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Abstract

Cyclical carbonatevaporite successions provide an important record of
palaeoenvironmental fluctuations in the geologic record. They also have significance as
economic resources, either as a part of petroleum systeras an industriagcale
source of halite and/or gypsum. Few basins with such carbewap®rite stratigraphic
architectures have been studied in detail, the best known being the Zechstein Basin of
north-central Europe and the Paradox Basin of the wes&taited States of America. In

this study, sedimentological and sequence stratigraphical investigations of the late Early
Miocene deposits of the Fatha Formatadrthe periphery of the Zagros foreland basin,
Kurdistan region, NE Iraguere carried out. Tochieve this, nine complete exposures

of the Fatha Formation were logged and correlated across the study area. This was in
order to determine depositional environments, a depositional model, and basin
configuration, in addition to analyse sequence straifgca relationships, high
frequency cyclicities, and to determine average cycle duration. Results are used to
evaluate the mechanisms that originated the-frigdjuency cycles, and to compare their
development with the wetleveloped higtirequency cycles fothe Paradox Basin
(PennsylvaniarPermian) in the United States and the Zechstein Basin (late Permian) in

north-central Europe.

This study reveals a cyclical arrangement of carbeeatgorite ramp cycles on the
north-eastern margin of the Zagros Basach recording basinward progradation and a
shallowingupward trend from lower energy calcareous mudstone and muédstone
wackestone carbonate microfacies at the base, to higher energy packatostne
rudstone and/or low energy algal mat/stromatolitidoonate facies at the top. Each
carbonate unit is capped by evaporite deposits of supratidal sabkha origin. Red clastic
sediments that advanced socwmtbstward into the basin from the adjacent Zagros
hinterland overlie each evaporite uriithe investigatios reveal inner ramp facies of
different environments that includewrmal marine salinity open lagoons, hypersaline
lagoons, restricted and shallow lagoons, sand shoals, beaches, intertidal and supratidal
flats, tidal flats, supratidal ponds. These arerlaue by the sabkha deposits and above
these a distal coastal alluvial coastal plain developed that included palaeosols and
infrequent channel deposits. This seutbstwards progradation of the red siliciclastic

deposits into the Miocene Zagros forelandtfoccurred during deposition of the Fatha



Formation. This progradation and shoreline migration toward the basin caused thickness
variation and both lateral and vertical facies changes.

The late Early Miocene carbonaggaporite cycles of the Fatha Foitioa display two
superimposed orders of stratigraphic cyclicity and two different stacking patterns.
Fourthorder parasequences {42 parasequences, eacthdm thick in the lower part of

the succession andSIn thick in the upper part of the successiamj dave a mean
periodicity of approximately 60,000 years. They are packaged into eottuied cycle of
accommodation evolution, represented by th&80m total thickness and a duration of
approximately 2.5 Myr. The fourtbrder parasequences are compos#d the
shallowingupward cycles, separated by flooding surfaces, that each grade up from
more basinal carbonate mudstone facies into normal marine carbonates and then into
intertidal and supratidal facies, sabkha evaporites and then into fluvial deysits.
using Fischer plot analyses, two different stacking patterns are recognized. The
retrogradational set, comprising-20 thick cycles with thicknesses that are more than
the average cycle thickness, onlaps a sequence boundary at the base of th@successi
and was deposited during a period of relatively high accommodation space generation
and subsidence. In contrast, a progradational set, includi 1Binner cycles with
thicknesses that are less than the average cycle thickness, prograded towsdothe S
the basin and was deposited during decelerating accommodation creation and
subsidence in the upper part of the succession. This systematic variation in thickness of
fourth-order parasequences, characterised by this thickening upward followed by
thinning upward trend, defines a thiodder accommodation cycle. Both stacking
patterns and the thirdrder accommodation cycle are regionally correlative over the
whole study area, and individual cycles may be correlated throughout the area,
demonstrating comtuity of at least several tens of kilometres. This is a characteristic
feature of highfrequency glacieeustatic sedevel fluctuations that are controlled by
Milankovitch cycles and such depositional geometries unlikely to be controlled by
tectonic oscihtions. Autocyclic controls on the depositional geometries may occur

within each fourth cycle, in particular in the inner ramp facies associations.

A secondary, literaturbases analysis has been carried out of two -aeleloped
carbonateevaporite cyclkal successions, namely of the Paradox (Pennsylvanian
Permian) and Zechstein (late Permian) Basins. These are characterised in terms of their

sedimentological features, vertical facies trends within cycles, and more regional



depositional geometries. Thesgamples are then compared to the cyclical succession

of the Fatha Formation. Their tectonic settings, patdmoates, and stratigraphic trends

are analysed, as well as their hierarchical divisions and sequence stratigraphic styles.
The mechanisms thatowotrolled the higHrequency cyclicities are inferred and
compared those that controlled the Fatha Formation. Climate, -glastatic sedevel
fluctuation and the tectonic configuration of a basin are considered to be the major
variables in the determitian of the stratigraphic architectures of each carbenate
evaporite cyclical succession. The presence or absence of boundstone bioherm
constructors additionally influences whether a basin margin architecture will remain as

a gradually sloping ramp, in th@bsence of such bioherms, or develops a distally
steepened slope, in the case of coral or algal bioherms being present. The new sequence
stratigraphic model for cyclical carbonaeaporite deposition on ramp margins, as
developed for the Fatha Formatioapplies to the former. More classical type
sequence boundaries and associated systems tract geometries remain appropriate for

describing the latter.
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Chapter One

Introduction

1.1 Background

Carbonatesvaporite cycles that developed on shall@ipping ramp marginsare
important deposits in both the ancient and modern sedimentary repooggling a
major record of palaeogeographic, palaeoclimatic and palnvironmentalchange
(Tucker, 1991) Al s o, over 50% of the worl dos
carbonges, and over 60% of these reservoirs are sealed by evaporite dédpesdall

et al, 2009) Many hydrocarborbearing reservoirgn the world are associated with
carbonateevaporite successionmcluding in ramp settings, for examptiee Miocene
carbonateevaporitecyclesof the Middle Eas{Beydoun, 1991; Beydouet al, 1992)

the carbonatevaporite cycles of the Paradox Basin in the U®Aaterson and Hite,
1969; Weberet al, 1995) the second carbonate cycle of the Zechstein Basin (Late
Permian)(Ingo and Lehmann, 2002and the Cretaceous carborat@porite cycles of
the Albian Acatita Formation of NE Mexicdlngo and Lehmann, 2002)The
depositional processethat result in the accumulation of cyclical evapeptene
sequences argypically more complex than thoseviolved in the depason and
accumulation ofcarbonate deposilone. Although numerousmportant studies have
beenundetakento consider the origin of and controls upon the accumulation of mixed
carbonateevaporite successions in both ancient and modern environmendsiatgp

on the evaporite elemenfgvarren and Kendall, 1985; Schreibstral, 1986; Logan,
1987; Schreiber, 1987; Tucker, 1991; Sarg, 2001; Warren, 268é) studied example

is unique and the number of studiediant outcrop examples is currently limitédost
evaporite successions represent chemical compositionsetitat] precipitaton from a
seawatederived bringKinsman, 1969; Warren, 2008yonsequentlymost largescale

and longlived marine evaporite deposits requiradwater bodythat was mixed or
exchanged wittoceanwaters butwith limited circultion typically in an aridor semk

arid climatc regime where evaporation is intensiy@/arren and Kendall, 1985;
Warren, 2006) Marinederived &aporites are believed to accumulate subaqueously in
shallow marine shelgeand enclosed basins (lagoarsl salings and subaerify} in
coastal plains (sabkha@issenbaum, 1980; Warren and Kendall, 1985; Flugel, 2004)



The late Early Miocene cyclical carbonateaporitesiliciclastic succession of the Fatha
Formation is wellexposed in Kurdistan, northern Irag. Until recently it has received
little attention for political and security reasons. It now offers a chancedwvataate

the architecture and controls upon this type of sedtary succession. It should be
considered a significant ancient outcrop example, allowing comparison with those

systems mentioned above.

Studieshave previouslybeen undertaken of carbonaeaporite cycles to unveil their
distribution and architecturea thegeologic recordincluding, as mentionedhe Late
Permian ZechsteinBasin from Europe(Tucker, 1991; Strohmengest al, 1996a;
Wagner and Peryt, 1997; Becker and Bechstadt, 2QB6) Pennsylvanian Paradox
Basin from Utah, USAGoldhammetret al, 1991; Raup and Hite, 1992; Welsdral,

1995) andalso themodern Arabian GulfKendall and Skipwith, 1969; Alsharhatal.,

1995) (Figure 1.1) Each of these carbonageaporite basins required particular
depositional, tectonic, climatic, and eustatic settings. The evaporites of the
Pennsylvanian Paradox Basin, for example, were accumulatedpalaaetectonic
depression(Weber et al, 1995) and convergent tectonic sag (Warren, 201Q)
whereas the evaporites of the Late Permian Zechstein Basin are an example-of basin
centre and slope evaporite depositiBdrner, 2004; Warren, 2006pn the other hand,

the modern evaporites of the Arabian Gulf have accumulated in a supratidal sabkha

setting at the marging a shallowdipping carbonate ramKinsman and Park, 1976)

The Paradox Basin was developed during the Pennsylvanian to Early Permian at a time
when the Earth was subject to tbHects of major Gondwanan glacial to interglacial
cyclicity. The deposition of the thick evaporite succession in the Paradox Basin was
coincident with the main Pennsylvanian glaciation when an arid and dry climate was
developed across the basin due to pteximity to the palaeequator(Baars and
Stevenson, 1981)fhe accumulation of evaporites (anhydrite and salt) in the Paradox
Basin is restricted to the basin ten whereas the carbonates are accumulated at the
shelf margin(Hite and Buckner, 1981)The correlation of the evaporite cycles at the
basin entre with their lateral carbonate equivalents at the shelf margin has been
conducted over the whole bas{rlite and Buckner, 1981)The deposion of the
evaporites at the basin centre is coincident with subaerial exposure at the shelf margin
that is defined as a sequence boundary ty@ldhammetret al, 1991) Twentynine

complete evaporite cycles are recorded at the basin centre and they have been correlated



to the carbonate equivalent cycles at the shelf m@Rgterson and Hite, 1969; Hite and
Buckner, 1981)The deposition of the thick evaporite cycles with their latsebonate
equivalents in the Pennsylvanian changes upward to carbsiheitdastic cycles in the
Permian at which time a thick wedge of siliciclastic deposits commenced progradation
into the basin from a mountain belt developed at its marn@snsnniny and Miskelt
Gerhardt, 2009; Williams, 2009¥he Paradox cycles provide a valuable case study
because they consist of mixed carboretaporitesiliciclastic cycles throughout the
succession and the deposits were accumulated in a foreland basin. Asdlgititire
depositional architecture reflects the influences of tectopiiét, palaeoclimate, and
eustatic sedevel changes.

The Zechstein Basin covered a large part of Central Europe and was developed during
the Late Permian in an arid and dry climéBentonet al, 2002) Following the main
Gondwanan glaciahterglacial cyclicity of he Early Permian, the climate of Central
Europe changed to arid and sesmid and then more humid conditions through later
Permian and Triassic timef@enton et al, 2002) The deposition of evaporites
commenced as marginal gypsum wedges duringlesed falls that were laterally
equivalent to subaerial exposure at the shelf ma¢gucker, 1991) Then during
relative rises in sekevel, carbonates accumulated. Five main cycles are recorded from
the bain, Z1-Z5 (Ziegler, 1990) The cycles can be regionally cdated over the whole

basin. A thick carbonate and evaporite succession accumulated in the lower cycles (Z1
Z3), whereas in the upper cycles carbonate sedimentation was reduced or ceased due to
the climate change from arid to hunfM/agner and Peryt, 1997)he Zechstein cycles

are of significance as a case study because they are dominated by extensive earbonate
evaporite cycles which reflect the congobf palaeoclimate and eustatic 4eeel

changes.

The Miocene carbonatevaporite cycles of the Fatha Formation accumulated in the
Zagros foreland basin of the Kurdistan region, NE Irag. This formation is composed of a
cyclical succession of carbonatevaporites and siliciclastics. Each cycle typically
consists of calcareous mudstone, shalioarine carbonates, evaporites with chicken

wire fabrics, and fluvial siliciclastic deposits. The nature and thickness of the cycles
vary from basin margin to bi@scentre where a thicker succession and maximum cycle
number accumulatedt the basin margin, 242 cycles are recorded in successions of
50-300 m thickness, whereas at the basin centre fifty cycles accumulated in a succession

about 600 m thickTucker, 1999) These carbonatevaporite cycles accumulated in an
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arid and hot climate during the Miene in this region, but a palaeoclimate which was
also characterized by climatic fluctuatigiiller et al, 2005)

N.Siberian Basin

WSverdup Basin
(Carboniferous)

% Zechstein Basin

\

Moscow Basin

EIlk Point Basin (Devonian)

(Devonian)

Williston Basin Cambrian Salt

(Devo. - Jur.) . ;
Paradox Basin i .
(Pennsylvanian) Gulf COBSt'BaSl Khorat Basin
Delaware Basin (Jurassic) (Cretaceous)
{Eermian) Canning Basin McArther Group
(Ord. - Silu)\ (Mesoproterozoic)
Salt in Andes d Arnadeus Basin
(Permian) (Neoproterozoic)
Zambian Coppe Flinders Ranges
(Neoproterozoic) (Neoproterozoic)

Figure 1-1 Map showing the distribution of major evaporite basins, including the Miocene,
Paradox, and Zechsteirevaporite basins(Kendall, 1992)

This study focuseprimarily on the Miocene carbona&vaporite cycles frorthe Fatha
Formation athe periphery of the Zagros foreland basinyrdistan The study includes
an assessment of palaeodepositiopabcesses and environmentpalaeoclimate,
sequence stratigraphy, and the accommodation histotiie Zagros foreland bias

during the Miocene.

Previoussedimentological and sequence stratigraphical studies dfatta Formation
are documenteth a variety of research papdShawkat, 1979; Agrawi, 1993; Tucker,
1999; AFJuboury andvicCann, 2008)However, no detailed study hpeeviouslybeen
conducted to investigate the types and distributions of the cywidls,a detailed
analysis regarding theequence stratigraphimamework for thehigh-frequency cycles.

1.2 Aims and objectives 6 the study

The main aim of this thesis is to characterize the sedimentology and depositional
architecture of carbonatevaporite cyclical successions, as deposited in ramp settings.
Variations in architecture will be explored in terms of the regionaldiér) and global
(glacio-eustatic and palaeoclimatic) controls that may have led to such variants.



The main element of this study is an investigation of the Fatha Formation in Kurdistan,
predominantly composed of cycles of carbonate and evap@hitgawi et al, 2010)

The poject aims in relation to theofmation are to interpret its sedimentology, in
particular in the more proximal basin margin settings, and to establiskl&tiership
betweenthe carbonateand evaporiteelements. Thestudy also set out talevelopa
sequence stratigraphic model the studied succession, providing a framework within
which to explain their origin of Fatha Formation depositional cyclciteterms of
relative sealevel changs. The extensive exposure of these cy(1§s42) in Kurdistan

makes this area an ideal study locale for characterizing the palaeoenvironments and
their cyclical variation in a restricted basin during a period of kngaciceustatic

fluctuations.

Recenty, after discoveries of oil and gas reserve&imdistan, including inCenozoic
reservoirs, the Eariliddle Miocene succession has beenagget for study and a
significant focus of attention. This studig therefore topical, given its focum the
outcrops of the Miocene Fatha Formation around Sulaimani Governoratetsand
presentation of Miocene lithostratigraphic and chronostratigraphic columns,
depositional environmentandsequence stratigraphacchitecture

In addition to the focus on the Fatharfation, this study aims to analyse and compare
different carbonatevaporite basins from the geologic record, in terms of their
depositional context and development. Through analysis of the cariewagerite

cycles of the Paradox and Zechstein basims @mparison with the Fatha Formation,

the aim is to establish general characteristics of cyclical carbemap®rite successions

in ramp settings, and what are the variations in such depositional architectures and the
explanations for any observed vaioas.

Given the aims outlined abovehe following list provides a summary of project

objectives:

1. Determine sedimentary faciesf the Fatha Formation, sedimentary facies
associations, lateral/vertical vations, microfacies andelated sedimentary
structures to reconstruct the depositional history present a depositionatodel
for the formation

2. Present lithostratigraphic and chronostratigraphic columns of the Fatha Formation

from the basin margin, as well as to evaluate thickness and facies varfedin
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proximal to basin centre locations, so characterizing lateral and vertical facies
changes

3. Determine the platform configuration and geometry of the basin, by studying facies
changes and compositions throughout the successamtributing to a genat
depositional model of the basin

4. Determine thesequence stratigraphic division of the Fatha Formatidentifying

the sequence boundaries, sequences, systems drat{zarasequences.

5. Establish the stratigraphic architecture across thenskgin of tle Zagros foreland
basin. This will provide the framework for considgion of the eustatic and/or
tectonicand sediment supply controls upon sequence development in the late stages

of Neo Tethys closure.

6. Determine the age of the formation and estima¢ety c | es d dur ati ons
strontium sotoperelative dating methad

7. Explore the use of Fischer plots in the evaluatiothefmajor controls on the Fatha
cyclicities and factors affecting deposition.

8. Carry out a literaturdbased comparative analysisother examples of basins with a
substantial record of carbonageaporitic cyclical sedimentation, with a focus on
the depositional architectures and settings of the Paradox and Zechstein Basins.

9. Compare the Miocene carbonateaporite cycles of theatha Formation with the
Paradox and Zechstein cycles in terms of depositional architectures, and the
tectonic, palaeoclimatic, glaceustatic or other mechanisms that have determined
their cyclical character. Then to propose a generalised model to adoouhe
effects of various controls on the accumulation of mixed carbonate, evaporite, and

siliciclastic successions.
1.3 Thesis structure

This PhD studentship is financially supported by the Ministry of Higher Education and
Scientific Research of KurdistaRegional Government (KRG). The fieldwork was
conducted in Kurdistan Region, NE Irag. Thin sections and strontium isotope analysis

were conducted within the Earth and Environment School, University of Leeds, UK.

There are four principal topics in this #i& (1) analysis of sedimentary lithofacies to

enable the development of a depositional model for the carbevap®rite cycles of



the Fatha Formation in Kurdistan Region. (2) Analysis of a series offtaghency

cycles for the purpose of developmeffitaosequence stratigraphic framework that can

be used to define and evaluate the mechanisms responsible for cycle development. (3)
Analysis of highfrequency carbonatevaporite cycles of the Pennsylvani@ermian of

the Paradox and Zechstein basins ferghrpose of comparison with cycles of the Fatha
Formation to present a generalized model for mixed carb@vaigoriteclastic cycles.

(4) Finally, estimating these mechanisms that control cgtlacessions and generate

high-frequency cycles.

This thess is composed of sevehapters. This introductory chapter discusses the aims
and objectives behind this PhD thesis. The organization of the remainder of the thesis

outlined below.

1 Chapter 2: This chapterdiscusses, in detail, the geological setting of Zlagros
foreland Basin, including structure, tectonic, stratigraphy, palaeogeography,
palaeoclimate, and regional correlatigxs well as it introduces the study areas, and
summarizes the previous research undertaken in the region.

1 Chapter 3: This chapterdiscusses the sedimentary lithofacies types, their
arrangement and the distribution of the Miocene carbemaiporite cycles of the Fatha
Formation in Kurdistan Region. Additionally, it considers carbonate microfacies in
detail, as well as fossil contera§the Fatha Formation. In addition, lateral and vertical
facies changes of the cycles in the basin margin have been discussed. Moreover,
depositional environments have been determined and a depositional model has been
developed. The contents and resoltshis chapter have been prepared for publication

i n the journal 6Sedi mentary Geol ogy6é6, (A
N. P. 6Var i at i-ecvapmite ramp faciasr tiermds: d dBserdigalian Fatha

Formation, Kurdistand).

Chapter 4: In this chapter the higfrequency cycles of the Fatha Formation have been
analysed to propose a sequence stratigraphic framework. Types of cycles and their
spatial distributions have been described. In addition, lateral and vertical changes in
cycle stackig patterns have been described and discussed. Determination of lateral
extent and correlation of the cycles has been undertaken based on the presence of
several marker beds. The significance of Fischer plots, -sgite and systems tracts

have been discaeed. Lastly, the mechanisms responsible for the generation of the

cycles have been evaluat@ithe contents and results of this chapter have been prepared



for publication in the journal 6Sedi ment
and Mountney, N P Third@rder accommodation space, parasequence stacking
patterns, and mechanisms controlling shallowipgvard cycles: The Miocene

shallowingupward cycles, Fatha Formation, Kurdistan Region/NEdIrag

1 Chapter 5: In this chapter the carbonag®aporitecycles of the Pennsylvanian
Permian of the Paradox and Zechstein basins have been reviewed and discussed in
terms of their developments, palaeotectonics, palaeoclimates, stratigraphy, sequence
stratigraphy, and cycle analysis. Additionally, the mechanisiatshave controlled the
cyclicities developed in each of these basins have been discussed. The cyclical
arrangement of assemblages of lithofacies of each of these basins has been compared to
that of the Fatha cycles.

1 Chapter 6: This chapter discussthe main outcomes of this thesis. As well as, it
evaluates the main controls on the architectures of the basins. In addition, limitation
anddifficulties of this study are discussed amtiumber of recommendations for future
researchs presented

1 Chapter 7: This chapter summarizes theain conclusions of this study.

1 Appendices:In Appendix1, nine stratigraphic logs of the Fatha Formation have been
presented, including sample locations, lithology, microfacies, water depth, shallowing
upward cycles, and typef oycles. In Appendix 2, nine tables have been presented in
which cycle numbers, cycle thicknesses, cumulative thicknesses, and cumulative

departure of the cycles have been shown.



Chapter Two

Geological Settings

2.1Introduction

The location of Kurdistan inNorth Eastlrag, at the northeasternmargin of the
Arabian Plate, as well asadjacent tahe Zagros Mountas) means that it habeen
affected by tectonicsthroughoutmuch of itsgeologicaldevelopment Therefore,
regional tectonic changesssociated wit movement othe ArabianPlate and local
changes in Irag as welhave eachaffected the stratigraphy and tectomi¢olution

of Kurdistan.

The most widely used regional tectonostratigraphic and sequence stratigraphic
divisions of theaccumulated successi® on theArabianPlate are those oSharland

et al. (2001)in which eleven tectonic megasequences (A¥#P11) aredocumented
(Figure 2.1)

During mid-Permianto Early Jurassic times (Tectonic Megasequence AR6Arabian
Plate started to separate frahe Sanandapirjan, centrhlran and Afghan plates. As a
result, the Nedl'ethys Ocean was developaddstarted to expand and subsidence of its

passive margins continued through the Cretacéliarlandet al, 2001)

During the EarlyLate Jurassic (AP7), the Mediterranean Basin opened due to the
separation of the Turkh plate as part of the expansion of the Nethys Ocean
(Jassim and Goff, 2006; Agrawet al, 2010) In the Late Jurassic to Late Cretaceous
(AP8), the IndiarPlate separated from the ArabiBlate and the Indian Ocedegan to
form. In the next megasequence (Late Cretaceous to late PaleA§®ethe Arabian
Plate was affected by compression, which occurred as a result of openingAtibtite
Ocean. At this stage pbiolite was locally obducted across the north eastern margin of
the plate. In the next megasequence (Early Paleogene to Latest EAEHD),
compression continued and the Neethys Ocean stal to close due to Arabiarafe
movement, and as a result subduction oedlbetween the Arabian and Iranian plates.
Initiation of RedSea rifting occurred in the Oligocer{8harlandet al, 2001; Ziegler,
2001; Sharlanet al,, 2004)



The last tectonic megasequerftate Eocene to the PreseAR11) included the period
whenthe RedSea and Gulf of Aden opened and evolved from continental to oceanic
extension. Inaddition, the Ned'ethys Ocean closed during the Oligocene to Early
Miocene as a result of collision that occurred between the Arabian and Eurasian plates
(Sharlandet al, 2001) Due to the separation of the ArabiBlate from the African

Plate and the opening of the Red Sea in the late Gligo¢Haq and AQahtani, 2005),

the ArabianPlate underwent tilting to the northeg&harlandet al, 2001; Ziegler,

2001; Sharlanet al, 2004)

The Miocene Fatha Formation is included within the fastonic negasequenc@.ate
Eocene to the Prese®P11) that is bounded by a Late Eocene regional unconformity
surface at the bag&iegler, 2001) This unconformity surface is identified in the studied
areas at the top of the Late Eoedfila Spi Formation. The deposition of the Miocene
succession in the Kurdistan Region thus occurred in a position that could be influenced
by the tectonic setting of the Arabian Plate, as well as the opening of the Red Sea and
Gulf of Aden (Beydoun, 1991; Beydouat al, 1992; Sharlandt al, 2001; Ziegler,

2001) This possibility will be assessed in later chapters.
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2.2 Tectonics of the area

Tectonically, Irachas beenlivided into three main tectonic zongéise Stable Shelf, the
Unstable Shelf and the geosynclinal aréisday, 1980)Subsequentlya newtectonic
division was proposedfor Iragq and seven tectonic zonesere identifiedby (Numan,
1997) The seventectonic zomes were the RutbaJaziraZong the SalmanZone the
Mesopotamiansagged basinthe suspended basirthe highly folded zones of the
foreland basinthe imbrication zone of the foreland basi&nd the subduction zones
from SW to NEdirection More recently,the tectonic divisions of Iraq were modified to
distinguishthree main zones, whidhave been termethe Stable Shelfthe Unstable
Shelf andthe Zagros SutureZone (Jassim and Goff, 2006Yhe Stable Shelf covers
most of the south and west of Iraq and eatetoward Syria and Jordato thewest and
Kuwait and Saudi Arabi#o thesouth. The Unstable Shelf is characterized by surface
folds parallel to the ZagreBaurus belt and is subdivided into the FootHitine @lso
called theLow Folded Zone)the High Folded Zone andhe ImbricatedZone. The
ImbricatedZone includes botthe BalambeTanjero and Northern (Ora) Thrust Zones,
whereaghe Zagros Suturgone is subdivided intthe QulqulaKhuwakurk, Penjween
Walash and ShalaZones(Jassim and Goff, 2006Recently in 2010, all the previous
divisions were compiled and fivemain tectonic elementsvere recognized. Tlke
tectonic elementare the Thrust Zonethe Folded Zondthe High and Low Folded
zones) the Mesopotamian Zon&éhe Salman Zone arttie Rutbakhlezira Zone(Aqrawi

et al, 2010) (Figure 2.2. The Low FoldedZone is characterized by wide and low
anticlines and wide synclines with Neogesediments preserved in thedores.
However, narrow deep synclines aridgh amplitude anticlines are the main
charactestics of the High FoldedZone, which cover most of the IragiKurdistan
Region Agrawi et al, (2010) terminologys used throughout the thesis.

Tectonically, the studied arewhich lies in the southnd suth-eastof the Kurdistan

region,is mostly located in Low Folded Zone plus parts of the High Folded zone.
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2.3The Zagros foreland basin duringthe Cenozoic

The Zagros foreland basin includes the succesdeposited sinc&agros collsion
(Upper Eocene to Holocen€lhe basins ~1800 km in length and 25@ 300 km in
width (Beydounet al, 1992) It is known thata 7 to 14 km thickness ofsediments
accumulatedlong the NE margin of the Arabidtate (Bahroudi and Koyi, 2004)The
basinoccupiesmuch oflraqg along aNW-SE trend and extendinto NE Syria and5W
Iran. During the Miocene the basirwas split into sixiscretesubbasins(Bahroudi and
Koyi, 2004)andthesewere separated by palab@hs(Figure 2.4) Of thesethe Sinjar
and Kirkuk subbasins were located in Iraq anereseparated by the Mosul hidhan
Bellenet al, 1959; Ziegler, 2001; Bahroudi and Koyi,@0).

The Zagros foreland basin includes numerous supergiant oil and gas fields -in high
amplitude structures generated by the Neogene convergence. Thadsmabieen a key
focal point fora number ofevaporiteand hydrocarborstudies, mainly due to its
stratigraphic position and tendency to create seals above the much explored
hydrocarbon reservoi(8eydoun, 1991; Beydouet al, 1992; Agrawi, 1993)

The development of the foreland bas@sulted fromthe collisionof the Arabian and
Eurasia continental plates. The oceanic crust of the Ardléde was subducted under
the EurasiarPlate during the Late Cretaceous and then the contoaetinent collision
occurredfrom the Late Eoceneto the present dayZiegler, 2001) As a result, the
Zagros mountain range and the Zagros foreland basin were develatieddditional
stresses frortheopening of the Red Sea and Gulf of Aden (extengidhe southwes)
(Beydounet al, 1992; Sharlandt al, 2001)

2.4 Palaeogeography of Miocene

The Miocene period spanned deposition of the Euphrates, Jeribe, Fatha (Iraq),
Gachsaran, Agha Jari (Iran), and Dam, Hofuf, and Hadrukh (Saudi Arabia) formations,
with massive evaporite and salt depoftigure2.3). These deposits were accumulated
within the Zagros foredeep and foreland that developed as a result of the strong
compression between the Arabia and Eurg&iegler, 2001)Figure 2.3)
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Figure 2-3 Palaeofacies map bthe Miocene spanning deposition of the Jeribe, Fatha and Injana
formations from lIraq and their time equivalents, the Gachsaran, Mishan and Agha Jari

Formations in Iran (Ziegler, 2001)

Due to tectonic movements along the Zmgmarginat the end of the Oligocene, the
basin system became restricted that resulted in the deposition of the Basal Anhydrite.
This is the first indicator of total desiccation of the Miocene b@simawi et al, 2010)

Along the northeastern part of the Zagros foreland basin, clastics and evaporites of the
Fatha Formation (western part) and Gachsaran salt Formation (Iran) were deposited
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(Sharlandet al, 2001; Ziegler2001; Agrawiet al, 2010) Around the Arabian Arch,
continental to transitionaharine deposits of Hardukh and Dam formations, as well as
lacustrine deposits of the Hofuf Formation, were accumulated. Large amount of
conglomerate was incorporated into tHefuf Formation as a result of uplift of the
western part of the Arabian shieldiegler, 2001) A shallow sea with carbonate
deposition covered the Gulf of Aden, and the Red Sea was periodically restricted that
caused to thewvaporite deposition during the Middle Miocene. Whereas, the Early
Miocene deposits in the southern Red Sea is characterized by-mdgep clastic unit
riches with planktonic foraminiferéZiegler, 2001) The Late Miocene sedents are
characterized by transitional, shallemarine unit with sabkha deposits.

In Iraq, the first restriction of the Miocene basinnsarkedby the deposition of the
Basal Anhydrite that overlies lbrahim Formation (Oligocene) and underlies the
Serikagm Formation.The deposition of the anhydrite was restricted in the centre of the
Mesopotamian and Sinjar siasins(Agrawi et al, 2010) The Serikagni Formation is
calcareous and marly sediments that were degubs the deeper parts of the basin and
bordered by the shelf carbonate of the Euphrates Formation. Thesetssed toward

the end of the Lower Miocene into lagoonal evaporites of the Dhiban Formation
(Buday, 1980)The distribution of the Dhiban Formation is similar to the distribution of
the Basal Anhydrite in the basin cen¢fd-Jubouryet al, 2007; Aqgrawiet al, 2010)

A new transgression is marked by the deposition of the carbonate and evaporite deposits
of the Jeribe Formatiotihat has the same distrilmr of the previous carbonate deposits

of the Euphrates Formatig¢Aqrawi et al, 2010)

The deposition of the Middle Miocene deposits occurred during the Zagros orogeny.
Evaporites and siliciclastics of the FatRormation were accumulated during the early
stage of regional compressjowhereas the overlying siliciclastics of the Injana and
Mukdadiya formations were deposited during the convergent and suidiegier,

2001; Agrawiet al, 2010) The evaporite facies of the Fatha Format®mestricted in

two depocentres (Zagros and Sinjar) in Irag as shown in Figure tfie4gvaporites are
restricted in the basin centre and they bordered by carbonate and mudstone toward the
margin(Goff et al, 1995)
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2.5 Regional Correlation

The stratigraphy of Iraq is affected by the major tectonic elements of the Middle East
area, as well as by the structural elements inside Irag. In addition, most stratigraphic
units in Iraq extend towards other surrounding countries due toetheé of theZagros

Basin.

The pabeogeographic map of the stratigraphic units of the Miocene basiaq and
Arabia (Figure 2.Bshow that the Miocene basin extended 2000 km from SWirtan
north-eastern andentrallrag andtowards NE Syria and sdwrn Turkey (Sharlandet
al., 2001; Ziegler, 2001; Jassim and Goff, 2006; Agratvial, 2010) Importantly,
deposition in thisMiocene basinwas diachronousbeingolder in the southwest and
becomingyoungerto thenorthwest(Shawkat, 1979)

In Iran, the Late Oligocene to Early Miocene Asmaiimestone Formation a(
significant hydrocarborreservoir) is equivalent téthe Iraqgi Euphrates, Dhiban and
JeribeFormationswhereaghe Euphrates Formation is laterally replaced by continental
clastics of the Hadrukh Formation in Saudi Arabia atite Ghar Formation in Kuwait

and southern IraAgrawi et al, 2010)

The Middle andUpperMiocene in Iran were previously representedhoyFars Group,
which includedthe Lower, Middle and Upper Fafermationsbut arenow represeed
by the Gachsaran, Mishan and Agha J&srmations, respectivelySharlandet al,
2001) In Iraqg,the Middle andUpperMiocenearerepreserdd by theFatha(equivalent
to the Gachsaran, previously Lower Fassid Injana(equivalent to the Agha Jari,
previously Upper Farspfmations, respectively. The Mish§oreviously Middle Fars
Formation is not recognized ilmaq and it is included within the Injana Formation
(Sharlandet al, 2001;Jassim and Goff, 2006; ZUubouryet al, 2010) The Fatha
Formation extends towardise Syrian and Turksh borders but alsochanges tohe Dam
Formation in Saudi Arabia (Jassim and Goff, 2006). In addition, the Injana Formation is
equivalent tothe Dibdibba Formation in Kuwait and sowttm Iraq andthe Hofuf
Formation in Saudi Arabi@lames and Wynd, 1965)
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2.6 Palaeoclimae

From research on sedimentary archives covering the last 65 million years, it is
increasingly apparent that the Earth underwent a great climatic change from greenhouse
to icehouse conditions. The greatest greenhouse phase peaked betwad®d®9%a,

during the MidPalaeocene to Early Eocene, and declined until present day with a rapid
cooling stage during the Early Oligoceneith the formation of ice caps at the poles
(Zachoset al, 2001; Zhaoet al, 2001) These interpretations are determiniedm

stable oxygen isotope data from benthic foraminif@raa worldwide scaléZachoset

al., 2001; Zhaoet al, 2001) Based upon oxygen isotopes, palaeoclimate and
palaeotempature can be determind@haoet al, 2001)as t he ¥awilue of
decrease during warm climates, amidl increase during cool climates. After the rapid

i ncr e d% during the @ligocene and the formation of significant ice at the poles,

t h &0 wvalue started to decrease, representing eaconditions during the Miocene

from about 17 tol4 Ma, which is known as the Miocene climatic warmth or the
Miocene climatic optimum. However, two cooling phases are recorded during the
Miocene climatic optimunfrom 17.2to 16.8 andfrom 16.2to 15.8 Ma,respectively
(Zhaoet al, 2001)

In terms of palaeoclimate, the@werto Middle Miocene unitsvere deposited in an arid

and warm climate, evidenced by deposition of the thick evaporites. From the significant
deposition of evaporites and warm climate during deposition of the Fatha Formation,
the formation might be correlated with the Miocene climatarmth or optimunfrom

17-14 Ma (Zachoset al, 2001; Zhacet al, 2001)

2.7 Study areas

A thick EarlyMiddle Miocene succession is reported in Iraq, which extends from the
margiral area in nortiKurdistan Regiondward the basin centre to the south west in
centrallrag. The study area runs very close to the basin margin and is centtee on
Sulaimani Governorate ithe Kurdistan RegionThree main areas were selectéie

QishlaghSargrma, Garmyan drDarbandikhamreas (Figure 2)5

The first study areais locatedalong the Qishlagisargrma Mountain with a NV8E
trend. The Sargrma Mountain is an asymmetrical double plungingiat of which

the northeastern limb is steeper than the sew#stern limb(Ghafur, 2012) This

19



structure extends tthe soutkeast tevard the Gola structure and to the northest
toward theBazian structure. As a whole, the Qishlgggrgrma structure extesidh
length for more than 80 km anm&l2 to 3 km in width. Three sections have been logged
along this structurethe Takiya, Basara and Krbchrsedions from NW to SE (Figure
2.5 and Table 4).

The second studyrea isaroundGarmyan, which is represented the Aj Dagh and
QaraWais anticlines. These anticlines are asymmetnaéh double plunging folds
with a NWASE trend andvith enechelon 6ld geometris (Kharajiany, 2008)They are
parallel to the Qishlagbargrma Mountain. The Aj Dagh anticline is located at the SE
end of the structurayhereaghe QaraWais anticline isat the NW end of the structure.
The Aj Dagh section was logged alomhg tAj Dagh anticlinewhereaghe Mamlaha and
Sangaw sections were logged along the @d¥ags anticling(Figure2.5 and Table 24).

In addition the outlying Kfri section was logged near Kfri town, 57 km SW of the Aj

Dagh anticline.

The thirdstudy areas located aroun®arbandikhan town, next to the Darbandikhan
Dam, along the NE limb of the Qaradagh anticline. The Darbandikhan section was
logged next to the Darbandikhan Dawhereas the Chnarah section was recorceat
Chnarah villag€Figure2.5 and &ble 21).

Takiya section A t |l atitude 35A 39a 07.38a and | c
secton is located 2.5 km NW ofakiya town and 45 km NW of Sulaimani gitglong

the Qishlagh anticline. A number of gypsum quarries are present in this area of the
Fatha Formation.

Basaa section.A t |l atitude 35A 26aqa 40. 3te@asarand |
section is situated along the SW limb of the Qaradagh anticline, near the outlet of the
Basara gorge.

Krbchna sectionAt | atitude 35A 17a 53. edmldngthend | o
Sargrma Mountain, the Krbchna section is located 2km NW of Krbchna village, near
the SangawQaradagh road. In this section, a 4.5m unit of Oligocene carbonatdseas
recorded.

Darbandikhan Dam sectionAt | atitude 35A ©645A4A34Ra4d1:
this section is locatedt the Darbandikhan Dam neaarbandikhan town, 53km SE of

Sulaimani city.
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Chnarah sectionAt | ati tude 35A 08qg 37. hskséctonisd | o
located nearChnarah village along the DarbandskkSulaimani road, 45km SE of
Sulaimani city.

Aj Dagh sectionAt | at it udean3d Al c0Ogi t3uld eS8 7405 A 17 o !
located orthe NW limb of the Aj Dagh anticline, near Hazar Kani village.

Sangaw sectionAt | ati tude 3léndtuld 6458909604 8an634a,
sectionis located 1km SW of Sangaw town, along the Q&gas anticline.
Mamlaha sectionAt | at it udearmBd Al 2r2gii towd 68 445 A 00 «

is located near Mamlaha village and 19km NW of Sangaw ,talamg the QardVais

anticline.

Kfri section. At | atitude 34A 42a 04.834a@ and | ong
located along the Bawa Shaswar Dam, 1km NW of Kfri town anan6Skof Sangaw

town. This area has undergone paspositional thrustaulting and only the uppepart

of the Fatha Formation cropsit.

Table 2-1 Geographical and structural locations of the studied sections

Sections Latitude N Longitude E Structure Description
Takiya 35°Pqag 07 44A 570 Qishlagh 45 km NW Sulaimani
Basara 35A 26¢ 45A 090 Qishlagh 26 km SW Sulaimani
Krbchna 35A 170 45A 160 Sargrma 32 km SW Sulaimani
Darbandikhan 35A 060 45A 42q Qaradagh 53 km SE Sulaiman
Chnarah 35A 080 45A 41 Darbandikhan 45 km SE Sulaimani
Aj Dagh 35A 09¢ 45A 17¢ AjDagh 18 km SE Sangaw
Sangaw 35A 160 45A 09q QaraWais 1 km SW Sangaw
Mamlaha 35A 220 45A 000 QaraWais 19 km NW Sangaw
Kfri 34A 420 44A 570 Kfri 69km S Sangaw

2.8 Data collection

Nine sections were selected and logged around Sulaimani city from the Miocene Fatha
Formation. These sections cover all the lithologayalles fromthe lower to upper part

of the formation. All the geological features were documented during the logging,
including lithological variations, thickness measurements, sedimentary structures,
sedimentary textures and fossdntent Overall, 615 samplesf calcareous mudstone,

carborate, and evaporite were collected from the stuséstiongTable 22).
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Table 2-2 Geographical locations, thicknesses and sample numbers of the studied sections

No. Sections Thickness (m) Elevation (m) Samples

2 Takiya 245 954 85

4 Darbandikhan 148 511 50

6 Aj Dagh 182 774 80

8 Mamlaha 300 582 130

Total 1527 615
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2.9The stratigraphy of the studied areas

A thick Miocene successiors preservedn the Zagros foreland basin, which covers
most parts of Irag an8W Iran. Thebase of te AP11tectonic megasequen¢gharland

et al, 2001) ismarked bya regional unconformity surface the Late Eocene, which
probably represents the first continent collisiddiegler, 2001) The filling of the
forelard basinwas commencedilong the narrow Zagros foredeep. Afthrs became
filled, sedimenation prograded soutlkastwardsalong the axis othe foredeep, from
Mesopotamia into thArabianGulf (Sharlandet al, 2001) By the end of the Pliocene,
final Zagrosclosuretook place, which caused exisive tectonic folding and thrusting

of the earlier sediments.

The Miocene succession in Irag represerdd by theGhar, Serikagni, Euphrates,
Dhiban and Jeribdormations of the Lower Miocene, andthe Fatha, Injana and
Mukdadiya formationsof Middle-Upper Miocene times(Figure 2.6 and Figure 2.7
The continuation of continealt collision during the Early Miocene andflexural
downwarping ofthe area led tdhe marine transgression and devetognt of deep
marine sediment ofthe Serikagni Formation and itshallow lateral equivalent
sediment of the Euphrates Formation(Aqrawi et al, 2010) The ortterm
development of localized, restricteddnclosed basinarose frontectonic stability and
led to the deposdn of the Dhiban FormatiorfAl-Jubouryet al, 2007)
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2010)

A new transgression may have contributed to a deeper facies rich in planktonic
foraminifera in the deep part of the basin, whéne Jeribe Formation was deposited,
and then the basprogressively infilledchangng to shallow opero variablyrestricted
conditions, as also represented on the NE margin of the trasimghout the Jeribe
Formaion (Agrawi et al, 2010; Hussein 2016)As a result ofthe continuation of
regional uplift andhe uplift of hinterlandsyelatively shallow semrestricted to closed
basins werehendeveloped and led to the deposition of the F&ivanationcarbonate
evaporite cycles. Then, progradation of tRathafacies beganfrom the north-east
towardthe southwest. The continuation of progradation led to ekrentuakreplacement
of the carbonatevaporite deposits by siliciclastic deposits a@ndthe form ofthe
deposition of fluvial depositef the Injana, Mukdadiya and Bai Hass&ormations
(Agrawi et al,, 2010)

The deposition of the deep planktonic facies of the Serikagni Formation was restricted
in the basin centrand there i$0 Serikagni facies recordadwardsthe basin margin

which is what is represent@udthe Kurdistanregion.However the lateral equivalents of
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the Serikagni Formationthe Euphrates Formatigrandthe youngeiDhiban and Jeribe

formationshawe been identifieth the Kurdistanregion(Hussein, 2016)

The Basal Fars @hglomerate at the base of the Fatha Formation is recogimized
Darbandikhan areas where a thick siliciclastic deposisnprising red claystone,
sandstone, conglomerate, and bi@ed carbonates documentedt the top of the Late
EocenePila Spi Formation The Early Miocene and Oligocene formatiomse not
recorded in Darbandikhan and Chnarah sections. However, the Early Miocene
formations, including Euphrates and Jeribe, as ash thin Oligocene unit (4m thick),

are documented between the Late Eocene Pila Spi and Fatha formations along the
QishlaghSargrma Mountain. In this area, the Basal Fars Conglomerate is located at the
base of the Early Miocene formations. Toward thatlsavest of the studied areas, Azh
Dagh andQaraWais anticlines, the Basal Fars Conglomerate becomes thin, and a thick
Oligocene succession is documented. Further toward the basin teisti®yrface and

the associated clastics change to a conformableession in the centre of the basin

The stratigraphy of the studied areas be summarised &sllows, as describedrom
the basef the successioto thetop.

2.9.1 Late Eocene Pila Spi Formation

The Pila Spi Formation crgmut extensivelyin the High Foldd Zone inthe Kurdistan
region and its lithological composition shows naignificant variations It is
characterized by welbedded dolomitic carbonatehalky in appearanceandincludes

the presence of chert nodules in the uppermosi{paday, 1980)Benthic foraminifera
comprising miliolids, chilostomellids and peneroplids are abundauat they represent
an inshore lagoonal faci¢Buday, 1980) The lower boundary is gradational with the
red mudstone facies of thaderlyingGercus Formation, whereas the upper boundary is

unconformablevith overlying Oligocene or Miocene strata.

In the studied areaghe Pila Spi Formation is overlain byhe Miocene Fatha Formation
in the Darbandikhan and Chnarah sections where a thick siliciclastictheBésal Fars
Conglomerate) is recorded between th@figure 2.8). However, in the Qishlagh
Sargma Mountairregion the formation is overlain by a thin Oligocemait (4 m thick)
(Figure 2.8C, D, and G)
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2.9.2 Oligocene formations

The Oligocene deposits in Iraq are composed of nine formations that have a relatively
restricted area of distribution. TH@ligocene basin was generally restrictedcentral

Irag near thecity of Kirkuk where a thick and complete Oligocene succession is
documentedqvan Bellenet al, 1959) TheOligoceneformations reduce in thickness

are absenttoward the Kurdistan region The Oligocene strata are predominately
composed of carbonate and thegre first defined as reef, backef, and foraeef
facies(van Bellenet al, 1959; Buday, 1980However,Ghafur (2012)arguesthat the

formations accumulated in inner, middand outer ramp platforsettings

In the studied areas, the Oligocene units rmerecorded inthe Darbandikhan and
Chnarah sections, whereas a thin carbonate unitm)4that is rich in corals is
documentedat Sargrma Mountainnear Krbchna villag€Figure 2.&). The Oligocene
formations become thiek toward the Azh Dagh and Qara Wais anticlines. Both

underlying and overlying units are unconformably separated from the Oligocene strata.

2.9.3 Basal Fars Conglomerate

The Basal Fars Conglomerate was firstmedi byvan Bellenet al. (1959)at the base of
the Fatha Formation (previously Lower Faig)the studied areas, thusit is composed

of thick siliciclastic deposits that compris®mnglomerate, sandstone, siltstone, and
claystone, as well as carbonate conglomerate that channelized within palé@eigsoés
2.8H). It is about 10m thick inthe Darbandikhan areat Qishladi-Sargrma Mountain
occurringbelow the base of the Fatha and Euphrdesmations, respectivelgFigure
2.8 A and C) This unit thirs toward the Azh Dagh and Qara Wais areas where it is
about 4m thick.

2.9.4 Euphrates Formation

The Euphrates Formation is maintomposed of carbonate and contains beds of
greenish marl, breccia, marly sand, and congloméBatday, 1980)It is characterized

by chalky, shelly, wetbedded recrystallized limestones, siliceous, oolitic, corraline,
and coquinag(van Bellenet al, 1959) Based on these variations in lithological
compositiony the formationwas divided irto three membersa basal cavernous and
conglomeratic limestoneg shelly carbonate, and marly and chalky carbonat@an

Bellenet al, 1959) The formation was deposited in shallow marine lagoons and reef
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settings (Buday, 1980) The lower boundary isusually urconformable with the
underlyingOligocene and Late Eocene formatipmfereasn someareas, where the
underlying unit ishe Serikagni Formation, it is conformab{Buday,1980) The upper

boundaryis conformable with the overlyinQhibanFormation.

In the studied areas, the formation is abseth@Darbandikhan and Chnarah sections
(Figure 2.81), whereas it is recordefbr the first timealong the QishlaghSargrma
Mountain in this study(Figure 2.8\). The formation is mainly composed of carbonate,
and it is about 4n thick (Figure 2.&, E, and F)It comprises conglomeratic carbonate
at the base and shelly carbonate at the top. It is composed of miliolid pasketone
grainstons at the baseand oolitic grainstoreat the topBorelis melo melas an index
fossil for theLower Miocene is identified in the carbonate ufitgure 2.8). The lower
boundary is unconformable with thederlyingOligoceneor Late Eocené&rmationsor
represents a floodingurface ovethe Basal Fars Conglomeratdere presentwhereas
the upper boundary is conformable with thwerlying Dhiban Formationin the Aj
Dagh area, the formatiomas first identified byHussein (2016) (Figure Z3.

2.9.5 Dhiban Formation

The Dhiban Formation is composed of thick beds of gypsum dheihterbedded with
thin beds of marls, recrystallized limestone, and doloifiBteday, 1980)It is 100 to
150 m inthickness irthe subsurfacd-ossils are lagikg in the formation, and its age is
determined based on istratigraphicposition being underlainby the Serikagnior

Euphrateg-ormations(Al-Jubouryet al, 2007)

In the studied areas, the formation is recorded in the Azh -Qagh Wais Mountain

area vhere itis only 1 m thick. It is underlain and overlain by the Euphrates and Jeribe
formations, respectively. It is characterized by yellowishaporitic carbonate.
However, the formation is locally recognized for the first time in this study along the
Qishlagh-Sargrma Mountain at the boundary of Euphrates and Jeribe formations. It is a

thin (10cm) yellowish evaporitic carbonate.
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Figure 2-8 Field photographs of the Early Miocene Euphrates and Jeribe formations.

A: The lower boundary of the Euphrates Formation (1) that overlies the Basal Fars
Conglomerate (BFC) and underlies the Jeribe Formation (2, 3) ghichiurn overlain by the
Fatha FormationBasara sectionB: Thin section photomicrograph of Euphrates Formation
including the index fossiBorelis melo meloC: The lower boundary of the Euphrates
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Formation thais underlain by the BFC which in turn derlain by a possible Oligocene ynit
Basara sectionD: The same boundary ithe Takiya sectionE: The carbonate unit of the
Euphrates Formation showing bdthwer brecciated(red arrow)and uppershelly carbonate
members as seerin the Azh Dagh and Mataha sectionsF: The same carbonate unit of the
Euphrates Formation, including both brecciated (red arrow) and shelly carbonate members in
the Basara section. It is underlain by the BR&. The carbonate units of the Euphrates and
JeribeFormations inthe Krbchna section. The Euphrates Formation is unconformably underlain
by an Oligocene unit thas rich in corals.H: The BFC inthe Darbandikhan section. It is
underlain by the Late Eocene Pila Spi Formation and overlain by the Fatha Formation.

2.9.6 Jeribe Formation

The Jeribe Formation is composed of recrystallized and dolomitized carbonate® that
interbediedwith evaporite and dolomite. The lower boundary is conformable with the
Dhiban Formation, whereas it is unconformable with the Serikagni Formiatithre
type areawith an evidence of a conglomeratic bed at the base of the forn{Btiday,
1980) The upper boundary is conformable with the Fatha Formaifibe.formation
was deposited in lagoons and reef environm@sis Bellenet al, 1959)

In the studied areas, the Jeribe Formation is not recordégeiBarbandikhanand
Chnarah sectiong-igure 2.81), whereas it is documented in all thiner areagFigure

2.8A and G) It is first recorded along the Qishla@argma Mountain and it is
underlain by the Euphrates Formation awérlainby the Fatha Formation. It is 8 to 10

m thick and comprises three cycles of carbonate, marl, and yellowish evaporitic
carbonateHowever,a very thin (10cm) yellowislgypsiferous carinate bed has been
locally documented at the boundary of Euphrates and Jeribe formations. This bed may

represent Dhiban Formation that thins toward the margin of the basin.
2.9.7 Fatha Formation

The Fatha Formation (previoustgrmed theLower Fars Formationyvas originally
defined and described Busk (1918)and latereviewed by van Belleat al.(1959), in

Iran, as part of the Fars Group. Thax=Group from Iran was divided intbe Lower,

Middle and Upper Far§ormations. Lithabgically, the Lower Fars Formation (Fatha
Formation) was also recognized in Irag and was named after its Iranian equivalent (van
Bellenet al.,1959; Buday, 1980). Then, a new type section was described in Iraq on the
southwestern flank of Makhul Mountajnn Al-Fatha Gorge. This was used as the basis
for the definition ofthe Fathaormation by AlRawi et al. (1993). The type section of
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the formation is divided into two members based on the absence or presence of red
mudstone units. The lower member, whiacks the red clastic units, is 220m thick at

the type section; the upper member, in which red clastic units are present, is 400m thick
at the type section (Jassim and Goff, 2006).

In general, the Fatha Formation is characterized by widespread evaggyjpesm,
anhydrite and salt) facies, which are interbedded with carbonate, calcareous mudstone
and red continental clastic units (Buday, 1980). It is a mixed carbemap®rite unit

which shows a cyclic repetition of lithologies, comprising red claystongandstone,
siltstone, mudstone, green marl (calcareous mudstone), gypsum, anhydrite, halite and
thin beds of limestone (Jassim and Goff, 2006).

There are no adequate dataat fully characterizethe presence of halite in the
formation. However, severhhlite beds were recorded in the central part of the basin in
Irag, in the middle part of the formation (van Bellenal., 1959), and the halite is
apparently more extensively developeadthe soutkeastern part othe basin towarsl

ran( OO0 Br i e Moreovef &alfy)water (brine) derived finahe subsurface part of

the Fatha Formation is used as an economic resource for salt production in Mamlaha
village. In addition, several halite beds are recorded inhoteg in the Sinjar and

Kirkuk areas in theorth of Iraq (AFJuboury and McCann, 2008

Fossils are very rare in the formation; the only fossils that are recorded in the limestone
beds are miliolids, ostracodRptalia beccar;j Elphidium sp.andOstrea latimarginata
(considered to be an index fossil of the formation), which belong to itiélé/Miocene

(Buday, 1980). Recently, some fossil mollusc species have been studied and these have
been ascribed to a lateower Miocene (Burdigalian) age (Mahdi, 2007). In addition,
ostracods from the Fatha Formation have been studied in terms of tigoesptay,
palaeogeography arnak palaeoecological indicators by many authors (Khalaf, 1988;
Abdol Rassul and ABheikhly, 2001; Hawramy and Khalaf, 2013). A Middle Miocene

age for the formation is indicated by all the mentioned authors.

Grabowski and Liu étermined the age of the Fatha Formation, using strontium stable
isotope dating, for both carbonate and evaporite units. They determined that the
formation accumulated during the Burdigalian, or more specifictily Middle
Burdigalian to Lower Langhiastages(18.5 to 15.6 Ma) (Grabowski and Liu, 2009;
Grabowski and Liu, 2012).
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The upper contact of the Fatha Formation is gradational and diachronous with the
overlying Injana Formation (Buday, 1980; Jassim and Goff, 2006). In addition, the
Fatha Formation isliachronous aa regional scale, being older toward the SE of the
basin (SW Iran) but younger towards the NW of the basin (Iraq to Syria) (Shawkat,
1979). However, ADuboury and McCann (2008) consider the #mbtydrite bed as the

top of the Fatha Formanh and define it as a sequence boundary with the overlying

Injana Formation.

It has been suggested that the Fatha Formation was deposited in a relatively rapidly
subsiding basin, which was separated by rising ridges from the open sea (vareBellen
al., 1959; Buday, 1980). In additioiiyrahim (1979)and Agrawi (1993) concluded that

the basinwas supplied by some fluvial and aeolian detritus during deposition. The
sedimentology and petrography of the formation have been widely studied by Hamid
(1994)and Ameen and Karim (2007) who concluded that the formation was deposited

in a semirestricted lagooal setting.

The clasticelement as a main unit, has been studied and a flkdeahinated bird ot
deltaic environment has been inferredthich repreents prodelta, delta front,
distributary channels, natural levees and crevasse sptaponerg (Al-Jubouryet al,

2001) In addition, Ameen and Karim (2007) state that the formation was deposited in a
stormaffected evaporitic foreland basin by the presencgkofithos traces, erosional
sufaces, graded bedding, and hummocky cross stratification icatmnateclastic

units that indicate tempestite deposits.

The cyclicity of the formation has not been studied in detail in terms of sequence
stratigraphy. Each cycle is composed of red ¢tayes, marl and evaporites, from base to
top, and might be accumulated during lowstand, transgressive and highstand system
tracts, respectively (Ameen, 2006). iJtauthor attributed each lithological cycle to
Milankovitch glaciceustatic cycles. The cyclasere related to eccentricity (ca. 100
kyr), which was modulated by precession (ca. 20kyr) and obliquity (ca. 41 kyr)
variations in the orbit of the Earth around the sun. Thus, the repetition of warm and cold
time intervals was interpreted to have causesl deposition of evaporites and red

claystones, respectivelyhis will be explored in more detail in chapter 4.

The marl unit has been studied in terms of mineralogy and petrogfapiiawaz and
Al-Juboury, 2006; ADuboury and AKawaz, 2008) These authors observed two
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different colours of the marl unit; red and green. In addition, the authors stated that the
marl beds includequartz grains, carbonate fragments and clay minerals. These
components from the marl beds with evaporitic associations have led to the conclusion

that the marls were deposited in hypersaline and-sestricted lagoonal environments.

In different studiesthe formation was investigated in terms of petrography, mineralogy
(including heavy and clay minerals) and provenance. These studies revealed that the
provenance for the clastics in the formation wieoen gphiolite groups, with igneous

and metamorphic rés from the nortkeastern margin of the Zagros Zone and mostly
Cretaceous rocks from the High Folded Zone. This interpretatassireached because,
during the Miocene, most of this highly folded and thrusted area was upliftesoand
sourced the Miocene setents, which were deposited in arid to semd climatic
conditions(Al-Jubouryet al, 2001; Aghwan, 2004; AKawaz and AlJuboury, 2006;
Jassim and Goff, 2006; Kassim, 2006:Jboury, 2009; ADubouryet al, 2009)

The highfrequency cycles of the Fatha Formation resulted from a rapid change in
accommodation space in variopalaeoenvironmentadettings, ranging from open to
restricted marine environmento continental sabkha and fluvial environments- (Al
Jwboury and McCann, 2008). The authaasguedthat the formationas a whole

represents a transgressiveegressive third order sequence.

The preserved thickness of the formation changes from the basin centre towards the
north-eastern part of the basin. Fuetmore, the general components and thicknesses of
limestones and evaporites vary in the same dire¢Bomnington, 1958)In theZagros
Basin,in the Sinjar subbasinand around Kirkuk, the formation reaches its maximum
thickness (600 to 900 m), whereas along most anticlines around Sulaimani city the
formation is 200 to 500 m thick (Jassim and Goff, 2006).

The depositional environmexnf the formation and the associated thick evapsete
controversial. Some authors concluded that the marl, limestone and evaporite units of
the formation were deposited in subtidal, intertidal and sabkha supratidal settings,
respectively (Shawkat and Tuckefd978; Shawkat, 1979; Tucker, 1999Fhis
interpretation was largely based upon the recognitiostromatolites and algal mats in

the formationat Shaikh Ibrahim in NW Irag. By contrast, other authors stated that the
lack of sedimentary featuregypical of sabkha deposits (e.g. stromatolites and

dolomites), is the main reason itder that theevaporitewas deposited in a maririe
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restricted lagoonal environment, rather thacluding sabkha environments (Ajel,
2004). On the other hand, Agrawi (199%3#ted thatsubaqueous evaporiteay have
occurred together with subaerial sabkha evaporite in the Fatha Formation. This is a main
question of this PhD studyto investigate the depositional environments of the

evaporites ancelated deposits.
2.9.8 Injana Formation

The Injana Formation conformably overlies the Fatha Formaltioe&»composeadnostly

of red silty marlstones, claystone, siltstone, and sandstone. In addition, limestone,
gypsum, and shale also occur in the lower part of the form#tiam Bellenet al,

1959) The lower boundary is mostly gradational with the Fatha Formation, whereas the
upper boundary is defined by the first pgbldandstone bed of the Mukdadiya
Formation(Buday, 1980) In the studied areas, thiejana Formation is composed of
cycles of red claystones and sandstpaesd itshows agradationakransition from the

underlyingFatha Formation.
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Chapter Three

Variations in carbonate-evaporite ramp facies trends: Late

Burdigalian Fatha Formation, Kurdist an

3.1Introduction

Carbonate ramps were originally defined by Ahr (1973) asdogle inclined platforms

that extend toward the basin without any slope break. -Eiigdtgy packstone and
grainstone facies typically dominate the landward (inner) part of rampserergy and
mudstone and wackestone facies tend to dominate in the basinal (outer) parts of ramps
(Ahr, 1973) Most hgh to moderate energy ramps are dominated by a strandplain
complex or a barrielagoonshoreline, whereas low energy ramps tend to be dominated
by tidal flats and lagoon@ ucker, 1992a)The Trucial Coast in the Arabian Gulf is an
example of a modern carbonate ramp with barrier, lagoon and tidal flat elements.

Cyclic sequences otarbonate ramps are documented from different basins and many
examples of higlirequency shallowing upward cycles are recor@@thsburg, 1975;
Wilson, 1975; Grotzinger, 1986a; Grotzinger, 1986b; Goldhameteal, 1987b;
Alsharhan and Kendall, 2003; Khalié al, 2004) In arid climates, evaporites may be
deposited along the intertidal and supratidal (sabkha) zones (e.g. the Arabian Gulf).
However, evaporites are not associated with carbonate ramps in more diumaitd
settings, such as South FlorifBosence and Wilson, 2003)lany shallowingupward
cycles record evidence for emergence in their upper part, wherebyed oarbonate
evaporite cycle is produced; for example in the Trucial Coast in Abu OKatsman

and Park, 1976; Kendadit al, 2002; Warren, 2006)n addition, in the proximal (i.e.
basin margin) areas, contmtal siliciclastic fluvial and aeolian deposits are commonly

mixed with the carbonatevaporite cycles.

Models of carbonate ramps tend to emphasizedinwnsional facies trends, from
proximal to basinal(Burchete and Wright, 1992) However, changes in rates of
deposition and environmental controls that vary both spatially across a ramp system and
temporally due to changes in, for example, carbonate production, relative sea level and
climate, lead to microfaciegariations in the sedimentary success(éifugel, 2004)
thereby potentially presemng complex arrangements of lithofacies within multiple

depositional cycles.
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The Miocene Fatha Formation in Kurdistan region and its-gémevalents record an
example of an ancient mixed carbonrat@porite ramp which covered most of the
northeast marginfdahe Arabian plate. This succession forms an important hydrocarbon
seal system in Syria, Iraq and Irfgkgrawi, 1993; Goffet al, 1995) Between 17 and 42
depositional cycles of carbonate, evaporitic carbonate, evaporite and in some cases
siliciclastic red claystone are preserved in the Fatha Formation; these cycles are variable
in nature and thickness. At the margin of the Zagros forelaath §Kurdistan area), the
cycles of the lower part of the Fatha Formation comprise marl (carbonate mudstone),
carbonate, evaporites and siliciclastic rocks upward throughout each of the cycles.
However, in the upper part of the formation marine carbamadesvaporite deposits are
volumetrically less significant, whereas alluvial clastic units are dominant. This
regressive trend continues into the overlying alluvial Injana Formation, which is
predominantly terrestrial (fluvial) in origin. Towards the centf the basin, the lateral
equivalent of the Fatha Formation cycles comprise marl, carbonate and evaporites, with
the only occurrence of red clastic mudstone being as minor accumulations in the upper
part of cycles in the upper member of the format{@grawi et al, 2010) The
proportions and thicknesses of the units are variable from place to place; the number of
cycles characterized by clastic deposits in their upper part increases toward the basin
margin, whereas the number of cycles dominated solely by carb@vateorite units

increases toward the basin centre.

The depositional environment of the formation, with its characteristic carbonate
evaporite cycles, has been the subject of debate. Some reseamiwusied that the

marl, limestone and evaporite units were deposited in subtidal, intertidal and sabkha
supratidal settings, respective|ghawkat and Tucker, 1978; Shawkat, 1979; Tucker,
1999) Evidence to suppbtthis interpretation includes the recognition of stromatolite
carbonate algainat deposits and chickemre evaporite (anhydrite) in the formation at
Shaikh Ibrahim, NW IragHowever, otherargued that the formation was deposited in a
relatively rapidly subsiding basin, which was separated by from an adjacent open
seaway tectonic barriefwan Bellenet al, 1959; Buday, 1980)Furthermore Ajel

(2004) argued that the general paucity of sedimentary features indicative of sabkha
environments, such as stromatolites and dolomites, suggests that thepoherel of
sabkha environments was not widespread across the region; an interpretation of a
marineconnected, restricted lagoonal environment was favoudditionally, Aqrawi

(1993) stated that sulsmeous evaporite might be occurred together with subaerial
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sabkha evaporite in the Fatha Formatibtoreover, another related stugyoposed a
model for a serarestricted lagoon setting for the depositional environnielamid,

1994) A further studyargued that the formation accumulated in a staffacted
evapgaitic basin that was subject to freshwater influ{@ésneen and Karim, 2007)
Furthermore,other studies have documented a stratigraphic equivalent to the Fatha
Formation, the Gachsaran Formation in Iran, which is also characterized by shallowing
upward cycles capped by evaporites that are interpreted to have accumulated in
supratidal and sabkha environmeflames and Wyh 1965; Gill and Ala, 1972; Pirouz

et al, 2011) Thus, the origin and environmental significance of the preserved cycles of

the Fatha Formation remationtentious

The aim of this chapter is to determine the depositional environments of the mixed
carborateevaporite cycles of the Fatha Formation and to present a model with which to
account for the variation in the expected facies trends of ramp systems more generally.
Specific objectives are as follow@$) to document the sedimentary facies and determin
their depositional palaeoenvironments; (ii) to demonstrate variations in the style of
preserved carbonawvaporite cycles and ramp facies trends; and (iii) to present a
depositional model for the formation.

This study is timely and of broad appeal tbe following reasons(i) it presents the
evaluation and correlation of the carboret@porite cycles across a regional area
which can be correlated into the adjacent countries of Iran and Syria, and therefore
assists in constraining regional palaeogepby in relation to plate tectonic
configuration across the wider region; (ii) the carbomat@porite succession creates a
significant hydrocarbon system (currently a secondary target in Kurdistan) in which the
carbonates make a good potential resergeiajed by the extensive evaporites, and (iii)
economically, the evaporites offer an important local source for the extraction of

gypsum and sulphur.

In the current study, detailed sedimentary logs, lateral/vertical facies variations and
detailed sedimentgrfacies and microfacies studies have been analysed for the Fatha
Formation for the purpose of interpreting the depositional settings. Detailed sedimentary
logs for all the sections, including age, thickness measurement, sample locations, water
depth, lithology and facies descriptions, are illustrated. Detailed descriptions and

interpretations of the carbonate microfacies are illustrated in Table 3.1 and 3.2. In
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addition, detailed thisection photomicrographs and field photographs for all the

sedimentarydcies are included.
3.2Methods

Measured vertical sections were recorded from exposures of the Fatha Formation in the
Qishlagh, Sargrma, Darbandikhan, Aj Dagh, Sangaw, -Q&is and Bawa Shaswar
anticlines (see Chapter Two, Fig. 2.5; Table 2.1). Nine comgpéstions totalling 1527

m in thickness were recorded from the wdlveloped Miocene succession in the
Kurdistan region (see Chapter Two, Table 2.2). The 9 sedimentarysiegs\ppendix

1) were measured to characterize lateral and vertical variatiorighofacies and
associated sedimentary structures. In total, 615 samples were collected from the studied
sections from different lithological units. From these samples, 300 thin sections were
studied from the carbonate units for analysis of petrographgntywadditional thin
sections were studied from the calcareous mudstone and evaporiteQantisnate
microfacies were interpreted using the Dunham classificdbomham, 1962)vith the
modifications of Embry and KlovagEmbry and Klovan, 1971)Microfossils were
extracted from 50 samples of the calcareous nounésunit using the ¥, method
(Boltovskoy and Wright, 19765as the folbwing:

a) The dried field samples were broken into pieces less than a centimetre in diameter.

b) The samples were transferred in t859ml keaker in the fumehood.

c) TheH,0,solutionwas diluted td®20% using distilled water.

d) The rock samples were submerged in th€®, solutionleft to break down for 2
4hr.

e) The samples were then washed througBjan diameter sieve.

f) The samples were then gently rinsed in the sieve until the water run clear.

g) A filter paper was folded and put in a funnel. The sample was transferitbe t
funnel, which was placed in a beaker to drain and dry.

h) The samples were dried in an oven at approxim&@g.

i) The samples were ready to be sorted or picked and identified.

j) The selected fossils were coated with gold and platinum alloys and imattpeithevi

scanning electron microscope at the University of Leeds, UK.
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3.3Divisions of the Fatha Formation

The main division of the formation was based on analysis of the section in the area
around Kirkuk byvan Bellenet al. (1959)and it was divided into four informal units,

from bottom to top : (i) The Transition Beds that rest on the Basal Fars Conglomerate
and are composedf anhydrite with thin carbonate and mudstone, (ii) The Saliferous
Beds consisting of anhydrite and salt with mudstone, siltstone and less frequent
carbonate beds, (iii) The Seepage Beds that are composed of anhydrite beds with
mudstone, siltstone and banates, and (iv) The Upper Red Beds that are composed of
red mudstone and siltstone with less frequent carbonate and anhydrite. This division is
easily recognized in Kirkuk area. However, it is not identified in other areas.

Research groups in the generdirectorate of geological survey and mineral
investigation(Al-Mubarak and Youkhana, 1977; Taufiq and Domas, 18Wigled the
formation regionally into two main members, based on the lack and presence of red
clasics, which are the lower member (without red clastic) and upper member (with red
clastic), respectively. The lower member is composed of marls, carbonates and
anhydrites; the upper member is composed of the same rhythmic alternation as the
lower part but Wth the additional presence of red clastics. Based on the current study
close to the basin margin, the formation can be divided into these two units that are used

throughout the study, as discussed below.

3.3.1 The lower evaporitedominated part

This unit is manly composed of cycles of calcareous mudstone (marl), carbonate,
evaporite (gypsum) and red clastic beds and is 100 to 200 m thick (Figure 3.1A). This
unit rests on the Basal Fars Conglomerate in the Darbandikhan area and the Jeribe
Formation in the otheareas. The basal part of this unit starts with red claystone in the
most marginal parts of the studied areas, like Basara, Sargrma, Takiya and
Darbandikhan. In the Garmian area, the basal part starts with alternations of thin

evaporite and thin calcareonsidstone beds.

3.3.2 The upper clasticdominated unit

This unit is 100 to 150 m thick and is mainly composed of alternations of thin beds of
calcareous mudstone and carbonate with thick red clastic unit (red claystone, siltstone

and sandstone,-8m thick) and tn less frequent evaporite beds (Figure 3.1B). The
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clastic unit is mostly composed of medium grain size sandstone beds including different
sedimentary structures, such as different types of ripple marks, cross bedding and
different types of bioturbatiorgkolithosandRhyzolithodraces). Toward the top of this

unit, the proportion of units of inferred marine origin decreases. These are replaced by

units of fluvial origin of the Injana Formation.
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Figure 3-1 Field photographs of the Fatha cycles of the lower evaporite (A) and upper clastic
dominated (B) units from Basara and Sangaw sections, respectively.
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3.4 Sedimentary facies

The characterization of sedimentary lithofaciesthe main tool for determining
palaeodepositional environments. Detailed microfacies analysis and the detection of
fossil assemblage allow the recognition of depositional settings. In addition,
sedimentary structures and lateral and vertical variationdheflithofacies aid the
determination of hydrodynamics and depositional settings. In this section, the results of
the sedimentary facies analysis are presented in detail, key features of each facies or
microfacies being summarized. Different fossil assamiathave been recognized from

the calcareous mudstone units. Tweote carbonate microfacies have been interpreted
and illustrated in Tables (3.1 and 3.2).

3.4.1 Calcareous mudstone facies (CM)
Description

The calcareous mudstone facies comprises 231% of the succession, from the most
distal to proximal parts of the studied areas. It is characterized by bluish to green and
yellowish colours (Figure 3.10E), firgrained textures, and is generally structureless,
though millimetric planar laminations @rioturbation are locally visible. The thickness

of the unit varies from 0.1 to 4.5 m.

Petrographically, different minerals, rock fragments and microfossils are identified in
the samples in a fine muddy matrix (Figure 3.ADA The minerals observed are
quartz, chert, calcite, ferrous dolomite and plagioclase. Quartz is very common in all of
the samples, comprising -BD% of the facies. The quartz content increases toward the
top of each individual cycle, which is also evidenced in the field by lithakbgitange

to a silty carbonate in some cycles. The quartz grains occur in smal(=0z£80 um)

and have irregular shapes, with low interference colours. They also contain small
inclusions. Carbonate minerals are common in the unit and occur in diffigpestsuch

as detritus, chemical and microfossil remains. The detritus carbonate mineral is
composed of calcite grains, while the chemical carbonate mineral is composed of
dolomite. The calcite minerals are the most common carbonate minerals and exhibited
laminar twining. However, the dolomite grains are much less abundant and appear in
turquoise coloursin addition,thep | agi ocl ase f el dosnmarandmi n e |

when they appear, they occur in irregular shapes with laminar twining.
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The main foss# of the unit include rotalidsAfjnmonia, Neorotalia, Pararotalia,
ElphidiumandRotalig (Figure 3.7AF), ostracods (Figure 3.8B), bryozoans (Figure
3.9D-F), oysters, bivalves, miliolids (Figure 3.98) and gastropods (Figure 3.9 C).

The sizes of obseed AmmoniaandRotaliaare variable. For example, in the base of an
individual unit they are typically smaller than 200 um and have low abundance,
whereas in the top of the unit, they range between 400 and 800 um in size and have high
abundance. Moreovethe sizes of ostracods vary from 400 to 800 um, and their
morphologies show variations from smooth to moderate/high ornamentations. Miliolids

and gastropods are also recorded in the samples and associated with rotaliid group.

The percentages of the fossibmponents vary in the cycles. In some cycles and
especially at the base of the individual units, fossils are absent. Petrographically, the
calcareous mudstone unit includes detrital quartz grains (10%), grains of feldspar
minerals (2%) and ferrous dolomigrains (5%). The percentage of the detrital quartz
grains increases toward the top of the individual units to 30% (Figure -R)LOC
Lithological variations include the presence of more fpavhe carbonate in some
cycles. Planar laminations and biotuibatare common in the unit$n the studied
sections planktonic foraminifer are not recorded, though such forms are recorded from
similar facies in the basin centf8hawkat, 1979)In general, the calcareous mudstone
units from the lower part of the succession include rotaliid grotanfinifera, miliolids

and ostracods within muddy matrices. However, toward the upper part of the
succession, normal marine bryozoans and oysters are Sleaithosichnofabrics are
abundant in the upper part of the succession (Figure 3.11C).

Interpretation

The association of rotaliids with ostracods and miliolids has been found from different
parts of modern hypersaline lagoons on the both sides of the Red Sea and Gulf of Suez,
Egypt by a number of researchédou-Ouf et al, 1988; Gheith and Auf, 1996; Hariri,

2008; Mohamedet al, 2013) Modern rotaliids live in hypersaline lagoons on the
eastern coast of the Red Sea at water depths of less than(@suf, 1984; Hariri,

2008) Furthermore, rotaliids indicate and have an affinity with abnormal environmental
conditions of saline lagoons and podMurray, 1973; Mohamedat al, 2013) The
genusAmmonialives in a wide range of settings from normal marine to hypersaline
lagoon, from 0 to 50 m water depth, in warm water (0 to 30E@hidiumlives in

brackish to hypersaline marsh and | agoon
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50 m(Murray, 1991) The variable size ohmmonialikely relates to salinity variations

(Bradshaw, 1961). With decreasing salinity, the siz&mmoniaincreases.

Ostracods occur in fresh, brackish and marine waters and also live in hypersaline waters
(Scholle and Ulme6cholle, 2003) Sizes and morphologies of the ostracods from the
calcareous mudstone units are variablee percentages of these fossils, including both

the smooth and nodded forpase fluctuating in the cycles. A negative relation between
ornamentation of ostracods with salinity was previously documé¢Bege, 1971; Keen,

1977; Garbett and Maddocks, 1979; Bodergat, 1983; De Deckker,.2806@ver,

some authors concluded a positive relation between them ostracod ornamentation and
water salinity(Sandberg, 1964; Vesper, 1975; Van Harten, 2000) the other hand,
Bodergat (2008)states that the calciurnontent of the water, granulometry of the
substrate, nutrient inputs and pH of the water have to be taken into account to conclude
whether there is a relationship between ornamentations and salinities. Hdxieres,
(1972)and Van Harten (1975%tated that there is no critical relation between salinity
and ostracod ornamentation. Moreoviéeen (1977)believes that the ornamentation
variations are related to CaCOL content
the size of ostracods and water salinity is also a critical subject and it is believed that
there is a negative relation between tlee 9f the carapaces and salinjifan Harten,

1975)

Bryozoans are colonial and filtéeeding marine benthos organisms. Generally,
bryozoans I|Iive in nor mal mari ne water Wwi
fluctuations causing bryozoas to decl{B®ersma, 1978; Haq and Boersma, 1998
Skolithoschnofacies is common in very shallow coastal environm@&@gsacher, 1967)

and also occurs in brackish water setti(@srran, 1985)

Overall, the calcareous mudstone units arerpreted to have been deposited in-low
energy muddy hypersaline lagoonal to shallow, normal marine conditions from their
lower to upper parts of the succession respectively. This is evidenced by the presence of
abundant rotaliids, ostracods and milioliég;king highenergy sedimentary structures,

the muddy matrix, planar laminations and bioturbations in the lower part, and the
increase of normal marine bryozoans, oysters and bioturbation in the upper part of the

succession (Figure 3.2).
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Figure 3-2 A column diagram showing percentages of the extracted fossils from the calcareous
mudstone unit from the Mamlaha section. B: bryozoas, O: ostracods and R: rotaliid3.he samples
are stratigraphically ordered. The percentge of rotaliids is relatively high at the lower part of the
succession. However, it becomes low toward the upper part where bryozoan, oyster and bivalve are
high.

3.4.2 Carbonate microfacies

The carbonate units range from 0.10 to 5.0 metres thick and corbpdsks.5% of the

total succession, from the most distal to proximal parts of the studied areas. They
include different textures and structures which vary from fine carbonate units of
mudstone and wackestone at the base to packstone, grainstone anckrieds$toas at

the top. Stromatolite or algal mat structures are present at the top of some carbonate
units, as are a varied range of sedimentary structures, including planar and wavy

laminations, trough crodsedding, ripple marks and bioturbation.

Based o the sedimentary structures, facies associations, skeletal arskeletal
components and diagenetic processes, 21 carbonate microfacies are distinguished,
which themselves can be assigned into six microfacies associations: skeletal) (SK1
mollusc dommnated (M13), nonskeletal (NS417), algal mat (AG12), dolomite (D1)

and sandy carbonate (S1) (Tables 3.1 and 3.2).
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Table 3-1 Microfacies associations and divisions of the carbonate members.

Group Name Mi crofacies
Skeletal Microfacies (SK) | 1 Mudstone (SK1)
2 Ostracods wackestone (SK2)
3 Rotaliidsostracods wackestone (SK3)
4 Rotaliids wackestone/packstone (SK4)
5 Miliolids wackestone (SK5)
6 Stronglymicritized bioclastic packstone (SK6)
7 Echinoids wackestone/packstone (SK7)
Molluscs Microfacies (M) | 8 Bioclastic gastropodbivalve packstone (M1)
9 Bioclastic oysteibarnacles floatstone (M2)
10 Bivalve float/rudstone (M3)
Non-skeletal Microfacies| 11 Bioclastic peloidal grainstone (NS1)
(NS) 12  Faecabellets grainstone (NS2)
13 Peloidatooidal grainstone (NS3)
14 Bioclastic ooidal grainstone (NS4)
15 Ooidal grainstone/packstone (NS5)
16 Coated grains rudstone (NS6)
17 Intraclasts packstone (NS7)
Algal mats (AG) 18 Microbial laminites (AG1)
19 StromatolitesAG2)
Dolomite (D) 20 Dolo-mudstone (D1)
Sandy carbonate (S) 21 Bioclastic calearenite (S1)

3.3.1.1 Skeletal microfacies (SK)

This group comprises of different microfacies, based on different skeletal associations
and textures. The SK includes rotaliids, miliolidstracods and echinoids as the major
bioclasts as well as molluscs as minor bioclasts. The bioclasts include both perforated
bioclasts (rotaliids, echinoids and bryozoas) and porcelaceous imgteddoraminifera
(miliolids, PeneroplisandBorelis). The mcrofacies of this group are mostly making up

the base of the carbonate units in most of the cycles, exiceptonfossiliferous
mudstone sumicrofacies, which occurs at the top. The sediments are mostly of well
bedded, white, clean, and figeained teiures of mudstone and wackestone, with few
packstone textures. Very fine laminations and bioturbations are common sedimentary
structures in this grouprhis group of microfacies makes up the lower part of the
carbonate units and is comprised of about 15% @ total carbonate microfacies of the

succession. It comprises of seven different associations of benthic foraminifera
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(rotaliids and miliolids), ostracods and echinoids as the main constituents in different

percentages, and textures of mudstone, wackesand packstone (SK3K7).
A. Mudstone microfacies (SK1)
Description

This microfacies included both ndassiliferous and bioclastic mudstone microfacies,
which are characterised by having a very fine texture. Three differenhisubfacies
were found wihin this microfacies, namelioturbated mudstone (SKla), Quartz

mudstone (SK1b), and Nedossiliferous mudstone (SK1c) suhicrofacies.

The SK1a submicrofacies were common at the base of the carbonate units and was
characterised by bioturbated homogenmicritic matrix (Figure 3.12A). Ostracods and
miliolids were seen in this microfacies at less than 5% in a muddy matrix (Figure
3.12A). The mud matrix was highly bioturbated, with some unidentified micritized
faunas. The rocks were well bedded, veryefiwith structureless/nelaminated
textures. This microfacies was recorded at the base of the carbonate units and it was
interbedded with bioclastic wackestone and packstone microfacies.

The SK1b submicrofacies were characterised by a high percentageartzjand chert

grains (2030% at average) in muddy to miesparitic matrices (Figure 3.12B). The
associated bioclasts were oyster shells, ostracods, miliolids and echinoid plates and
Sspines. Bi oturbations and pseudedwhieanicphs a
patches of sparite occurred in some samples. This facies is recorded at the top of the
carbonate units in few cycles, with planar and wavy laminated sedimentary structures.
The SK1c submicrofacies were characterised by laminated fine giextures without

any bioclasts. Quartz and calcite pseudomorphs after both gypsum and anhydrite were
very common, represented by lenticular (Figure 3.12D) and lath (Figure 3.12E) crystals
for both gypsum and anhydrite, respectively. In addition, largelao@vaporites were
common and were dissolved and formed large vugdnih in size (Figure 3.12C).

Small detritus quartz grains also occurred at an average of 10%. This microfacies was
recorded at the middle and top of the carbonate units from Mamlahd adaga
sections. Occasionally, the soficrofacies were alternating with very thin laminae of
karst subaerial exposures, about 5mm thick (Figure 3HR@&nd then grading up to
stromatolites and algal bindstones at the top of the cycles. Dissolutiomitiphtion

and cementation were the main diagenetic processes.
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Interpretation

Paucity of foraminifera in diversity and abundance, high percentage of muds, no
evidences of subaerial exposures and interbedding with lagoonal microfacies
(wackestone and padkse) in the SK1a sulmicrofacies are evidences for a restricted
hypersaline lagoonal depositional environment in the inner ramp. High percentages of
terrigenous materials and low abundance of fossils in the SKHmgubfacies are
indicative of mixed siticlasticcarbonate rocks in neapbast environments in the inner
ramp (Flugel, 2004) Planar and wavy laminations with a high percentage of detritus
quartz indicate a medium/high energy setting in foeast environments. Authigenic
evaporite pseudomorphs and fine structureless mud in the SKImisidfacies
indicate deposition in a hgpsaline lagoon during arid climate. The presence of the
evaporite pseudomorphs without any subaerial exposure indicates that the evaporite
crystals were probably grown subaqueously because of strong brine réfecker

and Bechstadt, 2006)However, subaerial exposure couplets and interbedding of the
submicrofacies with stromatolites and algal mats from the Takiya section indicate
evaporitic tidalflat mudin an arid climate. Algal laminites commonly interbed with
fenestrate mudston€Nagy et al, 2005) Gypsumpseudomorphs indicate brine
concentrations, with prolonged exposure in supratidal setfigght, 1986) and they

are features of arid intertidal sedimerfisasemi et al, 2012) These features are

characteristic of tidallats in the inner ramp.
B. Ostracods wackestone microfacies (SK2)
Descrption

The major bioclast component present in this microfacies was the ostracods, as they
comprised around 10% of the total bioclasts. The ostracods wefB0Bp@n in size
(Figure 3.12F). The associated bioclasts were miliolids and rotaliids. Quartz emd ch
grains occurred in a lime mud or micro sparitic matrix. Calcite and quartz
pseudomorphs after evaporites were also present. Bioturbations and organic matters
occurred in the facies. This facies was common and it was seen in most of the sections

at thebase of the carbonate units.

Interpretation

49



The abundance of the ostracods was declining from the calcareous mudstone to the
carbonate units, in which they occurred in wackestone texture and were associated with
rotaliids and miliolids. Reducing ostracod@s well as foraminifera assemblages, from

the carbonate units and the associated foraminifera indicate a low energy and
hypersaline restricted lagoon. In addition, calcite and quartz pseudomorphs, after
gypsum/anhydrite crystals, and bioturbations infethat restriction in an arid climate.
pseudomorphs after evaporites indicate hypersalinity in the depositional environment
(Paszkowski and Szyd3ak, 1986)

C. Rotaliids-ostracods wackestone microfacielSK3)
Description

This microfacies includes both rotaliids and ostracods as the major components. These
bioclasts were dispersed in a lime mud matrix and they comprised about 10% of the
facies (Figure 3.13B). The bioclasts were 800 um in size. Quartzchert, organic
matters and pseudomorphs after evaporites were seen in this facies. Miliolids were also
present as a minor component. This facies was common and it was recorded in most of
the studied sections, such as Takiya and Mamlaha, at the base aartionate units.
Cementation was the main diagenetic process, which included both ferro afetroon

calcite cements.
Interpretation

The abundance of lime mud with small benthic foraminifera and ostracods indicate low
energy settings. Presence of quaataml chert grains indicates that the depositional
environment was shallow and influx of the detritus grains was near. The evaporite
pseudomorphs indicate an arid climate. Presence of rotaliids and ostracods in a
wackestone texture in a muddy matrix withaperite pseudomorphs indicate low

energy hypersaline shallow lagoon in an arid inner ramp.
D. Rotaliids wackestone/packstone (SK4)
Description

Rotaliids were the main components of this facies3A%) in a muddy matrix. They

were 400500um in diameter. Thesaociated bioclasts were miliolids and echinoids, in
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the wackestone texture (Figure 3.1B{; and miliolids, ostracods and fragments of
barnacles, in the packstone texture. Quartz and chert grains were observed in both
textures, with impregnated grains Witorganic matters. In addition, quartz
pseudomorphs after anhydrite are available and the original cleavages of the previous
anhydrite were preserved. Bioturbations were also common. This facies was common
and it was seen in most of the sections, such asnlgha, Takiya and Basara.
Cementation, dissolution and silicification were the common diagenetic processes in

this microfacies.

Interpretation

Rotaliids are hyaline perforate benthic foraminifera and occur in very shallow agitated
water at 840m depth(Geel, 2000) The representative genera of this group in the
carbonatemicrofacies areAmmonia Rotalia, Neorotalia Pararotalia and Elphidium

The genusAmmonialives in a normal marine to hypersaline lagoon environment at 0
50m water depth and-80°C temperature, where&phidium occurs in brackish to
hypersaline marshesid lagoons at 0% salinity and water depth of3Dm (Murray,
1991) An association of rotaliidsAfnmonia and miliolids from a modern hypersaline
lagoon in Brazil was recordd®ebenayet al, 2001) In addition, rotaliids and miliolids
were recorded separately two different modern hypersaline lagoons in the Red sea
(Hariri, 2008) The author concluded that the waterttepf the lagoons was the main
factor affecting the distribution of the benthic foraminifera, as the rotaliids live in the
deeper (214m depth) hypersaline lagoon than miliolids (2m depth).

The associations of the rotaliids group with ostracods, milioRdseroplisandBorelis
in the carbonate wackestone and packstone textures in a muddy matrix indicate low
energy hypersaline condition in the inner ramp. This was also evidenced by evaporite

pseudomorphs within the microfacies.

E. Miliolids wackestone (SK5)

Description

The SK5 microfacies were very common in most of the studied sections at the base of
the carbonate units. Miliolids made the main bioclast component in this facies, about
10-20%, and were 106800um in size (Figure 3.13E). The miliolid group ohee

included different genera, such &sloculina, Quinloculing Dentritina, Peneroplisand
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Borelis, which were scattered in a muddy matrix. This facies was characterised by
highly bioturbations and micritizations. It was difficult to recognise the trmed
bioclasts. The associated bioclasts were ostracods and rotaliids, which had the same size
as the miliolids. This facies was associated with peloidal microfacies on most of the
cycles. Micritization of the bioclasts was the main diagenetic procesaevdo,
cementation was also common. The lithofacies was of fine to medium texture with

bioturbations and organic matters.

Interpretation

Miliolids are a large group of imperforate porcelaceous foraminifera and live in low
turbulence and very shallow watefeom subsaline to hypersaline environments. They
are generally used as an indicator of restricted lagoon and hype($§adiele 2000) In
addition, miliolids occur in lagoons and shallow nearshore environments down to about
50m (Flugel, 2004) Where they are abundant, they indicate a connection to open ocean
(Chassefiereet al, 1969) forereefs and shallow lagoorn(&chlamer, 1963) In the
current study, the wackestone microfacies with miliolids occurred mostly at the base of
the carbonate units and were characterised by the presence of different forms of
miliolina groups such asriloculina, Quinloculing Dentritina, Pereroplis and Borelis
Peneroplis Quinqueloclinaand Triloculina occur at water salinities of 3&3%, 3.2

6.5% and 3.5.5%, respectively(Murray, 1991) Thus, miliolids wackestone
microfacies represent very shallow hypersaline lagoon in the inner ramp and

bioturbation and muddy matrix indicate low energy and high nutrition environments.

F. Strongly micritized bioclastic packstone (SK6)

Description

This microfacies is documented from Takiya and Basara sections and is comprised of
2% of the total carbonate microfacies of the succession. It is characterized by intense
bioturbation and micritization. The matrix cpnses of bioturbated muds and most of

the bioclasts are difficult to recognize due to the micritization. However, several
miliolids and ostracods were recognized (Figure 3.G3FFenestrate pores are seen
between the grains (Figure 3.13F). Micritizatiand is the main diagenetic process.

Quartz grains and evaporite pseudomorphs are absent.

Interpretation
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Highly micritized bioclasts and benthic foraminifera such as miliolids and ostracods
indicate low energy and well oxygenated conditi¢Rkigel, 2004) The presence of
shallow water foraminifera and low energy mud matrices with fenegb@es indicate

a low energy intertidal setting.
G. Echinoid wackestone/packstone (SK7)
Description

This microfacies is comprised of about 2% of the total carbonate microfacies of the
succession. Echinoid fragments of both spines and plates (10 to 20%)e ameain
bioclasts in a muddy matrix (Figure 3.13H). The echinoids plates are 500 pum to 2 mm
in size; echinoid spines are <300 um. The associated bioclasts in wackestone and
packstone textures are miliolids (2%), ostracods (2%) and rotaliids (5%). Deptiaréz

and chert grains (5%) occur in this facies. Moreover, cementation of the echinoid spines

and plates is the main diagenetic process.
Interpretation

The high percentage of echinoid spines and plates indicates normal marine salinity for
the depositinal setting(Strasseret al, 1995) The presence of an associated benthic
foraminiferal assemblage of miliolidsha rotaliids, and ostracods indicates a shallow

lagoon but with connection to open marine conditions on the inner ramp.
3.3.1.2 Mollusc microfacies (M)

The microfacies of this group were classified, based on the existence of different
mollusc types (Table 3.1). €hmolluscs reported were bivalves (pelecypods and
cephalopods), oysters and gastropods. Barnacles from Arthropods group were also
accounted in this group because of their close association with the molluscs. The minor
associated bioclasts in this group weniliolids, rotaliids, ostracods, red algae and
serpulid tube worm. The lithofacies were characterised by a coarse to a very coarse
texture and well to massive bedded fossiliferous carbonate rocks. The molluscs were
visible and reached a maximum size d@ic3n, while the smallest molluscs were 400pum

in diameter. However, this group was characterised by several sedimentary structures
such as planar and wavy laminations, ripple marks and slight-loedlsings. The
microfacies of this group were associatedhwéach other and they were mostly

53



interbedded with marl. Oriented bivalves and bioclasts were very common in most of
the microfacies. Moreover, compaction, dissolution and cementation were very
common. Moldic was the main type of porosity within this faddg dissolution of the

shell fragments.
A. Bioclastic gastropodbivalve packstone (M1)
Description

This facies is comprised of about 5% of the total carbonate microfacies of the
succession and is seen in the Aj Dagh and Sangaw sections; gastropods aad arealv

the main component (50 to 60%) (Figure 3.1BA The major associated bioclasts are

of echinoids and bryozoans and the minor associated bioclasts are miliolids, rotaliids
and serpulid worm tubes in a micrite matrix. The bivalve shells have beattsabjo
micritization and dissolution. Micritic intraclasts, detrital quartz and chert grains are
also seen. This lithofacies is characterized as a very coarse (coarse sand size), massive
fossiliferous carbonate. Micritic envelops around the bioclasts ayendant.
Cementation and dissolution of the shell fragments are the main diagenetic processes.

Interpretation

The presence of gastropods, together with the microfaunal assemblage, indicates
deposition in shallow lagoonal to intertidal settirf§higel, 2004) The micritic matrix
indicates deposition in a leenergy environment. This fas was thus probably

deposited in a low energy and very shallow lagoonal setting.
B. Bioclastic oysterbarnacle floatstone (M2)
Description

This facies is comprised of about 5% of the total carbonate microfacies of the
succession. It is characterized by abamtdbarnacles and oysters (20%) which are
greater than 2mm in size (Figure 3.1B and associated with bivalves (5%), benthic
foraminifera (2%), serpulid tube worms (1%), echinoids (2%), gastropods (2%) and
ostracods (2%) in a micrite matrix. The oystarsl bivalves have large and complete
valves (Figure 3.14fF). Ostreais the only genus that is recognized within the oysters.

The oysters and bivalves are in situ forms and have complete valves, whereas the
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barnacles are attached to the oysters and bisaMeritic intraclasts, and quartz and
chert grains are also abundant. Micritic envelopes around the barnacle and oyster shells
are also abundant and the bivalve shells are filled bydiamed peloidal micrite. The

rock is characterized by a very caarsarbonate texture with large oyster and barnacles.
This facies is very common and recorded in all of the sections, with 30 to-Biiakm

carbonate beds. Dissolution and micritization are the main diagenetic processes.
Interpretation

The genusOstrealive i n a salinity | ess than norn
(Hudson, 1963)Barnacles live in intertidal environmeniSlugel, 2004; Ghosh and
Sarkar, 2013)Floatstone textures and the associated bioclasts of oysters, barnacles and
bivalves in a muddy matrix, together with bioturbation and common micritic envelopes,
indicate low to moderate energy conditions. The abundance of the oysters indicates
deposition in less than 50 m depth of brackish, nutrieht and poorly oxygenated
water(Gertschet al, 2010) In addition,Ostrealive in marine water between depths of

0 and 35m(Keen and Coan, 1974)The occurrence of barnacles with the oysters
suggests deposition in intertidal to sublittoral wat&cshmitt, 1957and the presence of
micritic intraclasts, quartz and chert grains indicate that thesignal environment

was relatively close to the shoreline. The presence of micritic intraclasts suggests syn
depositional erosion of partially lithified sediment and is a common feature of shallow
subtidal and peritidal carbonat@slugel, 2004) The oysters and bivalves acted as a
substrate for the bar n aeshne sfileddivalves odicate n t .
early marine diagenesis. The association of barnacles and oysters with abundant micritic
intraclasts suggests deposition in normal marine to low salinity waters in very shallow

lagoonal to intertidal settings.
C. Bivalve floatstone/rudstone (M3)
Description

This facies is the most common microfacies in this group and is seen in all the studied
sections that composed of about 5% of the total carbonate microfacies of the succession.
Bivalve shells are the main component of tfasies (80 to 90%). The rudstone
microfacies is characterized by very coarse, fossiliferous carbonate, rich in bivalves, in

which the bivalves reach up to 15 mm in size (Figure 3:H3Grl'he bivalves are well
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preserved and many of the bivalves are infBioe associated carbonate components are
miliolids, rotaliids, ostracods, gastropods, barnacles, oysters and red algae in sparite
matrices. The floatstone microfacies are characterized by scattered bivalve shells in a
mud or micresparite matrix, with somassociated bioclasts comprising echinoid spines
and miliolids. In addition, dissolved evaporite rosettes and detrital quartz grains occur in
the floatstone texture. Weak planar laminations and ripple marks are seen in the
rudstone microfacies. Evidencer fdissolution and micritization is very common. The
dissolved bivalve shells formed moldic porosity and sometimes are filled with evaporite
minerals and calcite crystals. In addition, micritic envelopes, nfiormngs, peloidal
micrite and detrital quartgrains are very common in this facies. This microfacies is
associated with the oystearnacle floatstone microfacies where it makes up the top of

a carbonate unit.

Interpretation

The presence of large bivalves in a rudstone texture indicatesagaaeed nearshore
environmentgFlugel, 2004) The lack of mud and presence of ripple maridicate
deposition and winnowing above the faieather wave basé-lugel, 2004) The
preservation of large and complete bivalves in combination with oysters indicates in situ
accumulation of skeletal materials. However, the floatstone textures with evaporite

rosettes indicate lower energy environmental settings.

3.3.1.3 Non-skeletal microfacies

This group of microfacies included nskeletal and coated grains and micritic
intraclasts. The NS microfacies were very common in the formation in all the studied
sections. It was characterised by different textures of packstone, grainstone and
rudstone.The microfacies were classified based on the type of grains and textures into
peloids, ooids and intraclasts (Table 3.1). The rocks of this group are recognised by
coarse and fine grains. In ooid microfacies, the rocks were characterised by a coarse
texture with the presence of different sedimentary structures such as stylolites, planar
laminations, ripple marks, trough cross beddings and cross beddings. However, the
peloid microfacies were characterised by a fine to medium texture and grey to dark grey
cabonate rocks that contained very fine planar laminations, gradded beddings and

bioturbations.
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The microfacies of the NS group were associated with each other and with skeletal
microfacies (SKiSK7) in most of the cycles. The peloidal microfacies weretlynos
making up the middle of the cycles and graded up gradationally to ooidal microfacies at
the top of the cycles.

A. Bioclastic peloidal grainstone (NS1)
Description

This facies was very common in the formation and it was seen in all of the studied
sections The peloids comprise 880% of facies components. They were BIDumM in

size. Based on the associated bioclasts, three bioclastic peloidal grainstene sub
microfacies were recognised: 1) Bivalpeloidal grainstone (NSla), 2) ostracods
peloidal grainstoea (NS1b), and 3) Bioclastigeloidal grainstone (NSl1c) sub

microfacies.

The main components of the NSla sunicrofacies are peloids and bivalves. The
bivalves are 2mm in sizes and make2®% of the facies (Figure 3.15A). The peloids

are 100200um in sizeand make up #80% of the facies. The peloids and bivalves are
dispersed in a sparitic matrix. This facies was recorded in Sangaw and Mamlaha
sections in a laminated massive carbonate unit. Micritic envelopes around the bivalves,
peloidal micrite and biotbations were very common. Occasionally, the bivalves and

peloids were oriented.

The NS1b submicrofacies were characterised by presence of poorly sorted and oriented
ostracod fragments in a sparitic matrix (Figure 3.15B). The ostracods reached 500um in
diameter and formed 2B0% of the facies. Peloids were also available and were
<250um in size and constituted -80% of the facies. The grainstone texture of the
oriented ostracods and peloids changed to a mudstone texture and an irregular boundary
separatedhe two texture types (Figure 3.15C). The -suibrofacies was recorded in
Takiya and Basara sections in a thin carbonate unit within the calcareous mudstone

units.

Different associated bioclasts are available in the NSlensatwfacies, which are
echinads, miliolids, rotaliids, bryozoas, oysters, barnacles and ooids that are dispersed
in a sparitic matrix (Figure 3.15D). In some samples, the original structures of the

bioclasts/ooids were preserved and transitional changes were visible in others (Figure
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3.15F). The peloids were 2@D0Oum in size and constituted-80% of the facies. The
major bioclasts were echinoid plates which were partially or totally micritized and were
>500um in diameter and formed-30% of the facies. The ooids were radial in €hap

and <250 pm in size and constituted around 10% of the facies (Figure 3.15E). In some
samples, the grains were oriented and formed moderately sorted textures. These sub

microfacies were recorded in Krbchna section in the upper part of the formation.
Interpretation

The peloids resulted from partial or total micritization of bioclasts and ooids. This type
of peloid resembles the Bahamite peloids in the modern Bahama gdungsl, 2004)
However, those peloids which originated from micritizing ooids have also been called
pseudopeloid¢Flugel, 2004)High abundance of bivalve shells and peloids and poorly
sorted fabric in the NSla subicrofacies suggests moderately energgditions in the
shallow lagoon. The abundance of peloids, micritic envelopes and peloidal micrite and

lack of mud indicate algal origins and relatively moderate energy.

The predominance of ostracods, the poor sorting and lack of mud in the NS1b sub
microfacies are suggestive of a shallow lagoon environment. The irregular boundary
and facies changes suggest storm deposit between theetitiner wave base and storm

wave base.

The peloids in the NS1c suhicrofacies were probably resulted from micritizatiomin

the preexisting bioclasts/ooids as some of these bioclasts/ooids were partially or totally
micritized. The peloids which were originated by micritizing bioclasts resemble the
Bahamite peloids in the modern Bahama Banks, while the peloids originated fro
micritizing ooids are callegseudopeloid¢Flugel, 2004) The bioclasts indicateormal
marine salinity by presence of high percentage of echir{8itlasseet al, 1995) The
absence of mud, theoderately sorted grain sizes, presence of small foraminifera,
grainstone texture and highly diversity of different groups of fauna indicate that the
facies was deposited in very shallow settings withinvisaather wave base. Moreover,

the absence of mughd the grainstone texture indicate moderate/high energy conditions.
Imbrications and orientations of the grains in some samples suggest possible proximity

to wave ripples and relatively shallower positions.

58



B. Faecal pellet grainstone microfacies (NS2)

Description

This facies is comprised of about 2% of the total carbonate microfacies of the
succession and is recorded from the Takiya, Basara and Darbandikhan sections. Faecal
pellets are characterized by dark, rounded to elongate shapes and mediumdadedell s
grains (Figure 3.16A). The pellets are less than 300 um in size and make up 80 to 90%
of the rock. Bioclasts are very rare in this facies; however, a few miliolids and
Dentritina are noted. Rarely, large micritic intraclasts up to 4 millimetreseer, with

large pelleted grains up to 1.5 mm in size. In addition, coarse graded bedding together
with planar laminations rarely occurs. Authigenic evaporite minerals also occur. This
facies occurs in three sequential cycles in the upper part of the fmmmeach cycle
commences with a calcareous mudstone unit at its base, passing up to a{fanerctdc
microfacies, then to the laminated faecal pellet grainstone microfacies (Figure 3.15G

H). Each of the three cycles is capped by the red continenied fac

Interpretation

Pellets are ovoid to ellipsoidal grains of muddy carbonate sediments and range from few
hundred microns up to several millimetres in size. Faecal pellets may be produced by
gastropods, worms and shrimps. They commonly form in a witgeraf shallow water
environments and are preserved in lower energy muddy depositional settings. They
dominantly form in subtidal and lower intertidal coastal settings indaoergy zones

with a reduced sedimentation rafElugel, 2004) Laminated structures in fine to
medium sand sized pellets indicate moderate to high energy subtidatettdal,
lagoonal to baclshoal settings. The pellet preservation indicates very low
sedimentation rates and early cementatibmcker and Wright, 1990)The laminated
structure of the pellets in the current study is interpreted to indicate low energy
conditions in a lagoon with low sedimentatiotesaand early cementation. Associated
miliolids and Dentritina species lead to the inference of a restricted lagoon. Well

preserved planar laminations indicate a lack of bioturbation by organisms.

C. Peloidalooidal grainstone (NS3)

Description
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This facies iscommon in most of the studied sections and is comprised of
approximately 3% of the total carbonate microfacies of the succession. It is
characterized by micritized and concentric ooids with dark faecal pellets (Figure 3.16B).
The faecal pellets form 50%nd the ooids form 40% of the microfacies in a sparitic
matrix. The ooids are 200 to 600 um in size and are moderately sorted. Some of the
ooids are concentric normal ooids; however, the other ooids are micritic and superficial
ooids. The nuclei of the odd ar e f aecal pell ets but m C
dissolved and form a good secondary porosity in the rock. The faecal pellets are smaller
than the ooids (100 to 400 um) and are dark and rounded, and elongatesbaped.
Bioclasts and detrital quar grains are very rare. The rocks of this microfacies is
characterized by medium to coarse sgratle carbonates and are associated with the
NS1, NS4 and NS5 microfacies in most of the sections. This facies comprises the
middle of the carbonate units ofost of the cycles. Stylolitization, cementation,

dissolution and micritization are the main diagenetic processes.

Interpretation

The association of this facies with bioclastic ooidal and ooidal grainstone microfacies,
the presence of pellets, the lack afianthe presence of ooids and the poor to moderate
sorting indicate moderate energy conditions in the shoreface zone or at the edges of

sand shoals, above the faieather wave base on the inner ramp.

D. Bioclastic ooidal and ooidal packstone and grainstondNG4-NS5)

Description

This microfacies is comprised of approximately 10% of the total carbonate microfacies
of the succession and is recorded in all the studied sections as outlined in Table 2.
Generally, two variations of the bioclastic and ooidal gramestmicrofacies were
identified based on the type of matrix; mud (NS4) and sparite (NS5) matrices. The
bioclasticooidal packstone and grainstone (NS4) microfacies are characterized by an
abundant muddy matrix with different bioclasts (10%) and normal d8i@to 90%),
together with varied sedimentary structures; cross bedding (Figure-G)Jladid trough
cross bedding. In addition, micritic envelopes around the ooids and bioclasts are very
common, envelopes which show irregular contacts between the mardethe

ooid/bioclast surfaces (Figure 3.16C). These irregular contacts represenboriags

60



on the surfaces of the ooids/bioclasts. Meniscus cements are occasionally available

between the grains (Figure 3.16D).

The ooids (NS4) are mostly between 30@ &0 um (Figure 3.16E and 3.183).

They are rounded to ellipsoidal in shape and exhibit medium to good sorting. In
addition, they are mostly normal ooids (on average 90%) with a few micritized,
distorted (Carozzi, 1961b)and superficial ooids (10%). However, rarely, the ooidal
microfacies includes up to 80 to 90% of distorted, superficial, and micritized ooids. The
ooids have concentric laminae with only a few micritized ooids and they occur in a
sparite matrix. The dist@t ooids (Figure 3.16G) are flattened and joined together in
pairs or chains (zig zag). Foraminifera (Figure 3.16E), quartz (Figure 3.18A), chert,
pellets and molluscs make up the nuclei of the ooids, which are mostly dissolved and
form good secondary pasities. However, the nuclei of some ooids are filled with
micritic cements (Figure 3.16E). Ooid aggregates (Figure 3.16F) are also seen and these
are >2 mm in size and include different coated grains and biac@istsolution,
micritization, cementatiorand pressure solution in the form of stylolites are the main
diagenetic processes. In addition, mistglolites are also seen where thin sections cut
the ooids along the stylolite surfaces. Meniscus, peloidal and micritic cements are the
main diagenetice@ments in the facies. Partial micritization occurs along the cortices or
nuclei of the ooids. However, in some samples total micritization has occurred. The
meniscus cements bridge the ooids and any bioclasts (Figure 3.16H). Micritic cements
filled the nudei of the ooids and peloids that are mostly 20 to 40 um in size are
dispersed in the sparitic matrix. The rocks of this microfacies are characterized by
coarse to very coarse carbonates with varied sedimentary structures including planar
laminations, wavylaminations, ripple marks (Figure 3.1-00, trough cros$edding
(Figure 3.17AB), together with postlepositional horizontal and vertical stylolites
(Figure 3.17H). This microfacies is common close to the top of the carbonate units of
most of the cyclesand is associated with microfacies NSland NS3 in most of the

sections.

The ooidal packstone microfacies are not common and are only seen in two cycles in
the Mamlaha and Takiya sections. It is characterized by the presence of ooids (50 to

60%, on averagayith bivalve shells in a muddy matrix.

Interpretation
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Modern ooids are commonly deposited in marine andmarine settings at water
depth of 1 to 5 metres, up to a maximum 10 to 15 metres, in subtropical and tropical
waters at temperature usually betwdéhand 20° QRameil, 2005)in intertidal and
uppersubtidal environmentgFlugel, 2004) They form in high energy wavagitated

and lower energy marginal settings. Ooids are common in the studied succession and
form packstone and grainstone textures, but the grainstone textures are more common.
The ooids are of different types (concentric, micritized and distorted), with different
types d cortices (normal and superficial), and matrices (mud and sparite). These criteria
indicate differing depositional settings for the ooids but normal concentric ooids in
sparite matrices are the most abundant. Locally, in some samples the ooids are
superfcial in type and form packstone and grainstone textures in muddy matrices
(NS4). These criteria indicate a more quiet and protected environment. However, most
of the ooids from the studied succession are rounded in shape, hormal and concentric in
type andirom 300 to 500 um in size (NS5). These features indicate shallow marine and
high energy conditions, in which the ooids were influenced by wave and current action
(Flugel, 2004) Field observations of cross bedding, trough chmsiding, planar
laminations and ripple marks also indicate deposition above thedather wave base.
Medium b well-sorted grains and grainstone textures of the ooids are typical of being
winnowed under wave current action. Meniscus cements between the ooids and
bioclasts indicate very early diagenetic cementation and meteoric, vadose freshwater
diagenesis and baerial exposuréinden and Moore, 1983; Strasser, 1986; Strasiser

al., 1995; Flugel, 2004)Peloidal cements and micritic envelopes indicate early marine
cementation. The presence of micritic envelopes withavborings and coated grains
indicate constant wave action at or above wave base and occur in-guastetd sand
shoals of inner ramp environmer({&ugel, 2004) The association of the ooids with
peloids and benthic foraminifera, the marpteeatic and meteoric cements, and the
observed sedimentary structures are, together, indicatatstiié ooidal microfacies

accumulated along sand shoals or beaches.
E. Coated grain rudstone (NS6)
Description

This facies is recorded in the Takiya section in the middle part of a carbonate unit and is
comprised of about 2.5% of the total carbonate micrefacf the succession. This

microfacies includes 50% bioclastic coated grains, 10% serpulid tube worms,
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gastropods and bivalve shells (20%) in a sparitic matrix. The other grains are intraclasts.
The coated grains are irregular and compacted in shape aotllalbo 3 mm in size
(Figure 3.18GE). They have thin concentric laminae with dissolved and micritized
nuclei. Bioturbation, peloidal micrite and micrite envelopes are abundant in this facies.
The serpulid tube worms are elongate in shape and aboutrhrtoi@ length. The rocks

of this microfacies are very coarse carbonate rocks in which the coated grains are very
visible in the field samples. This facies is associated with mudstone, algal laminites and
stromatolitic microfacies. Dissolution, micritizaticand cementation are the common

diagenetic processes.

Interpretation

The abundance of large coated grains in sparitic matrix indicates moderate energy in a
nearshore shallow lagoon of an inner raAipigel, 2004)

F. Intraclast packstone (NS7)

Description

This microfacies is very common in most of the studied areas such as the Mamlaha,
Darbandikhan, Krbchna and Chnarah sections and is comprised of about 2.5% of the
total carbonate microfacies of the succession. The micritic intraclasts (20 to 30%) are
characterized by being poorly sorted, s@meénted, irregular in shape and of various
sizes(Figure 3.18FH). In some samples, intraclasts range from 100 to 1000 um in size;
in others from100 to 500 um. In the former type, the intraclasts are associated with
gastropods, barnacles, and oysters with a few benthic foraminifera and quartz grains.
However, in the second type; the intraclasts are mainly associated with benthic
foraminifera such as miliolids and with ostracods. Fenestrate pores are seen between the
grains. Quartz grains are absent. Micritization is the main diagenetic process. Evaporite
pseudomorphs are absent.

Interpretation

Intraclasts originate from the sylepositional erosion of partially lithified sediment and
are a common feature of shallow subtidal and peritidal carboriategel, 2004)
Moreover, fenestrate pores indicate deposition in intertidal settings. The presence of

larger intraclasts with the associateidclasts and quartz grains indicate a shallower
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setting than the smaller intraclasts with benthic foraminifera. Thus, the intraclast
packstone microfacies were deposited in very shallow lagoonal to intertidal settings in

the inner ramp depositional envimoent.
3.3.1.4 Algal mats

This group of microfacies was common in the formation and making up the top of the
carbonate units in the cycles. The rocks of this group were characterised by being thin
(10-30cm) and dark grey in colour with wavy and planar laminatiand dome
structures.This group of microfacies was associated with dissolved micro nodular
evaporites and calcite/quartz pseudomorphs after evaporites. Calcite and quartz
lenticular crystals are pseudomorphs after gypsum, while lath and acicular caystals
pseudomorphs after anhydrite. In some cases, a half of the lenticular crystals were
cemented by calcite while the other half was cemented by quartz mineral. In addition,
the original cleavages of the gypsum were preserved after replacing by quar&z grai
Two types of algal mats were recognised based on the algal structicesbial algal

bindstone microfacies (AG1) and stromatolites (AG2).
A. Microbial algal bindstone (AG1)
Description

This facies is recognized based on visible laminations which insleigesmall peloids
(10-30 mm) due to algal activity (Figure 3.198. It is recorded in most of the studied
sections at the top of some of the carbonate units of the cycles, comprising 5% of the
total carbonate microfacies of the succession. It is clearaetl by dark grey, fire
grained carbonate rocks with planar laminations (Figure 3ARCalcite and quartz
pseudomorphs after gypsum and anhydrite are very common in this facies, as are
fenestrate pore. This facies is associated with stromatolitég ihakiya section, but in

the Mamlaha section they form thin carbonate units 0.2 to 0.3 m thick below the
evaporite units. This facies in the Takiya section is associated with thin, vuggy
carbonates, which represent a short period of exposure at the ttop tHcies, at the

base of evaporate units.

Interpretation
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This type of rock is a common facies in arid intertidal to supratidal depositional
settings; for example, it occurs in the arid Trucial Cq&shsman and Park, 1976)
Laminated algal bindstone with authigenic evaporitic minerals, fenestrate structures and
associations with stromatolites and chiclkene evaporites indicate upper intertidal
settings in an arid climat&endallet al, 2002; Flugel, 2004)The shoHived subaerial
exposure above the assoedtstromatolite with this facies is consistent with an
intertidal setting.

B. Stromatolites (AG2)
Description

The stromatolite microfacies are recorded at the top of the carbonate unit and comprised
of about 5% of the total carbonate microfacies of the ssmoesTwo types of
stromatolites are recorded in the current study: the first one (AG2a) is a domal
fenestrate algal bindstone and is interbedded with mudstone microfacies in the Takiya
section (Figure 3.20A). The rocks of this facies are characterizethdydark grey
carbonate rocks with visible dome structures and laminations. The fenestrate pores
become larger toward the top (Figure 3.2DB In addition, the laminations are cut by a
subaerial erosion surface at the top. This type of stromatoliteieédhe laminated
quartz mudstone microfacies (S#8) in a thick carbonate unit. The thickness of the
stromatolite is 10 cm.

The second type (AG2b) is walgminated, with interbedded couplets of muddy and
sparite laminae (Figure 3.20F), and with lenticfigure 3.20H) and acicular (Figure
3.20G) evaporitic minerals which indicate authigenic evaporitic minerals, as seen in the
Mamlaha section. It includes micritized ooids and acicular evaporite crystals in the
muddy laminae. This type of stromatolite oce in a cycle which begins with a
calcareous mudstone unit at the base and passes up to the stromatolite (0.1 m thick) and
then the overlying evaporite unit (Figure 3.20E).

Interpretation

Ancient and modern analogues indicate that stromatolites usualyigrthe intertidal
to supratidal zones, and also the subtidal Z@neker and Wright, 1990 hey grow in
the subtidal zone when the activity of the grazers and burrowers is reduced, at a

maximum depth of 4 to 5 metres. However, intertidal to supratidal stromatolites are
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characterized by desiccatideatures, high salinity, and high temperatures which are
unfavourable for animal grazer activitié@sinsman and Park, 1976; Hoffman, 1976b;
Tucker and Wright, 1990)Modern flatlaminated structures of stromatalitand
microbial origins occur in lower intertidal settings in arid climates in the Persian Gulf
and Shark BayKinsman and Park, 1976; Hoffman, 1976b; Flugel, 206€nestrate
structures, subaerial exposure, agyghic evaporitic minerals and associations with
algal mats and nodular evaporites at the top of the carbonate units all indicate intertidal
settings in an arid climate (AG2a). The same facies of stromatolites and algal laminites
was observed in the Fat@rmation in the basin cent(&hawkat and dcker, 1978;
Shawkat, 1979)Moreover, fenestrate mudstones, stromatolites and microbial laminites
are recorded from the OligoceMiocene Asmari Formation in Iran by many authors
(Amirshahkaramet al, 2007; Vazii-Moghaddanet al, 2010; Amirshahkarami, 2013)

The second type of stromatolite (AG2b), with no evidence of subaerial exposure, is

interpreted to have been deposited in a low energy restricted lagoon.
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Table 3-2 Descriptions and interpretations of the carbonate microfacies.

microfacies

Description Physical structures and geometries

Interpretation

1- Skeletal microfacies group (15% of the total carbonate microfacies)

Mudstone SKla: Bioturbated mudstone suohicrofacies: lime Highly bioturbated mud and very fin Low-energy restrictec
(SK1) mud matrix, ostracods and miliolids. texture, noraminated anc hypersaline lagoon. Inne
structureless. ramp.
SK1lb: Quartz mudstone subicrofacies: Mud to Thin beds of 1810cm with planar anc Mixed siliciclasticcarbonate
micro sparite matrix. 280% of quartz and che wavy laminations. coastal environment. Inne
grains with oysters, ostracods, miliolids and echir ramp
plates and spines.
SK1c: Nonfossiliferous mudstone sehicrofacies: Thin, very fine textures an Hypersaline restricted lagoo
lime mud matrix, evaporite pseudomorphs, dissol structureless. Exposure couplets ¢ Intertidal. Inner ramp.
large vugs of nodular evaporite and quartz and c planar laminations
grains (10%).
Ostracods Mud and local micro sparite matrix. Major compone 20-50cmthick beds. Bioturbations. Low energy hypersalin

wackestone (SK2)

ostracods (10%). Minor component: miliolids a
rotaliids. Quartz and chert grains and evapc
pseudomorphs.

restricted lagoon. Inner ramp

Rotaliids-
ostracods
wackestone (SK3)

Lime mud matrix, rotaliids and ostracods (10%) ¢ 20-50cm thick beds. Bioturbatisn

miliolids. Quartz, chert and evaporite pseudomorpt

Low energy hypersalin
restricted lagoon. Inner ramp

Rotaliids

Lime mud and local micro sparite matrix. Rotalii Medium

beds

wackestone/packst (10-30%), ostracods, miliolids and few barnacl Bioturbations.

one (SK4)

Quartz, chert and evaporite pseudomorphs.

2410cm

thick.

Low energy hypersalin
restricted lagoon. Inner ramp
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Miliolids Lime mud matrix, miliolids (10%), ostracods a 20-50cm thick beds. Bioturbations ar Low energy restricted lagool

wackestone (SK5) rotaliids. Micritised unidentified bioclasts. micritisation. Inner ramp.
Strongly Bioturbated mud matrix, unidentified micritise 10-30cm thick beds with highh Low energy and wel
micritised bioclasts with few ostracods and miliolids. bioturbations. oxygenatd lagoon to
bioclastic intertidal. Inner ramp.
packstone (SK6)
Echinoids Mud matrix, echinoid spine and plates, oyste 10-20cm thick beds. With loce Low energy open lagoor
wackestone/packst bryozoas, bivalves, miliolids, ostracods and rotalii bioturbated mud. Inner ramp.
one (SK7) Quartz and chert grains.

2- Mollusc microfacies group (25% of the total carbonate microfacies)
Bioclastic Micrite matrix. 5060% gastropods and bivalve Coarse carbonate facies and-@&m Low energy shallow lagoor
gastropods Minor component: echinoids, bryozoas, miliolids thick beds. Bioturbations, micriti Inner ramp.
bivalves packstonerotaliids and serpulids. Quartz and chert grains. envelopes and micritic intraclasts.
(M1)

Oyster-barnacles Mud and local sparite matrix. Oysse bivalves, 40-50cm thick and coarse carbon: Low energy and low salinit
floatstone (M2) barnacles, serpulids, echinoids and bryozoas. Qu with bioturbations. Micritic intraclast conditions. Shallow lagoon t

and chert grains. and micritic envelopes. intertidal settings. Inner ramp
Bivalve Mud and sparite matrices. Bivalves, rotaliids, miliolii Very coarse 260cm thik carbonate. High energy and wave
floatstone/rudston ostracods, gastropods, barnacles, oysters and loci Local planar laminations and ripp agitated skeletal shoreline.
e (M3) algae. Local echinoids and evaporite rosettes. Qumarks.

grains.

3- Non-skeletal microfacies group (30% of the total carbonate microfacies)

Bioclastic peloidal NSI-1: bivalve peloidal grainstone:parite matrix. Coarse and thick bed (8Dcm) of Moderate energy shalloy
grainstone (NS1) Bivalves (1620%) and peloids (#80%). Few oriented and laminated carbonate b lagoon.Inner ramp.
miliolids, rotaliids, lithoclasts, quartz, chel Bioturbations.
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gastropods and barnacles.

NS1-2: Ostracods peloidal grainstone: sparite mai 20-40cm thick beds. Oriented and pc
Ostracods (280%) and peloids (6@0%). sorting grains.

Moderate energy shallo

lagoon. Inner ramp.

NS1-3: Bioclastic peloidal grainstone: spariteatrix. Thick beds (46b0cm) of coarse
Peloids, echinoids, rotaliids, miliolids, ostracor carbonate. Oriented and moderat
ooids, gastropods, oysters, barnacles and bryozoa sorting.

Moderate energy in shallo
lagoon with open marin
connection. Iner ramp.

Faecal pellets Sparite matrix. Pellets (880%). Few miliolids. Local Thin bed (1615cm). Planai

grainstone (NS2) evaporite pseudomorphs. laminations. Well sorting.

Low energy restricted lagoo
with low sedimentation rate.

Peloidal ooidal Sparite matrix. Peloids/pellets (50%), ooids (40%)  20-40cm thick beds and coars
grainstone (NS3) rare bioclasts. Slightly cross beddings. Bad sorting.

Moderate energy, edges
sand shoals and shorefa
zone.

ooidal Mud madrix. Ooids (56060%). Micritic and superficia Beds of 3050cm thick and coars
ooids. Bivalves, miliolids, rotaliids and gastropo: carborate. Laminations cross beddin
Ooid aggregates and intraclasts. Meniscus, pelcand trough cross beddings. Stylolites
and micritic cements and micritic envelopes ¢

micro borings.

Bioclastic
grainstone (NS4)

Moderate energy, edges
sand shoals and beach:
Inner ramp.

Ooidal grainstone Sparite matrix. Normal and concentric ooids -({ Beds of 3850cm thick and coars

High energy sand shoals a

(NS5) 90%). Foraminifera, quartz, chert and pelletsl@iuaf carbonate. Laminations cross beddin beaches. Inner ramp.
the ooids. Meniscus, peloidal and micritic ceme trough cross beddings and ripf
and micritic envelopes. marks. Stylolites.
Coated grains Sparite matrix. Coated grains (50%), serpuliVery coarse carbonate of 30cm thic Moderate energy shallo

gastropods, bivalves and intraclasts. Peloidal mic Bioturbations and laminations.
and micritic envelopes.

rudstone (NS6)

lagoon Inner ramp.

69



Intraclasts Mud matrix, intraclasts (50%), gastropod, barnac Medium to coarse carbonate b Very shallow lagoon tc
packstone (NS7) oysters, miliolids and oyster. Quartz grains. (around 40cm thick). Fenestrate pore intertidal settingslnner ramp.

4- Algal mat microfacies group (10% of the total carbonate microfacies)

Algal  bindstone Algal laminites. Fenestrate pores, evapo Beds of 1630cm thick. Dark grey ani Intertidal zone. Inner ramp.

(AG1) pseudomorphs and quartz. fine carbonate. Planar laminatior

Exposue surfaces.
Stromatolites AG2a: domal fenestrate algal bindstone. Evapc 10cm thick beds. Domal and way Intertidal zone. Inneramp.
(AG2) pseudomorphs. Fenestrate pores. Exposure couple laminations. Exposure surfaces.

AG2b: Wavy laminated of interbedding couplets 10cm thick bed. Wavy laminations.  Restricted lagoon.
muds and sparite laminae. Evaporite pseudomot
Ooids and acicular evaporite crystals.

5- Dolo-mudstone microfacies group (5% of the total carboate microfacies)

Dolomudstone 10-20um dolomite crystals (995%). High porosity rock. Intertidal zone. Inner ramp.
(D1)

6- Sandy-carbonate microfacies group (15% of the total carbonate microfacies)

Bioclastic cale Mud and sparite matrices.u@rtz, feldspar minerals 10cml1lm thick beds. Laminations Marginal mame and coas
arenite (S1) lithoclasts, miliolids, rotaliids, ostracods, barnaclcross beddings, ripple marks, flu environments. Inner ramp.
bivalves, echinoids and oyster. casts and load casts. Graded beddi
and bioturbations.
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3.3.1.5 Dolo-mudstone microfacies (D1)
Description

The dolemudstone microfacies are characterized by fine dolomite crystals which are
approximately 10 to 20 um in size, with high porosities (Figure 3.19A). This facies is
recorded at the top of the carbonate units from the Takiya and Mamlaha sections and is
associated with the evaporite units. It is comprised of about 5% of the total carbonate

microfacies of the succession.

Interpretation

The association of dolomite with naldr evaporites and chickemre structures is very
common in the modern upper intertidal and lower supratidal zone of the arid Trucial
Coast(Alsharhan and Kendall, 20Q3fine grained dolomite and associated evaporites

in the Fatha Formation are interpreted to indicate the upper intertidal zone.

3.3.1.6 Sandy carbonate bioclastic calcarenite microfacies(S1)

Description

This facies is baracterized by mixed siliciclastic and carbonate components and is
comprised of about 15% of the total carbonate microfacies of the succession. The grain
sizes vary from fine sand to coarse sand and are associated with different bioclasts such
as miliolids, rotaliids (Figure 3.21C), ostracods (Figure 3.21D), barnacles, bivalves,
echinoids (Figure 3.21A), and oysters. Quartz (Figure 3.21E) and chert grains, feldspar
minerals (Figure 3.21E), lithoclasts, bioclasts and organic matters are the main
componentof the facies. The thickest unit of this facies is recorded from the more
proximal locations represented by the Basara and Darbandikhan sections. Toward the
more distal, southwest area of the basin, this facies is not preserved. The thickness of
this facies reaches a maximum in the Basara section of about 3.5m. However, it is just
0.1 to 0.3 m thick in the Mamlaha section. Toward the Darbandikhan section (proximal
area) the facies becomes more abundant. The rocks of this facies are characterized by a
grey-dark grey to greenish colour with micro planar laminations (Figure 3.21G), cross
bedding, graded bedding (Figure 3.21F), and borings (Figure 3.21B). Additional
sedimentary structures are flute casts, load casts, asymmetricatippgamarks and

planar lanmations. The amplitudes of the preserved ripple forms are up to 10 cm.
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Interpretation

The sandy calcarenite microfacies with these sedimentary structures such as planar
laminations, cross bedding and ripple marks indicate deposition above thedtirer

wave base in an area influenced by wave action in a marginal inner ramp setting
(Thrana and Talbot, 2006 he predominance of quartz, chert, &gdr minerals and
lithoclasts with different bioclasts indicates mixed carbosdteiclastic facies near the

shore line and source areas. The presence of high amplituderipygga indicates high

energy wave agitated, very shallow environments neardahstline.

3.4.3 Evaporite facies

Evaporites are an important component within the Fatha Formation, being associated
with the carbonates and calcareous mudstones within the cycles, and comprising 15 to
43% of the total successiofmipm the most distal to proxiah parts of the studied area

The thickest evaporite succession was deposited toward the basin. The thickness of the
unit in the cycles is between 1 and 10 metres. The lower boundary of each evaporite
with underlying units has been observed in detail. iemacycles the boundary consists

of interbedding of several thin beds of gypsum and bluish grey calcareous mudstones as
a transitional zone between the calcareous mudstone and gypsum, whereas in most
cycles, the boundary is at the top of an underlyingazabus mudstone or carbonate,
without the transitional zone. In the formation, two main evaporitic facies are recorded,
laminated (LE) Figure 3.23)and nodular gypsum (NEJigure 3.22AD), but as a

whole, nodular gypsum (comprising chickeire, CH andenterolithic, EN textures) is

more dominant.

3.4.3.1Nodular evaporites (NE)

Description

The NEis athick evaporitic body (1:.0.0m) with nodular appearance and makes up
the top of the calcareous mudstone and carbonate units. The nodules display variations
in size (few millimetres to 10cm) and shape, usually irregular and occasionally
elongated and spheroidal. The colour is generally milky white with patchy bluish grey
tones. The matrix around the nodules is composed of bluish grey carbonate mudstone.
In someplaces, the nodules coalesce to form contorted folded layers of enterolithic

evaporites(EN). The lower boundary of evaporite with its underlying units has been
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observed in detail. In a few cycles, the lower boundary with the underlying calcareous
mudstoneconsists of several interbedding thin beds of gypsum and bluish grey
calcareous mudstones as a transitional zone between them (Figure 3.22D). In other
cycles, the boundary consists of either calcareous mudstone or carbonate without the
transitional zoneThe main evaporitic mineral in the outcrops is gypsum (Figure 3.22F),
while both halite and anhydrite minerals were recorded from the bore well in the basin
centre(Al-Juboury and McCann, 20Q8yetrogaphically, the nodular gypsum forms a
chickenwire structure between the gypsum mineral and mudstone and forms an
irregular tight folding in enterolithic evaporites. In some cases, dolomite crystals are

associated with the nodular evaporites (Figure 3.22E)

Interpretation

The depositional setting of the evaporites is controversial because of the presence of
huge amount of chickewire structure. However, not all nodular evaporites are
deposited in sabkha settings because it might have been formed durahgliagenesis
(Machel and Burton, 1991)The sabkha nodules must associate with intertidal
stromatolites, algal laminites, dolomites, fenestrate pores, tépesuses and mud
cracks. In addition, they interfinger with hypersaline lagoonal deposits, intertidal and
subtidal deposits(Warren and Kendall, 1985; Warren, 1989)fherefore, the
depositional settings of the calcareous muust@nd carbonate units are a very
important tool for determining the depositional environment of the evaporites. The
nodular evaporites are typical facies of the supratidal portion of a coastal sabkha, which
grow in highly saturated water pores of the Bapi zone (Warren, 2006) The
distribution and presence of ewmjte in the cycles varies in different parts of the basin.

In the most proximal areas, close to the hinterlands, evaporite is lacked and the cycles
are more clastidominated, for example, in Chnarah section. However, toward the
basin centre, the evapaits frequently increased in number and thickness. The Fatha
succession comprises of approximately4B86 of evaporite in the studied sections,
while this ratio is increasing toward the basin centre. In addition, different evaporite
facies are documentedofn the basin centre, for example; massive evaporite, selenite
and satimspar, nodular evaporite (chickanre structure), laminated evaporite and
halite (Al-Juboury and McCann, 2008)

Two depocentresSinjar (NW Iraq) and Kirkuk (middle of Iraq), were developed during
the Fatha deposition in Iraq and were extended to Syria and Iran, respe@yawi
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et al, 2010) In addition, six syriectonic sedimentargulbasins were recognised along
the Zagros foreland basin during the Gachsaran depogBaimoudi and Koyi, 2004)

and these subasins vere separated by palaeo highs. The Fatha Formation and its
equivalent Gachsaran Formation in Iran were deposited in thedeasins. The study

area is situated at the margin of the Kirkuk depocentre.

Based on the evaporite facies and carbonate microfatiesn be interpreted that the
evaporite was deposited in different settings subaerialy and subaqueously. The evaporite
was deposited subaqueously in a restricted saline basin and subaerialy in a supratidal
sabkha setting around the basin margin. Th&iposof the evaporite nodules at the top

of the cycles, interfingering with intertidal stromatolite/algal mats, hypersaline lagoonal
and shallow coastal deposits lead to the conclusion that the evaporites nodules were

deposited in supratidal sabkha seftin an arid climate.

3.4.3.2Laminated evaporites (LE)

The laminated evaporite (LE) occurs at the top of the calcareous mudstone/carbonate
units and was documented just in a cycle from the studied areas (Figure 3.23). This
facies is about 1m thick in all theuslied areas and consists of thin laminae of gypsum
and carbonate. Individual evaporite/carbonate laminae range in thickness from a few
millimetres to 1cm (Figure 3.23D). The laminae are planar or wavy laminated
between gypsum minerals and mudstone (Bg23GH). Under the microscope, the
laminated evaporite facies consists of thin layers of carbonate mudstone, alternating
with granular gypsum laminae (Figure 3.2Bk The gypsum laminae consist of layers

of granular gypsum of silt to fine sand sizekisIfacies is about 1m thick in the whole
areas and extended laterally along more than 100 km in length and can be used as a

marker bed for correlation. However, individual laminae are not traceable laterally.

Interpretation

Laminated evaporites have beehscussed by many researchers. Some authors
considered a detrital origin for the laminati¢@arrisonet al, 1978) while others
favour reworking of gypsum during storm($lardie and Eugster, 1971Kendall
(1978b)interpreted these laminae as storm deposits which formed during flooding of an

evayoritic tidakflat.
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In the margin of the Miocene evaporitic basin in the current study, the LE was
documented in just one cycle that extended along the whole areas for more than 100km
wide. The large covering area of the LE leads to the conclusion thdates was
formed during flooding of the sea upon the evaporitic supratidal setting. The sea water
covered the supratidal sabkha and laminated evaporite was deposited in the flooding
depressions and pools. The laminated evaporite was also recorded &oRatha
Formation in the other parts of the Zagros foreland basin in Iraq an@Sihamkat and
Tucker, 1978; Tucker, 1999; Agravet al, 2010) Moreover, the same facies was
documented from different part of theorld, for instance: Holocene evaporite
sequences in the Gulf of Suez, Egfstef et al, 1997) coastal hypersaline pools of the

Red SedKushnir, 1981)the Messinian evaporite of the Mediterraneannb@3gniben,

1955; Hardie and Eugster, 1971; Garrigbmal, 1978)

3.4.4 Red clastic facies (RC)
Description

This facies is makes up the top of the cycles and comprise8%0of the total
succession, from the most tdikto proximal parts of the studied areas. It is comprised of
red claystone (Figure 3.24A), red or greyish siltstone, and green or red sandstone. The
thickness of the unit varies from 0.5 to 6 metres in the lower part of the Fatha Formation
and from 2 to8 metres in the upper part of the succession. Typical grain size varies
from the lower to the upper parts of the formation, siltstone and sandstone increasing
toward the upper part. The claystone and siltstone are characterized by a red colour with
fine laminations and rare cross bedding in the latter (Figure 3@4B he sandstone is
characterized by planar laminations, wavy laminations (Figure 3.25A), cross bedding
(Figure 3.25BC), ripple marks (Figure 3.25B), flute casts (Figure 3.25G) and load
casts (Figure 3.25H). Bioturbation in the form of vertical, horizontal and inclined
burrows increases in the upper part of siltstone and fine sandstone beds; recognized
ichnofacies includ&kolithog(Figure 3.24EG) andRhyzolithogFigure 3.24H).

Generally, diferent clastic lithofacies may be differentiated: red claystone (C);
laminated red siltstone (LS); cross bedded sandstone (CS); trough cross bedded
sandstone (TS); rippled sandstone (RS); massive sandstone RW)olithosich
sandstone (RhS) and highljoturbated mottled mudstorsdtstone (HM).

Interpretation
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The red claystone (C) and laminated red siltstone (LS) lithofacies were deposited in
continental areas, for which sediment was sourced from the adjacent hinterlands of the
Zagros Mountains; degds represent the distal parts of alluvial fans. The sandstone
lithofacies (CS, TS and RS) were deposited in higher energy fluvial parts of the system,
and are most commonly developed in the upper part of the succession. The highly
bioturbated mudstorgitstone lithofacies (HM) that comprises sandstone with
SkolithosandRhyzolithogRhS), and which is present in the clastic parts of cycles in the
uppermost part of the succession, may indicate palaeosol development influenced by a
more humid climatg(Seilacher, 1967)possibly on floodplains between the fluvial

channels.

3.5Fatha Formation cyclicity

The Miocene Fatha Formation in the Kurdistan region is represented by repeated
carbonateevaporite cycles, the study of which has been enabled by the detailed analysis
of widespread outcrops arranged in a N8E orientation across the foreland of the
Zagros Mountains. The nature of the cyclicity of the carbeeatgorite units is clearly
observed across the Zagros foreland b&3ames and Wynd, 1965Fach cycle is
defined by a marine flooding surface at its boundary. The arrangement of lithofacies

within each cycle is indicative of upward fbaving and progradation.

Cycles in the marginal parts of the basin are characterized internally by-ditaisio
greenish calcareous mudstone at their base. This passes up into shallow marine
carbonate deposits that are themselves capped by nodularitevaleposits. In the
proximal areas (studied areas), continental red siliciclastic units prograded basinward to
form the uppermost parts of some of the cycles.

In the studied area, completely developed cycles comprise four major units: calcareous
mudstong13 to 24%), carbonate (5 to 15%), evaporite (15 to 43%) and continental red
clastic (40 to 78%) units, from base to top of each cycle (Figure 3.4). However, towards
the basin centre, to the southwest, the preserved facies expression of cycles is more
vared and demonstrates that the basin was repeatedly evaporative, such that it

accumulated thick gypsum, anhydrite and halite dep@stfsawi et al, 2010)

The cycles from the lower member of the basin centreesston (which lacks the red

siliciclastic deposits) include calcareous mudstones, carbonates and evaj#drites
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Mubarak and Youkhana, 1977; Taufig and Domas, 1917¢ evaporite facies change
from nodular to lamiated (bedded) evaporites or salt at the top of the cy€leker,

1999) In the upper membaeaf the formation in the basin centre (characterized by the
presence of red siliciclastic deposits), the evaporites are nodular and capped by red

claystone unit.

Overall, the analysis of the microfacies demonstrates that the Fatha Formation in the
studiedarea represents a shallow marginal and shoaling upwards marine to continental
succession, both at the scale of individual cycles and at the scale of the entire formation.
The number of preserved cycles increases from the basin margin towards its centre.
About to 12 to 40 cycles were identified in the study sites (Figure 3.4). However, in the
Chnarah section, the site closest to the basin margin, a reduced number of cycles (10 to

12 cycles) were identified and these were without evaporites (Figures 3.5and 3

Basin margin
Upper part S S A R S TS S A S T S SRS B Lower part
H G F E D C B A

Figure 3-3 Variations of the carbonateevaporite cycles of the Fatha Formation from the lower to
upper parts of the succession. The cycles, as well as the marine deposits, become thinner toward
upper part, and the evaporite deposits are ceasing.

Significantly, in all the studied sections, the nature of cyclicity changes from the lower
to the upper part of the succession in terms of both preserved thickness and internal
facies composition. Notably, th@oportion, preserved thickness and grain size of the
red continental clastic units that define the uppermost parts of the cycles increase
toward the upper part of the formation, whereas the proportion of marine deposits
decreases (Figures 3.3 to 3.5)eTied continental clastic units vary as a percentage of
the total formation from the sites closest to the basin margin (78%) to the sites closest to

the basin centre (40%). Thus, the facies trend of the formation changes from marine
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dominance in the lowgrart, to a transitional zone in the upper part, and then to fluvial
dominance in the Injana Formation that overlies the Fatha Formation. In geheral,
preserved trend is that of a basinal shallowipgvard and associated progradation of a
shoreline fornthe basin margin towards its centre. This is observed clearly both within
each individual cycle and across the multiple vertically to progradationally stacked

cycles of the entire formation.

Da

m Marl m Carbonate = Evaporite ® Clastic

Figure 3-4 Two dimensional pie diagrams showing the percentages of the sedimentary facies, which
are making the cycles from all the studied sections. The percentages of evaporite deposits are
increasing toward the basin centre. In contrast, the percentages ofastic degosits are decreasing.
Ma: Mamlaha; Ba: Basara; Ta: Takiya; Aj: Azh -Dagh; Sa: Sangaw; Da: Darbandikhan Dam; Kr:
Krbchna; Kf: Kfri and Ch: Chnarah sections.
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3.6 Variations in carbonate-evaporite ramp models

The Fatha Formation was deposited as a mixed carbewapmrite succession with a
secondary siliciclastic supply derived from basin margin areas. Based on detailed
microfacies analysis, several relatadd more detailed environmental settings have
been recognized: open lagoon, hypersaline to restricted lagoon, shallow lagoon, sand
shoals and beaches, intertidal flat, tidal flat, supratidal sabkha, supratidal ponds, alluvial
coastal plain, channels anduaial plains with palaeosols. These represent different
hydrodynamic conditions ranging from lemmoderate to high wave energies and
from quiet to storraffected shorelines and coastal plains. Siliciclastic supply from the
hinterland to the basin prog®vely increased over time, as recorded by the increasing
proportion of continental facies in higher parts of the formation. These variations are
expressed in the cyclical nature, as well as in the overall progradational nature of the

formation.

i Lateral variations. Lateral variations within the sedimentary units are revealed
by the microfacies analysis. Although the carbonate and evaporite units are
laterally traceable for tens of kilometres between the studied sections, microfacies
analysis reveals loc#hteral variations within the sedimentary basin for about 10
to 15km lateral scale. For this purpose, the carbonate microfacies are analysed in
detail to detect lateral variations.

i. Change in water depth over time Evidence for changes in water depth is
observed throughout the succession, notably in the calcareous mudstone and
carbonate units. Variations in the microfacies succession of the calcareous
mudstone units are expressed chiefly by changing fossil contentotiléds
group tends to decline irbandance from the lower to upper part of the formation;
conversely, the percentage of bryozoans, bivalves and oysters increases toward
the upper part (Figure 3.2). Ostracods vary in percentage terms in the cycles and
include both smooth andodulose forms. Based on the fossil percentages
represented graphically through the succession in the Mamlaha area (Figure 3.2),
it can be demonstrated that the water depth that prevailed at the time of
accumulation of the calcareous mudstone units changed from reladieep in
the lower part of the formation to relatively shallow in the upper part, as
demonstrated by the gradual decline of rotaliids and the increase of bryozoans,

bivalves and oysters (Figure 3.2). Variation in water depths represented by the
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carbonateunits may also be inferred through the succession. Overall, these
changed from mainly hypersaline to restricted deeper lagoons in the lower part to
shallower lagoons and coastal settings in the upper part of the succession.
Change in salinity over time The abundance of rotaliids and miliolids at the
lower part of the succession, awclining them through the succession are
possibly indicative of salinity variations through time. Rotaliids and miliolids are
indicative of hypersaline restricted lagoons anel documented from a number of
modern hypersaline lagooridbou-Ouf et al, 1988; Hariri, 2008; Mohameet

al., 2013) This group of microfossils argecliningthrough the succession, and
stenohaline fauna (bryoan), normal marine fauna (oyster) and brackish water
ichnofacies $kolithog become abundant toward the upper part of the formation
(Figure 3.2).

Carbonate thickness over time.The carbonate units vary in thickness and
frequency towards the upper part thie succession. The maximum preserved
thickness of carbonate units (5 m) is recorded in the lower to middle part of the
succession. By contrast, carbonate units are only 0.1to 0.2 m thick in the upper
part.

Increasing siliciclastic input over time.Siliciclastic units increase in thickness,
grain size and frequency upwards within the succession, with different types of
ichnofossil such asSkolithos and Rhyzolithos, and sedimentary structures
becoming more common. Red claystone (RC) is present in evdgsdyom the

lower part of the succession; while towards the upper part, higher energy siltstone
and sandstone components increase.

In general,the facies changes observed record a transition from a fully marine
carbonateevaporite setting in the lower pato a transitional between marine to
fluvial settings in the upper part, and then to fluvial deposits of the Late Miocene
Injana Formation. These variations are also recorded from the Miocene equivalent
units in Iran from Gachsaran Formation of suprats@dkha origin (equivalent to

the Fatha Formation), to the Agha Jari Formation of fluvial origin (equivalent to

the Injana FormationPirouzet al, 2011)
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3.7 Discussion

The mixed carbonatevaporite ramp deposits in the proximal areas of the
Mesopotamian Basin were evidgntsubject to dramatic and frequent variations in
depositional settings toward the top of the formation where siliciclastic deposits
predominate. This variation is clearly observed from the lower to upper part of the
succession. It records the progradatimto the basin of siliciclastic detritus of
continental origin. This significantly affected carbonate production and evaporate

precipitation.

Each cycle from the lower part of the succession typically passes from a calcareous
mudstone unit at its base, #goshallowingup carbonate package, and then to massive
nodular evaporite that is itself capped by a red continental clastic units in many
examples. This facies trend changes toward the upper part of the succession in which

the marine deposits are reducedtickness.

Based on the results of this study, each cycle is shown to represent a regressive trend
from calcareous mudstone at its base, grading up to shallow marine carbonates, and then
to sabkha evaporites. The red clastic deposits prograded towabddimeand capped

the evaporites at ¢htop of each cycléd new depositional model has beamesented for

the Fatha Formation for first time in this studgd is illustrated in Figure 3.Ghe
depostional model has been constructed based on the outcomksling the
interpretations of the sedimentary facies and lateral/vertical variations of the cycles, of
this study. Moreover, the lateral/vertical variations of the cycles has been shown in the
model from marginal to basinal part of the basihe sedimatary facieshas been

summerized as the following:

The calcareous mudstone units (CM) at the base of the cycles were deposited in a low
energy hypersaline lagoonal environment, as evidenced by hypersaline benthic
foraminifera (rotaliids and miliolids) ahostracods. However, this depositional setting

became gradually shallower through time toward the upper part of the succession, in
which normal marine water and stenohaline organisms (bryozoa), oysters and brackish

water ichnofaciesSkolitho$ became ma abundant.

The carbonate sediments were deposited in a variety of environments along the basin

margin including both low and high energy hydrodynamic settings. The detailed
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microfacies thus represent lateral variations in the extent and morphology of the
lagoonal complexes developed on the basin margin. The length scale of these variations
was less than the spacing of the measured sections, as it is not consistently possible to
trace individual microfacies from one section in any one cycle to the equiesige in

an adjacent section. This lateral variation in lagoonal and nearshore environments at a

scale of tens of kilometres is represented in cartoon form in Figure (3.6).

The skeletal mudstone, wackestone and packstone microfaciesSgSKlat the bas of

the carbonate units represent deposits of-retditricted hypersaline environments as
evidenced by the presence of restricted foraminifera (rotaliids and miliolids) and
ostracods with evaporite pseudomorphs that indicate hypersalinity. The mollusc
microfacies (MIM3) represent very shallow water systems developed in shallow
lagoons to intertidal or skeletal shoal settings. The deposition of skeletal peloidal and
pelleted grainstone microfacies (N8I52) occurred in moderate energy shallow
lagoons. Saoh shoals separated the restricted lagoons from the open ocean where non
skeletal microfacies (NSBIS5) were deposited, including peloidal, and ooidal
packstone and grainstone microfacies. Along parts of the shoreline in protected
embayments, algal bindstnand stromatolites (AGAG2) were deposited in the

intertidal zone of restricted lagoons.

The evaporite sediments at the top of the carbonates represent a regressive facies and
were deposited in a variety of environments. The main abundant evaporite ifacie
nodular; including chickemwire (CH) and enterolithic (EN) evaporites resulting from
subaerial deposition in a coastal sabkha. Such nodular evaporites originate from
repeated arid and high rainfall episodes when the original gypsum crystals formed
within the capillary groundwater zone undergo repeated hydration and dehydration
(Schreiber and Tabakh, 200Qaminated evaporites (LE) were subaqueously deposited
during flooding over the tidaflat. These emergent evaporates present at the basin
margin contract markedly with subaqueous evaporites identified previously from basin
centre settings, where laminated selenite evaporites and halite were depakited
Juboury and McCann, 2008)

The initial accumulation of siliciclastic deposits derived from the hinterlands during the
Miocene occurred during deposition of the Fatha Formation when the red clastic units
started to prograde soutvestwardnto the basin. The southiestward progradation and

shoreline migration into the basin through time is represented by the overall variation in
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thickness of the preserved succession from the basin margin to its centre: a thinner
succession comprising feweaycles is recorded at the basin margin. In addition,
siliciclasticdominated cycles are preserved around the basin margin and evaporite
dominated cycles were best developed in the basin centre. The presence of climatically
wet hinterlands and significafitvial activity around the basin margin and its atage
progradation towards the basin centre eventually resulted in a progressive termination of

evaporite deposition, from a bagimmargin to a baskietentre setting over time.

A number of factors acted tinfluence sedimentation rates and the position of the
shoreline through time. Marirmarginal sabkha deposits can prograde with a thickness
of 1m by 1km of shoreline migration per thousand ydé&areiber and Hsu, 1980)
Progradation may lead to a seaward thickening succession of peritidal (fdarelse,
1986) Furthermore, reduced evaporite deposition and increased fluvial activity from the
basinmargin through timé illustrated by coastal progradatibnmay also have been
driven by an overall climate change from relatively arid to relatively more humid.
Overall, progradation of the siliciclastic wedge progressively replaced carbonate
evaporite sdimentation in the basin and changed the system to an overfilled fluvial
basin by the late stages of Fatha deposition, after which fluvial facies of the overlying

Injana Formation became dominant.

Tectonics, sediment supply and relative sea level detedmaceommodation in the
basin and collectively acted to determine the overall progradational (i.e. regressive)
geometry of the formation. The position of the Miocene foreland basin meant that it was
subjected to collisional forces between the Arabian anddtan plates. Increasing
siliciclastic supply would have resulted from erosion of the uplifted areas of the
developing fold and thrust belt. Indeed, the shallowipgard trend of the Fatha
Formation is typical of forelantasin fills, indicating the sigficance of tectonic setting

on basin stratigraphyBaars and Stevenson, 1982; Sami and James, 1994; Brown,
2002) A high rate of sediment supply outpaced the generated accommodation space

across the basin.
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Figure 3-6 The depositional model of the Fatha Formation showing different depositional
environments on a gently ramp platform. The model is presenting the progradation and migration
of the Miocene shoreline alng three vertical sections A, B, and C. In addition, D and E block
diagrams are maximized to show detailed depositional settings of two cycles and to represent the

lateral variation possible within these.
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3.8Conclusion

Deposition of the Miocene carbonateaporite cycles in the Kurdistan region from the
Zagros foreland basin are interpreted to have accumulated in a very low angle ramp
setting in which only inner ramp facies are recognized in the carbonate phase of each
cycle. The carbonate ramp is recognipadhe basis of lateral and vertical variations of

the facies from relatively more offshore deposits of calcareous mudstone to shoreline
and sabkha deposits closer to the basin margin. The main lithofacies divisions are
calcareous mudstones, carbonategperites and red siliciclastics. These facies are
arranged in a number of cycles, each of which records a shallow upward trend. Cycles
are capped by flooding surfaces. Each preserved depositional cycle has a facies
arrangement which in its lower part isdicative of lowenergy calcareous mudstone
accumulation, and which passes up to modertdehigh energy shallow marine
carbonates, which are in turn overlain by nodular evaporites and, in some cases, are
capped by a red siliciclastic unit at the top ¢ife tcycle. Different carbonate
environmental settings are recognized along the basin margin. Shoreline deposits range
from high energy rippled and cross bedded carbonate grainstones to low energy
stromatolite facies of protected embayments in a complex |latedally extensive
lagoonal system. The vertical and lateral variations of the microfacies in an individual
cycle and between the cycles have features in common. These features include

microfacies variations in an upward shallowing trend within each cycle

The succession overall records a progradational shallowing upward succession. The
preserved facies trend through the succession can be regarded as being due to a
combination of variations in sea level, salinity, climate, carbeeaporite production,
sliciclastic supply, tectonic subsidence rate and tidal flat progradation. The cycles can
be traced and correlated regionally along the-S®/trend of the foreland basin. The
overall upsuccession variation in facies was driven by increasing siliciclaapply

from the uplifting Zagros Mountains due to the collision between the Arabian and
Iranian plates. As a result, a siliciclastic alluvial depositional system advanced into the
basin causing regression of the shoreline. This may have been due to esgvegr
increase in relief or, additionally, to an increasingly humid/wet orographic climate

response that could have been induced by the tectonic growth of the Zagros Mountains.
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Figure 3-7 Scanning electon photomicrographs of the rotaliids foraminifera from the calcareous
mudstone units of the Fatha Formation.

A to E: Different species oAmmoniafrom different areas. F: Aiklphidium species from Mamlaha

section.
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Figure 3-8 Scanning electron photomicrographs of the ostracod specimens from calcareous
mudstone units of the Fatha Formation.

A: A smooth ornamented ostracod specimen (ir@0from Mamlaha section. B: A highly ornamented
ostracod specimen (6Qf) from Basara section. C: A moderate ornamented ostracod specim@m{700
from Mamlaha section. D: A clesview of the ornamentation of the previous sample (red square) from
Takiya section. E: A highly ornamented ostracod specimen (k8pGrom Mamlaha sdmn. F: A
moderate ornamented ostracod specimenyi@j@rom Sangaw section.
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Figure 3-9 Scanning electron photomicrographs of extracted microfossils from the calcareous
mudstone units of the Fatha Formaibn.

A and B: Miliolid specimens (550 and 60®) from Mamlaha and Basara sections, respectively. C: A
gastropod specimen from Mamlaha section. D, E, and F: Bryozoa specimens from the upper unit of the
succession.
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Figure 3-10 Thin section photomicrographs of calcareous mudstone unit (CM)

A: A photomicrograph of calcareous mudstone (marl) facies (CM). The sample was taken at the
base of an individual unit in which fossils are very small and quartzsgeaerare. Unstained

thin section from Mamlaha section.

B: A photomicrograph of calcareous mudstone (marl) facies (CM). The sample was taken nearly
at the middle part of an individual unit in which the fossils (rotaliids, the red arrows) and
quartz grains (the white grains) are moderately abundant and increasing in sizes.
Unstained thin section from Mamlaha.

C: A photomicrograph of calcareous mudstone (marl) facies (CM). The sample was taken at the
middle part of an individual unit where the fosstise(red arrow) and quartz grains (the

white grains) are increasing. Unstained thin section from Mamlaha.

D: A photomicrograph of calcareous mudstone (marl) facies (CM). The sample was taken from
the top of the unit where the fossils (the red arrow), quagins (the white grains) and
feldspar minerals (the blue arrow) are very abundant and large in sizes. Unstained thin
section from Mamlaha.

E: A field photograph of the Fatha cycles. The cycles grade up from greenish toego&yish
calcareous mudstone it{CM) at the base to a thin shallow carbonate and then to
nodular evaporites (NE). The cycle capes by red clastic unit (RC) at the top of the cycles.
The photo was taken from Basara section.
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Figure 3-11 Field photographs and thin section photomicrograph of a thin cycle at the upper part

of the succession.

A: A field photograph of cycles at the upper siliciclastaminated part of the formation in
Sangaw section. Theyde passes up from thin greenigtey calcareous mudstone (10cm)
at the base with trace foss{l8) to a thin bed of carbonate bed (5cm thick) and then caps

by red claystone unit.

B: A photomicrograph of quartz mudstone sulerofacies (SK1bpf the thincarbonate bed of

the cycle.

C: A field photograph and closefiew of the calcareous mudstone unit which includes trace
fossil.
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