles (100 kums.) long,
almost closed at its eastern end and running prallel to
the coast, called Khor al Bazm, Apart from a few small

tidal channels which cut across this offshore barrier, the
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Aerial photograph mosaic of Abu Dhabi-Ras al
Kahf area. The overlay shows the major physio-
graphic and sedimentary features, Also shown
are positions of individual aerial photos com-
prising figures 7, 9, 10, 11, 15 and 43;
positions of profile lines of Fig. 8 are also

indicated.,
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The main Tertiary outcrop comprises a libe of
low hills at the inner edge of the coastal plainj this marks
the position of at least two earlier shorelines, developed
when sea-level was lower than at present. To seaward, the
Tertiary rocks were planed off well below present sea-level,
The occasional present day outliers of Tertiary rocks would
have formed low offshore islands. When sea level subsequently
fell a widespread deposit ofaeolian sands was laid down on
this platform and was banked against the hills of Tertiary
rocks . This deposit extends seawards of the modern coastal
islands and occurs at depths in excess of 25 ft. (7.6 ms.)
below sea~level, The aecoliangrains were largely calcareous
and cementation followed fairly rapidly. In accord with
local terminology it is called the Miliolite Limestone.

A later rise in sea-level to about 8-10 ft. (2.4~3 ms,)
above that of the present, fesulted in the planation of
most of the Miliolite above this level and in the deposition
upon this surface of a thin (up to 5 ft : 1.5 ms.) marine
limestone, This limestone has not been differentiated by
local geologists from the underlying Miliolite zeolian
limestone but is here designated the Shell Limestone on
account of it commonly bearing coarse skeletal debris,

Sea level fell again, the Shell limestone became cemented
and both Miliolite and Shell Linmdstone were widely des-
troyed by marine erosion acting at about present sea level.
A series of thin, often discontinuous limestones were

developed somewhat later but whereas the Shell and Miliolite
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limestones are now almost entirely calcitic, these later
limestones are still largely aragonitic. In general, the
later aragonitic limestones are developed in the seaward
islands and marine areas; some of them are forming today.

This, very briefly, is the origin of the present
day disposition of islands and lagoons, The islands are
usually .cored with erosion residuals of earlier limestones,
much modified by subsequent accretion of unconsolidated
sediments. The present marine areas are the site of the

modern phase of carbonate sedimentation.

2) ZLand Areas

The islands vary greatly in form and size.
Many of them are «cored by Miliolite and ghell Limestones
and in some areas later limestones are also widely developed.
However, much of their combined area results from the accum-
ulation of unconsolidated sediments. The marine sediments
are typically deposited to just above the lewel of highest
high water; wind blown material may subsequently modify this
initial surface,

The seaward islands and peninsulas have wide
seaward faces and taper in toward the mainland coast (Fig. 3).
Sadayat, Abu Dhabi and Bahrani islands have fairly steep
seaward facing beaches, backed by frontal dune ridges
reaching heights of 30 ft. (9 ms.). The steep beach faces
are characterised by beach cusps and are fronted by a narrow

low tide terrace. At the top of the beaches one or more
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berms are usually developed, often extensively colonised
by large burrowing crubs., The berms are succeeded land-
wards by a wind stripped terrace which may vary in width
from a few feet to 400 yds (up to 400 ms,), Low, hummocky,
partly vegetated dunes lead inland from this terrace and
merge into the main dune ridge. On Abu Dhabi islend, south-
west of the town, three parallel ridges are developed.
Cropping out between the ridges is a poorly cemented aeolian
oolite limestone, probably representing the partially
cemented core of an earlier dune. This limestone is better
exposed to the north-east of the town, where a dune sand
ridge is all but absent and only the eroded core of an
earlier dune phase is present.

The Dhabayah peninsula differs slightly as
its seaward facing coast is sheltered by an extensive off-
shore coral reef, The beach face shelves gently into the
back reef lagoon and no cusps are developed, Low, hum~
mocky, partly vegetated dunes lead inland, but no large
frontal dune ridge is developed.

Behind the frontal aeolian sediments lie areas
of irregular low dunes, patches of Shell and Miliolite lime=-
stones, wind stripped surfaces bearing coarse surface lag
deposits, or recent marine sediment surfaces. These areas
often show evidence of earlier shore-line positions., For
‘example, the 0ld shorelinesof the Dhabayah pcninsula enable
one to follow its development from being an offshore

island until it became joined to the mainland . - T
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Inner coasts of the islands and peninsulas
are gently shelving except where tidal channels run close
to the shore. Many coasts have an extensive development of
bars and spits of sedimeht which normally point inwards
towards the back of the lagoon, indicating intertidal and
shallow water sediment movement in this direction. A wide
intertidal zone commonly extends along these coasts. The
higher parts of these intertidal areas are usually colonised
by small burroWing crabs and these areas have been called
the Crab Flats (Fig. 5). 8lightly lower in the intertidal
zone are areas colonised by gastropods, the so-called
Gastropod Flats (Fig. 6). Extensive intertidal algal flats
and tidal creeks and swamps adjoin many of the inner lagoon
coasls,

The major inner islands are Jagzirat al Ftaisi
and Jazirat Abu Kashasha. They both owe their present
extent to accretion of unconsolidated sediments around cores
of Shell and Miliolite limestone. Tidal crecks and swamps
surround much of their coasts, this marking the final phases
of infilling of the back lagoonal areas. Fig. 7 shows the
detail of the near-bridging of the gap between Jazirat Abau
Kashasha and the mainland. Algal flat and tidal creek dev-
elopment have all but infilled the remaining marine areas,
and the progress of these additions can be seen from the
0ld shoreline positions.

The smaller inner islands have diverse origins.

Some are Shell and Miliolite limestone ercosion residuals
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with greater or lesser amounts of fringing unconsolidated
sediments, whereasothers comprise creek and swamp areas
with occasional beach ridges. The latter islands are extre-

mely low and are almost completely flooded at high water,

The major features of the mainland have already
been briefly described, - the coastal plain and hills of
Tertiary rocks, These areas will bemorc fully considered
in Chapters V and VI,

The abundant islands in this north-eastern
area, together with features of the mainland sabkha, enables
earlier sedimentation patterns to be determined., The effect
of the islands in decreasing water circulation and turbulence
by providing shelter from wind and wave activity ig partic-
ularly significant, 1In fact, it can be shown that as the area
of islands increased so the back lagoonal sediments became
more muddy (Chapter V ), The major difference between the
north-eastern arez of mainly muddy back lagoonal sediments and
the Khor al Bazm area where more sandy sediments are accumu-
lating, can be stated té be the difference in water circu-

lation and turbulence.

3) Marine Areas
The marine areas form a series of physiographic
units which are described below:

Inner Shelf

The inner areas of the open shelf are included

in this study. They extend seaward of the 18-20 feet (6 ms.)
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bottom contour a® the secaward edge of the tidal deltas and off-
shore coral reefs. Where offshore coral reefs are absent
then the shelf extends uninterrupted to the shoreline of
the seaward facing islands and peninsulas. This occurs,
for example, at Abu Dhabi, where the shelf extends in
towards the shore between the offshore reef and the
south-western tidal delta. The shelf has a slightly
irregular bottom topography but depths otherwise increase
gradually seawards. It is probably in large measure a
platform eroded into the underlying limestones during a
period of lower sea level. It is blanketed irregularly
with a variable series of uncemented sediments, oyster
reefs and sparse coral growth.

Offshore Coral Reefs

The offshore coral reefs are typically dev-
eloped in interdelta positions, fronting the islands or
peninsulas. This development very closely resembles that
found in the Bahat.a region where coral reefs are "best dev-
eloped on the seaward sides of islands, cxys and rocky
shoals...." (Newell et al. 1959). The reef off Abu Dhabi
is a conspicuous feature and rises fairly abruptly from
depths of about 20-25 ft. (6,1-7.4 ms.); the reef top
lies just below lowest low water. The seaward face bears
a prolific growth of massive corals together with some
branching forms; in other parts of the reef the massive
forms are less abundant, Behind the reef is a channel

where water depths reach 15-20 ft. (4,6-6,1 ms.); the sea
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floor here is covered with muddy sediments, in contrast to
the coarser reef top sediments.

A small, poorly developed reef liecs off the
front of the tidal delta to the south-west of Abu Dhabi,
in the angle between the main delta and the northeastern
subsgidiary lobe. Occasional small corals are also found
extending further to the west, at the front of the tidal
delta, for several miles.

The reef off Halat al Bahrani is patchy and
poorly developed and consists almost entirely of branching
corals. Channels running normal to the reef trend cut
across it and break it into several segments, It is a
relatively low feature, growing in depths of about 15 ft,.
(4,6 ms,) and rising only about 6 ft. (1.8 ms.) above this
level (Profile No. &, Fig. 8).

The reef lying off the Dhabayah Peninsula
differs yet again; areas dominated by a vigorous growth
of branching corals occur as large patches at the seaward
margins, but most of these lie at depths of 6-10 ft., (1.8-
3,0 me.), Behind lies an extensive shoal area, sparsely
covered with coral heads., Several large depressions, up
to 20 ft. (6,1 ms.) deep occur in the reef top, typicaily
surrounded by a rim of living corals ard partially infilled
with muddy sediments, The reef top is also characterised
by large bars and other accumulations of reef derived sand
and coarser debris. Behind the reef lies a lagoon, about

6-10 ft. (1.8-3 ms.) deep, in which are abundant microatblls,



Fig. 8 Profile lines are indicated in Fig. 3.

No. 1 showing maximum development of tidal channel;
also tidal delta with large sand bars at sea-
ward edge.

No, 2 Long profile of main tidal channel, showing
asymmetric bars across the floor and general
shallowing seawards; profile secawards of the
channel mouth is identical to that off the
edge of thce tidal delta,

No, 3 showing inner coral reefs and double tidal

channel; also tidal delta with a swmall off-

shore coral reef on the delta slope.
No. 4 Interdelta profile with small bar of oolite
sand and a low, poorly developed offshore coral

reef,.
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Each microatoll is characteristically dead in the centre,
the live coral forming a fringing rim; the slopes are of
sandy materials which pass down into the more muddy, weed
covered bottom of the lagoon floor, The reef, reef top
depressions, microatoils, lagoon, and a small flood-~tide
delta can be seen in Fig. 9.

Tidal Channels.

Connecting the open sea with the lagoons
which lie behind the seaward islands are large tidal channels
which are characteristically associated with tidal deltas
(Fig. 3). To the north-east of Abu Dhabi 2 single, wide
channel is associated with a simple delta, whereas to the
south-west between Abu Dhabi island and Halat al Bahrani
and between Halat al Bahrani and Ras al Dhabayah, more than
one channel exists and the associated deltas comprise two
or more lobes, The channel to the north-east of Abu Dhabi
has a maximum depth of 23 ft, (7 ms.) and several shoals
partially obstruct the free flow of tidal waters within it.
The main channels between Abu Dhabi island and Halat al
Bahrani are better defined; they are narrower and deeper,
reaching a maximum depth of 44 ft. (13.4 ms.) where the
main branches coalesce. Between Jazirat al Ftaisi and Abu
Dhabi island, where the constricted channels open into
the broad mid lagoon area of deep water, a depth of 45 ft.
(13.7 ms.) occurs (Fig. 4)., The channels between Halat
al Bahrani and Ras al Dhabayah are fairly well defined,

are free from shoals and reach depths of 15 ft. (4.6 ms.).



Fig. 9 Showing the offshore coral reef and back-reef
lagoon off the Dhabayah peninsula -~ see Fig. 3
for location. Dark patches at top of figure
are depressions in the reef top, up to 20 ft.
(6 ms.) deep; the reef top is covered with
diffuse coral growth., The seaward edge of the
reef top is marked in places by bars of reef
sands, similar in form to the bars at the

.edge of the tidal deltas. The backreef lagoon
is densely carpeted with Halodule (dark areas).
Abundant micro-atolls can be seen in the lagoon,
typically dead in the centre (light coloured)
with a peripheral fringe of living coral (dark
fringe); the slopes are not vegetated (light
coloured) and pass down to the vegetated
lagoon floor., A small flood tide delta is
also present, developed by flood tide currents
flowing into the back~reef lagoon. Scale:

1/30,000,
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The channels are thus somewhat variable features
but their degree‘of development closély parallels the size
of the associated back lagoons. For example, the Abu Dhabi/
Halat al Bahrani channels connect with a very extensive
back lagoon, whereas the lagoon to the northeast of Abu
Dhabi island is rather smaller, and that to the south west
of Halat al Bahrani smaller again. The associated tidal
channels within thié sequence become progressively shallower
and less well defined,

There are certain features, however, which are
common to all channels, in kind though not in degree.

When the channels pass between the tips of the islands and
are typically most constricted, then the depths are greatest.
Tidal currents will reach a maximum in these positions and
erosion will be most rapid. The long profiles are all very
similar, a gradual shallowing occurring seawards of the
deepest parts; profile 2 of Fig. 8 shows this for the main
channel between Abu Dhabi island and Halat al Bahrani, 1In
fact, at their mouths, the channels are usually only 2-3 ft.
( 1 m,) deeper than the adjoining tidal deltas (Fig. 4).

In some places the channels lose their identity completely.
The mouths of some channels become infilled, as for example,
that lying parallel but immediately north-east of the main
channel between Abu Dhabi island and Halat al Bahrani,

The channels are typically horizontal slots
with widths greatly exceeding depths, depth to width ratios

varying from %5 to more than %5 A recent discussion of
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channels and tidal inlets by Price (1963) indicates that the
form of tidal channels from many areas is similar in most
aspects to those of the Trucial Coast. Deep holes normally
occur in axial and other narrows, and where channels converge,
a hole one third to three times as deep as the general
channel depth is developed beyond the convergence, Channel
depth to width ratios range from é% to %%. The depth to
width ratios and asial deepening of these Trucial Coast
channels follow closely his findings the over~deepening of
the channel hetween Abu Dhabi island and Halat al Bahrani
being 1%4-2 times the normal channel depth.

Channel walls vary widely in slope and character,

some being fairly steep, others much more gentle, Many

walls are of loose sediments, others are encrustgd with

a vigorous growth of coral. The general disposition of
uncemented sediments and earlier limestones suggests that

the deep channels are incised into the earlier limestones.
Price (1963) and Phleger and Ewing (1962) have also found
that many tidal channels, associated with similar coastal
tidal lagoons, have cut down.into Quatarnary deposits.

Tidal Deltas

The tidal deltas are shoal areas bounded sea-
wards by the 6 ft. (1.8 m.) contour; extensive intertidal
areas occur atop the deltas (Fig. 4). The seaward boundary
is usually marked by a line of breakers., Seawards of the
6 ft. (1.8 m.) contour the sea bed shelves steeply to

18-20 ft, (6 ms.): Fig. 8, profiles 1, 2 and 3. Below
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this depth the inner shelf is encountered but the bottom
topography still bears some relationship to the deltas; the
24 ft, (7.2 ms.) bottom contour parallels the delta edge.
Deeper than this, evidence of the deltas is lacking and the
bottom Beepens irregularly seawards.,

The deltas vary considerably in form, being
simple at the mouth of a single tidal channel or complex
where more than one channel exists between the islands.

They are being deflected partly south-westwards by the
prevalent and dominant wave approach direction (north-north-
west)., For example, the deltas north-east and south-west
of Abu Dhabi island are both asymmetric with respect to

the islands and tidal channels; the northerly facing edges
are being developed at the expense of the westerly edges

and the channel mouths are consequently being deflected

to the south-west.

At the delta margins large smand bars are dev-
eloped, with wave lengths of several hundred ft. (200-300 ms.)
and amplitudes of 2-4 ft. (0.,6-1.2 ms.). The bars take
many forms, they may be long, straight, simple, and arranged
parallel to one another, or shorter, straight or curved
and arranged en gﬁhelon; they may also assume the form of
petaloid lobes or other configurations. Figure 10 shows
the Halat al Bahrani-Ras al Dhabayah tidal delta and the
various forms taken by the bars are well developed heré.

On the two deltas to the north-east, en échelon bars are

developed near to and subparallel to the northern margins,



Fig. 10

Ras al Dhabayah - Halat al Bahrani tidal delta

- see Fig, 3 for location, Showing tidal
channels traversing the delta top and becoming
shallower (lighter in colour) near the delta
edge, The delta edge is distinct and several
forms of sand bars are well developed, including
long, straight, parallel bars, smaller, curved,
en-échelon bars and petaloid lobes. The dark
patches on the delta top are seaweeds growing

on a rock floor., Scale 1/30,000,
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but more irregular bars extend across the delta tops where
the latter swing south-west in towards the island coasts.
This south-westward movement of the delta sands has resulted
in the addition of a large spit, now enclosing a small lagoon,
to the northern tip of Helat a2l Bahrani, since 1958 when the
Royal Air Force cerial photographs were taken,

At the northern and south-western ends of
Halat al Bahrani the delta top sands are being pushed land-
wards and between the shoal banks and the island coasts lie
shallow lagoons with bottoms bearing a sparse plant growth.
Sparse growth of brown seaweeds is alse found on the delta
top, usually in the troughs between the large sand bars,
the floor in these positions occasionally being of limestone.

In addition to the major features, the delta
top sediments are extensively ripple-marked; even the delta
front between 6~18 ft. (1.8<«5.4 ms.) being affected. The
various features of the delta top give some indicatiorn of
the high wave energy afflicted upon these areas.,

Inner Coral Reefs

Coral reefs of varizble development lie behind

~all the tidal deltas, usually in shoal areas sheltered from

excessive wave activity by the islands and'channels. The

" most extensive lies behind the main tidal channels southe

west of Abu Dhabi island, fronting Jazirat al Ftaisi,
Branching corals predominate and along the channel sides
growth is extremely prolific., The reef top lies just below

lowest low water, heads of corals being occasionally exposed.
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Coral growth is patchy on the reef top and many of the corals
are dead and bear luxuriant growths of brown seaweeds,

Small coral areas occur (a) in the channels
near Batin, (b) behind the north-eastern tip of Abu Dhabi
island, (c¢) behind Ras al Dhabayah, and (d) in channels
along the east and south coasts of Halat al Bahrani.

f) Mid and Inner Areas

The mid and inner areas are loosely definable
units and comprise the mid and inner parts of the back lagoons.

Depths vary in the mid areas from intertidal to 30 ft. (9.2 ms.).
The intertidal areas stretch along island and mainland coasts
and also occur as offshore banks. They are generally bare
sandy areas, in contrast to the luxuriantly vegetated areas
below low water; where the botﬁom sedinents are generally
much muddier.

The mid areas comprise the shoal banks and
small channeis lying behind the oolite deltas and the degper
water lying off the northeecast coast of Jazirat al Ftaisi.
A typical area is shown in Fig. 11.: shoal banks are light
in colour and free from vegetation, deeper areas are darker,
where the bottom bears a thick plant growth.

There is no boundary as such between the mid
and inner areas; in their inner parts the mid arcas are
everywhere shoal (less than 6 ft. - 1.8 ms.) and pass
insensibly into the inner areés. The inner arcas are the
very shoal back lagoonal regions where depths gradually

decrcase until the inner shores are reached.



Fig. 11

- b -

Mid lagoon area - see Fig. 3 for location. To
show variability in depth and associated devel-
opment of a plant cover., The dark areas are
below low water, are densely carpeted with
Halodule and the sediments are always very
muddy. The lighter coloured areas, occurring
either as shoal banks fringing islands or as
isolated shoals are almést devoid of a plant
cover and the sediments are normally pellet
sands with small amounts of aragonite mud,

Scale 1/30,000,
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In both mid and inner areas there are few
bottom features of interest. The veryshoal banks of the
mid areas are occasionally ripple marked but in general
turbulence in these parts is very slight.

Tidal Creeks and Swamps and Algal Flats

Tidal creeks and swamps are widely developed
in some intertidal parts of the mid and inner lagoon. The
dominant plant of these arcas is a bushy halophyte, Arthroc-

nemum glaucum (Fig. 5A, 12); the mangrove, (Fig. 13) Avi-

cennia nitida is more local in occurrence. Commonly .

associated with the tidal creeks and swamps are wide
spreads of tough, rubbery mats of blue~green algae, (Figures
7. 14, 155.

Mangrove swamps are developed in $ome places
around Jarirat al Ftaisi and Jazirat Abu Kashasha. They
typically lie slightly seaward of the optimum development

of Arthrocnemum; the algal mats lie slightly higher

again in the intertidal zone, ‘Thus it is common to find

a Mangrove/Arthrocnemum association in the low intertidal

areas or an Arthrocnemum/Algal mat association in the higher

parts of the intertidal zone. It is uncommon to find Mangrove
and algal mats together. In the higher intertidal areas
algal mats occur alone,

A good gxample of the creek and algal mat
development can be seen in Fié. 7. A few major channels

are present together with a multitude of lesser ones which

thread their way through the often dense cover of Arthrocnemum
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Detail of upper surface of algal mat showing

vermicular structure.

Algal mat broken into polygons with edges

upturned.

Algal surface of polygons traversed by very
shallow (less than 2-3 ins. - 6=10 cns.)
channels and pools, often bearing abundant

gastropods (Cerithium and-Iittorina),


















CHAPTER I1I

PHYSICAL AND CHEMICAL CONTROLS

OF THE ENVIRONMENT.

GENERAL

The determination of the physical and chemical
parameters of any environment of carbonate sedimentation
is extremely critical. For example, physical processes may
control the form of the coastline and the bottom topography
of the nearshore and shoal water areas. The distribution of .
sediments is greatly affected by physical processes. Physical
processes which affect the chemistry of marine waters are
obviously significant in the formation of carbonate sediments.

3

in sea water, such as salinity, pH, temperature and turbulence

Factors affecting the solubility and precipitation of CaCO

nust all be considered.



WIND

Wind is the source of energy of nearly all
coastal changes, and thus the analysis of wind direction
and strength is critical in any nearshore area of Recent
sedimentation, Waves are the most important nearshore
physical phenomenon and are produced by wind acting on the
water surface. Air circulation plays an important role in
the process of evaporation and is of cbvious significance
in regions of chemically precipitated sediments.

The prevailing wind along the Trucial Coast
is the north-north-westerly 'shamal', Winds from other dir-
ections do occur but are less common (Fig., 16)., 1In the
Abu Dhabi area the occasional strong winds from the southerly
quarter are particularly important as they may bring large
volumes of airbourne material from inland, which later
come to be deposited in the marine areas.

In addition to the winds of a regional nature
there are the diurnally developed onshore and offshore winds.
In the absence of any regional air-movement the normal
pattern is of gentle offshore winds in the morning,
followed later by onshore winds as the inland areas becone
heated by the sun, The afternoon, onshore winds often
become sufficiently strong to move dune sands on land and
raise appreciable waves at sea. |

Strong and gale force shamal winds blow mainly
during the winter months, winds otherwise tend to be light

and variable,



Fig. 16 Wind and wave approach directions- 16A for Abu

Dhabi area, 16B for Trucial Coast Embayment.

Data are for winds which raise waves of amplitude
greater than 3 ft, (1 m.)., Data supplied by

Meteorological Office,



>
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In shoal areas wind may playa significant

role in thc¢ movement of marine waters. The wind may back-up
or on occasions oppose the normal tidal movemecnts of waters.
Along the Trucial Coast the prevalent wind is onshore and thus
its effect in the lagoons will be to opposec cbbing waters
or back up flooding waters. When strong onshore winds back
up high spring tides then vast areas of the sabkha may be
flooded, areas which under normal conditions are above the

level of high water spring tides.



~ 534 -

WAVES

Sea waves arc produced by wind blowing across
the sea surface. The orientation of the wave front in open
water is dependent upon the wind direction, and the wave
height or amplitude depends upon the fetch and the wind
strength., Some modifications are found to occur in res-
tricted shallow waters.,

Meterological Office data for the Trucial
Coast (Figure 25 squares 43, 44; note each one degree square
is assigned a number which is used when reference is made to
it), show that waves of amplitude less than three feet (1 m.)
may occur with any orientation; such waves are produced by
light and variaoble winds and have little physical affect
on the environment as a2 whole, Waves of amplitude greater
than three feet have a pronounced modal orientation to the
north-north-west (Fig. 16A; squares 43 and 44). Data for
almost the entire Trucial Coast embayment indicate a mode
slightly more to the north-west (Fig, 16B)., Wave amplitudes
in squares 43 and 4% do not ecxceed 9.5 feet (3 ms.), although
further offshor;j;quares 52, 53, 54 wave amplitudes of 14
feet (4.3 ms.) are recorded. Except for three records
~ two north-ecst and one west - wave amplitudes greater
than 6.5 feet (2 ms.) are always associated with north-
westerly winds.

The direction of wave approach is critical on
the openiisland coasts and edges of the oolite deltas., The

orientation of the coasts and the frontal dune ridges and
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also the asymmetry of the oolite deltas is a response to
the prevailing north-north-westerly wind and wave approach
direction.

Except in the tidal channels, wave activity
is the major control of water turbulence experienced within
these shoal areas. Seawards of the oolite deltas and open
coasts the wind has an extensive fetch to the north-west.
When the waves approach shallow water they become retarded,
wave heights increase, wave lengths decrease and wave vel-
ocities decrease. The height to length ratios increase
until instability results and finally the waves break and
their energy becomes dissipated. Waves commonly break at
the edge of the oolite deltas and their margin is marked
by a line of breakers during all but the calmest periods.
The entire delta tops are subjected to intense wave activity
and this is re¥lected in the character of the underlying.
sediments.

Inner arcas are affected by much less vigorous
wave conditions. Waves do not normally cross the tidal
channels and thus areas lying inside them arec somewhat
protected, Further back in the lagoons the islands cffec-
tively povide protection by decreasing the fetch of the wind
so that only small waves are ever encountered in these
parts., It is interesting to note that the small stretch
of innérmost coast lying south of Abu Dhabi Causeway and
which has no island to protect it (Fig. 3), is rather dif-

ferent in character from the coast further south. The
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differences in sediment type and physical nature between
the protected and unprotected inner coasts are sufficiently
strong that evidence of this type has been able to be used
to reconstruct the palacogeography of the area at intervals
during the present cycle of sedimentation.

Water turbulence is the major physical control
determining distribution of sediment grains. Currents
would move little sediment if it were not for wave generated
water turbulence which raises sediment grains into suspension.
However, waves alone would play a negligible role in sediment
transport without the lateral translation of particles

¢ffected by currents.



TIDES AND CURRENTS

(a) General

The tide is one of the most important ecological
factors in lagoons and other areas of shoal water. It is
the agent which effects exchange of water and its vertical
range determines the extent of algal and mangrove flats and
other intertidal areas. Currents in lagoons are almost
entirely caused by tidal agencies, except for some wind
induced currents.

Tidal waves or 'tides' are merely vertical rises
and falls of the surface of the sea and are the resultant of
a complex series of partial tides. The periods of the two
major components are one lunar day (diurnal tide) and half
a lunar day (semidiurnal tide)., A diurnal tide is one which
exhibits a single high and low water each lunar day; tides
of this nature occur commonly a few miles off the eastern
coast of the Qatar Peninsula. A semidiurnal tide is one
which exhibits two approximately equal high and low waters
each lunar day; the tides of the Atlantic coasts are of
this type, the diurnal component being small., However,
some coasts exhibit mixed tides, with two high and low
waters occurring each lunar day but the successive high
tides and successive low tides are of quite different
heights. The Pacific coast of the United States and most
of the Persian Gulf coasts exhibit mixed tides.

One other tidal complication must be considered

- when the sun and moon are in conjunction or opposition
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higher than normal or spring tides are produced. These
occur about every fourteen days and the tidal range is
typically about 20% greater than mean tidal range. When the
moon is in its quarter phases then lower than normal or
neap tides are ;roduced; these are generally about 20% less
than mean tidal range. Figure 17 shows the mixed tidal curve
for Abu Dhabi and also the difference in tidal range between
spring and neap tides.

The mixed tides experienced along the Trucial
Coast develop a very strong diurnal inequality at times of
tropic tides (when the moon has a high declination north or
south); at its most extreme the tide becomes truly diurnal
as off the Qatar Peninsula.

Tidal streams or currents represent the hori-
zontal movement of the tidal wave; they generally run par-
allel to the coast and are a component of the longshore
current, They act therefore at right-angles to the main
direction of wave action., The tidal streams reverse their
direction roughly in phase with the tides and off the Trucial
Coast set east-west at about 1 knot (1.8 kms./hour). During
periods of strong diurnal inequality (e.g. spring tides),
one of the two tidal streams will be considerably stronger
than the other, or in its extreme development the streams
will turn only once in a lunar day (as off the Qatar Penin-
sula).,

Tidal streams may determine the distribution

of finer grained sediments in offshore areas, Great diurnal
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Fig., 17 Spring and neap tide curves for Abu Dhabi open
coast, data from Abu Dhabi Petroleun Company

tide gauge at Abu Dhabi.



MEAN SEA\LEVEL

DATUM ' '
0600 1200 1800




- 27 - o

inequality in tidal streams will be reflected in an ability
to mo—re coarser sedimentary particles during periods of
maximum stream velocity, However, it has been noted that
in general tidal streams become uncertain inshore and that
velocities decrease.
The total longshore current in any place com-
prises: (a) tidal stream effect (reversible)
(b) Oceanic current effect (irreversiblei generally
unimportant in nearshore arecas).
(¢) wind currents
(d) longshore component of obligue wave action.
Thns along the nearshore region of the Trucial
Coast the effect of (a) will probably be slight and (b)
will be negligible, Components (c) and (d) owe their energy
and direction to winds;‘the prevalent and dominant wind is
from the north-north-west and as the open coast near Abu
Dhabi trends SW-NE it is not quite an onshore wind. Thus
the overall balance of wind and wave produces 2 slight long-
shore drift to the south-west., This conclusion is supported
by physiographic developments on the ocolite deltas,
Amongst the islan&s and in the lagoons tidal
currents will dominate, although at times currents generated

directly or indirectly by the wind may become important.

(b) Tidal Data from the (Coastal Areas

During both field seasons fairly complete

tidal data were available from the tide guage of the Abu
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Dhabi Petroleum Company at Abu Dhabi., During the first

season tide pole stations were set up at Halat at Bahrani,
Ras al Dhabayah and Jazirat Abu al Abayadh by the Admiralty,
who were conducting hydrographic surveys in the region. Some
information has also been obtained from surveys by Sir
William Halcrow and Partners, Development Engineers in Abu
Dhabi. The locations of the tidal stations arc shown in
Figure 18.
The inter-relationships between the tidal curves
of the several stations are shown in figures 19 and 20,
(Figure 19/A represents average tidal conditions, 19/B
spring tide conditions). The Abu Dhabi station is situated
on the open coast with no shoal areas to restrict the tidal
movement of waters. The Abu Dhabi barge station lies 2%
miles (4 kms.) up channel and the Halat al Bahrani station
4 miles (6% ¥ms.) up channel, between shoal banks. The Ras
al Dhabayah station lies 3 miles (5 kms.,) up channel from
open water and the Jazirat Abu al Abayadh station lies 4-5
miles (7-8 kms.) up a very wide channel which offers little
restriction to the free movement of waters; comparison of
the curves for Abu Dhabi and Jazirat Abu al Abayadh (figure
19/B) shows this to be so. Coasts with unfestricted access
for tidal waters thus exhibit the greatest tidal fluctuations..
in this region reaching a maximum of about seven feet (2 ms.),
Stations situated some miles from the open sea reflect their positi
in their
Ztidal curves (compare curves for Halat al Bahrani and Ras

al Dhabayah with those for Abu Dhabi and Jazirat Abu al



Fig. 18 Tidal stations from which data are available.
Tide gauge and tide pole data are used; data
supplied by the Royal Navy, Abu Dhabi Petroleum

Conpany and Sir William Halcrow and Partners.
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Fig. 19 Inter-relationship between the tidal curves
for stations at Abu Dhabi, Halat al Bahrani,

Ras al Dhabayah and Jazirat Abu al Abayadh,
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Fig, 20 Inter~relationship between the tidal curves for
stations at Abu Dhabi, mid, and inner lagoon
(see Fig, 18 for locations). Stations N. and
S. lie north and south respectively of Abu

Dhabi causeway.
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Abayadh).

Simultaneous recordings of tidal fluctuations
along the coasts of Abu Dhabi island were made by Sir William
Halcrow and Partners in 1961/62. Stations were situated as
shown in Figure 18. The barge station has already been
described; stations I, II.& III were situated along the
north and south coasts of the island and stations N and S
along the north and south respectively of the causecway
joining Abu Dhabi to the mainland; Comparison was also nmade
with the Abu Dhabi tide gauge curve (Figure 20), Station III
may be regarded as representative of stations I, II & III;
tidal fluctuations are much suppressed and a considerable
time lag is involved with regard to attainment of high
water (approximately 24 hours). However, this is not to
be unexpected when consideration is taken of the complex
routes by which waters reach sich positions, flowing through
narrow channels and over and around shoal banks., Owing to
this complexity of water movement, apparently similar stations
within these small embayments may not prove strictly com-
parable., This is true of station III and stationsN and S.
The curves for N and S show earlier arrival of flood tide
waters north of the causeway than to the south; the absolute
high water value for station N is increased by the ponding
effect of the causeway. The tidal delay at station N is
about 2% hours, the same as at station II: at station 8
the delay is about 324 hours.

Developing the concept of diminution of tidal
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fluctuation with increase in distance from the open sea or
coast it is possible to delimit the vertical extent of the
intertidal zone alons such a profile (Figure 21)., Maximum
and minimum values are plotted for Abu Dhabi (open coast),
Halat al Bahrani (up-channel), mid-embayment (III) and back
embayment (S) stations. Vertical change in level is related
mean sea level, Horizontal distance from the coast is
indicated using Abu Dhabi open coast as zero; however, the
Halat al Bahrani station is actually four miles (63 kms.)
up channel, the open water lying off the edge of the shoal
oolite delta. The Abu Dhabi data are thus moved three
miles (5 kms,) seawards and considered as open-sea values.
The open coast, oolite deltas and inner coral recf areas
suffer maximum tidal fluctuations in excess of 5 feet (1% ms.)
mid and inner areas suffer a maximum fluctuation of 2% feet
( 1 m,). Maximum fluctuations will only be experienced
during peiods of spring tides; during neap tides fluctuations
on the open coast will be less than L4 feet, decreasing grad-
ually inwards. There will be little difference in tidal
fluctuation between spring and neap tides in the mid and
inner arecas,

The consideration of tidal data in this manner
leads to the formulation'of useful generalizations con-
cerning the tidal effect on such a complex coastline of
islands and lagoons. Figﬁre 19 has shown that parallel
and near to the open coast the tidal effects are similar

and at a maximum, Figures 20 and 21 have shown that tidal
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To illustrate the diminution of the tidal range
with distance from the open coast; open shelf
and coast tidal range is about 7 ft. (2.1 ms.),
nid lagoon range about 24 ft. (0.8 ms.) and
inner lagoon range about 13-2 ft, (0.5-0.6 ms, ),
The reference level used is mean sea level, The
data also indicate the vertical extent of the

intertidal zone with reference to nean sea level.
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effects gradually fall off and finally reach é minimum in the
inner areas, Although data are only available for a single
traverse from the open coast to the inner coast, it is
reasonable to assume that similar conditions will extend
inwards from the open coast along the entire coastline from
Abu Abayadh in the south-west to Ras Ghanadha in the north-
east.

The Abu Dhabi-Ras al Dhabayah lagoon is the
largest along this eastern stretch of coast. To the north-
east, towards Ras Ghanadha, the lsroons progressively dim-
inish in size., As their size decreases so the tidal and
current conditions will change as smaller volumes of water
are moved during the tidal cycle and distance from the open
coast is reduced., Tidal currents will diminish in velocity
and tidal range will not show such é merked diminution in
the inner lagoon areas.

Spring and neap tide conditions will have wide-
spread and opposed effects on the nearshore anqﬁagoon areas.
At extreme high water areas will be flooded which normally
remain dry, for example, the higher crab flats and the high
intertidal algal flat and sabkha areas. Seaward areas will
suffer an incursion of lower salinity, open sea-waters, in
fact, every part of the lgoon complex will be affected by
the incoming of waters of lower salinity than those which
normally prevail. Interstitial ground-waters in algal
flat and other intertidal areas and in the sabkha, may

suffer dilution and flushing.
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During extreme low water areas arc exposed

which normally are covered by water; exposure may occur during
the middle of the day, when exposed floral and faunal elements
will suffer extreme dessication, For example, the level of
extreme low water will be the effective control of the upper
limit of coral growth., Another consequence of extreme low
water will be the bringing of highly saline waters temporarily

into mora@eaward arens.

(¢) Tidal Currents and Water Circulation

The pattern of water circulation in the lagoons
and embayments isicomplex. Field observations of flood tide
currents are shown in Figure 22., The dominant tidal currents
arc indicated with heavy arrows and reference to the aerial
photograph mosaic (Fig. 3) will show that these are the
channel positions., On the flood tide water moves in over
the edge of the oolite deltas but the greater portion flows
along the deep channels., The pattern is reversed during the
ebb cycle, although now the channels carry more water and
velocities are higher than during the flood cycle, Current
velocities across shoal banks are not as high as those in
the channels.,

Water in the channels, particularly on the ebb
tide, exhibits extreme turbulence. ZEbbing waters from
adjacent shoal banks are much less turbulent and usually
flow into the channels almost at right angles to the channel
current direction. Ripple marking on the bank top and

channel side are usually found to be at right angles.



Fig, 22
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Water circulation pattern on the flood tide;
heavy arrows indicate main tidal channels,
smaller arrows represent flow along minor
channels or across shoal banks, The ebb tide
pattern is the reverse, except that more water

is confined to the main tidal channels.
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Recently, analyses and theoretical discussions
of tides and currents in tidal lagoons and embayments have
been made by Phleger and Ewing (1962) and Price (1963). In
many ways, data from the former study are similar to those
of the Trucial Coast.

Figure 23 (after Phleger and Ewing, 1962) shows
the Laguna Ojo de Liebre and three stations at which tidal
and current data were obtained. The tidal range is
found to vary from three feet (1 m.) to a probable maximum
of about nine feet (2% m.,). The tidal delay at B compared
with A is 13-2 hours; the delay at C compared with A is 234-
3% hours. Average maximum tidal current velocities were
found to be: A, 2.5 knots (5 kms./hr.), B, 1.5-2.0 knots
(3-4% kms./hr.), C, 0.3-1.5 knots (-3 kms./hr.),

Current velocities in the channel to the north
east of Abu Dhabi island were measured by Sir William Halcrow
and Partners and showed values of up to 1.9 knots (3.5 kms,/
hr.) during the ebb tide., This currenf velocity was recorded
during a period of average tides; during spring tides vel-
ocities would be greater. The maximum current velocities
were recorded at about half tide or slightly later., This
compares closely with the findings of Phleger and Ewing
(op. cit. p.171).

The channels to the south-west of Abu Dhabi
island are narrower, deeper and better developed than that
between Abu Dhabi and Sadayat islands. The area which is

flooded or drained during each tidal c¢ycle is rather larger



Fig. 23 Laguna Ojo de ILiebre (modified, after Phleger
and Ewing 1962)., Showing stations A4, B and C

from which tidal and current data are availablse
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and from observational estimations and comparisons the
current velocities are greater.

As a generalisation it may be stated that during
neap tide periods water movement is minimal and therefore
tidal currents are minimal, During spring tide periods
conditions are reversed, great volumes of water are on the
move and tidal currents are now at their maximum,

The transport of sedimentary particles is a two=-
fold process involving water turbulence to 1ift the particle
free from the bottom and then lateral translation of the
particle by some form of current. In the shoal areas water
turbulence is almost directly related to wave activity.

Wave activity does not affect the characteristics of water
movement in the tidal channels; water in the channels is
characterised by extreme turbulence under almost all wind
and tidal conditions. Under guiet wave conditions sediment
movement in shoal areas will be minimal, only very fine
particles already in suspension will be affected. On shoal
banks and on the oolite deltas in particular, great trans-
port of sedimentary parficles will occur under storm con-
ditions when turbulence is greatest. Flood tidal currénts
backed up by mass transport of water due to the onshore
directed wave energy will move particles in across the
deltas, Under ebh tide conditions, the tidal currents and
mass transport currents will be opposed‘and seaward sediment
movement will be restricted. There will therefore be a net

movement of sediment in towards the coast and inner lagoons.
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In the channels, water flow is always turbulent
and potential lateral translation of particles always great,
Water movement within the channels is controlled by the
tidal conditions, greatest sediment transport occurring
during spring tide periods when highest current velocities
are experienced, As the ebb current velocities dominate
over those of the flood currents the net sediment transport
along the channels will be scawards.

Sir William Halcrow and Partners have determined
the velocities of the tidal currents to seaward of the open
coast of Abu Dhabi and Sadayat islands., It was found that,
on the ebb, tidal waters flowed seawards out from the lagoon,
almost at right angles to the open coast, for a distance of
at least 24 miles (4 kms.). At this distance from the coast
the waters were well clear of the oolite delta, yet still
heading scawards, the maximum velocity in this outer area
being about 0.7 knots (14 kms./hr.)

On the flood tide, the tongue of water which
had flowed out from the lagoon on the ebb, returned, Unfor-
tunately, no data are available to indicate the amount of
mixing of open waters with the lagoon derived waters, With
an onshore wind and therefore longshore drift at a minimum,

it is possible that little mixing occurs at all.



TEMPERATURE:

Introduction

The Persian Gulf is probably the warmest sea
on the surface of the globe and the southern shore‘abuts
onto the great Arabian Desert, a continental area of exces~
sively high temperatures. Thus a study of temperature dis-
tribution is in itself of considerable interest. However,
if one considers the effect of temperature on floral and
faunal development and its effect on the chemistry of car-
bonate deposition then the importance of such a study
assumes even greater stature,

At higher temperatures the overall metabolic
rates of plants and animals are found to be substantially
increased, Many observations, covering a range of floral
and faunal groups, indicate that polar and north temperate,
cooler water speies grow more slowly, mature later sexually
and live longer than their equatorial, warwer water ocounter-
parts (Gunter, 1957).

Teﬁperature plays a major role in determining
the prodqctivity of any marine area and in general the crop
of plankton in polar and north temperate scas is found to be
much heavier than that in equatorial seas. This is perhops
slightly a false picture as although the crop at any one
time may be lighter in equatorial waters, the total organic
turn-over will be much more rapid.

High temperatures reduce the solubility of

CaCO3 in seawater and thus assist in its precipitation.
3
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High rates of organic metabolism together with saturation
of the marine waters in CaCO3 result in a2 massive production

of skeletal carbonate materials and therefore in high skeletal

carbonate sedimentation rates.

Air and Sea Temperatures

General:

In all oceang the highest values of surface
water temperatures, which delimit the so-called thermal
equator, lie somewhat north of the geographic Equator. This
is probably a reflection of the prevailing circulation in
the two hemispheres and also of the presence of the great
ice-covered area of Antarctica in the southern hemisphere,

Sea~-surface temperatures, on average, exceed
air temperatures over the sea by about 0.800, a reflection
of the surplus radiation received by the oceans. This dif-
ference varies seasonally, in winter the air being usually
much colder than the sea, whereas in summer air temperatures
may be higher than sea-temperatures.

When considering a small sea such as the Persian
Gulf due attention must be paid to air temperatures over the
adjoining land. In general it is found that air temperatures
over water are higher in winter than air tenperaturewm over
land, the reverse condition holding in the sumner, In
shallow water coastal regions sca-water temperatures, air
temperatures over the sea and air temperatures over the

land will all tend to modify each other.
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(1) Air Temperatures over lLand

Air temperatures over land along the Trucial
Coast are often cextremely high, Comprehensive data are
lacking for Abu Dhabi but are available for Sharja. Sharja,
like Abu Dhabi, is situated on the coast and air temperatures
should be broadly comparable, although the few data avail-
able from Abu Dhabi do indicate slightly higher values
(about 2°C).

Figure 24 shows the average daily, average
monthly and absolute maximum and minimum temperatures rec-
orded at Sharja over & period of five years. Of particular
interest are the outstandingly high daytime temperatures for
the months July-September, temperatures reaching 45°C,

(47°C. was recorded at Abu Dhabi in August 1963), The coolest
part of the year coincides with the period of greatest air
circulation. The great diurnal variation of temperature

is also to be noted, values of 11°%., conmonly being exceeded,

A knowledge of air temperatures over land is
required in order to interpret air and sea temperatures of
the nearshore marine areas., These data are also significant
when considering the sedimentary and diagenetic processes of
the sabkha, ‘

(2) Air Temperaturcs over the Sea

Data on sea surface temperatures and air tenw
peratures over the sea were obtained from the Meteorological
Office for the years 1954-1961. The data were analysed

separately for one degree squarcs (Figure 25). Few vessels



Fig. 24

Air temperatures at Sharja, a coastal station
80 miles (130 kms.) to the north east of Abu
Dhabi (Fig. 25). Available data indicate

Abu Dhabi maximum values to be about 2°C.
higher than those of Sharja. Note the wide
diurnal and seasonal range and particularly
the high absolute values (reaching 47%c,

at Abu Dhabi).
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Fig. 25 To indicate the 1° squares used in the analysis
of air and sea temperatures; each 1° square has
a number which is used when reference is nade
to it, for example, square 62 is 52-53°E and
26-27°N, Each square also bears the number of
air and sea temperature readings available;
these have been plotted and the data analysed
and discussed in the text. The solid dots are
positions of bathythermogram data, supplied by
the Hydrographic Department of the Admiralty,
Data otherwise were supplied by the Meteorological

Officec
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visit the nearshore Trucial Coast region and data from squares
L3.44 gre therefore scanty. The squares lying astride the
oil tanker routes (62-64) have greatest density of data and
soundly egtablished annuai temperature variation curves can
be derived for them, Temperatures are available for all
months of the year and all hours of the day; the resulting
curves indicate the combined seasonal and diurnal variations
of temperature,

Squares 52-54 have less data but when plotted
and compared with those for squares 62-64, the resulting
temperature curves are found to be almost identical, Data
for squares 42-44, the nearshore Trucial Coast region, are
scanty but show some indication of higher temperatures than
those recorded further offshore, Data for square 55 have
more in common with those of squares 52-54 than those of
squares 42-44; this parallels the relationship found between
air temperatures on land at Sharja and Abu Dhabi (i,e.
slightly increased temperatures near Abu Dhabi and to the
west),

Figure 26 shows the open Gulf air temperature
curve, the envelope of 6°c. representing seasonal and diurnal
variation in temperature (to be compared with 11°C. for the
variation in air temperature over the land). The nearshore
Trucial Coast data are shown and the probable temperaturé
curves indicated, there being an increase of 2°C. over the
offshore values. It may also be seen that the seasonal and

diurnal temperature range of the nearshore region is
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Fig., 26 Air temperatures over the sea for the Trucial
Coast embayment. Nearshore Trucial Coast values

are slightly higher.
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adjacent land areas.

Also recorded on Figure 27 are temperatures of
ground-waters from shallow pits dug in the sabkhaj; the high
values indicate the adsorption of energy by the dark brown
sabkha surface and the consequent heating of the subsurface
waters at depths of 2-4 feet. The significance of these
high values will be discussed more fully elsewhere,

(Chapter VI ),

(4) Vertical Distribution of Sea-Water Temperature

Few data are available of sub-surface sea-water
temperatures for the Trucial Coast embayment, The Hydro-
graphic Department of the Admiralty have kindly supplied
somme bathythermograms from the region from which a few
generalisations may be made. A significant thermocline is
only developed in the Gulf during the months July-September,
lying typically at about 50 feet (16 ms.) below the surface.
Temperatures are usually 32—3500. above and 27-3000. below
the thermocline, A diurnal thermocline is commonly dev-
eloped down to about 8 fecet (2 ms.), with temperature dif-
ferences above and below amounting to 2—300.

Thus the sea-~floor and its associated flora,
fauna and sediments lying above 50-60 ft. depth (15-20 ms.)
will be affected by a similar seasonal temperature range as
is found in open surface waters (22-3500.); at greater

depths the temperatures will be less variable (21-27°C.).
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The significant temperature controls operative
in the nearshore sedimentary environment may be summarised:-
(a) Range of scasonal and diurnal variations of

air temperatures over the land, and particularly the high

absolute values; both these aspects affect the nearshore
marine areas and the latter are of significance in producing
the high temperatures of the early diagenetic environment
of the sabkha. During low water intertidal areas will be
subjected to the full range of air temperatures experienced
over the land,

(b) Range of seasonal and diurnal variation of

alr temperatures over the sea; will be modified in coastal

regions by (a), and both will thus affect the temperatures
expericnced by the nearshore marine areas.

(c) Sea-surface temperaturcs in nearshore areas

will be modified by (2) and (b). The range of sea surface
temperatures will be greatest in very restricted inner
lagoonal areas. This range will decrease gradually as water
depths and circulation increasce, and finally approach the
normal open shelf tenmperature variation values., Seca surface
temperatures may be particularly critical in promoting
extraction of CaCO3 from surface waters.

(d) Vertical distribution of sea-water tenm-

perature; all nearshore sedimentary environments will suffer
extremes of temperature changes owing to the shallowness of

the water. This may be an important control with respect
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to temperature sensitive floral and faunal elements. Its
effect will also partially. control the mineralogy and minor

chemnistry of the carbonates precipitated.
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RAINFALL, EVAPORATION & HUMIDITY

Rainfall

Rainfall is infrequent but when it does occur
it is commonly torrential, particularly to the east, and
north, in the vicinity of the Oman Mountains, However, the
amount of rain generally decreases in a south-westerly
direction and thus the Trucial Coast, especially the western
portions, are particularly arid.

Rainfall data for Tarif for the years 1958-1964

are given below:

Year Rainfall (cms.) Highest Individual Fall
1958 2.87 1.37
1959 6.73 2. 44
1960 2.67 1.52
1961 1.70 1,04
1962 0.33 0.30
1963 5.99 2,59
1964 (January only) 5.66 1.98

In May 1963 and January 1964, torrential rains
fell along much of the Trucial Coast. Gale force north
westerly winds accompanied the rains and the combination of
rain plus exceptionally high tides resulted in the flooding
of hundreds of square miles of the coastal plain or sabkha,

The effect of heavy rainfall will be to tem-
porarily dilute the lagoon waters, It may also flush
capillary waters from the upper levels of the sabkha sediments

and dissolve away the surface salt crust.



-~ 87 -

Evaporation

Evaporation rates in the Persian Gulf are
generally high, Privett (1959) states the mean annual
evaporation of the whole Gulf to be 144 cms., but that
there are indications of rates being highef in the northern
half from June to February. Further interpretation of his
data has indicated the probable annual evaporation rates
of the northern and southern parts of the Gulf to be 165
cms., and 124 cms. respectively., Evaporation rates are
high during the winter months and low during the summer
months,

In the Atlantic, Indian and other oteans of
the world the water salinity remains constant and it is
found that the apparent net evaporation is balanced by the
precipitation together with run-off and inflow from land
areas, But, in the Persian Gulf the amount of precipitation,
run-off, and inflow is small, . The Gulf if thus a region of
net evaporation, losses being made up by active inflow of
lower salinity Indian Ocean water at the Strait of Hormuz
(Emery, 1956). This regime. accounts for the exceptionally
high salinity waters whioﬁ occur in the Gulf,

Sugden (1963 b) has determined the annual
variation in salinity at three coastal stations in the Gulf
of Salwa.,. Two of the stations were situated on the open
coast (Fig, 284) and one in a restricted lagoon. The
former showed an annual salinity range of about 2%s ,

being lowest in winter and highest in summer, although
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random fluctuations caused by wind and tide exceeded the
seasonal variation. The letter station, comparable in
its position to the restricted lagoonal environments near
Abu Dhabi, showed an annual variation in salinity of 7-8%s ,
the highest values being recorded in the summer. From
this indirect evidence it may be assumed that evaporation
rates are highest along the Arabian Shore in the summer

months,

Humidity

Relative air humidities are generally high,
despite the lack of cloud and rain experienced over the
region., Early morning values for Sharja are 75-80% during
the winter, falling to 60% during the summer; late afternoon
values are fairly constant throughout the year at 55-60%.

High humidities and night-time dew provide a
fairly constant source of water for the land flora which
plays a role in partially stabilising some dune sands.
Without this source of water it is doubtful whether the

planté could survive.
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SALINITY

Studies of the hydrography of the Persian Gulf

have been made by Emery (1956) and Sugden (1963 ). Figure
28 shows the surface salinity distribution determined by
Sugden and indicates the extremely high values occurring
along the Arabian Shore, To be noted is the gradual fall
in salinity offshore and also north-east along the Trucial
Coast. At Dubail, coastal salinities have fallen to 40%,
or slightly below. This fall in salinity is wmarked by the
incoming of new faunal elcments, forms which the author
has found on Masira Island, lying off the Indian Ocean
coast of Arabia and also along the Indian Ocean coast of
the Oman Mountains at Khor Fakhan and south towards Sohar,
(Choapter III),

The high salinities of the Persian Gulf are
sufficient to distinguish this region of Recent carbonate
sedimentation from any others so far studied, for example
the Bahama Banks have a salinity range of 36-46%, , com-
rared with a Persian Gulf range of 37%to more than 65%; .

The region is one of net evaporation and, as
Emery has shown normal salinity Indian Ocean waters (36%.
flow into the Gulf at the surface, to balance the loss by
evaporation and outflow., Highly saline, dense waters do
not accumulate in the deeper parts of the Gulf as there is
no sill to pond them back; they thus flow out at low level

into the deeper waters of the Gulf of Oman.

s),



Fig, 284 Mean annual surface salinity in the Persian

Gulf (after Sugden 1963b).

Fig. 28B Trucial Coast salinity data from Sugden (1961)
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(In this study the concentration of sea-water
will be referred to as salinity and expressed in parts per
thousand €8.%s ). This is the form with which most geologists
are probably familiar. Sugden, however, has used chlorinity
as an expression of concentration. Salinity and chlorinity
are related by an empirical relationship, salinity = chlorinity

x 1.8),

A portable National Institute of Oceanography
salinity meter was used for field determination of sea and
ground water conductivities. The instrument was calibrated
to read salinity directly and was periodically checked
against a standard sea-water sample, It was necessary to
dilute all samples with distilled water as the instrument
could be used for direct mrnsurement only up to salinities
of 42%. .

Selected sea and ground waters were brought
back to this country in standard sample bottles and their
salinity determined using the normal oceanographic chloride
fitration technigue, These samples were also checked in
the laboratory on the National Institute of Oceanography
thermostat salinity mcter. It was then possible to compare
laboratory titration and conductivity measurements with con-
ductivities determined in the field,

It was found that with the sea~watems conductivity
and titration techniques gave closely comparable results,

even though the samples rc¢quired an initial dilution for
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conductivity determination. The relationship between
chlorinity and conductivity holds true certainly up to
salinities of 65% . Ground-water values showed poor agree-
ment and with increasing concentration the "chlorinity" was
found to bear less and less relationship to the total ion
concentration determined by conductivity measurements,

The water sampling stations are shown in Figure
29 which shows field salinity meter data and laboratory
salinity meter and titration data., A few additional titration
determinations by Sugden and Halcrow are also included.

The sea-water data have been grouped together
in Figure 29%#0 show the range in salinities experienced by
the various physiographic and sedimentary sub-environmentsi-

(a) Open Sea Lo L4739

(b) Open Sea Reefs L2 -L6%s

(¢c) Oolite Banks bo-45%.,

(d) Inner Reefs 43 . 46%s

(e) Mid-arcas L42-47%,

(f) 1Inner Areas 47-67%.

(g) Creck Waters 46-62%.,) arecas of very

(h) Algal Pools 53-89%°§ restricted circulatio

(Ground water values will be considered in a

later chapter).

The values are quoted to the nearest whole
number as further accuracy is not warranted. The salinity

at any place will depend on the state of the tide, on wind



Fig. 29 Map showing salinity distribution in the near-
shore and lagoon surface waters near Abu Dhabi.
Isohalines are not marked as in «ny locality
the salinity varies seasonally and also depends

on the tidal phase.
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Fig. 294

To show the variation in salinity in the

surface waters of the various parts of the near=-
shore and lagoon areas. Data are from field
salinometer measurements and laboratory

titration determinations. A few values determined

for the area by Sugden (1961) are also included.
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activity, the scason, and probably other factors as well,
At high tide, values will be lower, and at low tide values
will be higher than the average. A station on the north
coast of Jazirat al Ftaisi, with fairly free water cir-
culation, showed a tidal variation in salinity of 1% ;
a station one mile to the southeeast, with a more restricted
circulation, showed a tidal varietion of 2.5%.. A coastal
station off the low island between Jazirat al Ftaisi and
Jazirat abu Kashasha showed a tidal variation in salinity
of 2.3%., but of interest here was that at any one time
there existed a narrow body of very shallow water swinging
along parallel to the shore, which was up to 1.8% more
saline than water a few yards further offshore, These
tidal variations in salinity will reach a maximum in the
innermost restricted areas, where the total variation will
exceed 10%.in some places., The narrow zone of very saline
water, sometimes exceeding 60-65%., will move seaward
during low water spring tides; during high water spring
tides waters of salinity 50-55%. will temporarily occupy
the seaward parts of this innermost zone. |

The offshore and seaward areas show a simple
rclationship, the open sea-waters becoming slightly con-
centrated in the seaward areas. The e€ffect of the tidal
channels in relation to water circulation can be scen from
Figure 29. A broad tongue of low salinity water occupies
much of the area to the north-ecast of Jazirat al Ftaisij

this water has evidently reached this position without
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undergoing the concentration found in the waters crossing
the shoal banks. The mid-areas have fairly high salinities,
and the effect of the tidal flow of water southward between
Abu Dhabi island and the mainland can be easily seen, this
inner cornmer of the lagoon having rather lower salinities
than equivalent inner arcas to the south., The inner areas
show extremely high salinities; the waters probably suffer
very little exchange with less saline waters and merely
move back and forth under tidal influence, finally becoming
interstitial waters in the intertidal and sabkha sub-~
environments,

Sugden deternined the annual variation in sea-
water salinity at three stations in the Gulf of Salwa
(stations A, B, C, in Figure 28A)., Stations A and B, on
the open coast and with moderately free water circulation,
showed daily variation owing to tidal and wind distribution
awffects to exceed any annual cycle of salinity variation,
Station C, however, in the restricted lagoon, showed a
marked seasonal variation, salinities being 51%; in Feb-
ruary and 59%. in August. The seasonzl variation in salinity
in the restricted lagoonal arcas near Abu Dhabi may well be
similar to that r¢corded at Station C in the Gulf of Salwa ..

All salihity mieasurenents were made on surface
sea~woter samples. However, from the turbulence and effec-
tiveness of the tidal circuiation, little vertieal variation
in salinity would be expected., Phleger and Ewing (1962)

deternined surface and bottom water salinities in the Laguns
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Ojo de Liebre and found the waters to be isohaline at most
stations, But at a few stations the bottom waters were
more saline, this condition occurring following nocturnal
cooling of the highly saline lagoon waters. This effec=
tively incrcased their density and gave rise to this type
of haline overturn, differiung from host other types in
probably being developed on a diurnal rather than a scasonal
cycle as in morqbpen bodies of water.

Of fshore in the Trucial Coast embayment, Wells
and Illing (1963) have recorded a slight increase in salinity

in botton waters.



pH

Sea water has a typical pH range of 8.1-8.3.
Values are usually slightly lower at night and slightly
higher during the day.

Doytime pH measurements of unrestricted waters
near Abu Dhabi showed a range in values of 8,1-8.4, 1In
nore restricted areas, such as algal pools, pH values of
up to 9.75 were recorded.

Consideration of pH values in an environment
of carbonate deposition is critical because the solubility

of CaCO3 is greatly affected by changes in pH.

Eall



CHAPTER IITI

'ORGANISM COMMUNITIES AND SEDIMENTS,

GENERAL

The physiographic units described in the earlier
chapter are characterised by particular orgénism communities
and sediments, Many organisms typify more than a single
physiographic unit but the units can be differentiated from
each other on the combined characteristics of their bottom
sediments and organism communfties.

In this study, nearly 800 surface sediment
samples were collected from above high water mark, from the
intertidal zone and from the marine areas. Nearly 60 cores,
up to one metre in length, were collected, mainly in shallow
water, intertidal or land areas, An attempt was also made
to determine the distribution of organisms and to assess
the part they play in the facies development,

The sampling‘grid was devised to ensure a reason-
able cover over the area; gaps and irregularities in
the grid are caused by inaccessibility or rapid local
changes in bottom and sediment type. For example, if
samples along a éraverse are widely and evenly spaced

then this reflects a general uniformity of bottom and
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sediment character. Where local variations were found

then these areas were examined and sampled in more detail.
Water depth and bottom features were recorded along all
traverses. On collection, sediment samples were examined and
their superficial features noted. A limited amount of
sediment examination with a stereoscopic microscope was
carried out in the field and in this way a rough facies

map was constructed, Laboratory studies have refined this
map but not altered it markedly in any way.

The pH and Eh values of the interstitial waters
of the sediments were measured immediately they were col-
lectod, using a portable, battery-operated pH meter, This
instrument could be read to within 0.1 pH units and to
within 10 millivolts Eh units.

Floral and faunal samples were collected at
many stations and inter-station distribution of the major
forms noted and related where possible to water depth,
substrate or other environmental factors. The major
elements of the flora and fauna are given below together
with ecological data and notes on the part the organisms
play in the development of the sedimentary facies.

From the highly saline Gulfs of Bahrain and
Salwa, Sugden (1963b) has reported an abundant and diverse
fauna of algae, foraminifera, sponges, bryozoa, worms,
molluscs, arthropods and fish, Notable for their absence
were corals, sharks and turtles, Along the Trucial Coast

corals and turtles are common but sharks (except for sand
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sharks) do not enter the lagoons and are limited to the
shelf areas., Dolphins are very common in the Trucial Coast
shelf and lagoon areas, There are many similarities between
the Trucial Coast and Gulfs of Bahrain and Salwa but also
notable differences, which will be considered in more

detail when discussing the groups concerned.
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FLORA

Land flora is sparse and limited to a few
specles, but does play a role in the partial stabilisation
of some windblown sands. 1In the tidal crecks and swamps
and along some sheltered mid and inner lagoon coasts,

Arthrocnemum glaucum and Avicennia marina (Mangrove) are

abundant (Figs. 12 and 13), The former is very widespread
and effectively stabilises sediment in the upper part of
the intertidal zone throughout muﬁh of the inner lagoon.

In the marine areas, the dominant higher plant

is Halodule (Diplanthera) uninervis, which forms dense mats,

often complectely obscuring the bottom sediments, Below
low water mark the grass-like leaves of Halodule grow up
to 8 ins. (20 cms.) in length, but in the lower parts of
the intertidal zone the leaves are shorter and often only
1-2 ins. (4-5 cms.) long; the roots form a tangled mat in
the uppermost 4-6 ins., (10-15 cms.) of the sediment. It
is particularly common in the mid lagoon and plays an
important role in the entrapment of fine sediment. The
entrapment of particles is greatly aided by the growth of
small filamentous green algae on the exposed surfaces of
its leaves. Along the Trucial Coast, Halodule plays the
equivalent role to that of Thalassia in the Bahamas., Other

common marine plants include Halophila stipulacea and

Halophila ovalis; the former is common in shelf and mid

lagoon areas whereas the latter occurs mainly in the mid

lagoon,



- 102 -

In addition to sediment entrapment, the dense
plant cover may assist in the precipitation of CaCO3 by
locally raising the pH of the waters during daytime photo-
synthesis, Below the sediment surface plant debris is not
abundant, although a few stems and roots are to be found
infilled with mud. Beales (1963) has suggested that this
type of trace fossil may be the only indication of the former
existence of a plant cover in many areas of carbonate mud
accunulation,

Algae are locally abundant. On rock surfaces
on the oolite deltas and on dead coral heads on the inner
reef, large brown seaweeds grow in profusion. Brown sea-
weeds are common offshore and are drifted onto open coasts,
where large accumulations are to be found near high water
mark, On an accreting coastline these produce thin peats
within the sediment sequence, In the mid and inner lagoon,
brown seaweeds are uncommon. Smaller red and green algae
occur throughout the area but do not appear to be significant
menbers of thg total community. Two small patches of AVrain-

villea c¢.f, A, amadelpha, were found growing in shallow

water off the south-west coast of Jazirat al Ftaisi. Sone

species of Avrainvillea are known to produce minute aragonite

needles in the Bahamas (Cloud, 1961).

The great spreads of tough algal mat which
occur in the mid and upper parts of the intertidal zone
throughout much of the mid and inner lagoon_are perhaps

the most important algae from a geological standpoint,
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Apart from the calcareous algae of the reefs, they are
certainly the forms most likely to leave behind in the
sediments direct evidence of their former existence, The
algal mats comprise an interwoven network of filaments,
doninantly of blue~green algae. The upper surface is a
mass of fine, upstanding filaments which entrap and'effec-
tively stabilise fine sediment particles (Fig. 334).
Calcareous algae are largely confined to the

coral reefs, Here, a suwall branching species of Lithophyllum

is by far the most abundant and is the source of at least

30% of the reef sediments. Archaeolithothamnion is common

locally. An encrusting species of Lithophyllum covers nuch

of the coarse debris of the reefs and channel floors. A
delicate branching alga, Jania, occurs throughout the area
but is most common in the mid and inner lagoon.

A notable absentee from the calcareous alga
group is the aragonitic alga Halimedn, which plays such a
significant role in the Bahamas and many other areas of
carbonate sedimentation, Except for the very restricted

occurrence of Avrainvillea, other algae such as Rhipocephalus,

Penicillus, Udotea, and related forms, which nmay be the

source of aragonite needles in Bahaman and other carbonate

areas (Lowenstam and Epstein 1957) are also absent.
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FAUNA

The fauna has been identified by the staff of
the British Museum (Natural History). The lists are incon=-
plete as some identifications have still to be made. The
relative abundance and area of occurrence of the forms is
indicated as follows:-
Abundance: v.c. = very common: ¢, - COMION: U = UNCoRMON:
r. - rare,
Location: § - Shelf: O - Qolite delta: C - Channel: R = Reef:
" M - Mid lagoon: I - Inner lagoon: T - Tidal creeks; algal

nats: Z - intertidal zone: L - Land: Ro = Rock surfaces

Corals
v.c. Acropora sp. cf. A, pharaonis R, M.
v.c. Porites sp. cf. P, lutea R, M,
¢, Platygyra lamellina R;
¢c. Cyphastrea microphthalna R.
c. Stylophora pistillata R.
u., Favia favus R,
r. Coscinaria monile ' R,
r., Siderastrea liliacea Re
r. Psammocora (Stephanaria) planipora R.
r. Turbinaria sp. R.
r. Plesiastrea sp. nov. R.

The occurrence of reef corals in this area is
of considerable interest, as the high temperature and salinity

conditions experienced would previously have been considered
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ininical to their well being. Reef or heraatypic corals
are distinguished by thc presence of symbiotic, unicellular,
dinoflagellaote algae or zooxanthellae in their endoderual
tissues. 'Deep-sea' or aheruatypic corals lack zooxanthellae
and can withstand a much wider range of environmental con-
ditions than can reef corals, Reef corals are limited in
thelr habitats largely because of the wmutual interdepcndence
of the coral polyps and their algal symbionts,

Limitations on reef coral growth include
factors such as, water circulation, illumination, tempe!ature
and salinity:
() Water circulation: fairly vigorous water circulation
is required to ensure the necessary supply of oxygen and
nutrients,
(b) Illumination: reef corals generally live in depths of
less than 160 ft, (50 netres) and most vigorous growth
takes place in depths of less than 65 ft, (20 metres). The
depth control is a reflection of the depth to which light
can penetrate in sufficient amount to maintain the metabolic
processes of the zooxaanthellae., The upper linit of coral
growth is nornally close to low water mark, as death ensues
by desiccation if exposure is too prolonged.
(¢) Teuperature: water teuwperature is an inportant control
and reef corals flourish best in the range 25-2900. (Wells,
1957). They can withstand limited exposurc to teuperatures
as low as 16-17°C. and in the West Indies the maximum endur-

able teiperature for survival and continued growth has been
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found to be about 36°C. Because of its high rate of neta-
bolism, Acropora is thought to be the nost sensitive and can
endure a maxinun temperature of only 3200. (Wells, personal
communication),

(d) Salinity: average tropical ocean water has a salinity
of 35%a and reef corals flourish best within the range 34-36%
(Wells, 1957). However, they can tolerate dilution to 27%
or concentration to 40% . In the West Indies it is found
that Acropora can withstand salinities of 40% for only a
few hours, although Porites can survive salinities of up

to 48%. . Above 48%, all forms die or are damaged (Wells -

personal communication).

Along the Trucial Coast, reef corals grow bet-
ween low water mark and about 30-50 ft, (10-15 metres) depth.
However, sea water temperatures and salinities have been
found to exceed those recorded in other regions of reef coral
growth (Chapter II), Surface and shallow sea water tenp-
eratures range seasonally from a nininum of 16°C. to a
maximuy of over 4OOC.; deeper than 12-15 ft, (4-5 metres) the
seasonal temperature range is about 20-3600. Average surface
water temperatures from May to October are in excess of
30°C. In late July, August and early September air teump-
eratures over the adjoining islands reach at least 4?00.
and during this period shallow water temperatures in excess
of 35°C. are commonly encountered. Previous authors (in

Wells, 1957) have found that a large diurnal range in water

+
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temperature has drastically affected the distribution of
corals on reef flats and other very shoal areas. Along
the Trucial Coast corals on the reef tops and in very
shallow depths endure diurnal temperature ranges in
excess of 10°C and a total seasonal range of over 2000.

The reefs of the Trucial Coast are composed dominantly

of Acropora, even in very shoal areas which suffer maximum
temperature changes; yet Acropora is a form found to be
extremely temperature sensitive in the West Indies.

Sea water salinities along the Arabian shore of
the Persian Gulf are éverywhere high and near Abu Dhabi the
open coast salinities are always in excess of 42%. (Chapter II).
Salinities 1n the reef areas range from ko459, and in the
seaward parts of the lagoons large Porites colonies, up to
10 ft. (3 metres) in diameter, occur where salinities reach
48%. . As in the West Indies, it is the massive coral Porites
which is capable of withstanding the highest salinities,
although above 48%. even this form cannot survive. Other
genera apparently cannot tolerate salinities much in excess
of 45%.,

The optimum and previously determined temperature
and salinity limits of reef coral growth are indicated in
Fig, 30 , also shown are the extensions of the limits deter-
mined from the Trucial Coast reef coral environment,

With the exception of the new species of Pleaia-

strea, all the forms found along the Trucial Coast are
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Fig, 30 Temperature and Salinity tolerances of Reef
Corals; indicating the previously known limits
of reef coral growth together with the extended

data from the Trucial Coast environment,
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known to occur in the Red Sea and Indian Ocean, and most of
these species have been previously recorded in the northern
Persian Gulf. The genus Psammocora is uncommon but widespread
in the faunas of the Red Sea and Indo-Pacific regions but
this is the first recorded occurrence from the Persian Gulf,

The presence of Siderastrea is also of interest, as it is

extremely rare in the living Indo-Pacific fauna, being
typically an Atlantic genus,

The total number of genera of reef corals now
recorded fromm the Persian Gulf is fifteen and eleven of these
have been found in the Abu Dhabi area. The full Indo-Pacific
fauna numbers over 80 genera. The attenuation in the number
of genera between the Indo-Pacific and Persian Gulf regions
may be explained either as a result of geographical isolation
or becausge of the extreme temperatures and salinitie; exper-
ienced in the latter region or as a combination of these
factors. Even within the Persian Gulf the number of genera
would appear to be lower along the Trucial Coast than in the
northern parts of the Gulf, where water salinities are less
then 39-40%. and summer water temperatures probably do not
exceed 3500. It is therefore probable that the further
reduction of genera along the Trucial Coast is a result of
the higher water temperatures and salinities of this area.

The distribution of reef corals in areas

affected by low temperatures has been remarked upon by



- 110 =
several authors (in Wells 1957). Below 18°C the number of

genera and species falls and reef development as a whole is
less strong than in areas of higher temperatures. In the

Abu Dhabi area reef structures are fairly well developed,
though probably inferior to those formed under less extreme
conditions of temperature and salinity. Despite the reduction
in the number of genera, reef structures formed of severl
coral genera are still developed where salinities do not
excced 45%.., Above U5%. reefs are no longer formed and

only lone colonies of Poritesy; often of large size, are to

be found.

Sugden (1963b) has considered the absence of
corals from the Gulfs of Bahrain and Salwa to be attributable
to the low winter water temperatures (18.5°C), but corals
grow quite profusely in many regions where temperatures fall
to 77-1800 and temperatures of less than 16-1700 are required
to completely eliminate reef corals, The present author
considers that the most critical control on reef coral
distribution along the southern parts of the Persian Gulf
is water salinity. Sugden's salinity data for the Gulfs of
Bahrain and Salwa (1963b) show values near the northern end
of Bahrain Island to be about 45%: and to increase rapidly
to the south. Along the Trucial Coast reef corals flourish
until salinities reach 45%. , although single colonies of
Porites occur where water salinities are as high as 48%..

The water salinity of the Gulfs of Bahrain and Salwa thus
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falls at the extreme limit tolerated by reef corals and
reasonably accounts for thelr absence from this area.

In the geological record the presence of coral
reefs is usually taken as good evidence that the environment
was one in which sea water salinities were close to normal
(35%:). However, in the Abu Dhabi area coral reefs are
growing under conditions of elevated temperature and salinity.
The only indication of extreme conditions is the reduction
in the number of genera. Those genera which are present
show "no noticeable differences or effects - they might all
have come from waters of usual salinity and temperature"
(Wells - personal communication). Lying close behind the
reefs are the lagoonal carbonate sediments together with
early diagenetic dolomite and evaporite deposits. The close
juxtaposition of coral reefs, apparently indicating normal
salinity waters, and of evaporites and lagoonal 'back-reef!
dolomites, normally considered indicative of elevated sali-
nities, is of fairly frequent occurrence in the geological
record, But studies on the Trucial Coast have shown that
the back reef dolomite and evaporite deposits are a diagenetic
development and that excessively high salinities in this
environment are not attained by free standing bodies of
lagoon waters but by pore fluids within the sediments.

Thus the concept of back-reef lagoon with waters of salinity
greater than 100%. is in many instances almost certainly

incorrect. However, in order to produce high salinities in
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the interstitial fluids within the sediments, an area must

be one of high net evaporation., High net evaporation will
tend to produce higher than normal salinity waters in shallow
shelf and lagoon environments (as occurs along the Trucial
Coast) but if offshore depths are fairly great and water
circulation unrestricted then salinities at the seaward edge
of lagoon barriers may rise little higher than those of
normal ocean water., Thus, in any arca, if fairly deep

water conditions can be proved to have existed seaward of

the coral reefs then the corals probably lived in waters

with salinities close to normal, even though shallow back
lagoonal waters might have been fairly saline., But if
evidence is found of coral reefs growing at the inner margins
of a broad shallow shelf, with saline lagoons behind, then

it is quite possible that the corals themselves were living
under fairly saline conditions. The latter type of occurrence
is exemplified by the present-day Trucial Coast environment,
(Most of the above discussion on the relationships of reef
coral growth with high temperatures and salinities has been

published in a short paper (Kinsman 1964),

Echinoderms
Asteroids
veCe. Astropecten phragmorus S, R, M.
u, Astropecten indicus 0.

VeCe Linckia multifora R.
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v.c. Asterina burtoni iranica R, M,

Oghiuroids

¢, Ophiothrix savienyi R,
u, Ophiothrix comata R, M.
¢, Ophiothrix sp. aff. exigua c.
u. Ophionereis dubia R, C.
u. Amphioplus hastatus S
Echinoids
v.C. Echinometra mathzei R.
u., Echinodiscus bisperforatus O;
u. Echinodiscus auritus | 0, M.,

The asteroids and ophiuroids contribute little
to the sediment. The reef echinoid, Echinometra, is often
very abundant and contributes appreciable amounts of gkeletal
materials to the reef sediments. Its activities in the com-
minution of reef debris are probably quite significant.

The burrowing echinoids Echinodiscus bisperforatus and

Echinodiscus auritus are not common but their spines are to

be found in the oolite sand and seaward pellet sand areas.
A fairly diverse echinofd fauna, including E. auritus occurs
offshore and spines from these forms form a conspicuous

element of the shelf sands.

Molluscs

Lamellibranchs

c. Arca (Arca) divaricata M.
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Arca (Arca) donaciformis
Arca (Barbatica) lacderata
Arca sp.

Arca uropigmelania

Ostrea cuculata

Pinna atropurpurea

Malleus recula

Codakia (Jagonia) divergens
Spondylus exilis

Meretrix meretrix
Petunculus striatularis
Circe (Circe) scripta

Circe (Circenita) arabicum
Circe (Parmulophoca) corruguta
Asaphis (Asaphis) deflorata
Lithophaga sp.

Isognomon legumen

Isognomon sp.

Pinctada radiata

Brachydontes (Hormomya) variabilis

Glycimeris arabica
Trachycardium lacunosum
Pitaria (Amiantis) erycina
Glycimeris c¢f. G. Taylori

Chlamys ruschenbergii

M.
S.
Se
S.
M.

M.

R.
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Monilea (Priotrochus) obscura

Murex anguliferus
Murex scolopax
Cerithium petrosum
Cerithium rugosum
Cerithium scabridum

Cerithium caeruleunm

M.
M, I, Te
S, M, I,

Ro.

Cerithidea (Cerithideopsilla) cingulatus M, I,

Bullaria ampulla
Buchelus asper

Drupa margariticola
Nagsarius pullus
Nassarius idyllia
Nassarius stigmarius
Turitella fascialis
Phasianella nivosa
Melampus sp.

Mitrella misera
Mitrella blanda
Littorina sp.

Ancilla cf. A. eburnea
Ancilla cinnamomea
Thais tissoti

Thais pseudohippocastaneum

Planaxis sulcatus

S, M.
R.
R, Ro, M.

M.

M.
S, Z.
Ro, T.
M.
M.
ko,
Ro,

Ro,
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¢, Turbo coronatus M.
r. Oncidium_perodnii M, T.
¢. Siphonaria sp. Ro,
¢. Cypraea (Erosaria) turdus S.

¢. Trochus (Infundibulops) erythaeus S.

C. Strombus decorus S,

C. Gafrarum pectinatum R,

Molluscs are abundant and are an important source
of sediment, Along exposed coasts; the beach sediments are
commonly of molluscan debris. In shelf areas lamellibranchs
would seem to dominate but in the iagoons gastropods are the
most abundant group, Some species occur over a wide range

of environments, for example Mitrella blanda and species of

Cerithium are found in shelf and nearly all lagoonal envir-
onments., Some species are associated only with coral reefs,
and others are found only along rocky coasts. The latter

group are very restricted as rocky coasts are found in only
a few localities, The commoner shallow water and intertidal

gastropods (species of Cerithium, Mitrella, Nassarius) occur

along all except the most exposed open sea coasts. In the

innermost lagoon and tidal creek areas, Cerithium and M. blanda

are extremely common, particularly the former, 1In these
positions they occur almost to the exclusion of other forms,
The distribution of Littorina is particularly interesting;

it lives along rocky coasts in the upper part of the inter-
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tidal zone and also on the surface of the high intertidal
algal mats. In the latter position it commonly occurs
alone, other forms living nearer mean water level,

Mid lmgoon coasts which have extensive crab
flats developed in the upper parts of the intertidal zone,
commonly have gastropod flats in the mid intertidal zone.
The gastropod flats are flooded by every tide, their surface
is littered with live and dead gastropod shells and is
covered with trails and faecal pellets. The faecal pellets
cbmprise fine carbonate grains and have a characteristic
shape and surface ornament, They are very different from
the ovoid pellets of the pellet sands.

Sugden (1963b) has discussed the effect of
salinity on the diversity of the molluscan faunas from
several parts of the Persian Gulf, He concluded that
although salinity must have some effects on the fauna,
any direct relationship between salinity and diversity of
the fauna was largely masked by other environmental factors.

Brief studies have been made by the present
author of molluscan faunas from Dubai, where salinities
are about 40%. and from two localities on the Indian Ocean
Coast of Arabia (Khor Fakhan and Masira Island) where
salinities are about 36%.. It has been found that many
species are not represented in the Abu Dhabi area which

are abundant in the arecas of lower salinity. Even along
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the Trucial Coast there is a decrease in diversity of the
fauna as higher salinities are attained in the innermost lagoon

areas. An ultimate Cerithium/Littorina assemblage is found

in the most saline areas. This assemblage is found in algal
pools where salinities exceed 100% . Littorina is found on
the almost dried out, salt encrusted, upper surface of many

algal mat areas.,

Crustacea

1. Amphigods
u. Amphithoe sp. R.

2. Decapods (Crabs)

u., Ogyrides sp. S, 0.
u., Anchistus custos C, 0.
u, Pagurus sp. 0,

c. Pachycheles sp. R.

¢c. Petrolisthes lamarckii R.

ce. Petrolisthes sp. 0.

u, Gonodactylus demani demani R.
V.c. Ocypoda aegyptica L,
v.c. Scopimera sp. e

¢. Macrophthalmus sp. nr. depressus Te
Vv.c. Cleistostoma nr. dotilleforme T,
v.c. Metopograpsus messor T.

¢. Thalamita sp. nr. poissoni R, M,
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¢c. Thalamita sp. c, 0.
v.c. Neptunus (Neptunus) sanguinolentus M,

u, Actaea savigyni J, M,0.

¢, Chlorodius niger R, M,

r. Tetralia glaberrima R,

u. Leptodius nr. hydrophilus R.

u, Achaeus sp. c, 0.

Many small crustaceans have been ignored in
this study. The particular aim regarding the crustaceans,
was to determine the burrowing species, as from a sediment
contributory point of view this group is unimportant.

The vast number. of burrowing crabs in many
areas is particulatly worthy of comment and results in the
sediments being constantly turned over, to a depth of about
2 ft. (0.6 m.). The large burrowing crab Ocypoda lives at or
just above high water mark and makes large burrows up to
4w (10 cms.) in diaméter and 2-3 ft. (up to 1 m.) deep in the
berm and back beach sediments. The smaller burrowing
crab Scopimera is the inhabitant of most sandy beaches
except those of the open coast where conditions are probably
too extreme. It lives between mid and high water and between
each successive tidal cycle completely covers this zone with
its burrowing pellets (Fig. 5). Flooding of the surface by
the next high water destroys the burrowing pellets of both

Scopimera and Ocypoda as they are of an extremely loose
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texture. The result of this intensive burrowing is the com-
plete destruction of bedding and other sedimentary structures.
Both these forms move down the intertidal zone during the
period of neap tides and back up the zone during spring tides.
Scopimera only exists where the sediments are sandy, more
than about 10% of mud being sufficient to cause its absence.
Ocypoda lives around all the coasts except those of the inner-
most lagoon.
In mid and inner parts of the lggoons the swimming
crab Neptunus is abundant and disturbs the upper 1-2 ins.
(4=5 cms.) of sediment in making its shallow, day-time burrow.
In the creeks and swamps crabs are again abundant,

particularly Cleistostoma, Metopograpsus and Macrophthalmus.

Each of these forms burrows to a depth of about 2 ft. (% m.)
in the muddy creek sediments and each burrows in a slightly

different manner, The most outstanding is Cleistostoma,

whose burrowing mounds are shown in Figure 12, A central
burrow 0,5 ins. (1-2 cms,) across is surrounded by a cir-

cular mound 2-~3 ins, (5-6 cms.) high and 5-10 ins. (15-25 cms.)
in diameter; the mound is formed of a supériuposed mass of
radiating !'finger 8'of muddy sediment. Other species make
complex, ramifying networks of burrows; the burrows them-
selves often are lined with a thin layer (0.1 in, 2-3 mms.)

of very fine grained carbonate mud and on occasions
cementation of the wall occurs and preservation of the

burrow is thus assured.
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The effect of the crabs is to disrupt the
sediment, to impress a bioturbated sfructure upon it and
leave the upper surface far from plane. The characteristic
feature of the crecks is the unevenness of the upper sediment
surface.

It is significant that apart from a few species
of molluscs and worms the crabs are by far the most abundant
organisms of the inner lagoon and creek areas. This is so,
in spite of the high temperatures and salinities experienced.
The physical effect of their activities upon the sediments is
immense yet they contribute little skeletal material directly
to the sediments., It is possible therefore that the part
they have played in the development of these sediments would

not be directly recognised in lithified equivalents.

Foraminifera

The foraminifera have been briefly examined
froﬁ representative samples of the various sediment types
by Mr. D. J. Carter. The data are presented in Figure 31.
The discussion below was also contributed mainly by him.

In the shelf sands foraminifera are coumon but
small types predominate; in the oolite sands foraminifera of
all types are uncommon, but the reef and lagoon sediments
show moderately high percentages. In all samples, the fora-
minifera do not constitute more than 10% of the total

sediment,
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Distribution of Foraminifera in representative
samples : expressed as cumulative percentage
graphs of species in the 60-30 fraction,

The diagrammatic section shows the inter-
relationships between the samples, and the

water salinities of the stations.
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The inner lagoon fauna is obviously very different
from that of the shelf. However, similar assemblages to
that of the inner lagoon have been found by earlier workers
to typify brackish water lagoonal euvironments. This
assemblage is, therefore, not a brackish water indicator but
is merely composed of those forms capable of withstanding
the wost extreme environmental conditions.

Some lagoonal sequences, associated closely
with red beds and thin evaporites have in the past been
interpreted as brackish water because of their foraminiferal
assemblages, But the close association of 'brackish water!
foraminifera and the red beds and evaporites has not proved
easy to understand. Using the Trucial Coast data, however,
this assemblage may be interpreted as indicating increased
salinities, and the occurrence of evaporites is consistent

with this,

Other Organisms

Many groups of organisms have not been considered,
mainly because they do not contribute obviously to the evo-
lution of the sedimentary facies. Sponges have been found
throughout the area but aie most common attached to coarse
reef and channel debris; they also occur in the shallow mid
and inner parts of the lagoons. None of the species collected

has been specifically identified but all belong to the



- 12h -

Haploscleridae. Soft bodied forms such as Coelenterates

are very abupdant. Beche-de-mer (Holothurians) are comuon

locally., The organism responsible for the pelleting of the
lagoonal muds is not known. Cloud (1961) consideredban
annelid worm to be the principal pellet maker in the Bahamas.
These and many other organisms were noted, but
apart from the unknown pellet-maker the combined effects of

the faunal elements not considered is very slight,
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SEDIMENTS

The surface sediment samples have been divided
into facies following field and laboratory emamination. The
parameters of size, sorting and rounding have been crudely
determined using comparison tubes or direct measurement of
grains. The ratios of components in the samples have been
estimated visually.

The following surface sediment facies have been
recognised and their areal distribution is shown in Figure 32.

Shelf facies

Reef facies

Oolite facies

Channel facies

Mid and Inner Lagoon facies

Creek and Algal facies

Shelf facies

The sediments of the shelf facies, although no
doubt subjected to wave action during storm conditions, are
not as continually affected by wave activity as are the
oolite sands of the tidal deltas or the reef top sands of the
open coast reefs. Offshore the shelf facies is very variable
and sediments range from coarse skeletal sands and gravels
to fine muds. The inner shelf sediments are less variable
and range from coarse sands to very fine sands with small

additions of mud., Local elevations and depressions of the
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Fig., 32 Distribution of Sedimentary Facies in Abu

Dhabi - Ras al Kahf area,
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sea floor control the distribution of sediments, features of
only 2-3 feet (less than 1 metre) in amplitude being critical
in this respect,

The sediments are generally medium to dark grey
in colour and are usually somewhat foctid, interstitial
waters showing a pH of about 7.7 and Eh of about =100 milli-
volts. The medium and coarse grades are almost entirely
molluscan, with some echinoderm, coral and calcareous algal
grains. Most coarse skeletal grains are bored and have a
corroded appearance. Other shelly materials include foraminifera,
ostracods, polyzoa and echinoid spines. Many of the skeletal
grains are thin walled and unbroken; many lamellibranchs
valves are still articulated, or if separated show little
sign of abrasion. Broken shells nearly always have angular
edges and evidence of abrasion is everywhere slight. In the
fine and very fine grades are appreciable guantities of non-
carbonate grains, ranging from 18-34% (average 28%) of the
total sample. Coarser sands on local highs of the sea floor
contain less than 6% non-carbonate grains; in these sediments
the fines have been winnowed away, including most of the non-
carbonate grains, which have a medium diameter close to 0.13 ms,
Many of the very fine sand and silt sized non-carbonate
grains are angular or sub-angular, although occasional fine
or medium sand sized, well rounded, typical 2eolinnguartz
grains do occur,

Oolites are rare except immediately below the
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delta edge. A few ovoid pellets of unknown origin occur in
some samples. A few composite grains occur, some of these
are limestone grains derived from underlying limestones on
the shelf, others are of more recent origin, consisting of
grains of the finer grades of the sediment cemented together
with granular aragonite; yet others ark the cemented infillings
of skeletal grains, released after breakdown of the shell.
Inside many large skeletal fragments, even single lamelli-
branch valwes, similar cementation of fine sediment grains
with granular aragonite is found. Many of the finer grains
also bear an irregular and incomplete coating of granular
aragonite. Aragonite needles occur inside some skeletal
grains, particularly gastropods and foraminifera. The res-
tricted micro-environment inside the skeletal grains would

seem to be one in which CaCO, can be fairly readily preci-

3
pitated.
The sediments of the interdelta areas are shelf

sands with greater or lesser admixture of reef or oolite grains.

Reef Facies

The structure and major forms of the reefs
have been described in Chapter I, The reef sediments are
those derived almost entirely from the reef fauna, but in
places, mixtures with other facies are found.

The more active reefs are dominantly composed of

in~place corals with interstitial spaces infilled with cal-
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careous algae. Debris derived from the organic elements

of the reef supplies sand and mud which compete the infillig.
The less vigorous reefs have nore broken and overturned coral
clumps but are otherwise. similar,Where a reef top bears a
fair amount of living coral than the sediments are very ill-
sorted. But when much of the reef top is almost campletely
free from coral heads, then fairly well sorted and abwr.ided
sands occur ~ the latter condition is found across much of
the reef top off the Dhabayah peninsula.

The reef sediments comprise coral and calcareous
algal grains with minor amounts of echinoid, molluscan and
foraminiferal grains. The sediments are generally angular
and ill-sorted, fragments ranging in size from entire coral
heads to silt and clay sized particles. Intergtitial pH and
Eh values in the sandy sediments average pH 7.9, Eh +50 Milli-
volts; in more muddy reef sediments the values average, pH
7.5, Eh =200 to -300 millivolts. The finest grains accumulate
in hollows in the reef top or in quiet back-reef hollows and
lagoons., The backrecef lagoon off the Dhabayah peninsula
is floored with reef derived silty and sandy muds, which in
the nearshore intertidal zone are being pelleted. The pellets
morphologically resemble those of the mid and inner lagoon
facies but are derived from reef muds, which differ markedly
in mineralogy from the wmuds of the mid and inner lagoon,

The open coast reefs show a gradational relation-

ship with the shelf facies. Mixed reef and oolite sands
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occur around the shallow channels and banks nea€ Batin and
on the delta top to the north of the wmain tidal channel
between Abu Dhabi island and Halat al Bahrani., Local adwixture
of reef scdiments is found in some parts of the mid lagoon
where small areas of coral occur. The interdelta and channel
deposits both contain appreciable amounts of reef derived

grains.,

Qolite PFacies

The oolite facies is confined to the delta tops
except for some drifted or windblown accumulations. The sedi-
ments are largely cream to buff coloured medium and fine
grained oolite sands, with oolite gencrally greater than
60%. At the delta edge medium sized oolites predominate and
all grains are well polished. Except on the island beaches,
the oolites and skeletal grains farther back on the deltas
are not polished and are commonly bored, possibly by boring
algae., The shoal banks off the north and south west coasts
of Halat al Bahrani are of fine oolite sands. The interstitial
pH and Eh values averaged 7.9 and +40 millivolts respectively.

Skeletal grains are subordinate and are mainly
of rounded, thick shelled material, Little thin shelled
debris occurs except for the occasional very abraded fora-
minifera and small lamellibranch valve, Those skeletal
grains which do occur are all heavily abreded., Limestone

grains are not comuon except where the cover of oolite
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sand over the underlying limestone is very thin. A few
composite grains occur, usually comprising two or three

small oolite or skeletal grains joilned by a granular aragonite
cement,

The non-carbonate content of the ocolite sands
ranges from 2-15% (average 7%) but is highest in the finest
oolite sands. Non-carbonate grains form cores to some oolites,
although skeletal grains and pellets form the major core
naterials, Some of the small non~carbonate grains show
partial jackets of aragonite, representing the first stages
of oolitisation.,

The oolite facies is mixed in places with reef
sediments and passes back into the mid lagoon facies with
the progressive incoming of pellet sands. Oolite grains are
drifted back into these areas or are blown there from the
oolite dune ridges. The oolite grains are drifted from the
deltas onto the beaches and are then blown inland. 1In
places, large dune ridges of oolite sands are found, for
example on Abu Dhabi island and Halat al Bahrani. On Halat
al Bahrani the oolites are blown further inland and form
oolite~rich sediments off the south-eastern corner of the
island. A similar dispersion of oolite grains takes place

all along the coast,

Channel facies

The channel sediments may comprise components
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from several facies, and are often of an extremely heterogeneous
character. The form of the channel and the current flow
within it largely define the type of sediments to be found.
In the main channels between Halat al Bahrani and Abu Dhabi
island the surface is littered with a coarse lag of coral and
shell debris, thickly encrusted with calcareous algaec, bryozoa
and sponges and badly bored and abraded, Fincr skeletal and
oolite sands occupy interstitial positions. The finer materials
are carried seawards by the ebb currents and deposited just
in from the channel mouth., At the channel mouth itself
ooclite sands predowminate.

The main tidal channels to the north cast of
Abu Dhabi island and south-west of Halat al Bahrani are
less well defined features and do not show such diversity
in their bottom sediments. Their sediments arc¢ skeletal and
oolite sands with only occasional larger fragments, In par-
ticular they lack the high percentage of reef derived debris

which occurs in the Halat al Bahrani/Abu Dhabi island channels.

Mid and Inner Lagoon Facies

The mid and inner lagoon sediments are mainly
aragonite muds and pellet sands, with subordinate amounts of
skeletal materials, The latter are largely gastropods and
foraminifera. Sediments below low water mark are always
muddy and in sheltered areas the intertidal sediments are

also muddy. Shoal banks and coasts ecxposed to the north-west
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winds have pellet and skeletal sands with little or no mud.
In Figure 11 the shoals are of clean pellet sands whereas
the weed covered decper arcas have more muddy secdiments.

The deep arca to the north-east of Jazirat al Ftaisi is
floored with silty and sandy muds, mixed in two local areas
with reef sediments. DMost of the muds are loosely pelleted
but as the water depth decreases the percentage of hard
pellets increases until on the very shoal banks the pellets
are quite hard and aragonite mud may be absent, There is
an almost complete gradation between loose aragonite mud and
hard pellets, the intermediate stages of loosely agglutinated
mud and soft pellets being common below low water mark. The
intermediate stages also occur in the intertidal zone in:.
sheltered areas. Agglutinated mud may represent partially
degraded pellets or primary agglutination of aragonite mud,
Much of the aragonite mud is probably pelleted again and
again. Pellets above low water mark in exposed areas have
most chance of survival as deposition of aragonite takesv
place, mainly in peripheral positiong and firmly cements
the pelleted mud together.

As in the other facies the interstitial pH
and Eh was found to bear an almost direct relationship to
grain size., In sandy sediments values of pH and Eh averaged
7.9 and +50 millivolts; in muddy sediments values averaged
7.5 and =100 millivolts respectively.

The muds consist of areagonite needles less than
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1'2P long, together with more shapeless, granular material,
the whole usually loosely agglutinated with an organic film.

Some beaches and islands have local accumulations
of coarse shell sands and gravels, often almost entirely
of gastropods. The exposed inner lagoon coast, lying opposite
the inner end of the main tidal channel between Jazirat
al Ftaisi and Abu Dhabi island, and exposed to the shamal
winds, has coarser shelly and pellet sands foraming the
beach and beach ridgg sediments,

Areas in the lee of the larger islands receive
windblown additions., The oolite-rich mid lagoon sediments to
the south-east of Halat al Bahrani have already been mentioned.
An unusual addition is that of windblown gypsum~rich sands.
For example, along the southern coast of Halat al Bahrani
and particularly along the south-eastern coast of Jazirat
al Ftaisi, sands with gypsum derived froam the island sabkhas
is blown onto the beaches and into the marine areas. The
dune sands may comprise up to 70% of wind abraded gypsum
crystals but although searched for, no gypsum grains were
found seaward of the mid parts of the intertidal zone. This
is to be expected, as the sea waters of these areas are not
sufficienlty concentrated to be saturated with respect to
gypsum, which will thus go into solution.

The non-carbonate content of the lagoon sediments
varies widely and is directly dependent on the nearness of

Miliolite Limestone outcrops. Sediments overlying Miliolite
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Limestone platforms derive nonw-carbonate grains directly
from the underlying source, but in areas downwind of Miliolite

islands the non-carbonate grains are mainly wind derived.

Creek and Algal Facies

The creeXx and algal sediments occupy the sheltered
intertidal zone in wmuch of the mid and inner lagoon. The
sediments are generally sandy nuds but range from almost
pure aragonite needle nuds to skeletal sands. Skeletal grais
are common on the floors of the creek channels or as beach ridge

or strandline accumulations. The latter are conposed
almost entircly of gastropod shells, most of which are entire
and little abraded.

The surface structures of the algal mats can
be seen in figures 14A-C. The mats are often broken into
polygonal pieces (Fig. 14B), some of which become overturned
by tidal waters. Shallow pools and runnels cross the surface
(Fig. 14C) and the floors of these are often littered with
gastropods. Gastropods also accumulate in the crevices
between algal polygons. Minor structures vary greatly, some
surfaces belng almost plane whilst others support a veraiculn
growth pattern (Fig. 144). The algal mats entrap sediment
particles onto their upper surface, as can be seen in Figure
33A., The sediments are generally banded, with algal layers
alternating with muddy and sandy sediment layers; whole

gastropods are common between the algal layers. The algal



Fig, 33 A
(Upper)

Fig. 33> B
(Lower)

Upper surface of algal mat showing
upstanding 'hairs' and entrapped aragonite

mud particles, X 50.

Structures in algal banded (stromatolitic)

sediments. X 3.
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banding may be parallel, sub-parallel or irregular (Figure 33B).

The aragonite muds of the creeks and algal flats
are similar to those of the mid and inner lagoon and are
mainly composed of aragonite needles 1-2p in length, The
muds are loosely pelleted in amany places, but conceantrations
of hard pellets, such’as occur on shoal banks in the mid
lagoon, are not found.

Beneath many of the algal nats gypsum is
precipitated from interstitial and surface sea-waters,
concontrated between tides. The gypsum crystals are often
clear but many contain included carbonate particles. The
upper 1-2 cus. of the algal sediments is sometimes cemented
with aragonite and gypsum, although the sediments below are
not affected. As the creeks meander and change their course
the earlier sediments wmay be rederived and many creek sides
and floors are littered with broken fraguents of loosely cemanted

lincstone.
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CHAPTER IV

WATER AND SEDIMENT, CHEMISTRY

AND ORIGIN OF THE SEDIMENTS

GENERAL

A knowledge of the mineralogy and chenistry of
carbonate sediments may enable the origin of the sediments
to be determined and may also indicate the probable course of
early diagenetic changes. For ékample, the sediments origi=~
nating from a coral reef, even if too fine in grain a&aize
to enable the constituent particles to be identified, can
still be shown to have a reef origin because of their
mineralogy. Work on the solubility of carbonate minerals
by Chave and others (1962) indicates that the sequence of
post-depositional changes to be expected in carbonate
sediments will depend to a large extent on the initial
mineralogy.

Carbonate sediments are derived frowm skeletal
sources, iogether with naterial contributed by pre-existing
limestones and by precipitation frow: solution. As the
skeletal source usually predominantes, the mineralogy, and

factors affecting the mineralog; , of the initial skeletons,
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are rather critica;.

The minerals of carbonate sediments are aragonite
and calcite. These two paramorphs of CaCO3 have differing
crystal structures and minor element cheumistry, aragonite
having an orthorhombic lattice and being prone to substitution
of calcium (Ca) by large ions (greater than 1.03), whereas
calcite has a rhombohedral lattice and is prone to subs-
titution of Ca by smaller ions (less than 1.08). The com-
monest substitution in marine aragonites is strontium(Sr) which

may reach 1-2% SrCO Substitution of Sr in calcite is

3
smaller, usually by an order of magnitude., Other substitutions
within the calcite lattice may be much greater and the one of
greatest concern when considering carbonate minerals derived
from sea~water is the substitution of magnesium (Mg) for Ca,
This can be quite extensive and may reach 30% MgCO3 in certain
calcareous algae, In aragonite the substitution of Mg for
Ca is low, being generally less than 1% MgCOB.

Substitution of this kind, where ions of different
size replace ecach other (Ca - 0.99% : sr - 1.12% Mg - 0.663)
result in changes in the lattice spacings which, if large
enough, may be used to determine the amount of substitution
which has taken place. The amount of Sr in aragonite is
too small to determine by X-ray diffraction methods, but
the amount of Mg in calcites can be determined fairly
closely (Chave, 1952 and others).

Skeletal calcites range in composition from
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alwost pure CaCO, to (Ca )COB' This range of compositions

3 70830
has been divided into two parts, low magncsian and high nag-
nesian. It has been found that most Mg-bearing skeletal
calcites contain either less than 4~5% MgCO,, or more than
10=-11% MgCOB, up to a wmaximum of about 30% MgCOS. There are
very few organisms which produce skeletal calcites in the
range 5=10% MgCOB.

Synthetic studies of phase egquilibria in the

system CaCO, and MgCC, by Jamieson (1953), Harker and Tuttle

3 3
(1955), Graf and Goldsmith (1955), Chave et al (1962) and
many others, have shown that only calcite containing less than
about 4% MgCO3 is stable under carth surface conditions of
temperature and pressurc. Aragonite and calcite containing
more than 4% MgCO3 © in solid solution are umetastable phases.
Chave (1962) has used the value 8% MgCO3 as the boundary
between low and high magnesian calcites, for purely technical
reasons, but as there is a gencral lack of skeletal calcites
in the 5~10% Mg;CO3 range, this is not critical. However, it
rust be borne in mind that the stable calcites are those

with less than 4% MgCO3 and that mineralogical analyses of
carbonate sediments should dominantly aim to determine the
ratio of stable/unstable minerals.,

Aragonite is the major couponent of shallow

water Recent marine carbonate sediments in most parts of the

world, and may be of skeletal or non-skeletal origin. Calcite



- 141~

in marine carbonate scdiments is aliwost entirely of sleletal
origin, except where pre~existing calcite limestones are a
contributory source of sediment., Aragonite is the skeletal
carbonate mineral of many groups of opganisus (Fig. 34) and
along the Trucial Coast the most important are the madreporian
corals and molluscs. Low and high niagnesinn calcites also
form the skeletons of many orgonisms. The amount of low
magnesian calcite in shallow water sediments is generally low
and along the Trucial Coast organisms with skcletons of low
magnesian calcite arc not abundant sediment producers. High
nagnesian calcites form the skeletal structurcs of several
important sediment producing groups, notably the benthoric
foraminifera, echinoderms and benthonic algae.

The distribution of aragonite and calcite and
of Sr and Mg in the calcareous parts of marine organisms
has been extensively studied by Chave (1954a, 1954b, 1962),
Lowenstan (1954) and others, Lowenstam found that the
principal controlling factors in relation to skeletal
mineralogy are generic association of the organism and water
teuwperature, Some species or groups of organisms were found
to seccrete increasing percentages of aragonite with increasing
water temperature. If this may be used as a generalisation ,
then along the Trucial Coast, where high temperatures prevail,
any organism group can be expected to secrete skeletal
carbonate with the highest percentage of aragonite possible

for that group. In addition, the quantitatively iuportant
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Fig 34, Mineralogy of Carbonate Skeletal Materials

(after Chave, 1962).

Aragonite + Aragonit
Low Mg Low Mg High Mg High Mg

Organism Aragonite Calcite Calcite Calcite Calcite
Foraminifera:

Benthonic R c

Pelagic Cc
Corals:

Madreporian C
Bryozoa C R Cc
Echinoderms c
Molluscs:

Gastropods C C

Lamellibranchs [ [4 C

Cephaloypods C - - R
Arthropods:

Decapods C

Cstracods c R
Algae:

Benthonic C C

Pelagic c

(C = Common : R - Rare)

Underlined forms are fairly cormon to abundant along the

Trucial Coast),
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groups of the corals and molluscs secrete shlelctal structures
largely or entircly of aragonite. Chemically precipitated
carbonate will also be in the form of aragonite., There may
thus be expected to be a great prejonderance of aragonite
over calcite in the Trucial Coast enviromment of carbonate
sedimentation,

The distribution of Mg and Sr in skeletal car-
bonateﬁmas been found to be mainly controlled by the carbonate
mineralogy and 'vital' effect of the organism. Thus the
major controls on Mg and Sr distribution in skeletal car-
bonates are those affecting the mineralogy, that is, vital
effect and water tenmperature; but impressed upon the initial
mineralogy are found varying amounts of Mg and Sr and the
principal controlling factors arc again vital affect and water
teuperature, For example, two similar species of Echinoderii,
coniposed entirely of calcite, may show quite differcent per-
centages of kg, but in general any single species is directly
affected by water temperature. Other factors such as salinity,
Sr/Ca or Mg/Ca ratios have been invoked by various authors to
greater or lesser extent. Forexample, Xulp and others (1952),
following Odum (1950), considered the Sr/Ca ratio in a
shell to be directly related to the Sr/Ca ratio in solution;
the latter ratio was said to be dependent on the salinity
and source of the waters. But the Sr/Ca (and Mg/Ca) ratio

in sea-waters is fairly constant and does not change appreciably
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with changing salinity except under the most extrenie con-
ditions of Ca withdrawal. Changes in these ratios will
therefore be insignificant. The effect of salinity as an
independent varizble on Sr/Ca ratios in skeletal materials
has been considered in an indirect wmanner by Turekian (1955),

To generalise,; it has been found that within a
single species or organism group the Mg content increases with
rising teuperatures. TForms affected by changes in mineralogy
due to temperature wmay run counter to this trend - increasing
temperature bringing about an increase in aragonite percentage
which will tend to lower Mg values. Conversely, the Sr con-
tent will tend to rise as the percentage of aragonite incrcases,
Temperature itself has been found to play a minor role in the
Sr distribution in skelctal cerbonates, its cffect being
masked by organic controls.

A new approach to the study of chemically
(inorganically) precipitated carbonates has been made pos~
sible by recent work of Holland and others (1961, 1962,
1963a, 1963b). They have studied the factors controlling
the coprecipitation of metallic ions with precipitated
carbonate minerals. The organic control in this case is
absent and the mineral phases precipitated should be in
equilibrium with their parent solutions. For example,
the Sr/Ca ratio of chemically precipitated aragonite has been
found to be dependent upon the Sr/Ca ratio of the solution,

and the teuperature at which precipitation takes place,
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Preliminary wor! with NaCl solutions has shown that the
relationship is almost independent of this variable, at
least within the range of concentrations found in most
marine environments., As the Sr/Ca ratio in sea-water is
itself almost constant, the Sr/Ca ratio in precipitated marine
aragonites will be directly relcted to temperature,
Laboratory coprecipitation studies are in an
carly stage and wany more data are required, but values to
date indicate that at 2500 an aragonite preéipitated from
sea~water should contain about 9000 p.p.m. Sr (1.5% SrCOS).
At 100°C the value is about 6000 p.p.m. (1.0% 5rCo5).
At higher temperatures the amount of coprecipitated Sr is
lower but the exact relationship is not yet certain., A
probable value for 30-3500 (the summer temperature of the
Trucial Coast waters) is about 7500 p.p.m, Sr (1.2-1,3%

SrCO?) ) .
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MINERALOGY OF TRUCIAL COAST SEDIMENTS & ORGANISMS

Staining Methods

The mineralogy of calcareous sediments or skeletal
materials may be determined by either X-ray diffraction tech-
niques or by staining methods, Loose mounts and thin sections
of sediments have been stained using cobalt nitrate solution
or Feigl's reagent (Feigl 1958)., The opaque precipitate from
Feigl's reagent makes its use rather limited, whereas the
lilac colouration from cobalt nitrate does not mask the
character of the grains, Thin sections were stained by
standing them in cold cobalt nitrate solution for 24-48 hours,

Staining tests of this type make use of the
relative solubilities of the minerals present. Both cobalt
nitrate and Feigl's reagént are supposed to be of use in the
differentiation of aragonite frowm calcite, the aragonite reacting
and staining more rapidly than calcite because of its greater
solubility. However, high magnesian calcites are more soluble
than aragonite (Chave et al, 1962) and thus the stained
fraction will comprise aragonite and high magnesian calcite,
Nevertheless, this fraction does at least comprise the meta-
stable components. This relationship, obvious when one
considers the solubility data, was found quite accidentially

when X-ray analysis of a sample of Lithophyllum showed high

magnesian calcite (16% MgCOB); yet this calcareous alga had
been stained previously and considered to be aragonite. High

magnesian calcites from some echinoderms (15% MgCOB) were
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also found to stain with cobalt nitrate,

X-ray Analysis

A few skeletal materials were examined to determine

the amount of MgCO, in so0lid solution, Echinodiscus and

3
Echinometra showed 15% MgCO3 and Lithophyllum showed 16% MgCOB.

A guantitative method was devised for thé direct
determination of three component mixtures of aragonite, low
nagnesian calcite and high magnesian calcite, within the
sediments, Evaluation of the method has been limited but
where aragonite forms more than 70% of the sample the ratios
can be determined to within iS%; where aragonite is about 50%
of the sample then the accuracy is about 210%.

The equipment used was a Philips Diffractometer,
in the Department of Geology, University of Durham. Valuable
assistance and advice from lrs. M. Kaye and Dr, H., D, Holland
enabled the work to be completed.

For standards, coarsely crystalline aragonite from
Sicily, Iceland spar from Reydarfjordur, Iceland and high

magnesian calcite from the echinoid Echinodiscus bisperforatus

(15% MgCOB) were used, The standard minerals were crushed
by hand to less than 200 mesh, taking care not to crush the
material more than was absolutely necessary. Mixtures of
the minerals were then prepared of known proportions. Each
mixture was run three times, being remounted between each

run as a check on preferred orientation of grains. Cali-
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bration curves were then erected so that the ratios of the
minerals in the sediment samples oould be determined. As a
check, a mixture of 50% aragonite, 25% low magnesian calcite
and 25% high magnesian calcite was run under sample conditions
and gave values of 47.5% aragonite, 28.6% low magnesian
calcite, 23.9% high magnesian calcite. These values were
considered sufficiently accurate to warrant use of the tech-
nique on the sediment samples.

Representative sediment samples were crushed
to less than 200 mesh and run under the same conditions;
the aragonite/low Mg calcite/high Mg calcite percentages are
shown in Figures 35/A and 35/B.

The sediment types differ markedly in general
appearance and Fig. 35 shows theun to also differ greatly in
their mineralogy. The shelf sands show nigh values of low
Mg calcite (about 20%) and this is derived in part from
sixeletal sources but wmainly from submarine erosion of Miliolite
limestone outcrops on the shelf, The oolite sands show fairly
high amounts of aragonite, to be expected from their aragonite
coatings. The calcitic components of the ocolite sands are
derived partly from the shelf sands and partly from reef
sources. Most of the calcitic grains form cores to ocolites.
The fine oolite sand has a higher core to jacket volume
ratio than the more normal, medium grained, ocolite sand;
this is reflected in the former having a much higher amount

of total nalcite.
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Fig. 35A Aragonite/Low Mg Calcite/High Mg Calcite Percentage

in representative sediment samples.

Sediment
Type % Aragonite % Low Mg. Calcite % High Mg Cal
69.5 19.0 11.5
Shelf Sands 70.7 69.9 17.7  19.6 1.6 10,5
69.4 22,2 8k
Oolite Sands 8
(Mediuam ) 92,2 4,3 3¢5 6.
(Fine) 85,1 88.7 b b
Qolite +
Reef sands 77.0 6.6 16 .4
67.5 3.6 28.9
586 203 39-3
Reef Sands 48,8 61.0 0 1.7 51.2 37.3
684 2.8 28.
61.9 0 3841
Reef Mud 67.6 0 32,4
Back~Reef
Lagoon Mud 67.4 8.2 24,4
Interdelta 773 10.0 12.7
Sands 82,6 80.0 7.9 - 9.0 9.5 1.1
Deep Water 81.2 7.1 11.2
Mid Lagoon Muds  81.7 O1ed 7.1 7] 11,7 13
Shallow Water ] . .
Lagoon Mud 95,6 1.5 2.9
Pellet Sands 94,2 1.5 3,0
| 5.6 94 4 2% 2.0 B3 3,7
Muddy Pellet 93,9 3.0 2.2
Sands 9h.g 93 3.2 > 3,1 27

Mangrove Muddy
Pellet Sand 87.4 6.2 6ol
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Fig. 35/B Aragonite/Low Mg calcite/High Mg Calcite in

representative sediment samples,
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The reef sands show relatively low amounts
of aragonite and low Mg calcite, but a high percentage ofbhigh
Mg calcite. This is a natural consequence, following on
their derivation from aragonitic corals and high Mg calcite
forms such as calcareous algae and echinoids. The reef mud
sample came from a hollow in the Dhabayah reef top and its
mineralogy is the same as that of the reef sands. The back-
reef lagoon mud shows a higher percentage of low Mg calcite,
mainly because of the addition of foraminifera and ostracods;
it is otherwise similar to the reef mud. These two sandy
and silty muds look similar in many ways to some of the lag-
oonal muds, yet the mineralogies of the two groups are very
different. Microscopically the reef and back-reef nmuds are
found to have less aragonite needles than the lagoon auds
but the phyéical differences between the two types arc¢ not
great, It is, however, obvious that both the reef and back-
reef lagoon muds are derived largely from abrasion of reef
detritus.

The interdelta sands, composed of grains from
shelf, oolite and reef facies, show a mineralogy expected
from such a mixture.

The mid and inner lagoon sediments are generally
high in aragonite, showing more than 80% aragonite in all
instances, values being normally greater than 90%. The two
deep water, mid lagoon, sandy muds have fairly high numbers

of foraminifera and ostracods, which reasonably account for
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the moderately high amounts of low Mg calcite and high lg
calcite., The shallow water mud is almost pure aragonite with
only traces of calcite, The clean pellet sands and muddy
pellet sands have similar uineralogie¢s. In Chapter III the
pellet sand-aragonite mud sequence was briefly discussed and
the similarity in wmineralogy between the various phases can
be regarded as good corroborative evidence of the development
of all the phases from a parent aragonite mud. The wuddy
pellet sand from the mangrove area has a moderately high
amount of molluscan and foraminiferal grains which account

for the caleitic components present.
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ORIGIN OF THE NON-CARBONATE GRAINS

The percentage of non-carbonate grains was deter-
mined from about 50 of the seaward sedimcents, and also from
a few limestones, The insoluble residues were examined both
as grains and in thin section. The data for the sediment
groups are shown in Figure 36 and have been already dis-
cussed for each individual facies (Chapter III).

The non-carbonate grains are fine to very fine
sands, mainly of quartz and feldspar, with minor amounts of
coloured minerals. The majority of the grains are angular or
sub-angular but occasional well rounded, typical aeolian
grains occur, The non-carbonate grains of the loose sediments,
of the most recent limestones and of the Miliolite Limestone
are very sinmilar,

There are two possible sources for the non-
carbonate grains, either (a) they are of windblown origin,
or (b) they are derived from submarine outcrops of Miliolite
Limestone,

The addition of non~carbonate grains to the
inner coral reef off Jazirat al Ftasi is only possible from
windblown sources, Sediments moving in across the oolite
delta cannot cross the tidal channel; this is proved by the
complete absence of ookite grains from the inner reef sedi-~
ments. The Miliolite Limestone outcrops of Jazarat al Ftaisi

are fronted by a channel and tidal currents within it run
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Fig. 36 Percentage of non-carbonate grains in seaward

sediments,
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parallel to the coast (Fig. 22), No material derived from
the Miliolite Limestone can thus reach the inner reef, The
percentage of non-carbonate grains in the inner reef sediments
represents therefore a windblown addition and this is obviously
smally, Local areas near Miliolite Limestone outcrops will
gain some non-carbonate grains from them, but as the prevalent
wind is from the north-west these grains will tend to be

- distributed in the mid and inner parts of the lagoon, down-
wind from the Miliolite Limestone outcrops.

The high percentage of non-carbonate grains in
the shelf sediments represents an accumulation against the
foot of the oolite deltas., This concentration has evidently
been derived from seaward and could either be part of a thin
blanket of windblown grains or be derived directly from
Miliolite Limestone on the floor of the shelf. However, in
these seaward areas the derivation of sand-sized non-carbonate
grains can be reasonably considered only from an adjacent
land mass. But offshore winds are infrequent and so this
possible source will be small, Miliolite Limestone has been
observed on the shelf and it is considered that the greatest
part of the non-carbonate accumulation is derived from this
source, The Miliolite Limestone is itself a sandy aeolian
limestone and the non-carbonate grains within it are identical with

thhese - of the surface sediments.

Occasional grains of specularite, probably from

the mineralised salt plug of Jazirat Sir Abu Nu'air, occur
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in some non-carbonate residues. These could either have =a
windblown origin or have been drifted along the sea bottom
in towards the coast, a distance of about 40 miles (65 kms, ).
Although a number of different rock types occur on Jazirat
Sir Abu Nu'air, none of them can reasonably be the source of
the non-carbonate grains found in the inner shelf sediments.

The non-carbonate grains forming cores to many
oolites and occurring as individual grains atop the oolite
deltas, are identical in character to those at the base of the
delta slope in the shelf sediments. The shelf sediments thus
move up onto the deltas and provide cores for the oolites.

A second line of reasoning leading to the same conclusion
comes from the low and high Mg calcites of the oolite sands.
These minerals form over 30% of the shelf carbonates and are
present on the delta tops mainly as cores to oolite grains,
Neither the non-carbonate nor the calcitic grains are derived
from the limestones directly underlying the oolite sands, as
these limestones are aragonitic oolite limestones with a low
percentage of non-carbonate grains.

In the mid and inner lagoon sediments the per-
centage of non-carbonate grains is usually low except down-
wind of Miliolite Liwmestone outcrops., In places, Miliolite
Limestone immediately underlies the loose surface sediments
and supplies non~carbonate grains directly to then,

Six non-carbonate residues were analysed for

Sr by an X-rey fluorescence technigue and the results are



given below.
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The Sr is probably replacing Ca in feldspar

grains, The data effectively show the common character of

the non-carbonate grains of the shelf, interdelta and oolite

sediments.,

Sample

Shelf sands

Interdelta sands

Oolite sands

Wt % Non-=Carbonate
in total sample

26,2
5.3
33.3

14.3

747
6.4

Sr.

p.p .m'
180
190

200

190

180

190
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SEA WATER ANALYSES

General

Salinity and pH measurements made on sea waters
in the field have already been discussed (Chapter II), 1In
addition to these general measurements 14 surface sea water
samples wefe collected for chemical analysis; pH and temperature
at the time of collection were noted. The samples were
filtered am rapidaly as possible, to restrict evaporation
losces to a minimum, into standard water sample bottles and
flown to the U,K., Two Lottles of each sample_were taken,
making 220 mls, available for the analyses. Two or three
individual samples were collected from each sedimentary sub-
environment; the sample locations are indicated in Figure 37.

The waters were malysed for the major constituents,
using standard oceanographic techniques. Analyses were made
for calcium (Ca), Magnesium (Mg), Strontium (Sr), Potassium
(K), Sodium {(Fa), Chlorine (Cl), Sulphate (804), and titration
alkalinity., The data are given in Figure 38. The sediment
studies have shown that only carbonate minerals are being
formed in the marine environments and therefore Ca, Mg, Sr
and alkalinity will be affected, but Na, K, ClL and SOA should
remain constant,

Alkalinity and chlorinity (gms. Cl/Kgm sea water)
analyses were carried out at the Marine Biology Station, Menai
Bridge, Anglesey; the remainder of the analyses were completed

at the National Institute of Oceanography.
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Fig. 37 locations of sea water sanples. Samples are
differentiated into the various sedimecatary

sub~environments from which they were taken,
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Fig., 38 Field data and laboratory analytical data of

sea water samples.



REEF

SEA WATER
TYPE OPENWATER (Cpen = (Open. @ mmery |CGLITE DZILTA MID LAGOON INKER LAGOON |iVERAGE’
Lab. Semple Ko 3 1 13 1 1a 5 3 4 12 6 ? 8 9 o |°

. WATER
Fleld T°C 26.2 27.0 27.0 26,2 28.0 26.4 27.9 26.8 25,5 28.0 25.2 28,9 26.0 24,5 -
Pield pl 8.30 8.30 8.30 8.30 8,32 - 8.25 8.25 8,32 - - - - - 6.1
Dilucion2
Factor 1.215  1.260  1.256 | 1.223  1.243  1.299 | 1.243  1.28%  1.28%5 | 1,313  1.325 | l.a42  1.733 1,555 | --
Density at 22°C| 1.0290 1.0304 1.0300| 1.0296 1.0296 1.031G| 1.029% 1.0304 1.0306| 1.0316 1.0316| 1.0358 1.C428 1.C381| 1.0242
salinity % 2 | 42.70  ss.la 4,05 | 42.97 43,57  45.61 | 43.68  45.18  45.03 | 46,08 46,37 | 50.59  6L.62 54,38 | 35.C0
Chlorinity’
ens/kgn (b ) 23.64 24,43 24,39 | 25,79 2412 25,25 | 26,18 24,99  24.93 | 25.51  25.67 | 28,01  33.57  30.11 | 19.37
50, Ezs/kgm 3,316 5,378 3,383 | 3.518  3.363  3.512 | 3.363 © 5.483  3.459 | 5,552  3.517 | 3.889  4.656  4.206 | 2.712
Ca gms/kgn 0.501  0.517  ©0.516 | 0.499  0.508 0,528 | 0,503  0.621 0,523 | 0.5%  0.5%0 | 0,581  0.686  0.62¢ | 0.412
Mg gms/kgm 1.615  1.662  1.665 | 1.620 1.641 1,720 | 1.651  1.697  1.683 [ 1,739  1.75& | 1,909  2.287  2.05C | 1.290
Sr gme/kgm 0.0090 ©0.0096 0.0096| 0.0091 0.0092 0.0099| 0.0090 ©0.0095 0.0095) 0.0097 0.0098| 0©.0107 0.0125 0.0115| 0.0077
K gos/ken 0.49%  0.506  0.505 | 0.493  0.499  0.520 | 0.497 0,514 0,514 | 0.528  0.527 | 0,580  0.698  C.622 | 0.399
Na gus/ken 13,07  13.51 13,49 | 13.25  13.36  13.92 | 13.27  13.74 15,65 | 14,05 14,08 | 15.23  18.54  16.66 | 10.76
C1 mgs/ken 666.8  689.2  687.9 |671.0  680.4  712,1 |681.9  7o4.7  703.0 |719.5  728,1 [790.0  9u46.9  849.3 |546.3
Alk mgs/ken® 2.48 2.54 2.51 2.31 2,44 2.26 2.52 2.36 2.46 2.31 2.37 2.35 © 2.16 2.33 2.43
50, zqs/ken €9.G1  70.25 70,42 | 68.98  70.01 73,11 | 69.99 72,49 72,01 | 73.94  73.21 | 80.95  96.92  B7.54 | 56.45
Ca mgs/kgm 24.99  25.78 25,75 | 24.92  25.35  26.33 | 25.10 26,02 26,11 | 26.78  26.46 | 28,97  38.21  30.93 | 20.58
Mg mgs/kgm 132.8  136.7 1369 |133.2  135.0  lal.s  [135.8  139.6  1%8.4 [1a3.0  1as.2  |157.0 188.0  168.6 |106.1
Sr pge/kem 0.205 0.218  0.218 | 0.207 0,210  0.255 | 0.204  0.217  C.217 | 0.222  ©0.2as | O.248  0.285  0.263 | 0.176
K mgs/kem 12,61 12.9¢  12.91 | 12.60  12.77  13.29 | 12.71  13.13 13,15 | 13,50 13,48 | 14.83  17.84  15.90 | 10.20
Na mgs/kem 568.7  587.5  586.8 |576.5  580.1  605.5 |577.4  597.8  593.9 |ell.2  6l2.4 |€62,6  BC6.6  724.5  |467.9
Motes: 1. Fleld pH not recorded for all samples owing to breakage of instrument.

3.

4.

Alkalinity = titration alkalinity

Chlorinity = Total Halides : Salinity = 0.03 + 1.805 x chlorinity

Average sem-wster data from Sverdrup et al (1940) and F. Culkin, (pers. comm.)

Factor ty which originel samples were diluted to bring uall waters to approximstely 35%8.
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Throughout this work concentrations are exypressed
as weights or molecular equivalents in a particular weight
of solution of sea-water (usually one kilogram). Where
salinities, and therefore densities, of water vary greatly
then obviously comparable volumes will be of different
weights. 1In order to accurately compare samples, irres-
pective of their concentration, it is necessary to compare
weights or molecular equivalents in identical weights of
solution. To this end, densities of the water samples were
deterained,

Knowing their densities, the water samples were
diluted with a known weight of distilled water to bring them
all to a common concentration of approximately 35%:S. This
then made all titres more regular and reduced many minor
difficulties otherwise caused by differing viscosities, den-

sities and concentrations,

Densitz

The volume of a pipette was determined by weighing
accurately pipetted volumes of distilled water, at a known
temperature. Standard data on the volume of one¢ graa of
distilled water at the laboratory temperature then enabled
the pipette volume to be calculated. Knowing the accurate
pipette volume, aliquots of the undiluted sea-waters were
pipetted into weighed flasks and their densities determined.

At least two determinations were made on every sample and
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accuracy is within 0.0003 gms,/cec.

Chlorinitz

Chlorine dete¢rminations were made using the
standard silver nitrate titration method. The values
represent total halide (chlorine and bromine + fluorine +
iodine) but as chlorine is present in such great excess the
other halides are ignored and computed as if they were chlorine.
Chlorinity is expressed in grams of Cl/kgm solution (sea
water) i.e. parts per thousand (% ). Salinity is derived
from chlorinity by the émpirical relationship : salinity
= 0,03 + 1,805 x chlorinity (Sverdrup et al, 1942),

Chlorinity analyses are accurate to within 0,05% ,
Chlorine is capable of fairly accurate determination and as
it is present in such large amounts in sea water (constituting
more than55% of total ions) it is useful as an extreumely
sensitive measure of concentration. Chlorides are not
precipitated from sea-water until high concentrations are
attained and thus in areas of carbonate deposition, chlorine
may be used as a reference against which changes in the relative

amounts of other ions may be ueasured,

Totol Caticns

The total cations (Ca + Mg + Sr + Na + K) were
determined using an ion~exchange resin in the hydrogen form,

Separate determination was later made for Ca, Mg, Sr and K
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and the amount of Na found by difference,

Sodium

Sodium is rarely determined directly because of
problems involved in the determin~tion of the alkali metals.
Sodiun was found by difference: as indicated above., Accuracy
of the determinetion is dependent on the other analyses but

the coefficient of variation is about 0,01%.

Potassium

Potassium was determined by the method of
Sporek (1956), modified in some details by Dr. R. A. Cox
of the National Institute of Oceanography. The potassium is
determined gravimetrically as the potassium tetraphenylboron

salt. The coefficient of variation is 1%.

Calcium, Magnesium and Strentium

Total Ca + Mg + Sr was determined by standard
EDTA'titration. Calcium was determined separately by EGTA tit-
ration, End points in both cases were determined visually.
Strontium was determined separately usihg a Unicam S,P, 900
Flame-spectrophotometer. Magnesium was then found by dif-
ferences The coefficients of variation are : Sr -5%; Mg -0, 1%,
Ca 0.4%.

The ratios of Ca, Mg and Sr to each other and

to chlorine are particularly critical and indicate the course
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of events in the precipitation of carbonate minerals across

the lagoon complex from the open shelf sea.

SulEhate

Sulphate was determined gravimetrically as
barium sulphate using the method of Bather and Riley (1954),

The coefficient of variation is 0.01%.

Alkalinity

The tofal alkalinity of the waters was determined
by potentiometric titration, using essentially the nmethod of

Greenberg et al (1932).

DISCUSSION OF RESULTS

~ws- = The ratios of potagsium, sodium, strontiua,
magnesium and sulphate to chlorine were found to be constant,
within the limits of error of the analyses. Although stron-
tium is being withdrawn from the waters and precipitated with
calcium in aragonite the amount lost is masked by errors involved
in determining such small amounts of strontium as exist in
sea water. Some magnesium is also being precipitated with
CaCO3 but again no trend is discernable as the amount lost

is very small, However, the calcium/chlorine ratio shows a
marked decrease between the open shelf waters and the lagoon
waters (Fig. 39). The calcium to chlorine ratio for average

sea-water is also shown. The average sea-water value applies
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to Indian Ocean water entering the Persian Gulf at the Strait
of Hormuz, to balance loss by evaporation and outflow at

depth (Chapter i). This water becomes concentrated within the
Gulf and loses some calcium by the time it arrives off the
Trucial Coast (Phase A, Fig. 39). Whitings have been
oﬁserved offshore by Wells and Illimg (1964) and the author
and thus the decrease in calcium is probably caused by both
organic extraction and chemical precipitation in the shelf
environment.

The waters from each of the physiographic units
of the inner shelf and lagoon areas show appreciable variation
in both concentration and calcium to chlorine ratios (Phases B
and C, Fig. 39), This is to be expected if one considers the
complex tidal circulation pattern shown in Figure 22, The
three open shelf waters are grouped fairly close together and
show the highest calcium to chlorine ratios, Waters from
the open coast reefs show little concentration but some loss
of calcium., The oolite and inner reef waters show further
concentration and appreciable loss of calcium. The two mid
lagoon samples differ widely but reference to Figure 29
shows that a tongue of relatively low salinity water reaches
far into the mid lagoon; this water flows in along the tidal
channels and probably loses little calcium en route to the
mid lagoon., Mixing of lower salinity, calcium rich waters
with more saline calcium poor waters would explain the fairly

high calcium to chlorine ratio of sample No. 6. The low
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Fig. 39 To show the reclative loss of Calcium between
open shelf waters and inner lagoon waters., Note
particularly the form of the curve, a feature

discussed in detail in the text.
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calcium to chlorine ratio of the other mid lagoon sample (No.7)
is difficult to explain; it obviously represents a water
which has undergone extensive calcium loss without excessive
concentration. The inner lagoon waters show progressive
decrease in the Ca/Cl ratio as concentrations increase.

The data repay further examination and of par-
ticular interest is the form of the curve (Figure 39),
Samples 1, 2, 3, 4, 5 and 6 were collected in that order over
a partial flood tide cycle and show progressive concentration
with rapid extraction of calcium, The open coast reef water
(sample No. 1) shows little concentration compared with the
shelf water (No. 2) but calcium has been removed, presumably
by the organic elementﬁ@f the reef, Comparison of sample
2 with samples 3 and 4 shows rapid loss of calcium to take
place across the oolite deltas. This loss must represent a
chemical precipitation of CaCO3 as there is insufficient
density of fauna in these areas to effect equivalent organic
withdrawal of calcium. The inner reef and mid lagoon samples
(Nos. 5 and 6) probably have a complex history, having pre-
viously crossed the oolite deltas or come in along the tidal
channels. Samples 12, 13 and 14 were collected in a similar
manner and show a similar story of calcium loss as the waters
pass over the reefs and oolite deltas. However, here again
the water circulation is complex; this is indicated by
sample No. 14 (open coral reef) being less saline than No. 13

(open shelf).,
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In general the reldive loss of calcium on the
open shelf can be seen to proceed at a fairly slow rate and
it is not until the waters are within the high energy belt
of the coastal coral reefs and oolite deltas that there is a
very rapid extraction of calcium from the waters., Further
back in the lmoon calcium loss again proceeds at a relatively
slow rate,

Across the shelf the sea~-water concentration rises
gradually, calcium loss is limited and progressive super-
saturation results with respect to CaCOB. In the turbulent
inner shelf zone of coral reefs and oolite deltas nucleation
takes place, CaCO3 is precipitated and the level of super-
saturation rapidly falls., Further slow precipitation occurs
as sea-water concentrations gradually rise in the inner lagoon,

An attempt can be wmade to quantify this relation-
ship. Taking a parent sea-water of salinity 35%es and calcium
20,58 Mcgs./Kgm, over phase A (Fig. 39), which comprises the
open shelf environment, the loss of calcium amounts to only
0.04% of the total available calcium, even though the change
in concentration is appreciable (x 1.24), Phase B, with
little further concentration, shows a loss of 1.96% of the
initially available calcium. Phase C, where concentration
of the water proceeds to very high salinities, a further
loss of 1.,90% occurs. The total loss of calcium amounts to

3.9% of the initial amount available.
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In most marine environments of Recent carbonate
sedimentation sea-water salinities are not as high as those
of the Trucial Coast and many areas are not as physically
restricted as are the Trucial Coast lagoons. Nevertheless,
this general picture of calcium withdrawal from the waters
and calcium carbonate precipitation also prohably holds true
in areas of much lower salinity, For example, Cloud's recent
Bahaman data (Cloud 1961: Fig, 34) are capable of inter-
pretation in this way, with most rapid withdrawal of calcium
taking »lace at the bank margins. In the offshore, deep
water or open shelf environment calcium is extracted from a
relatively large body of water by mainly organic agencies,
When the shelf or deep waters move into shallower areas and
cross reefs and shoal banks, the warming and turbulence of
the waters leads to rapid calcium loss. Further gradual
loss of calcium accompanies concentration of the waters in
iagoons, as along the Trucial Coast, or in the interior parts
of extensive shoal areas such as the Bahama Banks.

In the Bahamas, Cloud (1961) found that both
Ca/Cl and alkalinity/Cl ratios decreased across the banks
from the open waters. In this study, titration alkalinity
determinations showed a decrease in the alkalinity/Cl
ratio from the open waters to the inner lagoon but indi-
vidual stations showed poor agreement between Ca/Cl and
alkalinity/Cl ratios, However, the Ca/Cl ratios are sufficient

to prove the precipitation of CaCO, from the Trucial Coast

3
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waters.

The Mg/Ca ratio in sea-waters is one of the
factors affecting the organic coprecipitation of Mg with CaCOB.
In average sea-water the Mg/Ca ratio is 5.15 (ratio of equi-
valents)., In the Trucial Coast inner shelf waters a value
of 5.31 was found and in the inner lagoon this increased to
5.50. Calcitic organisms common to areas of varying Mg/Ca
ratio should show varying Mg/Ca ratios in their skecletal
calcites, Those which live where the Mg/Ca ratio is highest
should show highest Mg/Ca ratios in their skeletal calcites.
Increcase in water temperature also tends to increase the
amount of Mg in solid solution within the skeletal calcites,
Thus, as the iagoonal areas have higher Mg/Ca rotios and‘
higher annual water temperatures than are found on the open
shelf areas, organisms in the former area should show higher
amounts of Mg, Along the Trucial Coast calcitic organisms
are not abundant in the lagoon sediments, As this source of
Mg will therefore be small, it cannot be called upon to
partially explain the rapidity of the dolomitisation of the
lagoonal sediments (Chapter VI),

The Sr/Ca ratio in the sea waters has been
found to be constant. A lass of 4% of the available Ca
has becn shown to occur and as the Sr/Ca ratio is constant
there must also have been a 4% loss of the available Sr.
This is an indication that much of the precipitation of

CaCO3 takes the form of high strontium-aragonite, as the
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Sr/Ca ratio in such aragonite is almost the same as that of
sea-water, If appreciable guantities of low strontium-
aragonite or calcite were precipitated then the Sr/Ca ratio
would rise with increasing loss of Ca.
The Sr/Ca ratio of the sea-waters was found to

L‘.X 10-2

average 0.8 (ratio of equivalents), but two check

analyses by H. D. Holland at Princeton on splits from samples
3 and 4 showed 2 Sr/Ca ratio of 0.95% 1052. The Princeton
value is about 12% higher. Check analyses for Cl, Ca and Mg
were also made znd agreement between the two laboratories
was very close. Further check Sr determinations are now
being made by Dr. F. Culkin at the National Institute of

Oceanography, Dr. H. D. Holland at Princeton University and Dr.

K. Turekian at Yale University,
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MAGNESIUM AND STRONTIUM 1IN CARBONATE SEDIMENTS AND

SKELETONS,

Magnesium

A few samples were run spectrographically for
Mg, usfng a semi-quantitative mcthod. The percentage of Mg
in the samples was found to be dominantly related to the
mineralogy. For example, calcitic organisms usually show
high values and reef sediments with appreciable quantities
of high Mg calcites are higher in Mg than sediments which

are largely aragonitic. The values determined are given below:

Sample % MECO3 Sample % MgCO3
Murex 0.3 Echinodiscus 10,5*
Glycimeris 0.1 Echinometra 10.5*
Glycimeris - 1.1 Reef Sands (6) av. 6.7
Meretrix 0.5 Shelf Sands (4) av. 3.4
Cuttlebone 0.5 Interdelta Sands (3) av. 2.8
Lithophyllum 16, 0% Oolite Sands (8) av. 2.0

* High-Mg calcite,

Lagoonal sediments were not analysed as they
normally comprise more than 90% aragonite and the percentage

of MgCO; will be probably less than 0.5%.

Strontium

The percentage of strontium was determined in
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a few organisms and in about 100 sediment samples, using a
standard X-ray fluorescence method. Standards were made
using a base of 90% CaCO3 and 10% MgCOB, to which known amounts
of SrCO3 were added, Four standards were made containing
1198, 2993, 5973 and 12,000 Pap.ity, sStrontium respectively;
these covered the range of strontium expected in the samples.
The values are accurate to within X10%.

The percentage of strontium (expressed as SrCOB)

of a few organisms is shown below:

Sample % SrCO3 Sample % SrCO3
Murex 0.32 Favia ' Te32
Glycimeris 0.35 Plesiastrea- 1632
Glycimeris 0,34 Cyphastrea 1427
Meretrix 0.23 Porites 129
Cerithium 0.35 Platygyra 1¢35
Mixed Lagoonal Lithophyllum 0. 47+
Gastropods Q.32 _

Echinometra 0.38*
Cuttlebone 0,61

Echinodiscus 0., 41*
Acropora 1426

*Calcite

The mollusca, even when aragonitic, exert a
dominant vital control over the amount of SrCO3 precipitated
in their skeletal materials, and values are generally low,
The corals, however, exert no vital organic control and

show high values of SrCO, in their aragonitic skeletons;

3
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in fact, the values found are similar to those expected from
chemically precipitated aragonite under the temperature con-
ditions preveailing in this area.

The percentage of strontium, expressed as SrCOB,
in the total carbonate fraction of the sediments, is shown
in Figure 40. The non-carbonate content of the shelf and
interdelta sediments may be as high as 30% and even in the
oolite sands it may reach 15%. Thus it was necessary to
check the assumption that the strontium of a sediment sample
was associated with the calcium of the carbonate minerals and
not in any way with the non-carbonate fraction. Six non-
carbonate residues wereﬁkun for strontium and the values were
found to be low enough (less than 200 p.p.m,), to be ignored.

BP Research Laboratories kindly made some check
analyses which compared closely with those of the author.

The shelf sediments average 0.6% SrCO3 in the
carbonate fraction. These sediments have fair amounts of
molluscan debris and of the carbonate fraction less than 70%
i8S aragonite., The presence oflow strontium molluscan aragonite
and a reldively low percentage of aragonite readily accunts
for the low SrCO3 values.

The oolite sands show 1,0-1,4% SrCO3 and average
1.1%. The values are for the carbonate of the bulk sediments
and include the aragonite of the oolite jackets and the
aragonite and calcite of core grains. H. D. Holland of

Princeton University has run one total sample which showed
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Fig. 40 Stroutium values (as % SrCOB) of sediments and

organisms.,
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a value of 1,19% SrCOB. Further analyses were made of the
outer aragonitic oolite jackets using a stripping techniogue
and these gave values averaging 1,28% SrCOB. The latter
value falls in the range of values expected from chemically
precipitated aragonite under the temperature conditions of
this area.

The reef sediments are seen macroscopically
and microscopically to be a mixture of coral and calcareous
algal fragments, Echinoderm and calcareous algal calcitic

carbonates containing about 0.4% SrCO, are mixed with aragonite

3

coral debris containing 1.3% SrCOB. The resulting reef sedi~

ments show SrCO, values of 0,7~1,0%. The reef muds show

3
similar values to the reef sands.

The interdelta sands, being mixtures of shelf,
reef, and oolite facies, show the expected intermediate
SrCO3 values.

The mid and inner lagoon sediments are almost
entirely aragonitic and typically show a high percentage of
SrCOB. The two deep water mid lagoon muds contain about
20% calcite, but the aragonite fraction must be fairly high
in SrCO3 to give a bulk sediment value of about 1,0% SrCO

The inner lagoon, shallow water aragonite mud, the clean

3.

and nuddy pellet sands and the creek mud all show values of
1e0=143% Sr 003. The shallow water inner lagoon mud was

passed through a 240 mesh sieve and run again, when it

showed a slightly higher value. A few small molluscan
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and foraminiferal fragments had been left behind on the sieve
and the mud was then an almost pure aragonite needle mud.
The SrCO3 value of this needle mud is almost the same as
that of the oolite jackets and is in the expected range for
chemically precipitated aragonite, From their general features
and mineralogy it has already been concluded that the clean
and muddy pellet sands of the mid and inner lagoon were all
derived from an initial aragonite mud. The strontium values
corroborate this fairly well., The lower pellet sand values
are caused by the presence of admixed skeletal grains, mainly
of molluscan origin;

In addition to the shallow water inner lagoon
mud, two reef muds, one deep water, mid lagoon nud and
one muddy pellet sand were each passed through a 240 mesh
sieve and the concentrated fine grades re-~run for strontium,
All showed an increase in SrCO3 over the bulk sediment value.
In the case of the deep water mid lagoon mud and muddy pellet
sand, skeletal grains were removed, increasing the percentage
of high strontium-bearing aragonite needles which are con-
centrated in the finer fraction. The reef muds also have a
concentration of high strontium bearing aragonite in the
finest fractions., In the lagoonal sediments the high stron-
tium aragonite needles are considered to be of chemical
origin, whereas in the reef muds they could be of chemical

origin or derived from abrasion of coral debris, or both,
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ORIGIIN OF THE CARBONATE SEDIMENTS

The origin of the recognisable organic contri-
butions to the sediments is obvious, and the source of the
non=-carbonate grains in this area has already been discussed, -
The oolite sands and aragonite muds have a rather less
obvious origin,

Urey et al (1951) and Epstein et al (1953) showed

6

that under equilibrium conditions the 018/01 ratio of marine
carbonates depends on the temperature of precipitation and

on the 018/016 ratio of the water from which the carizonates
were precipitated. Many organically precipitated carbonates
were found in which this relationship was complicated by a
vital control exerted by the organism itself. Such carbon-
ates are thus disequilibrium phases with respect to sea water.
However, Lowenstam and Epstein (1957) have found that the
018/016

them to be in equilibrium with the 018/0

ratios of aragonitic oolites from the Bahamas shows
16 ratios of the
waters at the temperature at which they were formed. The
strontium co-precipitation data of Holland (op, cit.) indicate
that ooltic aragonite is also an equilibrium carbonate. Both
these parameters strongly support a direct chemical origin
for the aragonite jackets of the oolites, rather than an
origin from organic¢ precipitation,

The origin of aragonite needle muds on the

Great Bahama Bank has been comprehensively discussed and
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studied by Cloud (1961)., The aragonite needles have been
considered to be either mainly of algal origin oxr direct
chemical precipitates., The aragonite necdle muds of some
areas can be shown to be entirely of algal origin (Lowenstanm
1957). In the Bahamas, Cloud considered thc majority of
the needles to have been chemically precipitated, the algal
contribution being relatively small.

Along the Trucial Coast there is a complete
absence of Halimeda, the chief source of aragonite needles
in the Bahamas., Other algae which have been shown to be the
source of aragonite needles are very rare. Another possible
source of aragonite needles is from the abrasion of aragonitic
skeletal debris, such as corals and molluscs. However, along
the Trucial Coast the coral source is very limited and fine
sediments which include abrasion derived reef materials are
confined to hollows on and close behind the reefs and to
small back reef lagoons, The molluscs are an extremely abundant
group in the lagoon® , are largely aragonitic and break
down fairly readily into individual needles. But the aragonite
of the molluscs is fairly low in SrCO3 (Less than 0.4%),
whereas the lagoonal aragonite muds average 1.2-1.3% SrCOB.
Thus in the lagoons, the presence of high strontium aragonite
needle muds can only be accounted for by chemical precipitation.
Additions from other sources have been found to be slight.
At least 80~90% of the mid and inner lagoon sediments must

be considered to be chemically precipisated in order to
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account for the SrCO3 values of the bulk sediments,

The precipitated aragonite need not necessarily
have entirely originated within the lagoons, On the shelf,
the relative loss of Ca is emall but as large volumes of

water are involved the amount of CaCO, precipitated may be

3
quite considerable, Wells and Illing (1964) and the author
have noted the occurrence of whitings in these areas. The
aragonite precipitated from the whitings may accumulate on
the shelf but may also be graduodly drifted to the innermost
shelf and lagoon areas. Evidence has been given showing
movement of non-carbonate and calcitic grains in across
the shelf towards the lagoons., Likewise, precipitoted aragonite
needles may well be moved amd finally accumulate in the lagoons.
The loss of Ca over the oolite deltas and offshore
coral reefs is relatively great but water depths are small and
relatively small volumes of water are involved. The CaCO3
is partly precipitated organically and partly chemically
(inorganically). The chemically precipitated aragonite is
represented in part or entirely by the development of oolitic
encrustations. However, it is more than likely that myriads
of individual aragonite needles are also produced, which are
theun drifted into the lagoons and accumulate in sheltered
areas.
Further loss of Ca in the lagoons has been shown
to occur. This may téke the form of both organic or chemically

precipitated carbonate., Chemically precipitated aragonite in
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the mid and inner lagoon will also accumulate in these areas.

Thus the origin of the aragonite needles may be
complex but they are almost entirely chemically precipitated.
Although precipitation takes place from waters of greatly
differing salinities (38-65%) the Sr/Ca ratio of the waters
will be constant and thus the SrCO3 content of the precipitated
aragonites will be dependent on the temperatures of preci-
pitation., As the mean annual water temperatures of the various
areas differ by less than 500, the SrCO3 coatent of the
various precipitated aragonites will be closely similar.
From the data already presented, the amount of organically

produced aragonite needles at least along this part of the

Trucial Coast must be considered trivial.
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CHAPTER V

PLEISTCCENE AND RECENT EVOLUTION OF

THE TRUCIAL COAST.

Before considering the diagenetic developments
of the sabkha, the evolution of the present day distribution
of islands and marine areas and cf the sediments will be
discussed. This may he effected by considering the present
day sediments and factors affecting their development and
distribution, together with data derived from cores and pits
dug in the loose sediments. A study of land areas, combined
with the analysis of aerial photographs has enabled old
shoreline positions to be determined, and together with the
other data, a synthesis wmay be ﬁade, and past, present and
future developments discussed.

Intimately associated with the uncemented Recent
sediments are a series of limestones, The Miliolite Limestone
is the earliest of these and the present cycle of sedimentation
can be best considered as starting from the erosion of the
platform on which the Miliolite Limestone was laid down,

In the following discussion evidence is given of relative
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changes in sea-~level but no attempt is made to correlate
these with known Pleistocene sea-leved fluctuations. The
area is tectoncially stable and unwarped, but epeirogenic
novements may have ocurred.

The Miocene rocks of the mainland form the base-
ment on which the later sediments were deposited, A platform
of marine erosion was cut into this series of marls, dolomitic
limestones and gypsum beds and except for a few outlying areas,
the Miocene rocks were eroded away to the position of the present
day line of hillg at the inner edge of the cocastal plain or
mainland sabkha. The outlying areas, now forming buttes and
mesas which project from the sabkha surface, would have been
islands at this time., The marine platform was eroded to at
least 25 ft. (8 ms,) below present sea level, as off Ras al
Dhabayah, Miliolite Limestone occurs at this depth.

Relative sea level then fell and the terrigenous
and calcareougs sands of the Miliolite limestone accumulated
on the old marine platform. Many of the Miocene rocks are
sandy dolomites and the non-carbonate grains are very similar
to those of the Miliolite Limestone, being fine to very fine
in size, angular to sub-angular, and mainly of quartz and
feldspar, It is likely therefore that these grains were
rederived by the wind from the marine erosion products of
the Miocene rocks and blown southward to form the aeolian
accumulations of Miliolite Limestone times. Abundant carbonate

grains also accumulated mainly of molluscan origin together
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with some reef grains (coral, calcareous algal and echinoid).
No oolites have been found in the Miliolite Limestone,
although some fine-textured, ellipsoidal grains may be pellets
of some kind.

The Miliolite Limestone must have a marine
equivalent in depth and/or to seaward, but this is nowhere
exposed, The only facies exposed is aeolian, and this extends
from at least 25 ft. (8 ms.) below sea level, off Ras al
Dhabayah, to more than 100 ft. (32 ms.) above sea level where
the sands were banked against the hills of Miocene rocks,

In most places, the Miliolite Limestone outcrops rarely
extend more than 10 ft. (3 ms) above present sea-level as a
later plane of marine erosion cuts across it at this height.
The available evidence indicates some features of Miliolite
Limestone times:~

1¢ There were no oolite forming areas.

2. Skeletal grains of mollusc and reef origin
were abundant, together with fine, non-
carbonate grains.

3¢ Lagoons similar to the present day were not
developed, Inland of such sheltered lagoons
aeolian accumulations would have been insig-
nificant - this is found in the present
environment.

L, The presence of root or rhizome moulds,

similar to those of some plants growing on
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the modern dunes give evidence of a partial
plant cover,

5 Winds were onshore and north-westerly.

This is indicated by the constant orientation
of the backslope bedding of the Miliolite
Iimestone dunes. Barch@n dunes were often
developed, in which case, dips on the cross-
bedding may range from south-west to east,
with south and south-east predominating,

The data indicate that offshore the environment
was probably a simple, shallow shelf, with onshore winds
producing a high energy coastline similar in some ways to
parts of the present day open coast, where molluscan debris
is abundant and where the higher parts of beaches and berms
are stripped of their sediments, which are then blown inland
and accumulate as dunes,

The Miliolite sands thickly blanketed the area ,
but as this was an aeolian accumulation the uppr sediment
surface was probably far from plane, as evidenced by the
great banking of sands against the old shoreline hills at the
inner edge of the mainland sabkha. The Miliolite sands
became cemented, possibly by a kunkar limestone in the early
phases, but cementation was fairly far advanced by the time
the oncoming marine phase was initiated.

The Miliolite Limestone today is a calcitic

limestone with only occasional aragonitic skeletal grains
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remaining, The latter often have a fibrous, rotten appearance
and readily dieaggregate., A thin cement of small, equant
calcite crystals surrounds the original grains, The majority
of the latter have been dissolwved and the rock has a high
secondary porosity., Occasional calcitic skeletal fragments
still remain,

Relative sea-level then rose and the Miliolite
Limestone was largely planed off at about 10 ft. (3 ms.)
above present sea-level, This marine platform is developed
into the inner edge of the coastal plain but in the Abu Dhabi
area has not been found cutting into the Miocene rocks, The
outlying Miocene buttes and mesas have generally had any
surrounding Miliolite Iimestone stripped away and at iMirfa,
to the west (Fig. 2) the succeeding Shell Limestone rests
directly on ifiocene rocks, As with the period of marine
planation which eroded away much of the Miocene rocks, but
left odd areas remaining to seaward, so with the Miliolite
Limestone, 8Small islands of Miliolite Limestone remained
permanently above sea level at Ras al Kahf, Jazirat abu
Kashasha, Jazirat al Ftaisi, on the easterly of the two
small islands between Jazirat al Ftaisi and Abu Dhabi island,
on the south-eastern end of Abu Dhabi island and in places
on the present mainland sabkha (for example, the prominent
upstanding rock called Nuseila, lying 2-3 miles (3-4 kms.,)
north of Mahawi). Some of the areas of Miocene rocks

which were islands in the pre-Miliolite Limestone stage
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became islands again during Shell ILimestone times.

A retreating scea left behind a coarse skeletal
deposit, the Shell Limestone, containing in its lower parts
fragments of Miliolite Limestone or where it overlay Miocene
rocks, as at Mirfa, containing Miocene fragments, Molluscs
in place of growth have been found on the unconformity,
together with mollusc borings and many other features proving
it to be a plane of marine erosion and deposition. The ghell
Limestone sediments in places are falsebedded, with the cross
laminae dipping of fshore,

The surface evidently closely resembled that
shown in Fig., 40 which shows a recent Miliolite Limestone erosion
surface on & beach, with fragments of Miliolite ILimestone
and a concentration of single, abraded lamellibranch valves
showing a strong preferred orientation. The dune-bedded Miliolite
Limestone with overlying marine Shell Limestone is shown in
Fig. 41,

The marine Shell Limestone was laid down over
the entire area, although subsequent erosion has largely
removed it. Today it is found overlying Miliolite Limestone
in isolated outcrops at the inner edge of the coastal plain
and in some seaward areas where outcrops of Miliolite ILimestone
remain which are more than 10 ft. (3 m,) above present sea-
level. The Shell Limestone is almost entirely calcitic,
all early aragonité having been dissolved. The diagenetic
history of the Shell Limestone is similar to that of the

Miliolite Limestone and it is now cemented with calcite and
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has considerable secondary porosity.

The Shell Limestone is never more than five ft.
(1.5 ms.) thick in its marine facies and ranges from a coarse
shell gravel to a coarse shell sand., It varies greatly from
outcrop to outcrop and no consistent differences are apparent,
either parallel or at right angles to the old shoreline. Mollusc
and reef grains are the dominant components, although in
Places oolites and rounded fragments of oolite limestone are
fairly abundant, The Shell Limestone was evidently an open
coast deposit. The thickness of five feet may be an indication
of the tidal range, The eroded debris from the Miliolite
Iimestone was transported either seawards or landwards, as
it does not form a conspicuous part of the Shell Limestone.
Bossibly the broken down Miliolite Limestone grains were blown
inland and added to the desert sands, a relationship paral=-
leled by the derivation of the non-~carbonate grains of the
Miliolite Limestone from the earlier Miocene rocks.

Whére-Miliolite Limestone islands were low and
had gentle slopes, the normal marine Shell Limestone is found
to pass laterally into an aeolian facies, which may be up to
15 ft. (5 ms.,) thick, But the constituent prticles are all
derived from the skeletal grains of the marine facies and the
deposit is very different from the underlying Miliolite
Limestone. It contains very few non~carbonate grains, often
contains oolites, and is generally a medium sized sand whereas

the Miliolite Limestone grains are fine to very fine in size,
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sands would fall into this category but active reefs and areas
of oolite development could also give rise to barriers, The
present day Trucial Coast barriers comprise islands, which

are in part beach and in part dune accumulations, coral reefs
and oolite deltas. The dune ridges are entirely of oolite

sand and thus post-date oolite formation, The offshore reefs
show a maximum of 20-25 feet (7-8 ms.) of vertical growth
during the present sedimentary cycle, The oolite deltas could
be developed on earlier coral reefs but this is unlikely as the
present day, offshore coral reefs and oolite deltas are sharply
defined entities; Thus in their lower parts the oolite deltas
could be composed of skeletal sands,reef debris (unlikely)

or oolite sands.,

As the barrier developed, tidal movement of
waters in and out of the lagoons became confined to certain
areas and tidal channels were eroded, It was not until this
length of coast became divided into individual lagoons by
deposition of loose sediments in the lee of the larger islands
that the tidal channels became deeply entrenched, as we see
them today. The oolite deltas are intimately related to the
tidal channels and as the latter are of fairly late development
the deltas themselves may represent merely small lobes, added
to an earlier, more linear barrier,

Before deposition of the later sediments began,
the area was fairly open and wind and wave activity con-

siderable. In the lee of islands, small sheltered areas
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existed and these, together with deeper water areas below
active wave base would have been the sites of accumulation of
the finer, muddier sediments, As sedimentation continued, the
islands increased in size and extensive shoal and intertidal
areas came into being, which were sheltered from wind and wave
activity, "The early phase of infilling should therefore show
a general lack of the finer-grained, muddier sediments, At
the inner edge of the mainland sabkha and against many of the
early islands, the initial sediments are found to be skeletal
sands or even gravels. Similar intertidal sands are found today
along the southern shores of Khor al Bazm and along some of
the inner lagoon coast south of Abu Dhabi causeway (Fig. 43).
The sands are dominantly skeletal (molluscan) and in places
gastropod gravels, reseiubling modern beach ridge accumulations,
are to be found.

As accretion continued, the islands grew in size
and the area of the lagoons diminished, The fetch to any
inner shoreline became reduced and intertidal sediments became
more muddy, In sheltered intertidal areas nearly pure aragonite
muds accumulated, particularly in the developing creek and swamp
environments, The later mid and inner lagoon marine sediments
were muds, Qariously pelleted, with minor skeletal additions,
The earlier lagoonal marine sediments probably had a higher
skeletal fraction, the mud fraction becoming more important
as the lagoon became more encloséd.

The development of the main tidal channels
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Fig. 43 Sabkha development near Abu Dhabi causeway;
see Fig. 3 for location. Modern coast backed
by beach ridges in lower left; old beach
ridges extend inland showing former coastline
positions. Coarse beach ridge sands also
accumulated around the early Miliolite island
close to the road. Constricted areas have
algal flat and creek facies development,
with more muddy sediments., Old creeks can
be seen extending back into the sabkha,

The complex final infilling of inner lagoon

areas is readily apparent. Scale 1/40,000.
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between Halat al Bahrani and Abu Dhabi island reached its
maximum with the linking of the Dhabayah peninsula to the
mainland., Tidal flow of waters in and out of the lagoon
became concentrated in the channels and they gouged deeper
into the underlying Miliolite lLimestone. However, as the lagoon
became progressively infilled the tidal exchange of waters
decreased and in the channels erosion probably gave way to
limited deposition, Future developments will all lead to
further reduction in lagoon area and depth with concomittant
infilling of the tidal channels, The channels are at present
floored with coarse shell and coral lag deposits: later
additions can be expected to be fiper, and oolite sand, at
present washed into the channels but largely transported
seaward by ebb currents, will accumulate, in addition to
shelly debris, Lateral coral growth will tend to decrease
channel widths along much of their length.

Meanwhile, the mid and inner lagoon will
become progressively infilled with aragonite muds and pellet~
sands, In later phases pellet sands will be absent and
molluscan contributions will decrease. The final lagoon phase
will be a creek and swamp series of nmuddy sediments, To
seaward of the lagoon barrier, the ocolite deltas will become
degraded features and the tidal ch&nnels will become broad,
shallow and ill-defined,

These later developments can be reasonably

inferred from study of the narrowing series of lagoons to the
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north-east, Towards Ras =~ Ghanadha the lagoons progressively
diminish in size, aragonite nuds and pellet. sands fill the
lagoons, and tidal channels and ooclite deltas become poorly
differentiated, The final phase can be seen at Ras Ghanadha
where creeks and swamps, with aragonite muds, lie immediately
behind a dune ridge of colite and skeletal sand, which parallels
the open coast. The tidal channel has become degraded and is
now a broad creek channel and the oolite delta has become
poorly marked. In fact, the coast here has become one of
active erosion., The dune ridge overlies creek muds, the latter
being exposed as a small cliff at mid-water on the open coast
beach, Aerial photographs show the dune ridge to truncate
large creek channels,

Thus if relative sea level remeins constant,
the lagoons between Abu Dhabi and Ras Ghanadha can be expected
to go through the stages of infilling suggested above, Once
infilled, if relative sea level remains constant then erosion
from seaward will start destroying the lagoonal sediments,
Relative elevation of the area would result in crosion of
the lagoonal sediments, unless elevation was very rapid when
they could become covered with a continental series of sedi-
ments. Depression of the area could result in a similar
cycle of lagoonal sedimentation.

The cycle of lagoonal sedimmentation can be seen
to show certain general features which are counstant but in

detail great variation is found. The earliest sediments
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have been shown to be largely skeletzl in nature and later in
the c¢ycle, as the lagoons became progressively restricted,
chemically precipitated aragonite nmuds became dominant, The
final phase of infilling will almost everywhere be a creek and
swamp phase of aragonite muds, Stromatolitic algal sediments
will be most common during mid and later phases but the
associated carbonate sediments may range from coarse skeletal
sands to aragonite muds. Ieanwhile, in the barrier area, coral
reefs have actively grown throughout the sequence and development
of ocolite deltas has resulted in great spreads of oolite sands
in varrier and immediately adjacent lagoon arcas.
The lgoonal sediments in the Trucial Coast area
are associated with diagenetic evaporite deposits, but under
less extreme conditions of net evaporation, this sequence
could well be developed without the evaporite association.
For a lagoonal cycle of this nature the following requirements
are necessary :-
(a) a gently sloping foundation on which a barrier
and lagoon complex can be built.
(b) an onshore wind, to develop the lagoon barrier,
(¢) climatic conditions under which fiarly rapid
production of skeletal and chemically pre-
cipitated carbonate materials can take place,
Factor (b) need not be important if the barrier
results from reef development. Factor (c) covers temperature

and salinity conditions, for example, low net evaporation would
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probably be paralleled by a lack of an e¢vaporite phase, Higher
rainfall than occurs along the Trucial Coast could result in
addition of land derived sediment to the lagoonal carbonate
sediments. A similar lagoonal cycle to that of the Trucial
Coast could probably develop even if sea-water salinities did
not exceed 40-45%., 1In such a cycle, diagenetic evaporites
would probably be absent and coral reef growth in the barrier

areas might be the dominent control of barrier development,
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CHAPTER VI: EARLY DIAGENESIS OF LAGOOLAL SEDIMENTS = THE

SABKHA ENVIRONMENT

General: The present cycle of sedimentation
has probably been in operation during the past 3-4000 years,
since the post-glacial rise in sea-level brought the sea
near to its present level. Prolonged accretion duriﬁg this
period has resulted in the development of extensive areas
of uncemented sediments, which typically lie just above
normal high water. These areas are usually salt encrusted
and constitute the sabkhas Sabkhas extend seawaqi,frém
the mainland outcrops of Tertiary rocks and form the greater
part of many of the offshore islands

Marine sedimentation in any locality proceeds
to the level of highest high water. In the most sheltered
inner lagoon areas the normal tidal range is less than 2
feet (0.7 m.) and high water less than 1 foot (0.3 m.)
above mean sea-level. On more exposed coasts the normal
tidal range may be more than 4 feet (1.3 m.) and high water
more than 2-3 feet (0.7-1 m.) above mean sea level. Tidal
ranges are increased during periods of stron7;, onshore
winds, particularly along exposed coastz. Thus sabkha
surfaces derived from sedimentation along exposed coasta
will be two feet or more higher than those derived from
sedimentation along the most sheltered coasts. In addition,
the sediments of the sheltered coasts are much finer grained

than those deposited along more open coasts. A leveled
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profile across the sebkha near Abu Dhabi causeway shoved
a surfece relief oi less than two feet (0.7 m.), the heizht
varying from 3-~5 feet (1-1.6 m.) above mcan sea level,
excenpt where it rose gently 2t its inuner wargins against
the Tertiary rocks The lowest parts of the profile coin-
cide with old creel =2nd swamy facies, which formed an
area of uuddy sabl.ha; areas of sandy sabkhs lay slightly
higher

The intertidal =zone of the sheltered coasts
is genlly shelving and passes without brezi into the sabkha

o

surface. Alony more exwosed shores the intertidal zone is
more steeply shelving and is commonly backed by one or more
beach ridpes, often composed of jastropod shells.

The sabiha is only occasion:lly flooded as
it lies above the level of normal high water liowever,
when strong omsniore winds coincide with spring tides then
many hundreds of scuare miles of sabkha are flooded. The
infrecsuent rains are often accompanied by gale force, on-
shore winds and the resultinge flood waters covering the
sabkha are then in port rain water and in part sea water.
Such condition: occurred in Moy 1963 and in January 1564,
After flooding, great sheetz of water lie on the sabkha
surface for up to 1-2 weecks. Most of the water drains
away seaward but some percolates down into the sabkha sedi-
ments and some is lost by evaporation. The wind may drive
great sheets of water across the sabkha surface during

flooding. Near-surfice erosion then takes place as the
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protective salt crust becoues dissclved.

The water toblce within the sabkhs sediments
lies slightly above mean seo level and lies generuwlly at
depths of 1-4 feet (0.3-1.2 a.), depending in part on the
height of the s.bkha surface It was found from the leveled
profile that the water table rises slightly in the inuer-
most sabikh: areas. A very narrow zone adjecent to the ochore
mhows a fluctuating water table, derendent on the tidal
phase operative in thoe lssoon. Over most of the sabkha,
however, the water table is fairly constaznt. Even after
flooding, the level of tic water table undergoes no appreci=-
able change, a good indication that downward percolation of
flood waters is not very extensive. Above the water table
is a continuous capillery zone where all interstitial pore
spaces are filled with water. Higher aswin is a discon-
tinuous capillury zone wherc only thin filwms of water cover
the sediment particles, and in thc highest level: the sedi-
nents are often completely dry. The drawing of water into
the interstitial pore spaces above the permanent woter
table proceeds to a hisher level in the finer, muddy sabkha
sediments than in the more open, sand: sediments.

Wind is an important apent of change, partic-
ularly in the areas of sandy sabkha. Wind deflation, how-
ever, can proceed only to the level of the water table, or
more correctly, to some level above the zround water table

determined by the upward capillary movement of vore waters
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within the sediment. As the ground water table lies
slightly above mean sea level in both muddy and scndy
sabkha sedinmcnts, and as the upvard capillary moveament of
waters, wvhich controls the base level of wind deflation,
proceeds to higher levels in the muddy sediments, then the
base level of wind deflation is obviously lower in sandy
than in wuddy sabkha sediments. This, counled with the
higher initial level of the sandy sediment surface readily
accounts for the obscrved wind deflzation of the sandy sabkha
and r¢lotive lack of deflation in the more wuddy sabkha
areas. In fect, all areas of muddy sabiha have a windblown
sand layer, a few inches thick, overlying the muddy inter-
tidal sediments. Another factor leading to the deflation
of the sand: sediments concerns the surface salt cuilented
crust, which acts as a protective capwing. The salt crust
of the higher sandy sabkha sediments is wuch tinner and more
friable than the salt crust found in areas of lower, muddy
sediments, and is a nuch less effective protection zgainst
the wind. Other factors may play a yart in the determin-
ation of the height and character of the sabkha surface but
the relative significance of these is not known. For
exampnle, post-depositional couwpaction will be greater in
the muddy than in the sandy sediments, and The processes

of interstitial precipitation or solution of minerals may
physically raise or lower the sabkha surfzce in some places.

It is fairly certain that the precipitation of minerals
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from the interstitial brines causes a vertical growth of
the sabkhe surface of 1-3 feet (0.3~1 w.).

Evidence of wind deflation is readily seecn
in areas of beach ridge foruation. The scaward ridge may
be 4~5 fecet (1.2-1.6 m.) above the reneral sediment level
but successive ridges becoms lower inland and the site of
the original ridges becomes marked by a coarse lag of
skeletal debris. However, deflation is severely limited
except for the beach ridge accunulations, and it is doubt-
ful whether wmor: than 2 feet (0.7 m.) of the sabkha surfuce
are ever removed by the wind #vidence of the sheet removal
of sand is seen in areas where gypsuw crystals and anhydrite
nodules, which originally grew within the sediments, now
litter the surface, or on occasions stand on small pedestals.
Windblown sand forms the upnermost few inches of the szbkha
sediagents in many areas but in general it does not accuaulate
until it reaches the hills of Quaternary and Tertiary rocks,
at the inner edpe of the sabkha plain.

Temperaturces of the sabkha are hish when com-~
rared with most earth surféce sedimentary or early diagen-
otic environments. The algal mats are dark olive green in
colour and the sabkha is brown, sandy sabkha being light
broewn and muddy sabkha typically darker brown. ‘he dark
surfaces will tend to absorb radiation. Seasonzl alr tem-
peratures range from 16~47OC., averaging 28%C.. and it is

more than lixely thet the dork algal and scbitha surfaces
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uay rceach temperatures of 6OOC~s or even hi:ier during the
sunaer months. The upper surfaces suffer grestest tewmper-
ature rangsces, the seasoncl variation probably being over
40°C., and diurnal variation over 20°C. A thin upper
zone will suffer almost equivelent temperesture ranges but
sliglhitly docper, the diurnal temperature range will beconme
less pronounced. However, seasonal temperature ranges in
excess of 10°C. affcet the savkhe sediments and ground
waters to a depth greater than 4 feet (1.2 m.), as ground
water temperatures have been recorded of 39“0. in August
and 26°C. in February. The &verage annual temperature of
groundwaters within the sabkha is 34°C., about 5°C. higher
than the marine waters of the lepoons (Fig. 27).

The sediments of the sabkhe have already been
discussed, the general sequeice being a series of upper
intertidal zone sediments of siromatolitic algsal faciecs,
creek and swanp facies or shelly beach and beach ridge
facies, overlying lower intertidal skeletal or pellet sands.
with greater or lesser amounts of aragonite mud. “Thesc in
turn overlie¢ lagoonal sediments whiclh are usually aragonite
muds «nd pellet sands, but which may be largely skeletal
along exposed co. sts. The lateral and vertical setuence
may very greatly in detail but the sabkha sediments comprise
essentially mixtures of two end mecmbers. (a) a sandy
sequence, occurring around the inner edge of the castern

mainland sabklia, around former islands, and forming most
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of the sablthas to the west of the Dhabayah peninsula, and
(b) a muddy sequence, typically a sheltered coast deposit,
occurring almost exclusively in the eastern sabkha areas.

The sandy sabkha sediments are largely
skeletal and typically contain 2-~3000 ppm. Sr. In contrast
the suddy sabkha sediments, whicih are dominantly the product
of chemical precipitation, contain higher amounts of
8r (~ 7000 ppia.) iineralogical analyses of inner lapgoon
sediments ncar Abu Dhabi have shown them to comprise uore
than 90% eragonite (Fig 35) and analyses of 18 samples
froa 14 algal flat corec in the saime area hove shown a
similar mineralogy. Likewise, the sedimentary and organic
structures of the sabkha sediments are those of the marine
cuvironmentz to seaward.

The only organic structures unigue to the
sabkha are the 'burrows' illustrated in Fig 46/4 and
Fig. 52, core 1. Figure 46/A shows =n znhydrite bed with
near vertical 'burrows', 1-2 mus. in diameter, infilled
from sbove with windblown sand. The 'burrows' deflinitely
post-date the formstion of the anhydrite. IFigure 52,
core 1, shows similar 'bﬁrrows', infilled froum above with
windblown gand, developed in a fine-grained carbonate umud
(now entirely dolomitized). The 'burrows' are develoyped
in wet sabkha aress, are slmost certeinly organic in

orizin nnd mey be made by soume form of crustacean.
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In studying the diageuctic developments of
the sabkha environment an initial prem&se war mode. It
was considered that the diagenetic minerals of tihe sablkla
werc developned from the initial m rine sediments, together
with contributions from concentrated sea-waters, and that

exceprt for Co, the system is essentially closed. Evapor-

2
2tion rates from the upper sabkha surface are not known

but compared with the rainfall (. 5 cus./yvear) the rates
are very high. Thus the sabkhs ground waters can only be
derived from inward movinpg lagoon waters. This sssuaption
has been found to hold true for the island scbiihos and for
most of the mainland sablhs. At the inncrmost edge of

the mainland sablkha the ground waters are possibly of aixed
origin, being portly derived from concentrated sea-woters
and partly derived from ground waters within the Tertiary
rocks.

Sabkha Mineralogy: The diagenetic minerals

of the algal flat and sabkxhs environuaents are aragonite

(end possibly calcite), gypsum, anhydrite, celestite, halite,
dolomite, magnesite and huntite. These minerals occur in
varying proportions together with the aragonite, low Mg
calcite and high Mg czlcite of the original marine sediments.
In addition, occur windblown grzins of » variety of minerals,
the commonust of which are cuartz and feldspars. The

Tertiary rocks are a possible source of detrital doloaite,

gypsun and the rare anhydrite grains. The mineral distribe-
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ution along a composite profile across the wainland sabkha
iy shown in Fi. . 44,
Aragonite

Araponite is present in the alzal flat and
sablha environuents mainly as a primary carbonste mineral
associcted with the earlier phascs of marine sedimentation.
Aragonite of dingenetic origin is preciwvitated in inter-
stiticl positionswithin the algel flot sediments. A
coui.on development is the aragonitic cementation oi the
upperiost centimetre or zo of the alpal flat sediments.
Similar limczbtones have been found within the subkha sequence
several milce from the present shoreline. Jlhe mragonite
moy be present cither ¢s needles or as ncar ecuant grains,
in both instances less than Sp in size.

As a result of the diagenetic reactions,
aragonite diminishes in amount across the cabkha with
incrensing distance fron the shore. In some places the
replacement hos gone to completion and aragonite is entirely
absent. The initial aragonite loss is confined mzinly to
the arasonite needles, which nre typically less than 1V
in length.

Celcite

Calcite of both low and high megnesian
variceties is present as & primary morine carbonate mineral
of organic origin. The Miliolite and Shell Limestones are

both calcitic and are a source of low-Mg calcite, mainly



- 210 -

Fig. 4h4: Schematic distribution of dicgyenetic
wminerals ecross the mainland sabkha. Island
sabkhas only bear the secaward part of the

sequence
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to areas downwind of their outcrops. On Jazirat al Ftaisi
fairly high amounts of low~Mx calecite of this origin are
found in the upwermost few centimctres of the sabkha sedi-
ments. In the secwsrd parts of Abu Dhabi island, where
Jow salinity sround waters occur, oolitic scediwments are
being cemented with low-IMy c¢nlecite. Low and high My calecite
is present in most sabkha samples and it is possible that
some mey result from in situ precipitation. Mineralogical
analyses of a few samples show slightly higher percentages
of caleite than would be ecxpected were it all derived from
the celcite of the initial marine sediment. There is sone
svidence of the high lg calcites being preferentially dis-
solved, but in generzl both low and high lg calecites are
present in most sabkha samnles.
Gypsum

Gypsual occurs as o diagenetic mineral in the
upper parts of most algal flats or other high iatertidal
areas, and is present throughout the sabkhes of the islands
and mainland. In some places the gypsum forms more than
50% of the upper 3~4 feet (1 w.) of the sediment. Gypsum
is associated with both sandy and muddy marine sabkha-
sediments, and also with windblown sabkha-sediments.
Several distinct stages of gypsum formation mey be dis~
tinguished, and the associctions and habits of the different
types are fairly distinct.

The earliest gypsum occurs in the upper
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algal flats close t wmean hiph water mark, bencath the
surface algal wat. The crystols first appear imuediately
beneath the uppermost algal mot but with increasing dis~
tance frow mean high weter mark the gypsum is found to
occur at increcsingly grecter depths below the surface.
The gypsum crystals renge up to 1 cm. in dizaeter and are
comuonly c¢lenr and free from inclusions. WMany, however,
bear included carboun:te particles, often arranged in
zonal patterns. The crystals are discoidoal in shape,
flattened normzl or nearly normal to the 'c' axis and are
similar to thosc described by lasson (1955) and others
from the Laguna Madre. Many of the gypsum crystals cre
deeply corrodced by subsecuent partial solution. Cores
in the uppermost parts of the algal flat enviroument com-
monly show successive algal mats underlain by clear dis-
coidal gypsum crystals, associated with greater or lesser
amounts of carbonate sediments. Some algal flat areas
have gzypsum crystal f'mushes' extending 2-3 feet (up to
1 m.) below the surfmce., Similar crystal mushes occur
throughout the width of the sabkha, sometimes nssociated
with stromatolitic algnl sediments. The crystals of the
mushes may be variously disposed with marine or windblown
sediment or they may occur z2lmost pure. Comionly, almost
pure gypsum layers alternate with gypsum freec or gzypsum
poor layers, at least to depths of 4 feet (1.2 m.).

A later form of discoidal gypsun crystal



is represcnted by the large gypsun sand crystals which
occur within the upper soabkha sediments or litter the
surface os deflation lag deposits in some ploces. These
crystals hove only becn found in arens of sandy sediments
and arc locrlly common to the west and east of Mirfa and
also in aress to the north-east of Abu Dhabl causewoy.
The gypswn sand crystoals grow within the scdiments in all
orientations and recch at lemst 25 cus. in dismeter.
Included within them are a greot diversity of carbonate
and non-carboncte grains - whole gastropods commonly occur.
Traces of the original sedimentary stratification can
often be seen running through the sand crystals. The sand
crystals are of a similar habit to those of the algal
flats, being discoidal and flattened normal or iecar normal
to the ‘'c! axis

A third type of gypsum comprises flattened,
bladed c¢rystnls, up to 10 cms. in length, found so far
only growing in muddy sabkha sediments, ot depths of
1-4 feet (0,3-1.2 m.). The crystals are complex inter-
growth forms and are rarely free from fine-grained included
carbonate, comionly arrmrnged in a2 zonal manner. The
crystals grow in all orientations within the sediment and
often bear tracces of algsl lewinae or other original sedie
mentary stratification (Fig. 45). Associated with the
bladed gypsua crystals are uncommon rosettes, up to

5«6 cus. in diameter, which are intergrowth forws of the
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basic discoidel crystals, together with occasional singe
discoidal crystals up to 5 cms. in diameter. Discoidal
crystals of this size (> 1.5 cms.) are a sub-surface devel-
opmment, always later than the early phase of discoidal
crystal formation, found in the alzal flat and scaward
sabkha areas.

A fourth type of gypsum comprises euhedral
crystals, flattened in the 010 plaonc and similar to the
classically described ‘'selenite' crystals. This crystal
habit has only been found as a development after anhydrite
and is crowded with anhydrite inclusions (TFig. 51/B). Such
crystals have becn found up to 6 cms. in length but have
only been found in one locality, near the base of the
Dhabayah peninsula.

The first formed gypsum crystals are thus
the small discoidal forms of the upper intertidal gzone.

But similer, sumall discoidal crystals fora throughout the
dicgenetic sequence in the uppermost parts of the sabkha.
An example of an extremely late development is illustrated
in Fig. 51/A which shows discoidal pypsui crystals with
cores formed by small anhydrite nodules. The bladed
gypsum crystals are later than the discoidal crystals of
the algal flats but are coeval with later discoidal crystal
development in the sabkha. The g psum scnd crystals are
of fairly late developrent and those forms which post~date

anhydrite are obviously very late in the diagenetic sequence.

ATt S ol
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lilechanical concentrations of gypsum crystals
are¢ common on the sabkha surface. Wind deflation removes
the finer sediment particles, the coarser gypsui crystals
becoming concentrated as a surface lag deposit. On the
offshore islands, dune sands, downwind of sabkha arcas,
are commonly found to be rich in wind abraded gypsum crys-
tals. 1In %act, some dune sands compriss more than 70%
gypsum crystals.

Anhydrite

The occurrence of anhydrite as a diagenetic
mineral within the sabkha environment is of particular
interest as this 1s thu first recorded natural occurrence
of Recent anhydrite. The mnineral was first found in a
sabkha core collected by the author in January 1962. Sub-
sequent field studics have shown it to be of widespread
occurrence and to be develoved on a geologically signifi-
cant scale.

Anhydrite has so far been found to occur
only in the sediments of the mainland sabkha. The fairly
extensive sabkhas of Jazirat al Ftaisi and Jazirat Abu
Kashasha have failed to reveal its presence. As with the
gypsum, the initial occurrence is within the up,ermost
centimetre or so of the sediment. The anhydrite has been
found to always have gypsum lying betwecn it and the inter-
tidal zone. The distance inland from the intertidal zone,

to where anhydrite is first encountered, cannot be defined
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in absolute units as this distance may vary from 2-300 yards
(2~300 m.) to more thon a mile.

| The earliest anhydrite, in the uppermost few
centinetres of the sabkha sediments, has been found as
suall nodules 1-2 mis. in diameter, often associcted with
a gypsum wush. The nodules comprise a felted mass of
anhydrite laths, wmeasuring 25x5x%,. . Thin sections of core
sauples have revealed single crysteals and wultiple aggreg-
ates of anhydrite laths to be developing within the sedi-
ments.  Figure 50/B shows the early development of an
anhydrite nodule, the aggregate being only 400 across.

Further anhydrite development takes a variety
of forms and the mineral has been found to extend to depths
exceeding 4 feet (1.2 m.) in mid and inner parts of the
mainland sabkha. In general, the anhhdrite occurs within
the sediments above the permanent water table but a few
occurrences have been found extending below. In places
the upper 3-4 foot (1 m.) of the sabkha is at least 50%
anhydrite but local variation iz zreat and the deteiled
scguence in ore pit is often not paralleled in a closely
situated »it.

Some of the major forms taken by anhydrite
are illustrated in Figures 46, 52, 53. Thin beds and
nodules are the major forms. The beds may be up to 15 cms.
or so thick, but average about 7-8 cms. They may have

single or complex marginal relationships with the sedimcents
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Fig. 46 - A (top) ©Bed of anhydrite with vertical texture,
enclosed above ond below by windblown sand.

Vertical burrows infilled with sand

B (middle) Nodular anhydrite; part of a dis-
continuous layer of anhydrite couposed of
small nodules up to 5 mus. in dismcter.

Small nodulces surrounded by windblown sand.

C (lower) Nodular anhydrite showing large
nodules composed of smaller nodules with
thin filws of sand between. Individual
crystals can be seen glistening on the sur-
face of the central nodule. HNodulc on left
has been plaucd flat to compare with the well
known 'chicii:n-mesh' structure exhibited

in Fig. 47.

Scale - natural size.






- 219 -

in which they occur, and may be horizontal or variously

crosgs cutting. Within a2 bed the texture is usually massive,
althouzh commonly a vertical texture is developed (Fig. 46/4).
The majority of beds are free from forelgn grains and appear
brillisntly white: on occasions, carbonatc and other mat-
erinl occurs mixed with the anhydrite and the bed is then
brownish and may hove cuite diffuse boundaries with the

ad jacent sediuments.

Yodules vary greatly in development. They may
range from less than 1 mwm. to more than 20 cuws. in diameter;
shape ranges from spherical to strongly flattened and they
nay occur as individuals or as complex, intergrown mnosses
of hundreds of nodules. The latter developncnt comuonly
gives rise to beds of anhydrite nodules, an example is
shown in Fig. 46/3. Beds of flattened, plete-like nodules
are fairly comuon but this is ¢ growth form; beds of nodules
sometimes show a slight tendency towards flattening but
this is uncomwion - this flattening may well be wmechanically
induced. TNodules may be p-cked tightly together with little
or no interstitial material (Fig. 46/C), or they aay be
separated by greater or lesser amounts of foreign wmoterial
(Fig. 46/B). The former occurreuce is common in many ancient
back reef and lagoonal deposits, being termced net or chicken-
nesh structure; a Mesozoic example frow the Persion Gulf
is shown in Fig. 47.

Wodules ere usually free from foreign grains
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but on occasions examples zre found replete with carbonate
and non-carbonste sabkha sediment grains (Fig. 53/4).
During growth the nodulus are evidently able to shoulder
the e¢nclosing scediments aside.

Optical and X ray examinstion has shown the
anhydrite to be normal and to coumpare closely with published
deta for aacient anhydrites. The crystals are lath-like,
colourless, transparent, free from inclusions, are elongated
parallel to the 'ec' axis and flattened parallel to 100,
Refroctive indices are n. = 1.570, n. = 1.576; n, was not
determined owing to the orientation of the crystals. The
laths may be extremely thin ( Z-BF) and show a good pseudo-
cubic cleavoge (Fig. 48). Crystal edges are usually straight
but on occasions ragged edges are found, the crystals hoving
undergone some secondary solution. Single laths range from
less than 2-~%. in length up to a weximum of 24 mas.

Normal length to width ratios vary from about 5:1 to 10:1.
Thicuncss is dependent on crystal size but even the largest
cr;stal laths do not exceed 50-60;. in thickness.

Oricntated thin sections of nodulcs =~nd core
samples have shown crystal textures in most instances to
be random. Fig. 49/A shows random texture in a developing
anhydrite nodule. Fig. 49/3, however, shows a fairly strong
parallel orientation of the larger anhydrite laths parallel
to the bedding, although much of the finer background

anhydrite has a fairly random texture; this sawple is from
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Fig. 47 (top): Polished core scction of nodular anhydrite
showing chicken mesh structure (cowpare with
Fig. 46/C): of Mesozoic age. Supplied by

M. Morton, Abu Dhabi Petroleum Company.

Fig. 48 (lower): Recent anhydrite crystuls - a water mount,
to show pseudo-cubic cleavage and crystal
form. Crystals are typically lath-like and
up to 3 mm. in length (normally 50~300,

long). Scale x 200.
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the upper few centimetres of core 2 of Fig. 52. An example
of an exceptionally coarse-grained anhydrite nodule is
shown in Fig. 50/A where the large laths have a randon
orientation. Many anbydrite nodules and beds show arcuate,
sinuous patches of laoths with sub-parallel oricentation; an
unusual example is shown in Fig. 51/B. Near foreign grains
orientated loths may either show a 'wrop-around’ relation-
ship or show no disturbance at all.

Sampling over a wide area of the mainland
sabkha has shown that there is little overall sequence in
the arrangement of anhydrite beds and nodules, one form
predominating in one area, yet being absent in the next.
Similarly, detailed microscopic study has revealed no con-
stant relationship between the crystal form and size and
the major field structures. The smallest crystals have
been found forming almost pure beds of anhydrite, and the
coarsest crystals have been found in anhydrite nodules,
but the wide range of intermediate sizes occus indiscrim-
inately in both beds and nodules.

An unusval occurrence of anhydrite is illu-
strated in Figs. 51/A and 51/B. The former shows early
anhydrite nodules forming cores to small, discoidal gypsum
crystals; the latter shows an S-shaped area of anhydrite
laths within a large gypsum crystal. Both forms of gypsum
obviously post-date the anhydrite.

Sabkha cores are illustrated in figures 52
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Fig. 49/A (upper): Anhydrite nodule (thin section), show-
ing laths with random orientation growing
in carbonate sediment with Peneroplid
foraminifera.

Scale ¥ 20.

Fig. 45/B (lowef): Thin section of orientated core sample,
bedding horizontal; showing near horizontal
development of many laths but a general
background of randomly orientated anhydrite
laths: upper levels of core 2, Fig. 52.

Scale x 20.
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FPig. 50/A (upper): Thin scction of exceptionally coarse
grained anhydrite, crystals up to 14-2 mus.
in length. To show random orientation within
a nodule.

Scale x 25.

Fig. 50/B (lower): Thin section showing incoming of
anhydrite as very small siheaths of crystals.
Further growth leads to nodule development.
This stage is wvreceded by the development of
single crystals and then small clusters of
laths appear. Matrix of dolomite and detri-
tal grains (rhomb in east is not dolomite).

Scale x 200 : crossed nicols.
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and 5% and show typical forms of anhydrite occurrence,
together with associated sedimentary and diagenetic features.

Wind deflation and erosion of the sabkha sur-
face during flooding expose anhydrite at the surface. The
nodules are fairly resistant and comwonly litter some sur-
faces of erosion. THowever, large quantities of anhydrite
crystals are distributed across the sabkha surface, par-
ticularly by the wind, and are a component of the near-
surface detrital layers.
Celestite

Celestite is & fairly abundant mineral
throughout the sabkha sediments of the islands and main-
land., It first occurs in the uppermost algal flats associ-
ated with gypsum, and the intimate association of gypsum
and celestite is found throushout the sabkha environment.
Hhe;e the initial carbonate sediuents have been dolomitised
celestite is particularly abundant. It occurs only rarely
in close association with anhydrite; in general it is found
in the sediment surrounding the anhydrite nodules or beds,
rather than within them. In places the celestite locally
forms up to 2-3% of the sediment, but the norwmal abundance
is less than 1%.

The celestite occurs in a dispersed manner as
single and complex aggregates of crystals, varying in length
from less than 2-3,, to more than 700, The crystals are

free from inclusions and usually show well formed crystal
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Fig. 51/A (upper): Gypsum crystals with anhydrite nodules
as cores. Discoidal gypsum crystals, show-
ing good cleavage, occurring in upper few
centimetres of sediments in inner sabkha
position.

Scale x 3.5.

Fig. 51/B (lower): 'Thin section of gypsum crystal,
cleavage running NW~SE. Sinuous mass of
anhydrite crystals included within the ;5yp-
sum crystal. This is a very late stage

gypsum crystal, formed after anhydrite.

Scale =x 60,
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Fig. 52. Sabkha cores, from muddy sabkha seguence, across
the mainland sabkha near Abu Dhabi.

(A = Anhydrite; G = Gypsum; D = Dolomite)

Core 1: Diffuse anhydrite, grouing between gypsunm
layers in windblown sand, at top. Top of
marine sediments entirely dolomitised, and
burrowed by unknown sabkha organism. Marine
sediments below are partially dolomitiged.
Celestite abundant in upper dolomite.

Core 2: Anhydrite as small nodules and thin bands
( 2 mms.) in upper parts. Algal banded sedi-
ments below with gypsum and celestite.

Core 3: Anhydrite nodules at top with pure dolomite
below. Dolomite throughout but amount falls
off downwards. Good al_ al banding.

Core 4: DNodular anhydrite at top, some gypsum below.
Dolomite with celestite and large bladed
gypsum crystals developed below.

Core 5: Gypsua crystal mush at top and bottom with
anhydrite nodules between; nodules in a matrix
of anhydrite and dolomite. Celestite abund-
ant in lower gypsum.

Core 6: Gypsum crystal mush at top with nodular

anhydrite below: anhydrite cored, discoidal

aypsum crystals near contact (Fig.51/4).
Mixed anhydrite, dolomilte and celestite below.
Near base are algal bands with large gypsum

crystals, some dolomite and some celestite.
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'ig. 53: Sablha cores from sandy sablha sequence.

Core 1: Cross cutting band of nodular anhydrite,
some nocdules free from foreign grains,

othérs with many included grains.

Core 2: Small, diffuse anhydrite nodules in matrix
of anhydrite and dolomite at top. Below
are larger nodules in similar matrix; sone

celestite associated with dolomite.
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faces. Sometimes partial solution imparts a somewbat ragged
look to crystal faces and edges. The crystal habit is the
same in all associestions, being elongate parallel to the
'pbt axis and showing a combination of prism and macrodoiie;
rarely, very small brachydomes are developed. Single crys-
tals and aggrepates of crystals with the saue habit are
shown in Fig. S4. Single crystals may range from a few
microns to 7004 in length and may be relstively long and
slender or short and stout. Aspgregates of varying degrees
of complexity are the wmost common and all sta.es beitween
single crystals and complex radiating sheaves are to be
found. A wide range of these forms is often to be found
together in a cingle sample.

The occurrence and distribution of celestite
has been briefly treatecd by Evans and Shearman (1964). They
considered there to be three states of aggregation of the
celestite crystals, with particular distributions, (a) large,
single, euhedral crystals occurring in the near surface
sabliha sediments, (b) siuple radiating aggregates of a few
individuals, found associated with late stare gypsum sand
crystals, and (c¢) radiating sheaves, which occurred together
with early gypsum beneath the upper algal mats. The three
forms of celestite were treated as being distinct types
with distinct associations within the diagenetic sequence.

Detailed study by the present author has shown

that the distribution of habits suggested by Evans and
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Fig. 54: Celestite crystals from 8 cms. depth, Jazirat
at Itaisi. Showing slender and stout single
crystals, simple and complex aggregates.
Large crystal aggrepgate in lower .photo
ig 300 in length. Small equant crystals

in upper photo are rhombs of dolomite.






Shearman app»lies in only a very few instances. Combin-
ations of all types commonly occur together, one particu-
lar type dominating in one locality or at one level and
another type dominating in another locality or level.

The single, euhedral crystals h-ove beenn found associated
with all the minerals of the sabkha, at various depths
down to & feet (1.2 m.,), and range from less than 10;. to
more than 500 in length. The radiating sheaves have been
found to be the end stage of a multiple developument.

No atteupt can yet be wade to account for
the overall character of the celeztite crystals in any
locality but factors such as porosity, availability of Sr-~
bearing solutions and ease and rapidity of crystallisation
are probably involved,

Halite

Halite occurs as a near surface mineral
throughout the sabkha environment, in the uppermost dry
or nearly dry zone of the sediments. Surface pools, on
evaporation, leave a nalite crust up to 7-8 cus. in thick-
ness. Upward capillary movement of pore waters results in
the precipitation of halite uear the surface. <The halite
crust firmiy cements the uprer sediment surface, particu-
larly in areas of muddy sabkha. The crust is typically
rucked and contorted and commonly broken into rough poly-
gons. Crystals are rarec and the mineral is an enhemeral

development, bheing dissolved whenever the sabkha is flooded.
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Dolonite

Dolomite has been.found througliout the sabkhas
of the islands and mainland, and occurs down to depths in
excess of 4 feet (1.2 m.). So far, it has been found associ-
ated mainly with aress of oririnaily fine-grained, auddy
sedinents; occurrences in sandy sabkha sediments are rare.
The wineral typically occurs as a white or natural coloured
wud composed of small rhoumbs and equant grains, less than
2~3%). in diemeter. After some practice it is possible to
identify the dolomite optically but in general X-ray dif-
fraction methods must be used.

Dolomite has not been found in sediments from
the warine areas. ‘The mineral first appears in the upper
few centimetres of the sediuents at the algal flat-sabkha
junction. In this position it lies in the capillary zone
above tiie permanent water table. Further inland dolomite
is found at inecreasing depths, and in inner sabkha posi-
tions occurs at least 2 feet (0.7 m.) below the water table.
The dolomite is obviously a replacement of the original
carbonate sediment, and as the percentage of dolomite
increases so the percentage of aragonite necdles decreases.
At some levels the replacement has gone to comgetion, even
siall skeletal pgrains being dolomitised. In general, the
amount of dolomite in any position tends to fall off
downwards, but it is sill present at depths of 4 feet (1.2m)

in inner sabkha areas (the depth of the deepest pits dug
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during this investigation).

X-ray diffraction studies have shown the dol~
omite to differ somewhat from standard dolomite. The
crystal structure is slightly disordered and &n excess of
Ca is found in almost all instances, the couposition rang-
ing from CaBOHg5O to Ca55Ng45. The latter features will
be discussed in more detail later
haguesite

Magnesite haos been identified by d-ray dif-
fraction in sauples from the upper 10 cms. of the sabkha
sediments near the centre of Jszirat al Ftaisi. The mineral
has so far not beeun found in the mainland sabkha. The
magnesite is fine grained (<2§) and occurs dispersed within
the up.er, windblown part of the sedimentz, together with
gypsum and celestite and traces of dolomite.

Tie magnesite has an expanded unit cell and
in this feature ie comparable with other Recent uaxinesite
occurrences described by Alderman et al. (1961) and Graf
et al. (1961). The significance of this feature will be
discussed in a later section.

Huntite -~ ¥pg_C )
n e 3 a(003u4

Huntite hes been found in the upper 30-40 cms.
of the gabkha sediments over a feirly wide area near the
base of the Dhabayah peninsula. 'ie huntite occurs as
irregular blebs up to 7-8 mms. in diameter or as flattened

wisns and layers, up to 2-% mms. in thickness. It forus
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about 5-10% of a band, about 20~30 cms. thick, lying
10~15 cms. below a surface gypsum lag and salt crust. The
mineral is associated with a sc¢ndy mua of very fine wind-
blown grains of quartz and carbonates, togetiier with abun-
dant, corroded cri.stels of anhydrite, celestite aand gypsum.

the huntite is white in colour and ingide
the blebs or layers the only associated mineral is halite.
The crystals are less than 1 in sgize, a feature common
to all occurrences of huntite so fer described. The mineral
wags ldentified by A-ray diffraction.

This evaporitic occurrence of huntite is
unioue and will be considered in aore detail in a later
discussion.

Ground Waters

Deterwinctions of chlorinity/salinity were
made on pgrouand-waters in the field and on samples brought
back to the laboratory. The loc..tions of all but the main-
land sabkha groundwaters is shown in fig. 29. Four samples
were taken across the mainland sabkha between Abu Dhabi
causeway and the inner sabkha margin, 1-1% miles (2 kus. )
from the Tertiary hills. In taking a sample a pit was dug
to just below the woter table and the waver allowszd to
settle. Sauples were talken, end those for laboratory
analysis were filtered and stored in standard pglass saaple
bottles. Water pH end teuperature were recorded, as well

as depth of the water table below the surface. At all
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water sample stations a sediment core wes taken and a field
examination of the local sediment character and mincralogy
was made.

As the sabkha is an area of high net evap-
oration, and as the sabkha ground waters are derived from
the sea-waters of the lagoons, the concentration of the
ground waters should increase away from the shoreline.

In addition, the concentration should normally increase
upwards from the ground water table, through the capillary
zone, as evaporation takes place from the upper sabkha
surface. This inward and upward conceuntration of waters
reflects the normal cycle of pore water wmovement within
the sediments. Flooding of the sediment surface by rain
or sea water will create a 'sandwich', with more concen-
trated pore waters lying between the less concentrated
waters of the ground water table and of the surface flood
waters. On these occasions, downward percolation of the
surface flood waters will dilute the near-surface, most
concentrated pore waters and a pore water of mixed origin
will result. In the algal flat zone, where flooding of
the surface is not too infrequent, the surface al;al nat,
evenl though cracked and breached, would seem to act as a
shield and to preclude excessive uwixing of surface lagoon
waters and the pore waters below. There is abundant evi~
dence, both in algal flat and sabkha areas, that surface

flood waters do cause flushing and dilution of pore waters
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in the uppermost few centimetres, but that their effect
does not normally extend much deeper. The flushing and
dilution of porc fluids may be expected to proceed to
greater depths in areas of sandy sabkha than in areas of
muddy sabkha sediments. In muddy sabkha areas there is
evidence of flushing and dilution in the near-surface,
windblown, sandy layer, but not below: the very fine grained,
muddy sediments would seem to act as an impermeable barrier
to the downward percolation of waters.

The chemical composition of the parent brine
is known from the analyses of the lagoon waters. Diagen-
etic changes involving precipitation from the concentrated
brines or reaction between brines and original sediments,
siould be rocflected in the brine chemistry. Thus, at the
inner edge of the algal flats, where jypsum has been found
to be developed in fair quantity, the interstitial brines
should show a relative loss of Ca*’ and SOZ_‘ In areas
where dolomitization is taking place, the brines should
show a relative loss of mg**. However, all the diagenetic
reactions first take place in the upper levels of the
sediment, above the permanent ground water table. Thus
to follow their course in detail, samnples of pore fluids
from the capillary zone are required, in addition to
samples from the ground water table. Even so, ground
water table samples should indicate the general picture,

in a broad-brush' manner, and in this reconnaissance
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survey of the sabkha diagenctic environment, only ground
water table sauples have been studied. In one particular,
these samples will be less likely to give local anomalous
results. Sanples from upper levels will, on occasion,
represent a mixture of surface flood waters and capillary
pore waters, whereas ground water tuble samples should be
free from this uncertainty. Only in the innermost wmain-
land sabkha areas, where walers from the Tertiary rocks
nix with sabkha derived waters, should the ground waters
be anomalous.

One other source of anomaly of ground water
concentration and composition derives from the nature of
the sabkha sediments. The sabkha sediments in any area
are by no meanz uniform in grain size, and therefore differ
in porosity and perweability. In areas of auddy sabkha
sediments, occasionsl old beach accumulations of more sandy
sediment occur, and in sandy sabkha areas the sediments
of ancient beac.. ridge accumulations and iunter-ridge
accumulations differ in grain size. Bars of sandy sedi-
ments in muddy sabkha areas will provide paths of easy and
rapid passage for pore waters, whercas lateral pore-water
movement through the muddy sediments may be cxpected to
be muci slower. Similar differcnces in ease of lateral
water movement will exist in all sabkha areas aud may com-
plicate the simple relotionship of increasing concentration

with distance from tlie shore. For example, an old beach
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ridge, inclined at an angle to the present shorelinc, could
transmit ground waters of relatively low concentration
inland of arcas where, owing to slower lateral passage,
the ground w ters were morc concentrated. After flooding,
the process could well work in reverse, concentrated sabkha
ground waters moving seawards through these 'channels'.
Such a mechanism could well acqount for anomalously high
ground water concentrations in seaward arcas, following
sabkha flooding.

Ground water samples were collected in April
1963. From rainfall data and local information, it scems
that the mainland sabkha plain had not been flooded for
3=4 years. For the sabkha plain to be extensively flooded
twice within one yecar (May 1963 and January 1564) seens
to be quite exceptional. The samples collected and analysed
in this study, therefore, represent waters which have under-
gone little mixing with surface flood waters aud way
represent the peak concentration conditions.

In all localities, no water seepage occurred
from levels above the ground water table. Perched water
tables might well exist after flooding of the sabkha, par-
ticularly at the marine mud/windblown sand junction in
arcas of muddy sabkha.

Ground waters consistently showed lower pH
values than the sea woaters. Algal flat and island sabkha

ground waters typically showed values of 7.0-7.5,
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decreasing with distance frouw mean water mark. In the
wainland sablkha values decreased still farther, ranging
from 6.0-6.8, averasing about 6.3.

Salinometer and laboratory titrations gave
the chlorinity/sdinity distribution indicated in Fig. 55.
The surface lagoon, creek and #lgal nool water values are
included for comparison.

In the discussion of ground water conceantra-
tions, chlorinity will be used, as this is a wmeasurable
parameter, which.below values of about 210%- (when NaCl
precipitates) gives a reasonable ueasure of the concentra-
tion. As ions are progresgively lost from the brines, so
the empirical relationshiyp between chlorinity and salinity
becomes mor¢ and itore unacceptable. In discussion of the
enalyses the term 'concentration will be used. A standard
sea water (8. S.W.) with salinity 35%e has a chlorinity
of 19.37%~, and this obviously represents a concentiration
of x1 (pure woter would be xG). Similarly a concentration
of x5 represcats a chlorinity of 96.85%: .

Ground-water chlorinities within algal flat
sediments range from 35%. to more than 110%.. Ground
waters from secaward islands in areas of oolite accumulation
vary greatly. On Halat al Bahrani a chlorinity of 56%.
was found but wells near the Sheik's Palace at Abu Dhabi
showed values of 4.4%. in 1939 (Iraq Petroleum Company)

and 7.6%. in 1960 (8ir Willicm Halcrow & Partners). The
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Fig. 55: Chlorinity/Salinity of surface and ground

waters.
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Halat al Bzhrani value is what aight reasonably be expected
but the Abu Dhabi values are unear brackish water values.
There would scem to be a local accunulation of rain water
in the base of the oolite¢ dunes. Local aguifers of this
type are widely recorded inland in thce desert arces. The
difference in the ground water concentration on the two
islands is exhibited in the cementation of the Recent oolite
limestones in both areas. On Halat al Bahrani the carbon-
ate deposited from the woters of high concentration is
aragonite, whercas on Abu Dhabi island calcite is the
interstitial cementing carbonate deposited from the low
concentration waters. 1In both places, the oolite grains
are still aragonite.

Ground water chlorinities within the sabkha
range from 60%+ to morc than 166%: . Cnly the mainland
sabkha i:as so fur been found to heve water chlorinities
greater than 110-120 %e

Density determinations, included in TFig. 56,
showed only the most concentrated waters to depart widély
from previously published deta on the deunsity of concen-~
trated sea water, This divergence is reasonably accounted
for, as published data are for concentrated sea waters
from which various mineral phoses were directly precipit-
ated, whereas the sabkha waters take part in complex reac-
tions'with the sediments and thus their chemical composition

will differ wmarkedly from that of woters of equivalent
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Fig. 56: Field data and laboratory analytical data of

ground water samples e



Ground-water type Algal Flat éi%;hng Mainland Sabkha

Lab. Sample No. 19 20 22 21 15 16 17 18
Haker 13ote depth | 50 15 18 46 81 76 76 61
Field T.°C 27.5 - 26.7 - 28.4 31.4 30.5 31.2
Field pH 7.10 7.45 - 7.5 6.20 6.10 - -
Dilution Factor 5.181 3.463 3.506 | 5.507 7.904 9.0M4 9.499 9.978
ety oS 22° 1.1245  1.0865  1.0847,  1.1277| 11834 1.1922  1.2052  1.2113
00?;932?22223ater) 4.695 3.300 3.295 | 4.971 6.943 7.829 8.214 8.565
Chlorinity Gms/Kgm| 90.92 63.92 63.82 96.31 | 134.47  151.64  159.08  165.90
50, Gms/Kgm | 11.683 8.531 7.658 8.567 2.506 1.978 0.436 0.391
Ca Gms/Kgm | 0.927 1.123 0.922 1.216 2.482 2.559 8.995  10.433
Mg Gms/Kem 6.492 4,337 4.066 5.996 5.532 6.808 9.508  15.530
Sr Gms/Kem | 0.0223  0.0204  0.0179,  0.0325|  0.0451  0.0568  0.2147  0.2445
K Gms/Kgn L 1.635 1.177 1.241  1.803 2.736 3.839 3.132 4.152
Na Gms/Kgm 50.28 35.48 35.92 | 53.30 75.08 81.36 75.11 65.10
C1 Megs/Xgm 2564.5  1802.9  1780.0  ,2716.4  [3792.8  4277.1  4487.1  4679.4
Alk. Megs/Egm | 2.55 2.35 1.83 | 1.28 1.24 2.03 0.57 0.94
80, Megs/Kegm 243.19  177.59  159.40 | 178.32 52.18 41.17 9.08 8.14
Ca Megs/Kgm | 48.50 56.02 45.99 | 60.66 | 123.84  127.70  448.87  520.60
lig lMegs/Kgm | 533.9 356.7 334.4 ; 493 .1 454..9 559.8 781.9  1277.2
Sr Megs/Kgnm  0.508 0.466 0.408 |  0.741 1.028 1.296 4.899 5.579
K llegs/Kgm . 41.82 30.10 31.73 | 46.12 | 69.95 98.19 78.94  106.18
Na Meqs/Kgm 2187.2  1543.2  1562.5 |2318.6  |3266.1  3538.9  3267.2  2831.7

+
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concentration but which haeve not been involved in brine/
sediment reactions.

The ground water sauples were all diluted
to a chlorinity close to 20%« and were analyscd for calcium,
magnesium, strontium, potassium, sodium, chlorine, sulphate
and titrotion alkalinity, using the methods described in
Chapter IV. The data from the samples form a straight-
forward secuence, except for the two samples from the
inner parts of the mainland sabkha (¥os. 17 and 18).

The chlorine and sodium values give my /m.,
ratios close to 0.36 (the ratio in sea water) except for
the two iumnermost mainland sabkha samples, which give
ratios of 0.73 (No. 17) and 0.61 (llo. 18). DNo analyses
of ground wi:ters from the Tertiary rocks are ovailable
frou close by, but several analyses near Tarif have shown

m ratios of 0.84-1.02. If the waters from the

Na’ Mo
Tertiary roclts near Abu Dhabi are similar, then admixture
of this component caunot be called upon to explain the
relatively low amounts of Na. If the low ratios are a
reflection of a loss of Na and Cl as halite, then the
concentrations of these waters must oncc have becn

x11.7 (No. 17: to be comprred with a concentration of
x8.2 from chlorinity) and x18 (No. 18: to be compared
with a concentration of x8.6 from chlorinity). But the

present chlorinity is too low for halite precipitation.

The only reasonablce suggestion would seeir to be that halite
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has been precipitated and the brines diluted affer the
precipitation. The concentrations used in the discussion
of the analyses are those derived from the chlorinity;
these are minimum figures, correct values could be much
higher.

Potassium anslyses (Fig. 57) of ;round
waters of the algal flats and island sabkhas, show a rel-
ative deficiency averaging 10% . Lo X bearing minerals
have been identified and it can only be concluded that
the algal mets, through which much of the sabkha ground
water must pass, are responsible. Iliarine algae are reported
to concentrate and fix K within their tissues (Rankama and
Sahawa, 1950). Ssmples 15 and 17 show values close to
normal, yet samples 16 and 10 are about 20% too high.
Within the sabkha sczdiments are abundant algal’intercal~
ations. The organic tissues of the 2lgal layers, on
rotting, may be expected to release sowme of the L concen~
trated within them, and this could well explain the erratic
K values. At an early stage in the investigations it
was holed that i would prove useful as a measure of con-
centration in brines from which halite had precipitated,
but obviously it hss little value in this respect.

In the Lasuna Ojo de Liebre area, a rather
similar environment to the sabkha, *:.T. Holser (personal
communication) has found early diapenetic gypsum altered

to fine-grained polyhalite. The interstitial brines
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Fig. 57: DPotassium analyses of ground water samples.
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reach concentrations cf x60 and are of the potash-maznesia
facies. A brine of ecuivalent concentration from the
I'rucial Coast sabkha would have a very different chemistry,
because of rrimary sediment differences. In thelaguna Ojo
de Liebre arca the sediwents are sands and clays of terri-
genous origin, with only winor amounts of carbonates;
sediment/brine reactions are, therefore, rather limited,
and under such conditions highly concentrated waters may
evolve, still rich in Mg and SOy ions. Fouivalent Yrucial
Coast brines would have neglisible amounts of 804 and low
Mz, because of widespread sediment,/brine reactions such
as dolomitiseation. Thus in the 'Urucial Coast envirounment,
polyhalite is not to be expected.

Magnesium analyses (Fiz. 58) indicate clearly
the progressive loss of g with dolomitisation. Sample
20 shows no loss of lig aud X--ray diffraction indicates no
dolomite in asscelated core samples. Sample 22 has traces
of dolomite developed, and the island sabkha samj:le (No. 21)
has both dolomite and magnesite in the associated core.
Sample 19 has no dolomite associated with it but is slightly
anomalous, being about 45 to high in lg:; the reason for
this is not known. Sample 22 is frum a high algal flat
position and could represent a wixed sample; this would
account for the relatively lar;e loss of iy yet low con-
centration. The mainland sabkha samples 15 aud 16 show

a relative loss of 35-40% of the available .. Cores



Fig. 58: lMagnesium analyses of ground water samples.
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from these positions show abundant dolomite to be devel-
oped, and cores to seaward chow dolomitisation to have
taken place across the whole width of the sablkha to tle
upper algal flats. Saumples 17 and 18 show relatively high
values of Mg but if concentrations based on the mNa/mCl
ratios are used (No. 17, x 11.7 : No. 18, x 18) then
values of 66.9 (No. 17) and 71.1 (No. 18) are found.
These values would seem more realistic, as otherwise the
high g values would seem to necessitate postulating the
solution of some dolomite, which is unlikely. Addition
of waters from the Tertiary rocks is precluded as these
have mMg/conc ratios close to those of samples 15 and 16.

The formation of gypsum, anhydrite and
celestite, within the sabkha sediments, is paralleled by
a relative loss of 304 from the brines (Fip. 59). The
algal flat zround waters all show a slight loss of 804
which can be equated with the early phases of gypsum
precipitation, The island sabkha sample (No. 21) has
fair amounts of associated gypsum and shows a loss of
about 35% of the available SOA. This loss corresponds,
fortuitously, to the maximum 504 loss (as CaSOq,CaSOAZHZO)
which can take place from a concentrated sea water, with-
out sediment/brine reactions. Further loss of 804 ig only
possible if Ca is released by some reaction (such as dol-
omitisation) between the carbonate sediments and the inter-

stitial brines. Samples from the mainland sabkha all show
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FPig. 59: Sulphate analyses of ground water samples.
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extremely low SO4 values and indicate massive production
of Ca to be taking place by sediment/brine reactions.

A relative loss of SO4 from pore fluids
within unconsolidated sediments is commonly reported, the
loss usually increasing with depth. The loss occurs where
there is often no evidence of the production of sulphate
minerals. The loss has been attributed to bacterial
activity, the SO4 being reduced to Has, which is usually
discernible by smell. In only one locality within the
sabkha was there any evidence of the foetid smell of Has,
and there is generally little evidence of the subsurface
environment being strongly reducing. It is therefore con-
sidered that relative loss of SO4 from the interstitial
brines can be directly equated with the voluame of sulphate
minerals developed.

Analyses of lagoon waters have shown a pro-
gressive loss of Ca to take place across the lagoon com-
plex. This is largely brought about by the precipitation
of aragonite, and evidence has been given of further
formation of minor amounts of aragonite in the algal flat
enviromment. However, the loss of Ca is relatively small
(10~15% ) compared with that associated with the formation
of gypsum. This is showﬁ in Fig. 60 by a steepening in
the curve betwsen samples 20-19. Gypsum and anhydrite are
actively precipitated at least to the concentrations of

samples 15 and 16, as is shown by the curve of SO4 loss.
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Fig. 60: Calcium analyses of ground water samples.
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Yet the Ca curve shows a minimum near a concentration of
x4%-5 (50% Ca loss) and then actually increases at greater
concentrations. This relative increase in Ca is associated
with dolomitisation and represents the excess of Ca which
is not precipitated as sulphate minerals. Somples 17 and
18 are anomalous, and if concentrations of z11.7 and x18

are used (derived from n ratios) the values still

na’"c1
show a relative increase. It is possible that this may
be equated with the very low values of SO4 in these waters,
the Ca being zble to rise to fairly high concentrations
owing to the great solubility of CaClza
The strontium data (Fig. 61) show a similar
pattern to that exhibited by Ca. The initial Sr loss is
associated with aragonite and later loss takes place as
celestite. The increase after the minimum is related to
release of Sr during dolowitisation. Samples 17 and 18
show similar anomalously high values to those for Ca and
may also reflect the =zlmost complete lack of 504.
Alkalinity/concentration ratios are plotted
in Fig. 62, and show decreasing values with increasing
brine concentration. The significant feature here is that
within the ground waters alkelinity is low and this obviously
will have a limiting effect on the diagenetic development
of precipitated carbonates.
A generalised diagram showing the trends in

evolution of the algal flat and sabkha brines,'with respect
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Fig. 61: Strontium analyses of ground water samples.
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Fig. 62: Plot of alkalinity/concentration ratios in

sea and ground waters.
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to Ca, Sr, Mg and soq, is given in figure 63. The curves
for lig and 504 show loss of these components to both start
together at chlorinities of about 65%-, yet field evidence
indicates that gypsum formation definitely preceeds dol-
omitisation. The gypsuu and dolomite are both first devel-
oped in positions above the water table and thus water
table samples may teund to lag behind some stages of the
diagenetic mineral developments.

General Discussion

Eavin;; now presented what is considered to
be the critical and relevant information regarding the
sabkha environment, and having described the mineralogies
developed and the progressive changes observed within the
pore fluids, the ground is prepared for a discussion of the
process of dolomitisation, of magnesite and huntite devel-
opuent, of gypsum/anhydrite relationships, and of the
strontium cycle.

Dolomitisation

As previously described, it is the fine-~
grained, arajonite muds which become most rapidly dolou-
itised, and the process may be followed microscopically
by noting the gradual loss of the aragonite needles. The
needles are slender and typically less than ¢ in length.

In their place are developed dolomite crystals, occasionally
as well shaped rhombs, or more commonly as roughly equant

grains, in both instances+2-3x in size.



- 256 -

Fig. 63: Summary diagram of ground water evolution with
respect to Calcium, Magnesium, Strontium

and Sulphate.
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The pore fluids obviously react with the
aragonite sediments. The average ground water temperature
of 3400, and the small size of the arajonite needles, will
both be factors tending to increase the rate at which the
reaction proceeds. From the available evidence, the dol-
omitisation is a process of solution of original aragonite
needles and grains, and precipitation of dolomite as rhombs
or equant grains. Degens and Epstein (1964) have examined
the carbonand oxygen isotope ratios of several Recent dol-
omites and hove concluded that the growth of the dolomite
took place under solid state conditions from a crystalline
CaCO3 precursor. This conclusion is thought to be disprcved
by the preseut author bw&extnral and other evidence, but
cannot, as yet, be dismissed out of hand.

The brines which bring about the reaction
are fairly concentrated and dolomite does not appear in
the sediwments until the ground waters coacentration reachus
chlorinities of about 65%, (Fig. 63). The mMg/mCa ratio
is critical in the dolomitisation process (Fig. 64). 1In
the shelf to lagoon sequence the ratio has been shown
(Ch. IV) to rise from 5.3 to 5.5, owing to precipitation
of aragonite. Further precipitation of aragonite raises
the ratio slightly higher and when gypsua precipitation
starts at chlorinities of about 65%s , the mMg/mCa ratio
rises steeply to values in excess of 11. In studying a

similar diagenetic environment, on the coast of the Qatar
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Fi;. 64: Plot of mMg/mCa ratios in algal and sabkha

ground water samples.
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Peninsula, Illing and Wells (196L4) recorded m /mCa ratios

Mg
as high as 17. Close samnling in both areas might reveal
even higher ratios. The formation of magnesite would seenm
to fit into the very local environment where the mMg/mCa
ratio in the ground waters is at its peak. In the capillary
zone &bove such a position, further ygypsum precipitation
will occur and it is possible that mmg/malratios of 20 or
even 30 may be exceeded. It is within the upper part of

the capillary zone that lhe mnagnesite has been found, and
the dolomite also first appears at this level.

Once started the procecs of dolomitisation
would appear to proceced fairly rapidly. TFor example, sample
station 21 (Fig. 64) hcs fair amounts of gypsuu, together
with moderately high suounts of dolomite. The ground water
from this position is obviously past th¢ peak mMg/mCa ratio,
but in the algal flat samples 1¢ and 20, close examination
has shown that there is no dolomite developed and thus

hese samples are situated at or to the left of the peak
value. Sample 22 has traces of dolomite developed, yet
from other evidences would appear to also be on the left
of the¢ peak value. This interwretation cannot be examined
in too great detail as the number of samples is insuffici-
ent and there are minor anomalies in the lig values of
samvles 19 (high) and 22 (low) which cannot be fully
explained by the local mineralogies. The problem may in

part be one of local migration of ground waters so that
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the ground waters and diagenetic minerals in any position
need not necessarily be intimately related.

The dolomitisation of the original carbonate
sediments proceeds to completion in some places or at some
levels. The continued loss of I and fall in the mMg/mCa
ratio across the sabkha supports this suggestion. The
final mMg/mCa ratio falls to less than &4, and if the values
of samples 17 and 18 are accepted, it falls to less than
2. This ratio is close to what would be theoretically
expected, in fact the equilibrium ratio for dolomite
would be 1.

Two dolomitisation reactions may be envisaged:-

1. 2caco, + Mg't —» CaMg(C0,), + Ca’
3 >'e

(aragon- (brine) (dolomite) (brine)
ite)
~ L -~ .~
2. caco3 + Mg + co5 > CaMg(COB)z
(arag- (brine) (brine) (doloumite)

onite)

Reaction 1 requires Mg++ from the brines to react with

the original aragonitic sediments, the reaction products

+ +

being dolomite and ca’ Reaction 2 requires by Mg+

and cog' in the brines to react with the original aragonite;
in this case the reaction product is only dolomite.

It has been shown that the loss of 504
(Fig. 59) from the brines, with par.llel development of

Ca804 ninerals, requircs massive production of Ca as a

by-product of some replacement reaction. Dolomitisation
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by reaction I would satisfy this requiremcnt. However,
the excess Ca for CaSO4 wineral developuent could also be
derived by direct reaction between brines and sediments,
and it can be shown (see later discussion of gypsum/
anhydrite) that limited reaction of this type certainly
does take place. Mass balance calculations involving
relative loss of Mz, Ca and SOLF from the brines show that
the dolomitisation is effected chiefly by reaction 1. Tor
example, the only sulphate minerals precipitated are
gypsum, anhydrite and celestite, and of this total celes-
tite is not more than 19" and can be ignored. Thus for
every equivalent of SO4 removed from the brines, one
equivalent of Ca will be removed (as Ca804 or Casoq.2H20)e
Similarly, in the process of dolomitisation
ty

M +-':--——§ o :
(20&003 + Mg : 1\10051(003)2 + Ca

of Mg lost from the brines there will be an equivalent

, Tor every equivalent

gain in Ca. To test this suggestion, samples 20, 271 and

15 will be examined, values of mCa/conc., mnm/conc. and
Me

msoq/conc. being read from figures 60, 58 and 59 respectively:-
Sample 20 Sample 21 Loss
3 -
mCa x 10 47 42 5 1
conc. L
3 A1
Py * 1 108 99 9}
conc.
3
m8041c10 5k 36 16

conc.
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The relative loss in 80, is 16 Megs.; the

Mg loss may be converted to an equivalent Ca gain (16 Megs.):

the total Ca lost is 14 legs. The agrecemeat is fairly close.

The additional Ca required to balance 804 could be derived

from a sediment/brine reaction involving direct solution

of CaCOB.
Similarly: Sample 21 Sauple 15 Loss or Gain
m X 1O3 12 18 +6 (Gain)
Ca
conc.
3 ]
mMg x 10 99 66 33 (loss)
conc.
m x 10° 36 28 28 (loss)
504
conc.

In this instance the 80, loss is 28 Megs.;
the Mg loss is 33 Megs., equivalent to a gain of 33 Megs.
of Ca, of which 28 Megs. combine with 804, leaving a
surplus of 5 Meqs., which is close to the observed gain
of 6 Megs. Ca.

These two examples prove fairly conclusively
that the major dolomitisation process is a straightforward

replacement of half of the Ca of the original CaCO., by Ng

3
from tle brines (reaction 1).

Studies of aragonite muds by Sir W. Halcrow
& Partners, as part of their programme of road building

within the Sheikdom, have indicated a typical sample to

comprise almost 50% pore space. At a density of 2.9 gus/cc,
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1 cc. of aragonite sediment = 1.45 gms., or 0.58 gms. Ca.
On dolomitisation, assuming a Ca5oMg5o product, 0.174 gnus.
of Mg arc required, and this amount of Mg is contained in
130 ces. of normal sea water. This volume is reduced to
20-25 cecs. if a brine concentration x5-6 is assumed (the
concentration at which dolomitisation is well under way).
But as the brine is rarely stripped of more than 40% of
the available Mg, this volume must be increased to 50-60 ccs.

As the initial sediments are over 90% arag-
onite, and amounts of high Mr, calcite are never greater
than 4-5%, the Mg content of the original sediment will
be negligible. To dolomitise 1cec. of such a sediment it
has been shown above that it is necessary to pass through
it 50-60 ccs. of a brine of concentration x5-6 (equivalent
to 250-350 ccs. of normel sea water). To carry out this
process some kind of circulation system must be developed.
In the sabkha environment, high rates of net evaporation
cause a uni-directional flow, the lateral movement of
waters procecding inwards from the lagoons into the sabkha
sediments. There is no definite cvidence of any kind of a
return system or reflux. If the brines of the mid and
inner sabkha positions only reach limited concentrations
then this might be regarded as evidence of a reflux.

The maximum thickness of the sobkha sedi-
ments probably does not exceed 20-30 feet (6-9 ms.) and

a more likely average maximum value is 10 feet (3 ms.).
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This column of sediment is moderately permeable and thus
downward movement of the dense interstitial brines of the
upper levels is physically possible. The sabkha sediments
are overlying the fairly peritcable Miliolite Limestone,
which could well provide a path for the seaward movement
of the brines. The initial marine sediments will have
pore spaces filled with waters of normal lagoon typce and
not until sedimentation has built up a surface above ucan
high water will there be any development of sabkha condi-
tions and highly concentrated (high density) brines. The
concentrated, dense, interstitial brines of the sabkha
are thus underlain in depth by pore fluids of lower con-
centration and density; the displacement of the latter
could well be achieved and a reflux system developed.

On the Quatar Peninsula, Illing and Wells
(1964) found the dolomite to almost disappear at depths
of 2-4 feet (1 m.), and certainly this is the picture found
in the seaword parts of the Trucial Couast sablkkha. But
further inland, where the diagenetic processes have been
overating for a longer period, dolomite is still abundant
ot depths of 4 feet (1.3 ms.). If the relationship found
by Illing and Wells prevailed throughout the sabkha envir-
onuent then it could be postulated that the dolomitisation
and other diagenetic changes are limited to levels near to
or above the ground water table, and that they are limited

to these levels essentially because, only here are brines
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of sufficient concentration produced. But the lack of
very concentrated brines and the development of dolomite
at depths of 2 feet (0.7 m.) and mor. below the water table
would indicate some kind of reflux system to be operating.
Although the concentrated, high density brines arc, indeed,
the product of the necar surface levels, once concentrated
they nmay participate in the displacement of less dense
pore fluids at deeper levels. Thus, on slender evidence,
it is suggested that a reflux may be operative within the
sabkha environment and that all the sediments of the present
cycle of sedimentation and perhaps even the underlying
Miliolite Limestone, may be beinz dolomitised.

The developuent or otherwise of a reflux
system has grezat sisnificence with reference to the dia-
genesis effected. If there is no reflux operative then
dolomitisation will be limited to the upper levels, near
to and above the ground water table. If a reflux is oper-
ative then the complete sequence of lagoonal sediments will
become dolomitised. Whether or not a reflurx system is
operative, the initial dolomitisation tokes place in the
capillary zone¢ above the water table. Later dolomitisation
at depth is ®&pendent on the operation of a reflux systen.

Recent or late-Glacial dolomite has now
been described from several parts of the world:-

1. Alderman et al. (1957-1963) ~ South-east of South

Australia.

2. Taft (1561) ~ South Florida.
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3. Miller (1961) - Inagua, Bahamas.
L, Graf, Eardley and Shimp (1259, 1961) - Great Salt
Lake, Utah.
5. Wells (1262), Illing and Wells (1964) - Qatar Penin-
sula, Persian CGulf.
6. Shinn and Ginsburg (1964) - Florida and Bahauas.

7. Deffeyes, lLucia and Weyl (1964) Bonaire, Hetherlands

Lucia, Weyl and Deffeyes (1964) Antilles.

In addition, dolomite of no great geological antiquity
has been reported from several coral atoll borings.

The Great Salt Lake occurrence is unusual,
being in an inland lake where water compositions differ
widely from that of sea water. The dolomite is very fine-
grained, has a poorly ordered crystal lattice structure,
and has been dated as 11,300 before present. This occur-
rence and the dolomite of the atoll reef rocks will not
be considered further, avart from comuenting that the atoll
dolomites are 21l Ca rich and show weakened order reflec-
tions (Goldsmith and Graf, 1958).

0f the remaining exaiples, only the Australian
occurrencc would seem to be truly primary. In this locality
are a series of restricted lagoons and evhemeral lakes,
with waters whosec composition approaches that of sea
water, variously diluted or conceantrated. Flant photo-
synthesis brings about high pH conditions (up to 9.2:

rarely up to 10.3) and the dolomite has been found to
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precipitate fronm the surface waters when My’ B ratios
are about 7-8. In acddition to the fine-grained dolonite,
some arngonite and fairly large awounts of high Mg calcites
are also precipitated. The dominaont factors controlling
the wineral pheses precipitated are believed to be pH
and mMg/mCa ratio. The precipitated dolomite is Ca rich
and has a partly disordercd lattice, conforaing to the
protodolomite definition of Graf and Goldsumith (1956).
The composition ranges from Ca5OMg50 to Ca56Mg44. Later
diagenesis converts the protodolomite to an ordered,
stoichiometric dolomite. Rodiometric analyses of the
dolomite have given ages of less than 600 years and about
2500 years, proving it to be Recent (Skinner, Skinner and
Rubin, 1963).

The dolomite described by Taft (1961) from
southern Florida was found most coumonly near the carbonate
sediment/water interface, as euhedral rhombs, ranging frou
less than 1w to more than 60f in size. The rhombs typically
had dark, often rhomb-sheped, inclusions as cores. ILittle
deta was aveileble to exnlain the occurrence, but on tex-
tural evidence Taft considered it to be a product of Recent
diagenesis. X~ray diffroaction showed the dolomite to have
normal l:tiice spocings and to be presumably stoichioumetric.
Dolomite from this arez was analysed radiowmetrically
(Deffeyes and martin, 1962) and found to show no measurable

014 activity, indicating an age in excess of 35,000 years.
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It was concluded that the dolomite was of detrital origin,
and it was warned that textural evidence may on occasions
be very misleading in the assignment of ¢ Recent origin
to occurrcnces of dolomite in unconsolidated sediments.
However, Taft (personal communication, June 1964) has
s 14
indicated that new C data show some of the dolomite to
be definitely active (€ 35,000 years), although waterial
with dusky cores is probably detrital.

Miller (1961) has found clear, pink dolomite
rhombohedr:, up to 140p, associated with aragonite ond
calcite in the sludge scraped frow evaporating pans on the
island of Inagua in the Bahamas. The dolomite occured in
sediments which hid remaincd above the water table for
8 years. Miller considered the dolomite to be younger than
the cenclosing matrix, clthough there was no e¢vidence

whether it was a replcceiment of CaC0O, or a void precipitate.

3

In the evaporating pans, although high teuperatures and

Lo}

concentrations arv achieved, no dolomite is precipitated.
No data is available regarding composition or desree of
ordering of the dolomite. As Deffeyes and Martin (1962)
have warned, textural evidence is not necessarily proof

of Recent origin, and this occurrence may therefore not

be as straight forward as it seems. Certainly the crystal
development would sceu excessive, over a puriod of 8 years,
when compared with other similar diagenetic dolomite

occurrcnces of Recent age.
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VWiells (1962) has described dolomite from the
carbonate sediments above high water, on the Qutar Peanin-
sula, Persian Gulf. The occurrence has since bcen des-
cribed in more detcil by Illing and Wells (1964), and cen
be seen to closely parallel that described in this study.
The environmcent and mode of formation are almost identical.
The dolomite occurs as rhouwbs 1-5p in size, and two sanmples
gave C & dates of 2,670 and 3,310 years, proving it to be
Recent. No data have been given on the rel tive degree
of ordering of the dolomite, but in the earlier naper,
en X-ray diffraction powder photograph shows very weal:
ordering reflections and an expanded lattice, consistent
with a couposition Ca54Mg46.

Shinn and Ginsburg (1964) have described
dolomite development from Florida and the Bahaumas, in the
latter oren the process taking place over hundreds of
square milcs. 'The priuvary carbonate sediment secuence is
similar to that of the Trucial Coast, with strouatolitic
alpal sediments, aragonite umuds, and cbundant evidences
of shallow water conditions. The dolowite is a replacenent
of the carbonate scdiments, including skeletal fraguents,
occurs es crystals less than 3x in size, and has been dated
as Recent. The occurrence is similar to that of the
Trucial Coast, e¢xcept that there is a lack of associated
evaporitic mincrals. Pore fluid concentration by surface

evaporation losscs, and dolomitisation (and possibly
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gypsun precipitation?) probably t ke place during the dry
season, but during the rciny scason (May-Scptember: 40-60
inches of rain per year) the more soluble minerals
(gypsun?) will be leached cway ond dolomite alone will
remain. During the present cycle of sedimentation
(4-5000 years) up to 5 feet (1.6 ms.) of dolomite has been
forued. No dnta is avmilable on the degree of ordering
or coaposition of the dolomite.

Dolomitis. tion of Recent and Plio-
Pleistocene sediments h:s been reported frouw the island
of Bonaire, Notherlands Antilles by Deffeyes et al. (1964)
and iucic ¢t al. (196L4). The process is one of replacement

of CaCoO brought about by concentrated sea water brines

37

in which the mNg/ ratio has been raised by gypsum precip-
4

m
Ca
itation. A reflux of the dense¢ brines has been shown to
occur, the brines flowing downward through underlying car-
bonate sediments and limestones and bringing about the

replacement of the original CaCO, by dolomite. The

3

dolomite in the loose sediments typically occurs as
crystals, about 2p in size, shows at lezst a partially
ordered structure, and compositions range from Ca54Mg46

to Ca56M344‘ Brines become concentrated in both inter-
stitial positions and in ponded, surface lakes; the brines
are shown to have lost CaCO, and CaSOh, but no loss of

3

Mg can be demonstrated. The ratio m rises as high

Mg’ "ca

as 30. However, a lack of halite and other late evaporite
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minerals, and the fact that the brines reach concentrations
of only about x7, has been interpreted as indicating that
a reflux of the brines must be taking place. Mass balance
calculations by the authors have shown that the suggested
rate of reflux is capable of carrying out the dolomitis-
ation which has beeun found. This study is an excellent
demonstration of the inferred process of dolomitisation
suggested by Newell et al. (1953) for the Permian Reef
Complex rocks, and by Adams and Rhodes (1960).

Except for the Australian occurrence, all
these studies, including that from the Trucial Coast,
indicate that dolomite of early diagenetic origin is a
common development and is to be expected in almost any area
of carbonate sedimentation, particularly where net evapor-
ation occurs. The net evaporation need not necessarily
be an annual (absolute) net evaporation, as a prolonged
dry season, with high rates of evaporation, is sufficient
to bring about dolomitisation of carbonate sediments,
particularly if the sediwments are fine grained. Owilng to
its low solubility, a short rahy season, bringing about
surface and interstitial brine dilution, will not necessarily
result in destruction of the dolomite. Where data is
avallable the replacement or precipitation process is
largely dependent on the mMg/mCa ratio of the waters, a
value of about 8 having to be exceeded. Factors such as

high temperature (33000) and small grain size of the original
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carbonate sediment will bring about an increase in the
rate of the dolomitisation process, although several
authors have shown that even fairly coarse skeletal frag-
ments have been replaced within the past 4-5000 years.

The initial dolomite, in nearly all instances,
shows an excess of Ca and an expanded lattice. The lattice
ordering of the Ca and lig ions is often poor, as is indic-
ated by the poor development of the orderiang reflections
(10.1, 01.5 and 02.1). The Trucial Coast dolomite ranges
in composition from Ca5oMg5o to CaB-Mg45. The degree of
lattice ordering is variable but an attempt has been made
to quantify this relationship, rather than use teriis such
as 'poorly ordered' or 'well ordered', which are beginning
to fill the literature on this topic.

D.L. Graf (personal communication) has sugges-
ted that the placing of carbonate disorder on a numerical
scale is complicated by the suspicion that there is both
point and leyer disorder. However, although later work
may prove it to be oversimplified, an empirical peramecter
may be used, relating the intensity of one of the ordering
reflections to the intensity of some other lattice reflec-
tion (not an ordering reflection). In Fig. 65, the order-
ing reflection used is 01.5 and the other structural
reflection either 11.3 or 10.4, the choice of the latter
being determined entirely on convenience. This method
makes the assumption that the degree of ordering is paral-

leled by an equivalent development in the intensity of the
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Fig. 65: Relative order or disorder of Dolomite structure.
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ordering reflections. The end points on which the two
reference curves are based are derived from standard dol-
omite data (Graf 1961). The fully disordered structure is
displayed by minerals such as calcite, where any cation
can occupy any cation position in the structure (obviously
it makes little difference if the cations are all the same,
as they are in calecite). If a fully disordecred dolomite
were to be found, then all the cation positions would be
occupied by an entirely random distribution of Ca and Mg,
and the order reflections (as with calcite) would be absent.
This is not found in practice, all dolomites showing some
degree of cation ordering. In a fully ordered dolomite,
the Mg occuples one plane within the structure and the
Ca occupies another; mixed planes do not exist.

The Trucial Coast dolomites show varying
degrees of ordering, ranging from 40 to 95%. No correl-
ation has been found between degree of ordering and compos-
ition or betwec¢n either of these factors aud position within
the sabkha sequence., It is reasonable to assume that at an
equivalent level the inner sabkha dolomites are older than
those to scaward. Studies of the Australian dolomites
(Alderman et 21. 1963) have shown that they become ordered
with time and develop a stoichiometric composition, but
this relationship has not been discerned in the sabkha.

Students of the 'dolomite problem' are aware

of the difficulties and problems surrounding the formation
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of dolomite, and the mineral has yet to be synthesised
under natural conditions. An intelligent discussion of
some of the possible rcesons attaching to the difficulty
of dolomite formation has been forwarded by Graf and
Goldsmith (1956). They consider the problem of forming
a mixed cation crystal and its nature when finally formed.
They suggest that the ordering requirement of the structure
reduces the rate of nucleation and the rate of growth upon
already formed nuclei. The occurrence of Ca-rich, partially
ordered initial phases would therefore seem recasonable,
and is summarised in the 'protodolomite concept' (proto-
dolomites being the sugzested precursors of the fully
ordered, stoichiometric dolomite). |

Much has been written concerning the conditions
under which dolomite may form and data from the natural
occurrences sives an idea of the requirements. The precip-~

itation of dolomite from open waters will be dependent upon

Bt aMg++ and aCOg-‘ This galns.expresslon in the
mMg/mCa ratio, and pH of the waters, and the Australian

occurrence indicates the precipitation to occur at Ao/ Boa
(=3

ratios of 7-8 and pH values of about 9. Replacement dolom-
ite is rather different and the reaction is dependent

entirely on a, ++ and an++' The reaction
M

Ca
-+t ++ .
2CaCO3 + Mg —-%CaMg(C03)2 + Ca’ ', obviously does not
involve 260" and thus the pH of the interstitial brines
3

is not critical in this reaction. The controlling factor
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in the development of replacement dolomite is the mMg/mCa
ratio, and velues of 8-10, indicated from the Persian Gulf
studies, must be achieved for the reaction to get under way.

Magnesite Development

The occurrence of the magnesite has already
been described. It is associated with detrital, windblown
grains, including abundant calcite, together with diagenetic
gypsum, celestite and traces of dolomite. Ground waters

in the area have an m ratio of 8. In the upper levels

Mg/mCa
of the capillary zone, where the magnesite occurs, further
gypsum precipitation probably raises the ratio much higher.

X-roy diffraction shows the magnesite to have
a significantly expanded lattice, a feature common to other
Recent and late-Glacial magnesites described from Australia
(Alderman et al. 1961) and the Great Salt Lake (Graf et al.
1961) respectively:~

S.E. Australia Great Salt Trucial Coast Standard

Lake lMagnesite
a, 4,66 4,669 4,657 4,6330 3
c, 15.23 15,21 15.108 15.016 R

The magnesites all show expanded lattices,
although the Trucial Coast magnesite is less expanded than
the others. The expansion of the Trucial Coast magnesite
could be accounted for by a substitution of 5 Mol % CaCOB.
The expanded lattice of the Great Salt Lake magnesite has
been discussed by Graf et al (1561), who found that tle

total amount of cations present, other than kg, failed by
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an order of magnitude to account for the lattice expansion.
They suggested that the expanded lattice results frouw the
intimate association of water with the solid.

In the Greant Salt Lake, a thin bed of fine-
grained dolomite was found 1 foot below the surface.
Shoreward, a fine grained aragonite/magnesite assemblage
occurred at the same level as the dolomite. The maghesite
and dolomite were considered to be either chemical precipi-
tates or diagenetic alteration products. The parallel was
drawn with waters from dolomitic terrains, evaporating in
caves, and precipitating hydromagnesite and either calcite
or aragonite. It was suggested that a hydrowagnesite-
aragonite assemblage was formed in one pert of the lake
whilst dolomite was foramed elsewhere, in water of somewhat
different composition. The hydromagnesite has since con-
verted to something akin to magnesite. The possibility was
also sugzested that the hydrated magnesite may have originally
precipitated with the aragonite.

The Australian magnesite occurrence (Alderman
et al, 1960, 1961, 1963) is regarded by the authors as
primary, a mixed dolomite-magnesite precipitate being
recorded, when water pH values were about 10 and mMé/mCa
ratios about 16. The authors suggested that the magnesite

may represent the final Mg-rich produect of a reaction series:-
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m,. /m .
Approx. Ly a 1n water
iy

Age of Lake Sediment at time of maxm. pH
Aragonite + Mg calcite 5
Mg calcite 6
Reection
increases Mg calcite + Ca dolomite 8
Series
Ordered dolomite 10
¥
Dolomite + magnesite --léu__-_~“~“ ___________
Aragonite + hydro-
: 20
magnesite

Following Graf et al (1961), the authors
suggest the possibilility that the aragonite-hydromagnesite
assemblage may eventually develon into the dolomite-magnesite
assemblage.

The Trucial Coast magnesite occurrence is
not associated with hydromagnesite-bearing sediments and the
data available would indicate that it has developed #s the
egquilibrium carbonate when mMg/mCa ratios arc at their maxi-
mum. As sedimentation graduvally increases the width of

the sabkha, the zone of peak m /m01 ratios will move sea-
(=

Mg
wards. Thus, although so far only found on Jazirat al Ftaisi,
the magnesite may be of a fairly widespreod occurrcnce in
the upper sediment levels throughout the sabkha. Whether
the magnesite has repliced pre-existing CaCO3 or whether
it is a voild precipitate is not known.

Studies by Garrels et al (1960) have indicated

that calcite and magnesite arce unstable with respect to

dolomite. Thus the magnesite mey be a mineral phase
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developed only in the narrow environment of high mMQ/mCa
ratios and later in the diagenetic scquence its place may
be taken by dolomite.

Huntite Developuent

The main interest attaching to the huntite
is that this is the first occurrence of the mineral associ-
ated with evaporitic deposits, and as such huntitce nust now
be added to the list of possible minerals associcted with
the evaporitic facies.

Huntite has only been described previously
frow seven locnlities (in Vitaliano and Beck, 1963) and is
usually limited to near surface weathering zones, overlying
dolomite, magnesite or brucite rocks. One exception to
the more common occurrence is that described by Baron et zal
(1957), who found the mineral as a fine-~grained 'wountain-
wilk' in a cave in the Herault region of France.

The minerzl usually occurs acs small veins
and nodules. The crystals are white and are nlways less
than 1-2g in size; X-ray diffraction must be resorted to
for identification. The unit cell dimensions are similar
in all occurrences, including thet from the Trucial Coast:-

Graf & Bradley (1962) Skinner (1958) Trucial Coast

a 9.498 9.502 9.499 ]
c 7.815 7.818 2.819 R
All the occurrences so far described are

assoclated with Mg rich rocks and the mineral is thought
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to be precipitated from Mz rich solutions in the near
surface weathering zone.

The Trucial Coast huntite is assovciated with
anhydrite, gypsum celestite and traces of dolomite, but
little is known of the chemistry of the solution from which
it was precipitated. It resembles anhydrite in its form-
ation as aggregates of crystals, which are able to shoulder
aside the enclosing sediments. The diagenetic studies of
the sabkha have shown that the brines of much of the seaward
part of the sabkha are rich in Mg, and that mMg/mCa ratios
may be gquite high. The sediments of this part of the sabkha
are sandy and almost unaffected by dolomitisation. Yet
abundant anhydrite is devcloped. The ground waters at one
tiue must certainly hnve reached concentrations of about
x6, to bring about anhydrite precipitation, yet in areas of
muddy sabkha, by this stage in concentration, apwnreciable
dolomitigation has occurred and mMg/mCa ratios have fallen
to less than 5. Thus in arcas of sandy sabkha, where
dolomitisation is retarded, Mg rich, concentrated brines
may be produced end it is suggested that is iz within this
solution environment that the huntite is precipitated.

The equilibrium field of Huntite has been
suggested by Graf and Bradley (1962) to be fairly restricted,
but even so, the reguired conditions are obviously achieved,
in at least some parts of the sabkha. Studies by Garrels
et 2l (1960) sugmest that huntite is not stable with res-

pect to dolomite and magnesite. Thus during later dia-
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genesis the huntite may be replaced by other, more stable,
Mg-bearing carbonate minerals.

Gypsum~Anhydrite Relationships

The observational data have already been
given, together with the brine analyses. It has also
been shown that the gypsum precipitation starts at con-
centrations of about x3.3 and that the major gypsum precip-
itation is completed by the time ground water concentra-
tions reach x6~7. At these concentrations the brines have
been shown to contain only about 20% of the initially
available SOZ-n Yet appreciable amounts of anhydrite are
found within the sabkha sediments. Although gypsum occurs
throughout the sabkha, much of it must go into sclution
and be reprecipitated as anhydrite. Nb evidence has been
found of anhydrite pseudomorphing earlier gypsum yet from
mass balance calculations this process of gypsua solution
and anhydrite precipitation definitely occurs. As there
is no evidence of pseudomorphing, the remobilised ca*?t
and SOZ~ therefore migrate to new sites before anhydrite
precipitates. BPEarly anhydrite crystallisation has been
observed in the form of isolated laths or aggregates of
laths, in both instances occurring as a primary mineral
phase. 1In addition, the forms taken by the anhydrite
(beds, nodules) are rather different from the modes of
occurrence of the gypsum,

It has been shown that appreciable amounts
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of Ca are released by dolomitisation and are subsequeuntly
precipitated, together with 8041 as either gypsum or
anhydrite. There is also evidence from the brine analyses
of direct replacement of CaCO3 by gypsum. In areas of
muddy sabkha sediments, where dolomitisation is fairly
rapid, the release of Ca as a by-product of this reaction
is fairly substantial. Consegquently, large amounts of
calcium sulphate minerals can be precipitated and the
brines nearly stripped of 8040 However, in areas of
coarser, sandy sabkha sediments, where dolomitisation is
retarded, the maximum 804 loss is determined by the amount
of Ca available from the concentrated sea-water brines.
Assuming little loss of Ca as CaCOB, this amounts to only
about 35% of the 80,, . Thus in these arcas, if sediment/
brine reactions do not proceed, the total development of
calcium sulphate minerals will be only about one third of
that developed in muddy sabkha areas. Field studies have
not been sufficiently detailed to enable this to be con-
firmed. Sandy sabkha sediments may show rather more evi-
dence of a direct sediment/brine reaction involving merely

solution of the original CaCO, of the sediments (brine pH

3
of 6-7 will promote this reaction). It is possible,
therefore, that the additional Ca required for calcium
sulphate precipitation, in sandy sabkha areas, wmay origi-

nate from a different diagenetic reaction than that which

produces the excess Ca in muddy sabkha areas.
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Comparison of the field and laboratory data
with published synthetic data, has shown that the distrib-
ution of the gypsum and anhydrite and the conditions under
which they occur, can be reasonably accounted for. Data
from synthetic studies of gypsum-anhydrite relationships
have been summarised by Stewart (1963), and rather more
usefully by W.T. Holser (1961: unpublished report). Holser's
summary plot of the equilibrium fields is shown in Fig. 66
(not to be reproduced without permission of W.T. Holser).
The temperature range of the sub-surface sabkha sediments
is superimposed, together with concentration data of samples
15-22. As has been stressed previously the concentrations
are those of the ground water table brines, whereas at higher
levels in the sediment increased concentrations will be
achieved.

The mineralogical and brine data indicate
that gypsum is precipitated both within its own stability
field and within the lower part of the anhydrite stability
fiecld. Once precipitated, the gypsua can exist (as a
mctastable phase) throughout the anhydrite stability field.
From field evidence the anhydrite does not precipitate
until ground water concentrations of x6 arc reached, which,
at the temperature of the sabkha environment, is well
within the anhydrite stability field.

The direct precipitation of anhydrite has

proved a difficult synthetic problem and published data
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Fig. 66. Equilibrium relationships of calcium sul-
phate minerals. Stable relationships are
shown, together with metastable gypsum
relationships (other metastable relation=-
ships omitted).

Heavy dashed line, gypsum--zanhydrite
equilibrium boundary determined from
Trucial Coast studies (see text).

A = Anhydrite; samplecs 15-18

G Gypsum; samples 19, 27

Samples 20, 22 lack gypsum or anhydrite

(Figure not to be reproduced without permission

of author and W.T. Eolser).
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so far indicate that it can only be precipitated if
anhydrite nuclei are added to the solution, within the
anhydrite stability field. There would appear to be a
kinetic barrier in the direct nucleation of anhydrite,
and this is expressed within the sabkha environment by the
anhydrite not precipitating until conditions are well
inside the anhydrite stability field. In fact, from the
sabkha data, it would seem that the gypsum--» anhydrite
boundary should lie as indicated by the dashed line in
Fig. 66. |

If anhydrite precipitated in accord with the
equilibrium data, then in the Trucial Coast areas of high
temperatures and fairly rapid achievement of high brine
concentrations (owing to high rates of net evaporation),
little gypsum would be precipitated. Gypsum precipitation
would occur only in the¢ cooler months of the year (Noveuber-
April), and then only in a very narrow, high intertidal/
sabkha edge zone. In fact, anhydrite would bhe precipitated
in many high algal flat arecs.

The gypsum/anhydrite boundary has only been
approached directly from the anhydrite -» gypsum direction
(hydration of anhydrite), as the gypsum -> anhydrite
reaction must be preceded by the addition to the solution
of anhydrite nuclei. The equilibrium data determined from
the hydration of anhydrite are well known. Hydration of

anhydrite in the sabkha has been shown in the development
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of anhydrite cored gypsua crystals.

The combined data indicate the following
gypsum/anhydrite equilibrium relationships for the Trucial
Coast environment:-

1. Initial precipitation of gvpsum occurs as determined
from synthetic studies, at a concentration of x3.3.

2. Gypsum precipitation continues into the lower parts
of the anhydrite ecuilibrium field.

3. At concentrations of x6, anhydrite precipitates. The
suggcested precipitation boundary of the anhydrite
field is indicated in Fig. 66.

4. On brine dilution, anhydrite will not be hydrated
until concentration and temperature conditions fall

below the synthetically determined equilibrium boundary.

In other words, the gypsum--»anhydrite (precipitation .nd
solution/precipitation) reaction proceeds at higher concen=-
trations/temperatures than the anhydrite-» gypsuum (hydra-
tion) reaction. It hes been suggested that difficulty

in nucleation of anhydrite may account for this relationship.

The Strontium Cycle

The strontium cycle within the sedimentary
and diagenetic environments of the Trucilal Coast is sum-

marised in Fig. 67.

. , -2
In sea water, the ratio me /0. = 0.9 x10 —,

although as discussed in Chapter IV, this value is being

checked by further analyses The chemically precipitated
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Fig. 67. The Strontium Cycle, within the sedimentary
and early diagenetic environments of the

Trucial Coast.
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aragonites have becn shown to contain -~ 7000 ppu. Sr,
and the Sr/Ca (at.) ratio = 0.8 x10-2, indicating that
there is a very slight concentration of Sr in the inner
lagoon waters following aragonite precipitation. Molluscan
aragonite averages -~ 2000 ppm. Sr, giving a Sr/Ca (at.)
ratio of 0.23% x10-2. Eight gypsum samples, leached free
from aragonite and analysed for Sr by X-ray fluorescence
averaged 800 ppm. Sr, a Sr/Ca (at.) ratio of 0.16 %1072,
Ten anhydrite saumples averaged 2200 ppm. Sr, giving a
Sr/Ca (at.) ratio of 0.34 x10-2. By studying the diagenetic
rezactions of the sabkha, and using the above data, it is
possible to account for the widespread developuent of
celestite.

Aragonite, gypsum and anhydrite all precipi-
tate from sea-water or concentrated sea-water brines. Teking

c -2 .
the er/mC” ratio in sea-water as 0.9 x10 7, it can be seen
I A

Aragonite is
Sr

0.38. thus when arag-

that the distribution coefficient k 0.88;

Gypsun is

Anhydrite
Sr 18

k 0.18; kSr
onite is vrecipitated there is little concentration of S8r
in the remaining sen-waters and no Sr minerals are direc-
tly precipitated. When gypsum precipitates from the con-
centrated brines there is an appreciable concentration of
Sr left behind, and celestite is consecuently precipitated.
The precipitation of anhydrite also brings about a concen-

tration of Sr in the rewmaining brines, but not as great

as that brought about by gypsum precipitation.
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If chemically precipitated aragonite is
replaced by either gypsum or anhydrite then a concentra-
tion of 8Sr results. Siwmilarly, the replacement of anhydrite
by gypsum also effects a Sr concentration. Only the
rcplacenent of gypsuwii by anhydrite does not back up the
brines in Sr.

The dolomitisation is also responsible for
the production of large amounts of excess Sr. It was not
possible to prepare a dolomite sample which was definitely
free from celestite and so a mixed samnple was prepared and
analysed on the electron probe. Sensitivity is unfortunately
low and the only certein result is that there is less than
1000 ppm. Sr in the dolomite. Consideration of crystal
structure and lattice spacing permit one to guess that the
amount of Sr in the dolomite is probably not more than
100200 ppm. Whatever the absolute value, 1t can be secen
that the production of dolomite from a high Sr aragonite
mud, will result in large gunntities of excess Sre.

Thesc chemical considerations compare very
closely with observational studies. They show why the
dolomite is always packed with celestite crystals, why
gypsun is usually associated with celestite, and why less
celecstite is associated with anhydrite than with gypsua.
If much of the cnhydrite results from reprecipitation of
dissolved gypsum, then this accounts for the lack of

celestite associated with the ~nhydrite. In addition,
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the original carbonate sediment values indicate that much
more celestitc will be produced during diagenesis of the
muddy sabkha sediments (chemically precipitated aragonite
muds) than of the sandy sabkha sediments (rich in molluscan,
skeletal grains).

Diagenesis of the limestones, resulting in
the developuent of a low-Mg calcitic limestone from an
originally aragonitic limestone, is also parallcled by a
loss of Sr. Although many of the limestones are rich in
wmolluscan graias and thercfore initially low in Sr, soue
limestones rich in oolites (now calcitic) have been examined
which would initially have been high in Sr. In all instances
the Sr values of the czlcitic limestones were less than
2000 ppu. Aragonitic oolite limestones showed values the
same as or very slightly higher than those of the oolite
sands. This is recasonable, as the cementing aragonite is
of chemical origin and thus high-Sr bearing.

No data are available on the solubility of
celestite in sea-water but its occurrence in the diagenetic
cycle shows it to precipitate just after the initial gypsum
(x3.3). Gypsum is often found without celestite in the
high intertidal, alpgal wmat areas, but celestite is never
found alone. Assumning a concentration of about x 3.5 for
saturation with respect to SrSO4, a solubility of about
0.0074 gms. SrSOA/Kgm. concentrated sea-water is indic-

ated (correcting for Sr coprecipitation with gypsun).
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This compares with a value éf 0.0114 gms/Kgn pure water
at 30° ¢ (Lange, 1961).

Celestite "has beun observed to precipitate
with the carbonates from the waters" in the south-east of
South Australia (Skinner, 1963). Skinner considers the pH
of the water to be important in celestite precipitation
and that the optimum value is that at which the associated
carbonates (dolomite and calcite) precipitate (pH 8.5-9.2).
In fact, the water pH should have a negligible effect on
the precipitation of celestite; prcocipitation will occur
when saturation with respect to Sr804 is reached and is

+E and a -
Sr °© 304‘

fore on water concentration and on the amount of coprecipit-

thus dependent on a Saturction depends there-
ation of Sr with associated precipitating minernl phases.
Celcstite has been reported fron wany lime-
stone and evaporite sequences but if limcstones arc assumed
to have been initially in most part aragonitic, and to have
altered to low-Mg caleite during diagencesis, then celestite
should be much more common than has been reported. Pos-
sibly, isolated celcstite crystals have been mistzken for
quartz crystals in many instences, the birefringence of

the two minerals being identical.
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Concluding Renarks

This study has been concerned with the devel-
opulent of a series of carbonate sediments, of shelf facies,
barricer facies and lagoonal facies. The barrier of coral
recfs, shoal oolite deltas and islands, is a high encrgy
belt, as the dominant wind and wave approach is onshore.
The protected lagoon sediments are largely chenical preci-
pitates, although along more exposed inner lagoon coasts
solluscan sands and gravels may dominate. One of the
features of the lagoonal infilling is the diachronous
relationships of all the facies.

The dizagenetic studies have siiown that a fairly
broad knowledge of the original marine sediments is a
necessary prercquisite. The chemical and mineralogical
studies were directed to this end.

The diagenetic changes within the sabkha
have also bcan shown to be diachronous, the belts moving
seaward os the lagoons are infilled. One of the more
interesting phenomena is the difference in rate and charac-
ter of the diagenctic changes which may arise owing to
differences in initial sediment type (factors such as grain
size, mineralogy and chewistry being important in this
respect). For example, dolomitisation procecds rapidly in
muddy sabkha sediments, but is relatively retarded in
sandy sabkha sediments. As a result, the ground water

brines will differ greatly, the forumer having lost wmuch
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Mg, the latter very little. Partially depcndent on dol-
oriitisation is the developwent of calciuw sulphate minerals,
there being a greater production of gypsum and enhydrite
in arecas of rapid dolomitisation.

It is quite probable that the diagenetic
differences between the wide Trucial Coast sabkhas and the
more restricted sabkhas of the Qatar Peninsula, studied
by Illing and Wells (1964), are partially dcpendent on
initial sediment differences, in addition to differences
in extent. Illing and Wells report brine concentrations
as high as those of the Trucial Coast, yet ultiumate Ay B
ratios are higher and dolomite developuent more restricted,
indicating that the process of dolomitisation is reletively
retarded and more restricted. Celestitce has not been
reported from the Qater arca but must occur. Anhydrite
has not yet been reported but its absence is reasonably
accounted for by retardation of the diagenctic processes.
If anhydrite does occur in the Qatar areca, the Trucial
Coast data indicate that it will be a merginal developuent.

No other area so far described, (except pos-
sibly Laguna Ojo de¢ Licbre: Phlegar and Ewing, 1963) would
seei to offer a similar environment to that of the Trucial
Coast, the high temperaturcs and rapid rates of brine con-
centration bringing about rapid rates of diagenetic rcac-
tions and belng responsible for anhydrite precipitation.

The sedimentary and diagenetic processes
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described in this study have almost certainly operated in
many ancilent barrier and lagoonal environments. The
developuents zlong the Trucial Coast are on a scale which
is geologically significant, particularly when one cone
siders that they have probably resulted only during the

past 4000 years.
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