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RESUMEN

El Golfo Pérsicoes unacuenca«foreland»situadaentrela placaara-
be al SO y el cinturón plegadode los Zagrosal NE. Se tratade unacuen-
ca marinasomeracon profundidadgeneralmenteinferior a los 100 m. Es
una cuencamarinamarcadamenteasimétricacon la mayor profundidad
localizadacercade la costaNE actualde Irán, al pie del cinturónplegado
de los Zagros y con unaprofundidaddecrecientehacia el SO, hacia la
plataformade Arabia.Es, pues,un mar marginaldel OcéanoIndico. Las
altas temperaturasy las pocaslluvias en la zonahanproducidoun am-
bientemarinoconun reducidoaportede aguadulce,altastemperaturasy
salinidad. Está colonizadopor abundantefaunay flora de pocadiversi-
dadprocedentedel OcéanoIndico. La producciónbiológicadel material
queconstituyeel armazónde los sedimentosunido a la precipitaciónquí-
mica ha producidounaampliavariedadde sedimentoscarbonáticos.La
evaporaciónen la vecinaplataformaárabeha provocadola precipitación
de sedimentosevaporíticos.La reacciónentrecarbonatosde origenbio-
lógico y aguassubterráneassalinasha favorecidolosprocesosde dolomi-
tización.

El aportede sedimentosterrígenosalóctonosdebidoa procesoseóli-
cos y fluviales es claramenteasimétrico,siendomásacusadoen las mar-
genesNO y NE del Golfo y estandoprácticamenteausentesde la costa
SO de la plataformaárabe.El modelo actual de faciesrefleja la localiza-

CuadernosdeCeologi’a Ibérica, ni 19, 61-96.
ServiciodePublicaciones.UniversidadComplutense.Madrid, 1995



62 tiraharn Evans

ción geológica,llegadaasiíííéíricade aportesterrígenosy el clima. Una
seriede cinturonesde faciesparalelosal Golfo y a la disposicióntectóni-
cade la líneade costadesdeel NE al SO son: margasneríticasde la cuen-
ca,carbonatoscosterosde barrera-lagoony evaporitasdeplataformacos-
tera.Lasúltimaspasanhaciael 5 a las dunasde arenade origeneólico y a
las gravasde los abanicosaluvialesde Arabia. Haciael NO, y rellenando
longitudinalmente,seencuentrael deltadel Eúfrates-Tigris,quesc dispo-
ne-par-aie.lo~aIadirectriztectónicaantesc¡tada. -

El modelode sedimentaciónactual del Golfo Arábigo demuestraser
útil parala diferenciaciónde sedimentaciónaescalaglobal, pero particu-
larmenteen los depósitospermo-triásicosdel NOde Europa.

Palabras clave:Golfo Arábigo,sabkha,dolomía,yeso,modelosevaporíticos.

ABSTRACT

The Arabian Gulf is a foreland basin lying betweenthe Arabian
Shield lo 11w southwestand Ihe Zagrosbid beil lo Ihe noríheasí.It is a
shallow marinebasin with depthsgenerally< 100 m. It has a marked
asymmetrywitb the deepestwaterclose to the northeastIranianshoreat
the foot of the Zagrosfold tnountainsand the depthsdecreaseto the
southwesttowardsthe Arabian Shield.The areais a marginalseaof the
Indian Ocean.High temperaturesand low rainfalí have produceda
marine environmentwith a low influx of freshwaterand higb tempera-
turesandsalinity. It is colonisedby an abundantbut low diversity Indian
Ocean flora and fauna. Biological production of skeletal material,
togetherwith chemicalprecipitation,haveproduceda wide varietyof car-
bonatesediments.Evaporationin the adjacentcoastal plains of Arabia
has causedprecipitationof evaporitesedimentsand reaction between
biologically producedcarbonateandsalmeground watershasresultedin
dolomitization. The supply of terrigenousallochthonoussedimentby
aeolianand fluvial processesis markedlyasymmetricand is restrictedto
the northwesternandnortheasternsidesof the Gulf and is virtually ab-
sentalongthe southwesternArabian shoreline.tbe modernjóciespattern
reflects the geologicalsetting,asymmetricsupply of terrigenousmaterial
and the climate.A seriesofjbciesbeltsparallel theGulf and the causative
tectonictrendandare,from northeastto southwest:neritie basinalmarís;
Arabian neritic shelfcarbonates;coastalbarrier-lagoonalcarbonates;and
coastalplain evaporites.The Iatter passsouthwestwardsinto the aeolian
dunesandsandalluvial-fangravelsof Arabia. In thc northwest,filling the
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basin longitudinally and parallel to the tectonic trend is the Tigris-
Euphratesdelta. Ihe patternof sedimentationof the modernArabian
Gulf has provedto be a useful model for the elucidationof carbonate-
evaporitesedimentationin variouspartsof the geologiccolumn,but par-
ticularly for thePermo-Triassicdepositsof northwesternEurope.

Keywords:ArabianGulf, sabkha,dolomite,gypsum,evaporitemodels.

INTRODUCTION

The Arabian Gulf (earlier known as the PersianGulf), is a foreland
basin lying betweenthe Arabian Shield to the southwestand the Zagros
fold mountainbelt to the northeast(Fig. 1). It is a small remanentof the
northwest-southeastTethyantrougb in whieh a thick seriesof oil rieb de-
posits accumulated,often in environmentsvery similar to thosc found
today(Falcon,1967;Murris, 1980).

The physiographyandgeologyof the region arethe resultsof thein-
teraction of the African and Asiatic plates(Sengér,1985). This move-
ment continuestodayto causeunderthrustingalong the Zagrosline and
earthquakesand volcanoesin Iran (Norwoozi, 1971; Pagea aL, 1957)
(Fig. 1). Adjustmentin the basementhasresultedin a complicatedpat-
1cm of structuresin the modernGulf, due to interaction of north-south
orientatedstructuresof the Arabian Shield and the northwest-southeast
structuresof the Zagrostrend(Kassler, 1973). In addition,complications
havearisen by movementof thick, deep-seatedevaporitesof Cambrian
age escapingtoregionsof lesserstress(Falcon, 1967).

THE BATHYMETRY AND OCANOGRAPHY

The modernGulf is a neritic, marinebasininfilled in thenorthwestby
the delta of the Tigris-Euphratesrivers to form the plains of Mesopota-
mía: ít is rarely deeperthan 100 m exceptfor a few isolatedbathymetric
depressionsinsidethe entrance;andit hasno silí (Fig. 2).

Thedeepestwaterdepthis alongthe iranianside,whereit is bordered
by a narrow shelf. In contrast,thereis a broad platform on the Arabian
side «TheGreatPearlBank», usually30 m in depth,which is particularly
well developedin the southbetweenthe Straitsof Hormuzand theQatar
peninsula.

Numerousshoals,banksand islandsoccurthroughoutthe area:most
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GENERAL TECTONIO

ARA E A N F’LATE FAULT?

PÁg. 1.—Generalrectoniesettingof Ihe ArabianGolf
[ng. 1.—Esquematectónicogeneraldel Golfo Arábigo.

are structurallycontrolled,sornebeingdiapiric, whilst othersareprobably
depositionalfeaturesbuilt by sedimentationduringthe final phasesof the
Flandriantransgression(Kassler,1 973~Purser,1973).

The watersof this marginalbasinof the Indian Oceanhavehigh tem-
peratures(23~33o C) andsalinities (37-38%) at the entrancewith wider
rangingvalues(l6-32~ C and38-41%)in the northwest.Highertempera-
tures(2O~37oC) andsalinities (50-75%)occur in the coastalwaters.The
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Gulf is mesotidalin the extremenorthwestandsoutheastandmicrotidal
aroundtheQatarpenínsula.There is a generalanti-clockwisecirculation
of the surfacewaters:Indian Oceanwaterson enteringthe Gulf become
concentratedby evaporationand sink, to returnasasaltyplume into the
adjacentocean.

TRE SOURCE OF TRE SEDIMENT

Tbe areais essentiallyoneof autochthonouscarbonate-evaporitepro-
duction diluted by allochtonous,terrigenoussediment(Sugden,1963a,b).
The allochtonoussupply is asymmetricbeing confinedto the northwest
and northeast(Emery, 1956). The Tigris-Euphrates,togetherwith small
streamsalong the Iraniancoast,are 11w main conduitsof carbonate-rich
rock (calcite anddolomite) fluvial terrigenousdetritus (Fig. 3). Virtually
no sedimentis transportedto the Arabian shorelineby fluvial processes.
Also, the Gulf is unusual in that it receivesvast quantitiesof aeolianter-
rigenoussedimenícarriedmainly by 11w northvíestShamalwind, buí also
by morelocal winds. The acolianterrigenoussedimentis generallycom-
posedof fine sandsilt and clay, witb high contentsof carbonate(calcite
and dolomite) (KbalaL et al., 1979; Foda, Khalaf & AI-Kriadi, 1985).
Elsewhere,on parts of the Arabian coast, quartzosedune sandsare
driven into the coastalwaters (Shinn, 1973; Fryberger,Al-Sari & Cli-
sham,1983).

The Gulf containsan impoverishedje low diversity, but abundantIn-
dianOceanfaunaaud flora (Hughes-Clarke& Keij, 1973; Bassonet al.,
¡977; Jones,1985). Skeletalproduction by benthonicorganismsand its
subsequentcomminution dominates sedimentationover the Arabian
Shell arca.Remainsof planktonicorganismsare of less importanceand
are only noticeablein the scdimentof the outerareasadjacentto the In-
dian Ocean (Fig. 3). However, planktonic molluscs —pteropods— are
found over the wholearea.(Hoefs & Sarnthein,1971; Hughes-Clarke&
Keij, 1973). In contrastto the previouslyheld view that the Gulf is a re-
gion of low phytoplanktonproductionthe remainsof theseare common
(Bedford, 1975; AI-Kais, 1976). Diatoms and dinoflagellatesare found
throughoutthe areaanddiatombloomsappearto be responsiblefor car-
bonateprecipitation(Wells & llIing, 1963). Coccolithsare alsofound in
muddysediments,but havenot beenstudiedin detail.

Evaporationdominatesthe Arabianmarginsof this marginalsea(Fig. 3).
Chemicalprecipitationleadste productionof oolitic sediments,forming
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an irnportant elementof the barriercoastline(Evansetal., 1973; Purser
& Loreau. 1973); and is probably responsiblefor the precipitationof
somecarbonatemud in thelagoonsas well as the developmentof thece-
ment of carbonatecrusts.Evaporationand reactionbetweenbiologically
producedsedimentandhighly salmegroundwatershasresultedin pre-
cipitationof aninterestingsuiteof evaporiticminerals.

Large(but as yet unknownquantities)of chemicaisaretransferredto
the Gulf by subsurfacegroundwaterflow from Arabia(andpossiblyIran)
(Fig. 3). This regional gulfward flow can be detectedin the reactionsín
the coastalplains (Paterson& Kinsman,1977) andevenoffshore,where
subaquaeoussprings have long beenused by pearl-diversto replenish
their drinkingwater.

TRE MODERN SEDIMENTARY FACIES

A wide variety of sedimentaryfacies are developedin the Arabian
Gulf and its adjacentlaud ateas(Fig. 4). Although sorneusefulgeneral
discussionshavebeenpresentedon the Iranian coastline(Baltzer& Pur-
ser, 1990), little detailedstudy has beenundertakenin this region [al-
though the narrow shelves and adjacentdeeper water are fairly well-
known(Sieboldetal., 1973)] andwill notbe discussed.

ARABIAN NERITIC BASIN

Marísdominatethe deeperwaterof the northeasternpartsof the Gulf
(Sieboldet al., 1973) (Fig. 4). Skeletaldebris, consistsof: benthonicmol-
lusesand foraminifera,ecbinoids,polyzoa,serpulidsandsolitary corals
are common. Planktonicmolluscsare commonthroughoutthe areaand
havebeenprovento be living in the surfacewaters(Hoef & Sarnthein,
[971). Diatom anddinoflagellatesare common,but planktonicforami-
niferal remainsarerestricted,in the main to southeastof the Qatarpenin-
sula towards the open Indian Ocean (Evans, 1966; Hughes-Clarke&
Kreij, 1973). Authigenicpyrite is commonbut neverabundantandsmall
amountsof glauconiteoccur in the sediment.Organiccarbonmayreach
valuesup to 1.5%in thesedeposits.

Fig. 2.—Bathymetryof tbeArabianGulí.
Fig. 2.—BatimetríadelGolfo Arábigo.
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The fine grainedfraction of the sedimentsis rich in carbonate,partly
of modernorganicorigin (aragonite),but most is terrigenous(calciteand
dolomite)beingderivedfrom the hinterlandwherelargeareasof carbo-
nate rocks are exposed(Pilkey & Nobel, 1966). Tbe basinal marísare
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oftenthin andform merelya vencerovershallowwatersediments.Some-
times,shallowwateroolitic andskeletalsandsare exposedandaremixed
with modernmud to form palimspasticsediments(Evans, 1966; Sarn-
thein, 1972;Stoffers& Ross,1979).

THE ARABIAN SHELF

The marís of the deeper water neritic basin are succeededto the
southwest,as the water shallows.by coarserand more calcareoussedi-
ment of the shallowwaterplatform,which borderstheArabiancoastline
(Fig. 4). This platform hasan irregular bathymetryandnumerousshoals
and islandsinheritedfrom subaerialerosionof tectonicfeatures(someof
which are diapiric), during the low levelsof the Quaternary.This hasre-
sulted in a patchworkof sediments(Wagner & Van Der Togt, 1973).
However, where tbe topographyis less complicated,there is a gradual
coarseningtowardsthe shoreline(Houbolt, 1957) (Fig. 5). Skeletalcar-
bonatesandsaud muddy sands(skeletal grainstonesand packestones)
cloakthesurface,with muddysandsandmuds.(Skeletalwackestonesand
mudstones)in the bathymetricdepressionsand in the lee of islandsor
banksshelteredfrom the wavesgeneratedby the northwestshamal.Stir-
ring by waves and currents is constantlywinnowing the sedimentand
transferringthe fines to thedepressions.Ultimately,whenthesearefilled,
the shelf will be coveredby a blanketof slightly muddy skeletal sands
(skeletal packestones)which will merge into cleaner carbonatesands
(skeletalgrainstonesandreefalboundstones)in shallowwateraroundba-
thymetrichighsandthe mainlandcoast.

The sedimentconsistsof molluscandebris, benthonicforaminifera,
echinoid plates and spines, polyzoa, serpulid, worm tubes with rare
spongespinesand fish remains.Peloids,compositegrainsandsomenon-
carbonategrains(mainlyquartzandoccasionalglauconite)arealso pres-
ent. The sedimentsusuallycontain 0.5%organiccarbon.This sedimentis
producedby in situbreakdownof skeletalmaterialpartly by physicaland
biological processes.Althoughwavesandtidal currentsareespeciallyim-
portantduringshamalwinds, it is probablethatmuchof the comminution
is biological,being achievedby bottom feedingfish andotherbiota. Also,
the grainsbecomeinfestedwith borings of endolithic cyanobacteriaand
fungi, which weakenthe shell structureand make them more prone to
breakdown.Currentstudiessuggestthat there may be a distinct depth
controfledzonationof variousspecies(Al Thukair,?ers.Com.)and,if so,
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this may prove to be a valuablepalaeo-depthindicator in ancientrocks
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such increasedendolithic cyanobacterialactivily. Alternatively, more
rounded grains may be inherited from coastal beach-dunecomplexes
drownedduringthe final phasesof the Flandriantransgression.

Mud grade carbonateis undoubtedlybeing producedby skeletal
comminution. However, clouds of muddy water, with no contactwith
the seafloor havebeenobservedto developla the shallowwatersof the
Arabian shelti Theseso called «whitings» are composedof aragonite
mud which appearsto havebeenproducedby diatomblooms(Wells &
llliug, 1964). A problemstill exists as to Ihe exact mechanismand the
efficacy of this mechanismto produceprecipitatedcarbonatemud (De
Groot, 1965). Notwithsíandingthe problems,the clouds clearly differ
from those producedby stirring of sedimeníon shoalsand banksby
stormwaves.

Widespreadsubaqueouscementation(aragoniteand high magnesium
calcite) is takingplaceon the seafloor lo producecrusíswhich arebored
and supportan epifauna.Radio-carbondating, the presenceof enclosed
humanartifactsaud the similarity of thefaunaof the cementedsedimení
to that of the cnclosingsedimení,as well as isotopicanalyses,alí confirm
thai ibis processis taking place under prevailing oceanographiccondi-
tionsandthai thesecrustsarenot subaeriallycementedlayerswhich have
beensubsequentlydrowned(Shinn, 1969).The crustshinder bottomcor-
íng andalsoshallow-geophysicalsurveysdueto the high reflectivity of 11w
hardsurface.The cementationappearsto occur when[he seafloor is reía-
tively stable (¡e non or slow sedirnentation)for a considerableperiod
when supersaturatedinterstitial waters precipitate 11w cement.Similar
crustsare developedal aH depths:on nearshoreoolitic tidal deltas,in la-
goonsas well as in the intertidal zone. They are ah 4w equivalentof a
diastemin 4w rock record.The widespreaddevelopmentof thesecrusts
in the shelfis importaní: it allows the developmentof an epifaunaover
wíde areasto produceapatternof sedimentsand faunaswhich contrasts
with areassucbas tbeBahamas(Shinn, 1969).

The shallowbanksandislandswhich aboundin tUs shelfhavean im-
portant effect on sedimentationin their vicinity. The dominanceof 11w
northwesterlyShamal wind and wave attackproducesa markedasym-
metry around these features(Fig. 6) (Houbolt, 1957; Purser, 1973).
Coral-algal reefs are often best, or sometimesonly, developedon their
wíndwardside.Tbeyare occasionallybackedby beachcomplexeson the
banktops,enclosingserul-protectedareasin whichfine grainedsedimení
can accumulate.Trails of detritus,derivedfrom the shallow water of 4w
bank tops,extendsdown-wind for up lo 15 krn (Houbolt, 1957).It these
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werepreservedin the geologicalcolumntheywouldbe importantindica-
torsof the proximity of ashallowwater(tectonic?)high.

THE ARABIAN COASTAL BARRIER

The Arabian shoreline,although variable, consistsessentiallyof a
coastalbeach-dunebarrier (Fig. 7). This mayabutdirectly on the mainly
coastlinebut in many placesendoseslagoons(Evans & Bush, 1970;
Evanset al., 1973;Purser& Evans,1973). A few leewardshoresare ex-
ceptional where quartzosedune-sandbuilds into the nearshorewaters
(Shinn, 1973).Generally,it appearstbat the barriershavebeenproduced
by accretionaroundremnantsof aeoliandunecomplexesinundateddur-
ing the final phaseof the Flandrian rise of sea level (Evans & Purser,
1973).

QIRECTION or OOMINANT

WINO <SHAMAL) ANO WAVE$

CV

— t~ -‘

SKELETAL SANOS ANO

MUOOYSANOS ANO

NUOS OF ARASIAN SHELF

e--

SUBAQUEQUS rAIL OF
SKELETAL MtJOOY
SANOS WITFI SFIALLOW
WATER MATERIAL

e.- e
e- DERIVEO FRON

e- SMALL LAGOONS WITH TECTONIC HIGH

LOCAL INTERTIDAL FLATS e-

AND SABKHAS

Hg. 6.—ShallowbankandcarbonatesedimentationdominatedUy the NW Shamalwind (Modi-
fied afterHoubolt, 1957andPurser,1973).
Fig. 6.—Bajío y sedimentacióncarbonatadaasociadadominadapor el viento MW (Shamal)
(modificadodeHoubolt, 1957 y Purser,1973).
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GENERALIZED SKETCH OF BARRIER ISLAND
LAGOON COAST UAE ARABIAN GULE

RAINFALL 3.7 cm/yr 7 7/~
TEMPERATURE 16-44 ~C ISLAND

STORM
HIGk WATER

o

o

o
• 0

Uoz
n
z-j

.jL~
o
14J

0
o

LA-
-J

La
1
£0
U
Ir
o
1
u,os‘cx
U

z

WATER
CHARACTERISTIOS

COASTAL

COASTAL CARBONATE WEDGE

Fig. 7.—.Generalizedsketchof barrier island-lagooncoast,UAE, Arabian Gult.
Fig. 7.—Esquemageneralde la costade islasbarrera-lagoon.UAE, Golfo Arábigo.



The Arahian Cuí» A Modern Carbonate-evaporitefactory a review 75

Where the beach-dunecoastalbarriers endoselagoons,wide tidal
deltasform at the mouthsof the tidal inlets (Fig. 7). Theseshallow plat-
forms are very turbulent (due to high wave and tidal action) and this,
combinedwith the high temperaturesandsalinities,resultsin tbeproduc-
tion of oolites. They are indeed «oolite factories». The oolitic sands
(oolitic grainstones)are fashioned into bedforms: breaker-pointbars,
large andsmall sealeripples and containa limited macro-faunaof mol-
luscs,echinoidsandburrowing crustaceans.Sometimes,cementedcrusts
(aragoniteand high magnesiumcalcite) are developedand these are
bored and coatedwith weed and an epifauna.Someof the oolitic sand
spills seaward,down the face of the deltas to producea sharp contact
with the nearshoreskeletal sands(skeletalgrainstonesand packstones).
Ihe sandsarealso driven landwardsby waveaction to form beachdune
complexes.High aeoliandunesdevelopadjacentto 11wtidal delta «oolite
faetones with lower dunes in the intervening areas.The beachesof
oolitic sandsarenarrowwith steepbeachfaces(seawarddipping,planar-
bcddedoolitic grainstones)and berms(landwardinclined oolitic grain-
stones) with concentratesof skeletal debris (skeletal grainstones)and
crustaceanburrows.Beachrockcementati.onis common.The dunesare
composedof landwardinclined crossbeddedoolitic sands(oolitic grain-
stones)with abundantabradedskeletaldebrisandmicrofaunaandsparse
rhizomesof duneplantsand terrestrialanimal burrows.Thesesandsare
migratinginland «an aeoliantransgression»to cloak intertidaland infilled
lagoonal sedimentsand, elsewhere,where the barrier abuts directly
againstdic shoreline,to dilute quartzosedesertdunesands.Betweenthe
tidal deltasarecoral-algal reefsformedof an impoverishedIndian Ocean
fauna(Kinsman, 1964) (coral-algalboundstones)and in some parts of
11w coast they form the main barrier with a cappingof barrier islands
(Kendall & Skipwith, 1969).In the leeof the reefsaresandy,sandy-mud
or muds(skeletalwackestonesandmudstones).

Tidal channeisextendfrom the tidal inlets into the lagoonsandgrad-
ually bifurcateandshallowlandwardsnearthemainlandshoreline(Fig. 6).
They are borderedby narrowterraceswhich broadenalongthe mainland
shoreline.Thereare manysmall islandson the banksandshoalsbetween
the channelswhich are fringed by narrow beachesenclosingmangrove
swampsandcyanobacterialmats.

Here, the temperaturesand salinities are bigher and more variable
than those of the adjacentshelf and increaseinland (Edwards,Bush &
Evans,1986) (Fig. 7). There is an abundantbut low diversity macroand
mícrofaunawith a greatabundanceof cerithidgasteropodsin the inner
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parts (Evanset al., 1973). Coral only extendsinto the outerpartsof the
lagoonswhereit fringessomeof thebanks.Similarly, echinoidsdie out in
the lagoonsalthoughasteroidsand,more particularly,ophuroidsextend
furtherlandwardsin thelagoons.

Greenalgaeare not abundantbut Jonia sp and Acetabulariasp are
foundand,althoughthey disarticulateto producecarbonatemud,arenot
sufficiently abundantto explainalí of thiscomponent(Evanset al., 1973),
much of which is comminutedskeletal debris as well as possiblebeing
partly directly precipitated (Rinsman, 1969a, b). The channels are
floored with skeletalandpeloidalsandsfashionedinto dm-m sizedbed-
forms with various flood and ebb orientations in different channels
(crossbeddedskeletal/pelletalgrainstones);they containmore mud and
in the innerpart aresandymuds(peloidal/skeletalpackestonesandwac-
kestoncs).Cementedaeoliansandssometimescrop-out on the channel
floors and are overlain by a lag of coarseshell and intraclasts.Whereas
oolitic sandsmay occur on the outerterraces,tliey neverextendfar into
thelagoon.The terracesarecoveredwith pelletalsandssometimeswith a
muddly matrix (peloidal grainstonesanó packestones)with a variable
contentof skeletalremains-particularlythoseof cerethidgastropodsand
somebivalves. The sedimentsare burrowedby crustaceansandworms.
Grassesform densecarpetsin partsof the terracesand in the channels.
Their films of cyanobacteriacloak the grainsand in placesgrapestone-
typegrainsarepresent.Elsewhcretheybind the surfaceover largeareas.
Also cementedcrustscoverlargeareasof thelagoonfloor (aragoniteand
high magnesiumcalcite cements).These are bored and support a re-
strictedepifauna—Brachiodontesis common—and in manyplacesthe ex-
pansionof the crusts during cementationhas producedm-sizedtepee
structures.Wavesdrive terrace sedimentsshorewardsto form narrow
sandybeaches(peloidalandskeletalgrainstones)wbich show bankward
cross-stratificationandthe sedimentsare heavily bioturbatedby crusta-
ceans.The narrow beach-barriersendosemangroveswampscontaining
densely bioturbated mud, with many plant rhizomes and elsewhere
cyanobacterialmatswith cementedcrustsandsmallamountsof replacive
dolomite.Along the mainlandshorethereis awide intertidal fIat covered
by rippled peloidal sandsand muddy sands (peloidal grainstonesand
packstones)with a densepopulationof grazingcerethidgastropods.The
bareflats passshorewardsinto a broad(1 COs m wide) cyanobacterialmat
which in placesmaybe decimetresthick. Sedimentdriven shorewardsby
storm waves and tides are quickly coatedwith cyanobacterialfilaments
andsimilar successivccventshavebuilt up the intertidalzone.The mats
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show a wide variety of growth forms andduring period of extended10w
water becomecracked and dessicated(Kendall & Skipwith, 1968a,b;
Kinsman & Park, 1976). The resulting sedimentsconsist essentiallyof
laminatedmud-cracked,in part cavernous,crypt-algalbeddedpeloidal
muddysands(peloidalpackstones)with lensesof peloidsandskeletalde-
bris-mainly gastropods.Gypsumoccurs beneathandwithin the mats. In
exposedareastheseare replacedby narrow beachridgescomposedof
coarseskeletalgravelandsand(skeletalgrainstones).

Generally,the sedimentsof the coastalbarriercontainonly moderate
quantitiesof organicmatter (Evans& Bush, 1970; Evanset al., 1973).
However, somelaterauthorshaveclaimedthat the sedimentsare rich in
this materialandhavea potentialassourcerocks.(Ferguson& Ibe, 1981)
but this hasbeendisputed(Kenninget al., 1989).On theotherhand,the
cyanobacterialmatsarerich in hydrocarbons,as are someof theotheror-
ganic rich sediments(mangrovepeatsetc.) (Kenning et al., 1 989). They
seemto be good potentialsourcerock material but only if ratherspecial
sequencesof events allow their preservation in the geologic record

jEvans. 1989; andseeWarren(1986) br generaldiscussionj.

THE COASTAL SABKHA

The lagoons are borderedto landward by a 10w coastalplain just
aboyesealevel with a salt encrustedsurface-thesabkha,which during
periodsof high tide andstrongonshorewinds maybe partly inundatedby
lagoonalwater.Coastalsabkhashavemanyorigins (Tricart, 1954;Purser,
1985). The seemingly monotonoussalt encrustedsurface is often of
multiple origin andusually shows manyoíd strand-linefeatures,such as
beachridgesand infilled tidal creekson its outer surfaceand,elsewhere,
particularlyon its innerparts, superbsurfacesof truncatedcross-stratified
acoliandeposits.(Evans,Kendall&Skipwith, 1964).

The sabkhashowsits optimumdevelopmentin the UAE in thesouth-
cm Arabian Gulf. Here the Flandrianriseof sealevel led to the inunda-
tion of the outeraeoliandunefieldsof theArabian desert. Indeed,such
dunesandsareknowntobepresentbeneaththe watersof variouspartsof
the Arabian Gulf (particularly in the Gulf of Salwa), where they once
linked those of Saudi Arabia, Babrain and Qatar (AI-Hinai, Moore &
Bush, 1987; Darwish & Conley, 1989) andareprobablyelsewheremore
extensivebeneathcontemporarymarinedepositsbut areas yet unproven.

The rising seatruncated4w aeoliandunesby marineerosionand in-
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land tbeywere deflatedby the wind dueto the drowningof the up-wind
sand sourcesby the marine waters. This inundation appearsto have
reachedits maximumlevel about4000yearsBP anda prominentbeach-
ridge of skeletalsand(skeletalgrainstone)marksthe maximumextentof
this event(Evanset al., 1969;Kinsman& Paterson,1982).As the lagoons
becameincreasinglyshelteredby the growth of tbe oolitic beach-dune
and reefalbarriersto seaward,theybecameinfilled with skeletalpeloidal
sandsandmuds.Thesurfaceof thesedepositswerecementedto produce
hardcrustsas arefound in the adjacentlagoonstoday.Although sedimcnt
continuedto be producedit was sweptshorewardby wavesandcurrents
to form (as it continuesto do today)extensiveintertidal flats, which were
quickly colonizedby cyanobacterialmats. The inner lagoonalcoastline
has accretedat a rate of 1-2 km per thousandyearsover the depositsof
4w infilled lagoonto producea progradationalcoastalplain underlainby
a wedgeof carbonatelagoonaland intertidal fiat sediments.(Fig. 8). 0ff-
sborewinds cloaked the emergingintertidal fiat with a blanket of sand
and silt and Iocally ephemeralstreamssupplied sedimentzthis process
continuestoday.Exceptionalstormswhich canmiselocal sealexcí 1-2 m
aboye normal lead to inundationof thc outer sabkbaby Iagoonalwaters
and thesedeposita vencer of marinesedimentover its outerparts. Fi-
nally, evaporationhasled to depositionof evaporitemineralswhich have
aidedin the accretion.As well as leadingto deposition,[he encroaching
storm watersare sometimesturbulentand truncate4w surface.In addi-
tion, winds are constantlytrimming the accretingsurface.It is this inter-
play of the various processesof depositionand erosion which havepro-
duced the monotonousequilibrium surfaceof the sabkha(Figs. 9a, b).
Re groundwatersof the sabkhaare of both continentalandmarineorigin
(Hg. 10): watersare sweptover the surfaceduring storm periodssome:
somewater, but probablyvery insignificant amounts,percolatesinto Ihe
sabkhafrom the adjacentlagoons;water moves up into the sediments,
from thcunderlyingaquifers;andoccasionaloverlandfloodsandprecipi-
tation supplysmallamountsof waterto 4w groundwatersystem.Whereas
4w outer sabkhais underlainby marine derived groundwaterand the
inner sabkhaby continental derived groundwater;in the intermediate
aieais a zoneof mixed origins. As the sabkhaprogradesseaward,simi-
larly the zone of mixed andcontinentalderived waters move seawards
(Paterson& Kinsman, 1977, 1981). Re groundwatersof the outer
sabkhaundergoa cyclical patternof changes:fiooding of 4w surfaceby
storm-drivcn lagoon waters [so called oflood recharge»(Butíer, 1969)]:
evaporationof the water from the saturatednearsurfacesediments,oca-
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pillary evaporation»;andfinally, (andthis is the «normal»situationon the
sabkha)draw-upof waterfrom the underlyinglagoonalandaeoliansedi-
ments,¿<evaporativepumping»(I-Isú & Schneider,1973; McKenzie etal.,
1980).The resultsis precipitationof evaporitesandtheproductionof di-
ageneticmíneraisdue to reactionbetween¿tecarbonatesedimentat dic
progradationalwedgeandthe evaporatingsalmegroundwater.

Evaporationproducesgypsum (CaSO4.2H20)firstly beneathand
within the cyanobacterialmats and later a mush of gypsumaboye the
mats. Reaction between the concentratedground waters and the
aragoniticpeloidalandskeletalsandsandmuddysandsof the prograding
intertidal fiat sedimentshas led to the productionof fine-graineddiag-
enetic calcium-rich dolomite and further gypsumis produced,as large
crystals,as a byproductof tbk reaction

2 CaCO3 + Mg
t + SO¿+ 2H

20 —* CaMg (CO3) 2 + CaSO4.2H20
Aragoniticsediment(water) dolomite gypsum

(Wells, 1962; Curtis et al., 1963; llling, Wells & Taylor, 1965: Kinsman,
1969a,b; McKenzie, 1981; Paterson& Kinsman, 1982; Illing & Taylor,
1993). Also smallamountsof celesite(Sr SO4) are produced,probably
dueto the inability of the replacivedolomite lattice to accommodatethe
strontiumions (Evans& Shearman,1964)

Sr
t + S0

4 Sr SO4
Releasedby dolomization Water Celesite
from aragonite.

Dolomite replacesfine aragonitemudandpelletedmudbut hardlyaf-
fectsthe stouterskeletalgrains.The result is a dolomitic pelloidalpacke-
stoneandwackestone,often with ghostsof 4w original peloidal texture.
Although somedolomitizationof subtidalsedimentsoccursin the sabkha
plain sediments,and evensubaqueousdolomitehasbeenreportedfrom
Kuwait (Gunatilakaet al., 1984, 1986), it is mainly concentratedin the
intertidal sediments.In partsof theprogradedcarbonatewedgethe pro-
cesshas proceededfurther and magnesitehas resultedfrom the reaction
betweendolomiteandinterstitialbasins(Bush, 1973)

CaMg (CO3)2+ Mg
tt —* 2Mg(C0

3)+ Ca
tt

dolomite water Magnesite Water

Temperaturesand salinities are sufficiently high in the supratidal
sediments-largelyof aeolianorigin-overlying the intertidalsedimentswith
their cyanobacterialmats-foranhydrite(CaSO

4)to be tite stablestilpliate
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phase.This mineral first appearsas a pasteamongstthe gypsummush
aboyethe mats.The early anhydriteis after gypsumandpseudomorphs
arepresent(Kinsman, 1969a,b; Bush, 1973).However, muchof the an-
hydrite showsno evidenceof a gypsumprécursorandappearsto be pri-
mary. The anhydrite is extensively developedin the aeoliansupratidal
sedimentwhere it forms scatteredblebs, nodules and discontinuous
courses,with striking ptygmatic structuresand diapiric masses.Where it
becomesdominant, nodules have impinged to produce the typical
ochicken-wiretexture»with thin films of brown aeoliansedimentdefining
the pattern(Shearman,1966). The volume of anhydrite is considerable
and it hasan importanteffect in raisingthe level of the sabkhasurface.In
theinnerpartsof the sabkhaplain anhydriteis lessabundantandreaction
with groundwatershas led to its conversionto gypsum(Butíer, 1969).

There are no significant concentrationsof halite, largely due to the
high humidity of the area. Much of 4w sodium chloride which is de-
positedis eitherblown inlandby winds or is redissolvedby flood waters
and returnedin the subsurfaceseawardfiow of groundwaters(Kinsman,
1976). Other mineralshave beendescribedfrom the sabkhasediments
but titese areoftenepbemeralandof minor importance(Kinsman, 1 969a,
b; Gunatilakaetal., 1985).

Whereasgypsumis very commonin the sabkhasedimentsit is gener-
ally absentin sub-aqueoussediments.However, it has beenreportedto
haveprecipitatedfrom shallow ephemeralbrine pools in the sabkhaat
Qatar (tung, Wells & Taylor, 1969) anó Kuwait. In the latter case,it
forms a laminar «balatino-type»depositbut of very limited arealextent
(Gunatilaka& Shearman,1988). Interestingly,artificial brine filled pools
on the sabkhasof Abu Dhabiareoften lined with beautiful crustsof pris-
matiegypsum.

Although anhydritehas beenfound on the sabkhasof Abu Dhabi
(UAE) (Curtis et al., 4963),SaudiArabia (Fryberger,Al-Sari & Clisham,
1983),Babrain (Evans,Bush& Temple, 1980) andKuwait (Gunatilaka,
Saleh & AI-Temeemi, 1980; Gunatilaka& Mwango, 1987 and Gunati-
taka, 1990) curiously, it is very sparsein the sedimentsof Qatarwhere
only small inclusionshavebeenfound in gypsumcrystals(Illing, Wells &
Taylor, 1965) and as an alterationof gypsum(Perthuisot, 1977). It ap-
pearsthat southernKuwait is the northernlimit of contemporaneousan-

Hg. 8.—Evolution of coastalsabkhas.A. Sand desert,B. Holocene transgression,C. Coaslal
progradationanddepositionof a carbonatewedge.
Fig. 8.—Evoluciónde las sabkhascoasteras.A. Desierto arenoso,B. Transgresiónholocena,C.
I>rogradacióncosteray sedimentacióndeunacuñadecarbonatos.
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hydrite forination and tite limits of its latitudinal exlentniay be useful in
paleogeographicreconstructions(Gunatilaka,1989).

THE ARABIAN DESERT

Inland of the coastalbarrier with its associatedlagoonsand sabkha
plains are the extensivedesertsof Arabia (Figs. 1 and 11) (Holm 1960;
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Glennie, 1970).Huge volumesof quartzosedune sands(quartz-arenites)
form a complexof dunes,oftenup to [00 m high, of diverseandmultiple
origin.

The sandoriginates from the crystalline rocksof the Arabian shield
and its cover rocks and the fringe of the alluvial fans.This sandis being
driven southwardsfrom the Nafud through the Dhanaandcoastaldeserts
of 4w Hejaz into thegreatdepressionof the Rubal Khali.

In some locations cg Saudi Arabia (Fryberger, Al-Sari & Lisham,
1983), Qatar (Shinn, 1969), dune sandsare being driven into the seato
míx with 11w nearshorcsediments.Elsewhere,along the UAE and other
coasts,wherethe coastalbarriersabutdirectly onto the coast,withoutin-
terveninglagoons,thequartzosedunesandsare being diluted with carbo-
natesands.

Inland sabkhas,often very extensive,havedevelopedin someareas
and are the sites of extensive sulphatedeposits (Glennie, 1970). BIse-
where,wherethc gulfward moving groundwaterintersectsthe surfacecg
parts of SaudiArabia, shallow lakes with reed bedsdevelopbetweenthe

dunes.
Tbe dune sandspasslandwards,alongthe desertrim into abelt of ex-

tensivealluvial fans(Fig. 10). Thesehavecomplexhistoriesandprobably
are largely of Pleistoceneage, but are still active in many parts today.
Rey are composedof thick conglomerates,sandy conglomeratesand

sands.Conglomerateclastsexhibit beautiful desertvarnishandventifacts
are commonon the surface.

In the extremesoutheastof Arabia, 4w fansreach 11w coastto mier-
firiger with ihe coastal barrier-Iagoonand sabkhadeposits (Purser &
Evans, 1973). In some areas,the fan-gravelsinterfinger with sabkhaand
coastalbarrier-lagoonaldepositswithout appreciableamountsof inter-
vening dunes.In sucharcas,due to the infiux of brackishwaterfrom the
fans,the adjacentsabkhashavelittle or no evaporite-usuallyso character-
istic of coastalsabkhaselsewhere.

THE TIGRIS-EUPHRATESDELTA

Re northwesternextremity of this shallow marine basin is infilled
with the sedimentsof the Tigris-Euphratesdelta. It is a typical A-zone
delta(Audley Charles,Curray& Evans,1977)and is unusualin that as it
is building into a very salme sea(Gunatilaka, 1986; Baltzer & Purser,
1990).This delta is also unusualin tbat the aeoliansedimentsupplycon-
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Hg. l0.—Watermovementin sabkhas.Reactionbetweensedimentandwater:
2CaCO

3+ Mg’~ + SO,” + 2H10 CaMg (CO), + CaSo,.2H2
(Aragonite) lo water (Dolomite) (Gypsurn)
(Sedimeíit)

SR~~ held o aragonitelattice is releasedduringdolomitization(it is 001 taken np by dolomite,
but released)andcombineswith sulpbatein seawaterto forro <rlcstitc
Sr~~ + SO¿ SO,Sr

(Celestite)

Also, turther reactionbetweenMgt rich brinesanddolomirie sediínentproducesrnngnesitc
CaMg (CO,), + Mg~~ 2 MgCG, + Ca~
(Dolomile) (Magnesite)

(Afta Lvans1986).
Fie. 1 0.—Movimieniodel aguaen lassabkhas.Reacciónentreaguay sedimento:
2CaCO,+ Mg~ + SO;’ + 21l~O CaMg (CO,)1 + CaSO,.2H10
(AIagní,itt>) Lo el agua (l)ol omita) (Yeso)
(Sedimento)

LI SC’ en la red del aragonitose iberadurantela dolomitización (no entraen la red de la do—
lomita) y sccombinaconel sulfatoenel agtía del mar formandocetestita
Sr’ + SO, SrSO,

(Celestila)

‘lambido se produceotra reacciónentrelas salmuerasricas en Mg~~ y el sedimentodolomítico
queproduceMagnesita
CaMg(C0,~ + Mg~ 2MgCO, + Ca

t’

(SegúnEvans,1986).
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Hg. 1 1.—Sandand stooedesertsin Arabiaandprevaleotwind and sandtransportdirections.
Hg. 1 1.—Desiertosarenososy pétreosen Arabia y viento dominantey sentidodel transportede
la arena.

tributed,particularly by the northwestshamal,is very significant andmay
equalthe fluvial supply. It has beenclaimed that aeoliansedimentaccu-
muLatesat a rate of 0.8 rnm/yr on the land surfaceof neighbour¡ngKu-
wait (Foda,Khalaf & AI-Khadi, 1985).

The fluvial channelswhich mergedownstreamto form the funnel-
shapedestuarinechannel of the Shatt-el-Arabare borderedby broadle-
vees(Fig. 12). In places,crevassesplaysspreadfrom the channeisinto the
interchannelareaswhich, in the lower deltaic plain, are dominated by
shallow fresh-brackishwater lakes and densesurrounding marshesof
thick high reed beds of Phragmitessp and 7’ypha sp, locally known as
oAhwar» (Aqrawi & Evans,1994).Theseareflooded in spring and early
summer when snow melts in the headwatersof the rivers. Elsewhere,
remotefrom the river channels,aresalmefluvial plains andsabkhasoccur
along the coastalareas(Fig. 12). The sedimentsof the leveesand cre-
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vassesare well stratified sandysilts and muds, whilst those of the lakes
and surroundingmarshesarebioturbatedsandysilts and clayey silts with
abundantplant roots (Aqrawi & Evans, 1994) and a varied brackish
waterfaunaof molluscs.

Re aeolianand fluvial sedímentsupplyarevery similar in composí-
tion; and,becauseof the vast quantitiesof carbonaterocks in the hinter-
land, are rich in detrital carbonate.Consequently,the Ahwar sediments
are rich in allochtonouscarbonate.However, in addition, authigenichigh
magnesiumcalcite,calcite, calcium-dolomite,gypsumandpyrite develop
in the sediments.Authigenic palygorskiteforms in the sedimentsas well
asbeingallochtonous(Aqrawi, 1993).

Peatbeds are presentin the 1-loloceneand although it has not been
provenare probably forming today in someof the Mesopotamianmar-
shesfurther inland. In the Ahwar sediments,the organic carbon ranges
from 0-20% with the highestamountsin the freshwaterlake andmarsh
sediments.Generally,it appearsthat much of theabundantorganicdebris
producedby reed growth is being very efficiently decomposed;perhaps
becauseof the high temperaturesand abundantsunlight (Aqrawi &
Evans,1994).

Although there are somespectacularevidencesof local recenttec-
tonic movements- suchas the warpingof historic canals(Lees& Falcon,
1952), the area appearsto have beenrelatively stable during the Ho-
locene(Larsen& Evans, 1978). Infilling of tite forelandbasin between
the Arabian Shield and the Zagros bId mountainbelt of Iran has been
complicatedby the dammingeffect of the large QuaternaryWadi-AI-
Batin ¿mdKarun aljuvial fans. Titeseencloseda depressionwhicit had to
be infilled before the delta could progradeinto the watersof the open
Gulf (Rzoska,1980; Baltzer& Purser,1990)(similar to tite way that the
Mississippi hasto infilí the Atchafalayalakesbefore it cancommenceits
next pitaseof progradation into the Gulf of Mexico on the west of its
presentdeltaic plain). Marine influencescertainly extendedas lar as 200
km from the presentcoasdinein the Holocene(Larsen& Evans,1978;
McFayden& Vita-Finzi, 1978).

Tite exactseawardlimit of the deltaic influeneeis not knownaltbough
brackishsurfacewater hasbeentracedsouth of Kuwait; but probablyex-
tends to about 100 km from tite shoreline(Evans, 1966; Siebold et al.,
1973). Shallow water sandsin the nearshorewaters outside the main
freshwater outflow, Shatt-el-Arab,are fashionedinto a complexof elong-
ate tidal bars (0ff, 1963). Thesepass seawardsinto prodeltaicmarís
which endosetite reef cappedKharg Island off tite Iranian coastand
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mergeinto the sedimentsof the neritie basin.Thedeltahasa curiousmix-
ture of sedimentsand is similar to the Nile deltain many ways,with an as-

sociation of sabkhas(evaporitic sediments)and lakes wheredensereed
bedsdevelop(organic rich sediments)(West,Ah & Hilmy, 1979; Evans,
1989).The associationof fluvial channeisandbrackishlakes wherereed
bedsdevelopare in many ways reminiscentof the Wealdendepositsof
Europe.Today,thereis a markedchangefrom tite terrigenousdeltaic de-
posits of the delta with the carbonate-evaporiticfacies of tite Arabian
shorelinein KuwaitBay(Gunatilaka,1986; Evans,1989).

CONCLUSIONS

Ihe Arabian Gulf with its wide variety of sediments(Fig. 13) has at-
tractedagreatdeal of attentionsince the early descriptionof its Holocene
sedimentcoverby Emery (1956)andthe veryperceptivestudiesof Sugden
(1963a,b). It hashelpedAhr (1973) in his formulation of tite conceptof a
«carbonaterampain contrastto the oshallowshell> model derivedfrom tite
Bahamas.Differing from the latterbecauseof the gentleslopefrom basinto
shorelinewithout a sharpslope-breakbctweenbasin and shelf and its re-
latedbanksor protectiveshelf-edgereefs.This «carbonate-rampomodel as
exemplified bythe presentArabian Gulf, is often more appropriateto the
interpretationof manyancientcarbonatesequences.

Tite extent of formation of penecontemporaneousdolomite and the
proofof its replacive,not primary, characterby the reactionsaspredicted

by Klement,(¡894, 1895), h4saidedthe understandingof dolomitic car-
bonate sequencesand their diagenetichistory (Illing & Taylor, 1993).
Tite discovery of widespreadcontemporaneouscementationand the re-
placementof earlyaragoniteby high magnesiumcalcite cements;particu-
larly its developmentundershelf watersconvincedworkers of tite reality
of contemporaneoussubaqueouscementationandtite lackof the needto
invokeuplift or deephurial to initiate sedimentation(Shinn, 1969;Taylor
& Illing, 1969). Furthermore,it has furthered understandingof hard-
groundsandtheir associatedfaunasin the geologierccord. Although tite

direct precipitationof aragonitefrom marine waterswas suspectedfor a
longtime; this processwasonly unambiguouslywitnessedin the watersof
the ArabianGulf (Wells & Illing, 1963;De Groot,1965).

Fig. 1 3—Originof the main sedirnenttypes.
Fig. 13.—Origende los principalestiposdesedimentos.
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The discoveryof modern anhydrite in the sabkhasof tite Trucial
CoastIJAE (Curtis et al., 1963) has led to the enthusiastic(and later
oftcn ill-judged) applicationof tite sabkhamodel to evaporiticsequences.
Early perceptivestudiesof Shearman(1966), initiated a revolution in
titeir interpretationand of tite evolution of evaporitic basins.Furtiter-
more, the juxtapositionof the coastalbarrierandevaporiticsabkhaplains
with tite aeoliandunefields and alluvial fan gravelsof tite Arabian pentn-
sula,provided a timely modelfor the studyof thePermiandepositsof tite
evolvingNorth Seaoil province(Glennie, 1972).

Althougb much has beenleai-ned from [bis interestingmarginal sea
andadjacentareasmanyproblemsremain.Therearestill unsolvedprob-
lems about tite precipitationof aragonitein the open watersof the Gulf;
the reasonsbr tite fluctuating sedimentsupply andperiodsof stability of
tite seafloor which allows the developmentof cementedlayers are not
clearly understood;the exact mechanismfor oolitic growtit and tlw at-
tachmentof the corticesof aragoniteto tite coresis still unclear. Region-
ally, a greatdeal remainsto be learnedabout: tite SaudiArabian coast(a
regionhardiysiudied); tite Iranian coastand interior basins;titefuelesand
evolution of the Tigris-Fupitratesdelta; and tite threedimensionalreía-
tionship and tite responseof sedimentsto tite complicatedeustaticand
tectonicchangesin the area.It is possiblethat furtiter studiesin titis inter-
estingareamay aid as much tite understandingof the rocks of tite geo-
logic columnastitosenow completedappearto itave alreadydone.
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