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ABSTRACT

Full Name : Moaz Abd Altawab Mohammed Ali Salih

Thesis Title  : Depositional and Diagenetic Controls Borosity Evolution of the
Miocene Dam Formation Carbonate&n Outcrop Approach. Al
Lidam Escarpmerit Eastern Saudi Arabia

Major Field : Geology
Date of Degree: November, 2015

The Miocene Dam Formation in the-Ridam area of eastern Saudi Ara consists of a
succession of mixed siliciclast@arbonate sequences that were deposited during Miocene
(Burdigalian) times. Stratigraphic equivalents of the Miocene Dam Formation occur as
hydrocarbon reservoir intervals in the Arabian Plate in Iragir@amd

Previous studies have demonstrated that reservoir quality in carbonate rocks is mainly
controlled by depositional setting and pdspositional diagenesis. Carbonate minerals
are more susceptible to diagenesis than are their siliciclastic coutdeifias diagenetic
susceptibility is mainly due to théigh chemical reactivityof carbonate minerals.
Diagenetic processes can be either porosity enhancing and/or porosity destructive.

In this study, based on description of the lithology, sedimenteugtates, texture, fossil
content, and diagenetic features, fifteen lithofacies were identified within the Miocene
Dam Formation in the study area. These lithofacies were deposited on, a low angle
dipping, carbonate ramp under supratidal, beach, intertal shallow subtidal
conditions. Carbonate diagenesis has been examined using different analysis tools,
including: thinsection petrography, SEM, XRD, XRF and cathodoluminescence. These

analyses tools have shown that the studied succession, especiaitgttigal grainstones
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and packstones, are influenced by extensive meteoric diagéimatsied to formation of

moldic andvuggy porosity. In addition to these dissolution related porosities, meteoric
diagenesis is also observed in the form of meniscus;ostalictitic and equant calcite
cement. Marine diagenesis was also observed, but it was restricted to the beach grainstone
and subtidal quartz wackeckstone lithofacies, in the form of aragonite and high
magnesium calcite cement on the grain marddtmallow burial conditions were inferred

by grain contacts represented by point, suture and cosmaw@x contacts. In some
intervals, such as in the mudminated wackestones, hairlitteck fractures were
observed. Mimetc dolomitization for the whole sgession was also observed. The
association of dolomite with evaporites minerals led to the interpretation that
dolomitizationas sabkkhavaporative dolomitization model.

Sequence stratigraphic approach was used in order to link the diagenetic prazesses t
depositional setting and relative sea level fluctuations. Three foulr, shallowing

upward sequences were identified in the study area, and they are separated by two
sequence boundaries. A clear relation between sequence surfaces and diageasseroc
was observed; the meteoric related diagenetic processes and dolomitization increase
upwards (towards the sequence boundary) in each sequence. Porosity and permeability
measurements have shown that the highest values are associated with the high stand
systems tract (HST) of each sequence, followed by the transgressive systems tract (TST)
and the low stand systems tract (LST). This was attributed to the fact that the (HST) is
dominated by more grainy sediments in association with dissolution relateslitigsy,

while the (TST) and (LST) are dominated by muddier sediments with less influence of

meteoric dissolution. The results of this study might help in understanding of diagenetic
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processes, and consequently the porosity and permeability distributidmn w

hydrocarbon reservoirs
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CHAPTER 1

INTRODUCTION

1.1 Introdu ction

The susceptibility of carbonate rocks and sediments to-degsisitional cementation and
leaching, that affect the primary porosiand permeabilityvalues is higher than that of
siliciclastics (Table 1) (Longman 1980; More 1997; Morad et al. 2012; Moore and Wade
2013). Nonstructural hydrocarbon exploration in carbonate rocks is different from that of
sandstones where the major pore system occurs agyratarlar pores between sand grains.
Thus, the highest porosifiein siliciclastic successigncan be predicted as a function of
depositional facies alone, and so exploration tends to fmtudentification and delineatioof

sand bodies with only secondary emphasis placed on cementation, leaching and other
diageneticprocessesin contrast carbonate rockgjisplay a wide variety of pore typess
described by Choquette and Pray (1970), taamiform independety of depositional facies
(Longman, 1980; Makhloufi et al., 2013; Morad, Ketzer, & De Ros, 2013; Tucker, .1993)
Thus, for hydrocarbon exploration in carbonate rocks, equphasis should be given to the
interpretation of depositional and diagenetic controls on pord3itycrop studies are one of

the effective tools that have been used in hydrocarbon explo(atimmmond et al., 2005)



Table 1.1: Comparison of diagenesis influence onguosity in both sandstones and carbonates (adapted frc

Choquette & Pray, 1970)

Amount of primary porosity

Sandstones
Commonly 25% to 40%

_ Carbonates

Commonly 40% to 70%

Amount of ultimate,
postdiagenetic porosity

Commonly half or more of initial
porosity: typically 15% to 30%

Commonly none or only a small fraction
of initial porosity: 5% to 15%

Types of primary porosity

Almost exclusively interparticle

Interparticle commonly predominates;
intraparticle and other types important

Pore diameter and
throat size

Closely related to particle size
and sorting

Commonly bear little relation to particle
size or sorting

Uniformity of pore size,
shape and distribution

Fairly uniform

Variable, ranging from fairly uniform to
extremely heterogeneous, even within a
single rock type

Influence of diagenesis

May be minor: reduction of primary
porosity by compaction, cementation
and clay precipitation

Major: can create, obliterate or completely
modify porosity; cementation and solution
important

Influence of fracturing

Generally not of major importance

Of major importance, when present

Permeability-porosity
interrelations

Relatively consistent: commonly
dependent on particle size and sorting

Greatly varied: commonly independent of
particle size and sorting




They overcome many of ¢hlimitations associated with subsurface well data (high vertical
resolution but lack of information frormter-well spacing)and seismic data (low vertical
resolution). Understanding and interpreting the depositional anddppssitional processes
that initiated and influenced porosity in the resenamuivalent strata that are presently
exposed at the surface will help in filling the gap between lacgée but low resolution
seismic data and smadtale well datgThurmondet al.20®).

Well-exposedMioceneage rocks in the ALidam escarpment of eastern Saudi Arabia (Figure
1.1) provide an excelie area for outcrop studies, where more than 40 outcrops of Miocene
Dam Formation are well exposed. There, the Dam Formation occurs as a mixed clastic
carbonate succession that was deposited during the Miocene (Burdigalian) time in a closed
embaymentAlkhaldi, 2009) with atidal setting that rangkfrom supratidal to inter-tidal and
shallow suktidal (Irtem, 1986)

Stratigraphic equivalents dthe Miocene Dam Formation areyéirocarbon producing intervals

in Irag and Iran, and in some fields they act as seal rocks for underlying resgii/girisoury

& Mccann, 2008)

The carbonate sequences of the Miocene Dam Formation have been affected &myetheiadi
processes in term dahe dissolution of skeletal grains, cementation and othegetfietic
processegAlkhaldi, 2009; Irtem, 1986)

Diagenetic processes that have an influence on the petrophysical psopértarbonate
reservoirs occur in different diagenetic environmefitscker, 1993;Fligel 2010) (Figure

1.2A). These diagenetic environments are: marine diagenetic environment, meteoric diagenetic
environment, andourial diagenetic environment, with ea@mvironment having its own

diagenetic processes and products (Figure 1.2B).
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1.2 Objectives

Changes in relative sea level drive changes in pord fthemical composition that in turn
control the early mineralogical stabilization and porosity evolufiarcker, 1993; Morad et al.
2012) Therefore, putting carbonate diagenesis into a sequence stratigraphic framework
facilitates a better understanding the distribution ofdiagenetic patterns in a carbonate

succession and permits a degree of predictability.

This study aims to investigate porosity and permeability evolution as a response to diagenetic
processes and alterations of the Miocene Dam Foomathrbonates that are cropping out in
Al-Lidam area, Eastern Saudi Arabia, aad part of colhborative program between
Geogiences Department (KFUPM), Center for Petroleum and Minerals (Research
Institute/KFUPM), and Saudi Aramco. The study also trielintothe diagenetic processes to

the sequence stratigraphic framework, which is established by another contemporaneous study

(Bashri, 2015)

1.3 Study Area

The study area is located in the Eastern Province of Saudi Arabia, about 70 km to the west of
Dammamcity, north of DammanrAr Riyadh highway. It is located between 492 8 Nj 30 nj &
49 31Nj 30n EBS5N 45d4K6A6En Nort h ( Fheliocene 1. 3) .
Dam Formation are exposed in the study area and have a general strikeéSSIR\({Figure

14). In association with Miocene outcrops, there are several sand dunes in the study area,

which may reach up to 13 m height and 200 m width.
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1.4 Tectonic RegimeRelated to the Study Area

The present day Arabian Plate comprises all types of tectonic boundaries; extension and sea
floor spreading along the Gulf of Aden and the Red Sea, collision along Bitlis Suture and
Zagos, and transform movement along the Dead Sea. The Precambrian Arabian Shield
bounds the asymmetric Arabian Plate basin to the west. The deaspengently eastward

with the maximum depth reached at the front of the Zagrosdeep zongKonert et al.,

2001)

The Precamban Arabian Shield is formed by accretion of micantinental terranes and
islandarcs(Stoeser & Camp, 198%)verlain by post cratonic volcanics asddiments. The

final Precambrian event was the Amar collision (8%D Ma) that terminated the Arabian

Plate fusion along theorth- trending Amar suturAl-husseini, 2000)

Stampli and Borel, 2002leveloped a plate tectonic modet the entire plandb describe the
tectonicséti ng of the Paleozoic and Mesozoic , us i
locations, and the distribution & geochemistry of magmatic bodies and mid oceanic ridges
(MOR) spreading rates. The proposed time of Neo Tethys rifting initiation, accacdihgir

results, is in the Late Carboniferous to Late Early Permian and is concurrent with separation of
the Cimmerian plate from Pangea and the closure of the Paleo Tethys (Figure 1.5).

Muttoni et al., 200Qsed paleamagnetism and stratigraphy of Permian lateritic gaffiles in

Iran and Pakistan to study the opening of the Neo Tethys; their results were similar to the
Stampgli and Borel model. After the opening of the Neo Tethys, highly variable (spatially and

temporally) paleo facies were deposited in the AraBlate basins.
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10



During the Late Permian to Middle Triassic, a new passive margin developeNaewathethys.
Shallowmarine and arid evaporitic environments developed and a regional carbonate regime
spread over the eastern Arabian Platform. This deggbihe Late Permian Khuff Formation and

its regional equivalent®uring the Late Triassic to Early Jurassic, the southern part of the Plate
and the southeastern edge of the Arabian Shield were uplifted and contributed massive floods of
terrigenous clasts toward the northeast (Minjur and equivalfmtnationg. In the late Middle
Jurassic, a carbonate regime was dominant throughout the region, and even the western shelf of
the Arabian Basin hosted reefal limestones and buildups (upper Dhruma Formatidhean
Tuwaiq Mountain limestone)During he Late Jurassic, in central Arabia, slow but progressive
infill of the intrashelf basins took place through repetitive shoalipngard carborta cycles of
Hanifa and Jubaila dfmations.At the beginning of the Ctaceous, the Arabian Basin was
rapidly infilled, first by carbonates and later by terrigenous clastics (Buwaib and Biyadh
formations) Neo-Tethys became compressive and began to close during the Late Cretaceous,
and shallow marinearbonates were depositeduthward across Sinai into the depression that
marked theproto-Red Sea rif{Ziegler, 2001)

During Miocene time, lhere was repeated interchange between the dominance of shallow
marine carbonates & evaporites and siliciclastics in the foreland areas of the Arabian Plate,
with dominance of the deep marine facies in the northern & easterddepeparts of #tnNeo

Tethys margir(Ziegler, 2001)

During the Miocene (Burdigalian) times, the Red Sea rifting took maceirabia started to
separate from Africa, and the Gulf of Aden also opened (Ziegler, 2001).

Through collision of Arabia with Eurasia, inversion in the Palmyrides and the Sinjar uplift

occurredduring Miocene timeas well as minor transpression iretBuphrates Grabdawaf
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et al., 1993) Collision with Asia occurred at the eastern flank of the Arabian Plate which was
indicated by the thrusting of the Sanan8ajan zone onto the Platés a result, a huge
amount of continental to deltaic clastic deposits and shatianne shalesvere deposited in

the Zagros foreleepareas PostAsmari Miocene to Recent sediments reached a thickness of
over 5,000 m in the Dezful Embayment of the ZagBasin(Koop et al., 1982)

Volcanic activity was widespread and prolonged in western Arabia beginning at about 12 Ma
(Camp & Roobol, 1991and representssecond phase of volcanic activity associated with the
opening of the Red Sea. Historical eruptions (e.g. at Al Madinah in AD1256) show that
volcanism is still in progres®asaltic lava fields (hartg) extend intermittently from Yemen
through western Saudi Arabia and Jordan, and as far north as southern Turkey. They have a
tot al surface area of about 180,000 sg km an
provinces (Ziegler, 2001).

Thenorthtrending Hercynian lineaments of the Central Arabian Arch extend far north into the
Zagros foredeep. Theseparate on the western (Iragijle the massive wedge of the Lower

Fars clastics and evaporites from the eastern Gachsaran salt marshes of theaihuzes
Province, (Agha Jari and Dam formations) and shallwavine carbonates (Guri Formation) in

the Fars Province. The hypersaline deposits relate to a relative fall in sea level at the end of the
Oligocene(Ziegler,2001) The mar i ne ¢ onn nSeecatw aoynd, oofr @QoTfeft heyte
became obstructed along the narrow foreland basin so that basinal evaporites began to
precipitate in the former foredeep. Around the Arabian Arch, a halo of mainly continental
(Hadrukh Formation) to transitionalarine sednents (Dam Formation) were deposited
(Figure 1.6). In the interior of the Arabian Plate,-ageivalent lacustrine sediments belong to

the Hofuf Formation (Ziegler, 2001).

12



Due to uplift of the western part of the Arabian Shield, rapid erosion and demudétihe

interior occurred and vast amounts of gravel become incorporated into the Hofuf Formation.

The clastic components are primarily quartz and igneous and metamorphic rock fragments, but
sedimentary rock fragments (particularlgin the Jabal Tuwaygscarpmentilso occur.

The Arabian Platform has three main staral elements. These are; (&rti-trending highs

such as Qatar Arch and Ghawar Anticline; ifloytheastrending structures sh as Khleissia

trend and (c) northwestending structuresusc h as Maodr i b @ondtetat,r aq gr e
2001) The three main structural elements are showirfFigure 1.7). The study area (al

Lidam), which is the type locality of the Dam Formation, lies in the Arabian Basin which

contains faults that follow the-S trend. This basin contains the famous Ghawar Field which

is the biggest oil field worldwide.
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CHAPTER 2

LITERATURE REVIEW

2.1 Previous studies Related to the Dam Formation

The name of the Dam Formation was first used by Max Steineke and T.W. Koch for a coastal
Miocene successiofiPowers et al, 1966 he name first appead, in formal sense, in a paper

by Thralls & Hasson(1956.

The Miocene Dam Formatiomas beenexamined by several studies since th@8 0 6 s ,
especiallym Qatar.Several othese studies ataiefly described as follow;

Steineke et al(1958 described the details of the Dam Formation at its type section in Jabal
Al-Lidam (Lat 2621Nj2nj N. NoMmMN) 42n E.) where the | ower p:
out. They stated that the Dam Formation at its type locality is composed of about 90m of pink,
white and gray marl and red, green and olive clay with minor sandstone interbedding (Figure
2.1). They described various marine fossils but the most importanilsfosghich were
considered as marker fossils, are echinoids and specifitaiinocyamus spand Archaias

sp. near the base of the formation.

Powers et al. (1966)escribed the Dam Formation at its type locality, and stated that the Dam
Formation is underlain by sandstones of the Hadrukh Formation, and overlain by clay,

sandstone and gravel of the HbFormation.
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Irtem (1986) studied the lower part of the Dam Formationthe Al-Lidam area. He could
identify three upward deepening cycles. Theses cycles start by-talgdrayypsiferous
claystone, grading upward into intedal sandstone and shal subtidal thinly bedded
oolitic grainstone at the top. He found closely spaced columnar stromatolites (2 to 5 cm in
cross section and 3 to 20 cm in height) in association with the oolitic grainstone bed of the
third cycle. Thus, he interpreted the staiolites adeingdeposited in the same environment

as the oolitic grainstone bed.

Weijermars(1999 studiedthe surfacegeology, lithostratigraphyand the rate of growth of
DammambDome. He describedthe Miocene Dam Formationat threelocations(Table 2.1):

JebelUm Ar Rus (where the Dam Formationunconformaly overliesthe Rus Formation),
JebelMidra Al Janubi(whereDam Formationunconformablyoverliesthe Midra Memberof
DammamFormation)and JebelMidra Ash Shamali.At both JebelMidra Ash Shamaliand
JebelMidra Al Janubi, he describedthe Dam Formationas a seriesof a mixed clastic 1

carbonatesequencest the basethat are overlain by stromatolitic beds. He reportedthe
presenceof variousfossils including vertebratebonesand ungularteeth of Perissodactylor
Artiodactyl At JebelUmm Ar Rus,Penerofis farensishasalsobeenreportedfrom the Dam
Formation(Henson,1950) andis usedasanindexfossil for basalFarsrocksof the Miocene

in Iraq.

Al-saadand Ibrahim (2002 studied aspectsof stratigraphy,micropaleontologyand palec
ecologyof the Damandfoundthatits microfossilsarepredominanthbenthicforaminiferaand

arerepresentetdy 38 species of which most are milioline and one ilamer form.
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Table 21: Tertiary tectonostratigraphic time -table for the Dammam region (Weijermars, 1999).
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They also stratigraphically subdivided the Dam Formation in Qatarinto two new
formal membersThe basalAl-KharraraMember[or Salwamemberasdefinedby Dill etal.,
2005]is madeup of limestone marl, andclaystonewhile the overlying Al-NakhashMember
is a cyclic assemblageof carbonate,evaporite,and algal stromatolite facies. This study
groupedthe lithofaciesinto four major typesof which limestone,subdividedinto six sub
facies,is dominant. They concludedthat Al-Kharraramemberwas depositedn warm (25°-
30°C), clear, shallow watersof the inner neritic zone (0-35 m) that had an elevatedsalinity
(359%50%) and a vegdatedsubstrateTheyalsoconcludedthat the Al-Nakhashmemberwas
probably formed in an oscillating, very shallowmarine environment(0-10 meters deep,
includingtidal flats), underwarm climatic conditionsthat eventuallyled to the accumulation

of evapritesandalgal stromatolites.

Dill et al. (2009 studied the Dam Formaitn atthe Southern Dukhan Anticline, SW Qatar and

they subdivided thd-ormation into seven members. Those are from bottom to top; Lower
Salwa, Middle Salwa, Upper Salwa, Lower Al Nakh, Middle Al Nakhsh, Upper Al Naksh,

and Abu Samrah Members. They netic54 different types of fossils within the seven
members of Dam Formation, but they were dominated by bivalves, gastropods and
foraminifera. Based on mineralogy, paleontology, chemical and isotope analysis, they
interpreted the depositional environmentstite Dam Formation. The Salwa members are
composed of interbedded siliciclastics and calcareous sediments, which were interpreted as
being deposited in mesdo microtidal environments. These environments grade up into
macrotidal conditions which reswdt in the deposition of the Al Nakhsh members, and then to

wave-dominated micrdidal conditions which resulted in the deposition of Abu Samrah
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Member. They mentioned that the stromatolites were found only in Al Nakhsh Members, and

the maximum growth of #hstromatolites was found in the Middle Al Nakhsh Member.

Al-Enizi (2006)comparedhe Dam Formationforaminiferafrom JebelMidra Al-Janubiwith
presentday foaminifera from the Arabian Gulf. He identified 51 speciesfrom the Dam
Formation(including Borelis melomelqg confirming a Middle Mioceneage),and47 species
from the Gulf samplesHe foundthatthe foraminiferaldiversitytendedto increasewith water
depthand decreasewith salinity. His study indicatedthat the Dam Formationforaminifera
commermed deposition under adverse, hypersaline conditions during a slight marine
transgressiorin the Middle Miocene. Succeedingnormal salinity and smallscale marine
transgressionsed to an increasein foraminiferal diversity, with subsequentormation of

foraminiferalgrainstonespackstonendwackestones.

Alkhaldi (2009) developed a high resolution sequence stratigraphic framework for the Dam
Formation in the AlLidam Area. He described it as a mixed cadddrsiliciclastic succession
thatwasdeposited during Middle Mcene within a closed embayment. He divided the Dam
Formation in the studied outcrop into three composéguences; he subdividedmposite
sequence 1 and 2 into high frequersgquencesHe interpretedthe lower part of each
composite sequend® be conprised of TST, followedby a HST compriseaf bio-clastic
grainstone dominated channefdn theother handhe interpretedhe upper part of the two
composie sequenceascomposed of TSTpllowed bya HST comprised gbrograding banks

and bioclastic chanels
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2.2 Literature Review Related to Carbonate Diagenesis

Carbonate diagenesis has been a major topic of research for several deteatileg, withthe
fundamental observatiomsade by Sorby in the mitig" century. In the next pages, some studies

about @rbonate diagenesisebriefly shown

Longmann (1980) studied carbonate diagenesis textures from near surface environments. He has
shown that most of the cementation and secondary porosity development in carbonate rocks
occurs at relatively shallow deggthn one of four major diagenetic environments; the vadose
zone, meteoric phreatic zone, mixing zone, and marine phreatic zone. He also mentioned that the
climate, changes in relative sea level, rate of subsidence and deposition and mineralogical
compositon of the sediments, are the major controls on porosity modificaticarioonate rocks

and sediments.

Tucker(1993)has shown that the carbonate diagenesis can be integrated with the relative sea
level and climate, leading to linking between carbonate diagenesis and the sequence stratigraphy.
Depending on the climate and pore filling fluids, he suggestatl each system tract will be
subjected to specific diagenetic processes. He also mentioned that the different dolomitization

models can be tied in a sequence stratigraphic framework.

Morad et al. (2012) linked the diagenesis and sequence stratigréfiothosiliciclastic and
carbonate reservoirs. They used this integration as a powerful predictive tool in reservoir quality
models. Their study proved that many diagenetic processes such as cementation, dissolution,

clay minerals precipitation, intergraau porosity evolution, and even the mechanical diagenetic
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processes are highly controlled and related to the sequence stratigraphic surfaces. They also
stated that the climatic conditions dominating during subaerial exposure have a great influence

on thetype and extent of the diagenetic processs.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

The methods used in this study consist of extensive field adkmeasurement and description

of six sections measurements of both porosity and permeability fomme plugs, thin section
preparation and descriptioXX- Ray Diffraction XRD) analysisof representative samples to
identify the mineralogical components of the rock sampleRay FluorescenceXRF) analysis

to recognize the elemental components and gmeage in each sample. Scanning Electron
Microscopy (SEM) imaging was also carried out on representative samples to clarify small scale
diagenetic features and miegppor osi ty whi ch canot itrescopy.e en
Cathodoluminescence ionoscopy vas also usedo understand the fundamental diagenetic
relationships between grains, matrix, cements, porosity evolution, and common replacement

reactions thabccur in the examined samples.

3.2 Field Work

The field investigation targetinthe Burdigalian DamFormation was carried out in the-Al
Lidam area, Eastern Saudi Arabia. Detailed descrififaix outcrop sectionsvasconducted,

and one hundred eight samples were collected during the field investigations. The field
descriptions identifiednd describéthe sedimentary facies and structures and their lateral and
vertical continuity. Diagenetic features that appear at outcrop scale were also described.
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Outcrop high resolution photos were taken for documentation of lithofacies and sedimentary
structuresA photomosaic was constructed so as to provide an overview of the study area and
was integrated with high resolution proximal photts show detailsof the lithofacies,
sedimentary structures and diagenetic features. The interpreted stratigraphic andbdeaposit
sections of each outcrop based on measured sections and high resolution proximal photos were

integrated with the distal outcrop photo using CS6 Software.

Samples were collected from each outcrop on a bed by bed basis, to make a correlation between
salimentary units at different studied outcrops and to recognize the lateral change of lithofacies

as well as diagenetic features across the studied traverse.

3.3 Laboratory Work

3.3.1 Porosity and Permeability Measurements

Collected samples were examined slabbed] ahotographed to show the texture and
structures of the different facies at various scales. Core plugs were drilled and prepared from

each sample for porosity and permeability measurements.

Plugs taken were 1 inch (2.5 cm) in diameter and approximagdy 8.inch (0.0635 7.62 cm)
in length. Porosity measurements were made for each core plug using Core Tie21IPI
Helium Porosimeter, while permeability measurements were made using Hassler Core holder

assembly permeameter.

3.3.2 Thin-Section Petrography

Thin sections were prepared from all samples using the standard thin section preparation

technique. Samples are initially vacuumpregnated with bluelyed epoxy resin to assist in
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the identification of porosity. Alizarin Red S stain was applied so asffereftiate calcite
from dolomite. Detailed thin section petrography was carried out to identify the texture,
mineralogy, grain types, bioclasts content, cement types, granulometry, andypmore

distribution and all diagenetic features that can bemd under optical microscopy.

3.3.3Scanning Electron Microscope (SEM)

Eighteensamples were selected for scanning electron microscopy (SEM) to identify- micro
porosity, grain shape, cement, and matrix. SEM was performed in thebh@stn surface of
selected samles. Sampleswere gold coated so as to avoid sample chardi@gldstein and
Yakowitz, 1975). SEM isan essentialaspectin this study to address the miesoale
heterogeneity within the lithofacies and to identify the small scale digenetic featurearthat c

be obgrved under optical microscopy.
3.3.4 Powder X-ray Diffraction (XRD)

Powder Xray diffraction was performed otwenty five samples to identify the mineral
composition for each lithofacies and the percentage of each mineral. Selected samples were
crushed and powdered. Each of the powdered samples was placeahiple holder with a 20

em square capacity. The scan rdantfgewideearsge f i x ed
of minerals The Standard Measurement software (Rigaku package) is syregdomith the

personal computer (PC). The dateere processed using PDXL2 integratedray powder

diffraction software to match the peaks with the minerals in thebds¢éaof the ICDD PDF

software.
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3.3.5 Powder X-ray Fluorescence (XRF)

Seventy eighsamples werground and prepared for XRF analysiBive to eight grams were
taken to measure the chemical composition and to identify the major elements ratios in each
sampleJEOLJSX1 000 S E | e ¥rmydpdetyomdier with a 4 kW generator was utilized

for this analysis.

3.3.6 Cathodoluminescence

Eight samples were examined undeathodoluminescencenicroscopy at Saudi Aramco, to
distinguish different minal species and to estimate their abundance; to interpret different
mineral paragenetic sequences and different mineral generatbasagterizedoy different
crystallizationconditions so by different trace elements resulting in different luminescetwe);
detect zoning in minerals because CL contrasts may be generated ifasonadlecases by
chemical contrasts of only a few ppm in activator elements such & MREE, Fe*" | Ti

etc.

The CL microscopy used for this study is CITL Cold Cathodohescence 8200 mkanit
operatedaf 10 to 14 kv and 18 attached toNkdh merascopggha m c ur

Leica camera.

3.4 Office Work

Software packages weresed in this studyncluding Easy Core for drawing the stratigraphic
sections, Adobe Photoshop CS6 fwnstructingthe photomeaic and Adobe lllustrator for

drawing the depositional model.
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CHAPTER 4

SEDIMENTOLOGY AND LITHOFACIES

4.1 Dunham Classification

TheDunham classificatiosystem forcarbonate ediments and rocksas devised biRobert J.
Dunhamin 1962, and refined by Embry and Klovan in 19Figure 4.1) to include
sedimentghat were organically bound durimgposition D u n h asth@me focuses on the
depositional fabric of carbonate k% anddividestheminto four main groups based on relative
proportions oimud-supported vs. grairsupported particledis efforts deal with the question of
whether or not the grains were originally in mutual contact; and thereforsugglorting, or

whether he rock is characterized by the presence of frame buildersrgadic binders

4.2 Depositional Lithofacies

Using Dunhamés classification, the Dam For mat
texture, color, bioturbation, lithology, sedimentary stawes, and bi@omponent. The desbed

lithofacies are as follow:

4.2.1 Channelized Medium Sandstone Facies (f 1):

Description: greenish grey, medium grained, medium to well sorted, extensively bioturbated
sandstone with a sharp base thas tutough the unddying lithofacies (f 4). The channel rargye

in thickness from 0.8 2.0 meterswith a 9.0 meter width.
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Figure 4.1: Dunham Classification for carbonate rocks (modified from Dunham, 1963).
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Bioturbation has partially obscuredhe sedimentary structures such as bidirectiaraks
bedding This lithofaciesappears only in outcppNo 23(Figure 4.2A & 4.2B)(see the map in

Figure 1.4)

Interpretation: the sharp boundary at the base of this lithofagigls the channel shapghows
that it was deposited under subaqueous flow condition with high energy that led to cut through
the urderlying facies.The bidirectional current indicates tidal influence during deposition of this

lithofacies. Thus, this lithofacies is interpreted as estuarine fill deggbagemi et al.2012).

4.2.2 Interbedded Mudstone and Evaporites Facies (f 2):

Description: Reddish to greenish mudstone interbedded hatigeto white color evaporite bed
(Figure 4.3A). It was found in outcrop 2, 23, an¢s8e the map ifigure 1.4)with a thickness
rangng from 0.5 m to 1.2 m. The mud shows some mud cracks while the evapostarbeed
partially dissolvedwhich has led to deformatiasf the overlyingbeds and formation ohodules
of chicken wire anhydrite (Figure 4.3B). Stratigraphically, in thestern prt of the study area
(outcrop 23 and 8see the map in Figure ) this faciesoverlies thecross bedded grainstones (f
11 & f 15) thatare pervasivelydolomitized as shown byRD analysis (Figure 4.3Cand
underlies sandstonenudstone facies (f 4) whalin the eastern part (outcrop 2 andde the map

in Figure 1.4 theoverlying siliciclasticfacies are absent.
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Figure 4.2 (A) outcrop photograph of estuarine fill facies (f 1) cut through underlying facies (f 4). (B)Intense
bioturbation withi n estuarine fill facies.
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Figure 4.3 (A) outcrop photograph of Interbedded mudstone and evaporite facies (f 2). (Bjand specimen showing the
dissolution of anhydrite and formation of chicken wire anhydrite. (C) XRDdiffractogram shows pervasively dobmitized
grainstone facieqf 11) that underlies (f 2).
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Interpretation: the fine grain size of the mudstone indicates deposition @ low energy
environment. The mud cracks and the red color indicate influence of oxidizing subaerial
exposure. The assod@t with evaporites indicates deposition from hypersaline water under arid
climate condition. The deposition of evaporites from sea water lethetoncorporaion of
calcium ionsinto theevaporite minerals, and consequemthincreasan the Mg: Ca ratiof the
interstitial fluids (Tucker and Wright, 1990). TseMg i rich fluids served to dolomitizehe
underlying beds. From previously mentiongghtures this facies was interpreted as sabkha

deposits.

4.2.3 Stromatolites (f 3):

Description: Stromatolitesare layered bi@hemicalaccretionary structurdermed in shallow
water by the trapping, binding and cementation of sedimentary grains by microbial mats
of micro-organisms, especiallyyanobacteria(Riding, 199). This faciesis abundant in all
outcrops, and it was fourat different stratigraphic levels with a thickness ranging from 5 cm up

to 50 cm.

Several morphologies of stromatolites were found in the study area including; columnar, conical,
branching, statiform, and domalstromatolites (Figure 4.4A, 4.4B). Tepee strucstard mud
cracks were found in association with some stromatolite morpho)aggescially the conical

stromatolites.

Interpretation: The presence of stratiform laminites indicates démm under low energy

environments while the domal stromatolites indicate a relatively higher energy (Boggs, 2006).
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Figure 4.4: (A) Outcrop photograph of domal stromatolites at aitcrop 1. (B) Columnar stromatolite at outcrop 16.
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The presencef conical and domal stromatolite indicatedepositionin relatively deeper water

with greater accommodation space than did the stratiform t{pesrt et al., 2009)The
association of stromatolites with mud cracks and tepee structures indicate $uboqersare.

This facies were interpreted as it was deposited in the shallow intertidal to supratidal

environments.

4.2.4 Interbedded Crossbedded Sandstone and Mudstone Facies (f 4):

Description: reddish to greyish, slightly cracked mudstone beds interbeddedight grey to
yellowish, fine grained, bioturbated, wavy bedded calcareous sandstone beds (Figure 4.5A and
4.5B). This facies has a highly variable thicknesmging from less than 1 m to about 3.4 m.

This facies was found in the western part of thuelg area (outcrap23, 8 and 16)but wasnot

seen in the eastern partuforops 1 and 2)(see the map in Figure 1.4lt has been cut by
estuarine fill sandstone (f 1) in outcrop 23 and it overlies the mudst@porite facies (f 2) in

outcrop 23 and 8t is capped by stromatolite facies (f 3) in outs8pand 16.

Interpretation: the alternation between mud and sand indicates that wWenesfluctuatiors in

energy during deposition, with mud being deposited during periods of low ec@ngditionsas
inferred by finegrain size and sand being deposited during periods of relatively higher energy
processs as inferred by wavy bedding and coarser grain Biedesiccation cracks within mud
indicate subaerial exposure, while the wavy beddinth@sandtonesindicates shallovwwater
conditions. According to these evidences, this facies was interpreted as it was deposited in

shallow intertidal environmeritLasemi et al., 2012)
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Figure 4.5: (A) Outcrop photograph of interbedding between mudstone and sandstone (f 4) at outcrop 8. (B) Desiccation
cracks of mudstone and wavy bedding of sandstone.
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4.2.5 Interbedded Crossbedded Coarse Limestone and Mudstone Facies (f
5):

Description: yellowish to greyish,rbugh cross bedded packestogeinstone interbedded with
thin layers of fine massive mudstone beds. This facies is only found in the qamstedai the
study aredoutcros 1 & 2) (see the map in Figure 1.4)ith a maximum thickness of 0.6 m at
outcrop 2. This facies isnderlying thestromatolite facies (f 3) in the upper part of section 2
with tepee structures (Figure 4.6A). In the middle of sectioh L 6 s d lyglanmarecross
bedded skeletadolitic grainstone (Figure 4.6BThe finemudstonds mainly massive with some
desiccation cracks. Otherwise, tbearse limestone highly variable with planar cros$edded
skeletal packstone and firiegrained ooliticgrainstone that caain quartz grains and rain drop

impressionst its top surface.

Interpretation : The same depositional conditions of previous facies (f 4) are represented here
but with only minor siliciclastic sediments preseiitis rhythmic lithofaas was most probably
deposited in an intertidal zone. The skeletal oolitic and oolitic packstone and grainstone,
respectively, were deposited during the high energy periods of either tide or ebb currents
whereas the fine muddy member was deposited inuhert slack period. The-$haped tepee
structure denotes the peritidal depositional systeoh exposur¢kendall & Warren, 1987)The

mud cracks and rain drampressios indicate an intermient subaerial exposure, whilearytz

grains existenceeflects proximity to clastic shoreline.
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Figure 4.6: (A) Outcrop photograph of interbedded coarse Limestond Mudstone interbedding facies (f 5) with tepee
structure. (B) Skeletal oolitic grainstone (f 9) overlies (f 5).

39



4.2.6 Intra i formational Limestone Conglomerate (f 6):

Description: light grey to yellowish, 1&m to 125 cm thick, conssbf muddy pebblegfrom
f2) as well as skeletal oolitic grainstone peblffesm f 9). The roundness of the pebblasges
from well-rounded to sub rounded to angular (Figure 4.7A and 4.am]), generally show a
fining upward tend. This facies was found in all outcrops of the study atedifferent

stratigraphic levelsvith distinctive erosional surface at the base.

Interpretation: the erosional surface at the base of this facies, and thontnational pebbles

and their inning upward trend, indicates erosional process by storm event followed- by re
deposition (terpestites) (Lasemi et al., 2012Jhis facies was found at different stratigraphic
levels with different internal features that were interpreted as depositech vdifierent
depositional setting. In section 23, carbonate tempestites are interlayered with interbedded
sandstone and mudstone rhythmites (f 4), which was mainly deposited in intertidal zonét Then,
is overlain by combination type of stromatolites ad by estuarine channels. According to its
stratigraphic location and its light brown muddy intraclasts that are similar to the underlying
muddy layers, tempestites in section 23 are interpreted as supratidal to ini{E&tiediman,
1993) On the other hand, in sectiont8mpestites areverlaired by trough cross beddeabldtic
grainstone which contains spherical type of stromatolite (f 11) and would be interpreted to be
deposited most probably in the upper shore face zone. Consequently, tempesties

interpreted abeen depositedithin thelower shorefac¢Friedman, 1993)

4.2.7 Trough Crossi Bedded Sandstone (f 7):

Description: greenish toyellowish grey, trough crossbedded fine grained sandstone with

erosive base (Figure 4.8A). This facies is only found in outcidpand 19(see the map in
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Figure 1.4) with thicknessesanging from 0.4 m up to 2.8 m. This facies shows some
bioturbationfeatures such aSkolithos and Ophiomrphatrace fossils (Figure 4.8B), as well as

some calcite geodes.

Interpretation: The trough cross bedding structure indicates deposition under high energy
conditions. Alternating between greenish and yellowish bedscates oscillation between
oxidizing and reducing condition®phiomorpha in addition to the previously mentioned

features, indicates deposition in an upper shore face enviroffRemberton et al., 2012)

4.2.8 Herringbone CrossBedded Skeletal Oolitic Grainstone (f 8):

Description: yellowish grey to light grey, 0.1 to 0.6 m thick, bidirectional (herringbone) €ross
beddedwith mud drapesreactivation surface¢Figure 4.9 A, B and D) and keystone vugs
(Figure 4.9 E) coarse grained skeletal oolitic grainstone. This fackeseiwed thoughout the

entire study aredn some locations it shows planar cross bedding sets with reactivation surfaces
between themin the eastern part of the study area, this facies is associated with the interbedded
crossbedded coarse limestone amdidstone facies (f5). In thisection ooids are the dominant

components, although quartz grains, pelloids and aggregates also occur (Fighre 4.9

Interpretation : the observed associated physical sedimentary structures of this facies suggest
that it formeal within a tidal setting. The mud drapes on the cross bedding surfaces, the

reactivation surfaces and the clear herringbone cross bedding are all diagnostic tidal deposit
features (Eriksson and Simpson, 200&eystone vugs indicasgeriodic exposureanddrying

out of sedimentsPrevious observations in addition to the associated facies, suggest deposition in

shallow water conditions, guided by flood and ebb tide currents in the intertidal zone.
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Figure 4.7: (A) Intra 7 formational Limestone Conglomeiate (yellow arrow) (f 6) with skeletal oolitic grainstone pebble. (B)
Intra T formational Limestone Conglomerate(yellow arrow) (f 6) showing finning upward trend of mud pebbles.
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Figure 4.8 (A) Trough cross-bedded sandstone (f 7) with sharp erosivease andSkolithostrace fossil. (B)Ophiomorpha
burrows in the trough cross bedded sandstone (f 7).
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Figure 4.9 (A) Herringbone cross bedding(yellow arrows) in the middle of outcrop 2. (B) Mud drapes(yellow arrows)
within the toughs. (C) Thin-section photomicrograph showing partially dissolved ooids, peloids and skeletal molds.
Reactivation surfaces(dotted line) at the lower part of outcrop 16. (E) Keystone vugs (yellow arrow) within (f 8) a
outcrop 8]

44



4.2.9 Planar Crossi Bedded Skeletal Pelloidal Grainstone

Description: white to beige colored, planar cressdded with a variable thickness that reghg

from 0.25m to 0.75 m. This facies has been observed in outcrops 1, 2 & 19 (see the map in
Figure 1.4) in more than one stratigraphic position (Figure 4.10A). In some locations it shows
mud drapes on the cross bedding surfakegstonevugs and tangerai bottom setg¢Figure 4.10
C)hInthinsection itdés dominated by skeletal gr ai

addition to rare ooids (Figure 4.10B).

Interpretation : The planar cross bedding indicate a subaqueous deposition by the migration of
straightcrested bedforms driven by unidirectional currefideggs, 2006) The finegrain size

and the superficial scattered ooids suggest the presence of a medium strength transporting
current. Keystone vugs suggest deposition ungderiodic subaerialexposureconditions.The
association of interbedded heterolithic facies (f 5) andrgvane grainstone facies (f 8) suggest

that this facies is most probably deposited in the lower intertidal zone (Lasemi et al., 2012).

4.2.10 Trough Cross-Bedded Aggregate Intraclast Oolitic Grainstones (f 10):

Description: light grey to yellowish color, rough crosg$bedded with some flaser bedding
(Figure 4.11A). Stromatolites were found in association with this facies in outcrops 8 and 19. It
has a thickness range from 0.25 m up to 1.0 m, and occurs in outcrops 2, 8, 16 and 19 (see the
map in Figure 1.4) inssociation with planar and herringbone crbesgded grainstone facies (f 8

& f 9), carbonate conglomerates (f 6) and massive skeletal wackestone facies (f 13). Thin
sections of this facies show a dominance of ooids and skeletal grain molds. Peloids and

aggegates are also present but less common (Figure 4.11B).
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Figure 4.10 (A) Planar Cross-Bedded Skeletal Peloidal Grainstondacies(f 8) with high angle planar crossbedding, and
overlying (f 5) faciesand underlying (f 11)facies (B) Thin-secton of Planar CrossBedded Skeletal Peloidal Graintone (f
5) with dominance of péoids, and foram and bivalve molds. (C) Keystone vugs(yellow arrow) within (f 9) facies at
outcrop 1.
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Mud in troughs

Figure 4.11 (A) Outcrop photograph for the Trough Cross-BeddedAggregate Intraclast Oolitic Grainstones facies (f 10)
showing trough crossbedding and flaser bedding. (B) Thirsection photomicrograph of the same facies show the different
components; G= grain aggegate, O= ooid, P= peloid.
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Interpretation: the presece of ooids, intraclasts, and grain aggregates indicate depasitéon
relatively high energy, shallow marine environment. The dominance of-gpaported texture,

in addition the presence of ooids, peloidal packstone (f 11) intraclasts, and grapesfenes,
relatively high energy shallow marine depositional sett(®gma et al., 2007 he presence of

this facies in association with subtidal skeletal wackestone and intertidal planar and herringbone
cross bedded grainstones, in addition to previous observations, lead to the interpretation that this
facies mainly represents subaqueous carbonate sand waves in upper sldeptsigonal

setting

4.2.11Massive Peloidal Skeletal Packstone (f 11):

Description: white to beige colored, 0.4 m thick, and contain some vugs, rich in skeletal grains.
It was only found in the eastern paif the study area (icrop 1 &2).This faciesoverliesthe
planar crosbedded grainstone faciesqf. Skeletal grains are dominated mmollusks (bivalves

and gastropods) ithe form of internal molds. It alse@ontairs coral fragment.This facies is
intensively bioturbated by vertical and horizontal burrows (Figure 4.12A). Thin sections show
thedominance of peloids and foraminifeeanddissolution of most othe skeletal grains forming

moldic andvug porosity (Figure 4.12B).

Interpretation: the abundanceof macre and microfossils in this facies, beside the apparent
absence of major physical current sedimentary structesadd initially seem to suggest a
skeletal bankbiostrome)depositional settingHowever, the abundance of broken gastropods
bivalve and coralfragments, indicate thatll componentsn this faciesare allochthonous rather
than autochthonous. The adjacent planar ebesiled grainstoncies(f 9) (lower intertidal) in
addition to the intensive bioturbation, which mainly had destroyed all qurslyi existing

sedimentargtructures, point tamiddle intertidal depositional environment (Rankey, 2012).
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Figure 4.12: (A) Vertical and horizontal burrows (yellow arrow) within the Massive Pelloidal Skeletal Packstone facies (f
11). (B) Thin-section photograph of the same facies show th@wmiinance of forams (f), and pedids (p) and dissolution of
skeletal grains (C) Coral fragment (yellow arrow) within (f 11) facies.

49



4.2.12 Channelized Planar Cross Bedded Skeletal Oolitic Grainstone (f 12):

Description: yellowish grey to beige color, very coarse grained, planar 4treddedgrainstone
that are0.7m thick and 3 m width with erosive base that cut through planar ebessled
grainstones (f 9) (Figure 4.13A). It was found only in oute28p Thinsectiors showgood
preservation of the ooids and skeletal graiden{inantly bivalves and foraminifera). The

porosityis dominated by interparticle and intrapartipterosity (Figure 4.13B).

Interpretation: the coarse grain size of ooids, erosive base and planar cross bedding structures
indicates depositionnder high energy condition. This faciegnterpreted as a tidl channel that

cut through intertidal zone representsdf 9) facies

4.2.13 Massive Quartz Skeletal Pelloidal WackPackstone (f 13):

Description: white to light greybioturbated by vertical and horizontal burrows, 1.1 m to 3.5 m
thick (the thickest andre of most dominant facies in the study area). It was found in osttyop
2, 23, and 8(see the map in Figure 1.4ith a thickness decreasing westward. It, always,
stratigraphically overlies thenterbedded mudstorevaporitefacies (f 2) with sharp suate
separatinghem (Figure 4.14A). This facies, in some locations, contains zones efouatied
muddy intraformational pebbles that have aifig upward trend. Thisectiors containpellets
and dissolved skeletal grains as the main components, in dynmatrix. Skeletal grains are
represented by bivalves and foraminifera. Quartz grains are also presentdadtiom (Figure

4.14B).
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Figure 4.13: (A) Outcrop photograph for the Channelized Planar CrossBedded Skeletal Oolitic Grainstone (f 12) kow
the erosive base and planar croseedded grainstones (f 9). (BT hin-section of the same facies show less dissolution effects
on this faciesand microbial encrustation.
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Figure 4.14 (A) outcrop photograph for the Quartz Skeletal Peloidal WackePackstone facies (f 13) with the intra
formational clasts (arrow) overlying (f 2) facieswith a sharp boundary. (B) Thin-section of the same facies (f 13) shew
the dissolution of skeletal grains, ad abundance of peloids and scattered quartz grains.
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Interpretation: The abundant mud present this facies, as well as its massive layers with the
absence of physical current structyresggest a general low energy environmantwhich
sediments cdd settle out of suspension. The presence of abunddmid®en this faciess a
good indicator for shallow, low energy subtidal carbonate sys{étiigel, 2010) This facies,
with the absence of exposure indications, was probably deposited belaveédiver wave base

in the outer ramp zone. Thatiaformational mud pebbles (at the base of this facies) are

interpretedo have beedeposited during shaolitved storm everg(Lasemi et al., 2012)

4.2.14 Massive Skeletal Wackestone (f 14):

Description: dark gray colored, massive, mound shap2dh width and aboutlm thick,
carbonate bodyThis faciescuts through massive skeletal packstone (f 11) and planar-cross
bedded tpinstones (f 8) (Figure 4.15A), and only occursoutcrop 1. In thin sectignt has
wackestone texture, with skeletal (foraminifereb&alves) grains as the dominant components.

Most of these skeletal grains are dissolved (Figure 4.15B).

Interpretation: The dark color of the mud in this facies could be attributed to the high
percentage of ganic materials within it. Bothhhe absencef current physical structures &
bioturbation and the pure skeletal components, indicate an insitu skeletal build up. The domal
architecture, the environmental indications of adjacent facies, the cross cutting relationship with
these facies in addition farevious observations lead to the interpretation that this facies is most

probably an innefr mid ramp skeletal moun@Flugel, 2010)
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Figure 4.15 (A) Outcrop photograph show the mound shape of the Massive Skeletal Wackestone (f 14). (B) thacton of
the same facies shows dissolution of skeletal grains.



4.2.15 Dipping Planar Crossi BeddedSkeletal Oolitic Grainstone ( f 15)

Description: creamy to whi¢ colored, 0.4 m thick with keyjone vugs, internally laminated
between ooid and skeledl- domnated laminae (Figure 6A). The upper surface of this facies
shows rain dropmpressiongFigure 4.16B) This facies alwaysverliesthetrough crossedded
grainstones (f 10) or herringbone crdsided grainstone (f 8). Thaection of this facies sins
grainstone texture, with dominance of pelloids, ooids, and skeletal grains (bivalves). The main

porosity types are integranular, moldic and shelter porosity (Figure €L6

Interpretation: The keystone vugs are most probably air peblbihes weretrapped during
deposition, indicamg the shallownessind exposuref this facies. The rain drop impressions
confirm this suggestion and, furthermore, give evidence of exposure. The parallel horizontal
lamination, in addition to the fine grain size of thisiéscsuggests a turbulent flow with high
energy environment. Moreover, the existence of primary current lineation on the top of the layers
indicates deposition in the upper flow regime, too. The early cementation, the adjacent facies, the
good sorting of oads, the shells accumulations in addition to previous observations strongly

signify a surfi swash foreshore beach deposit{dacker, 2001)
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Figure 4.16 (A) Outcrop photograph of the Planar-bedded Skeletal Oolitic Grainstone facies (f 15§B) Plan view of (f 15)
showing rain drops (circles) and current lineation (arrow). (C) Thin-section of the same facieshowsdissolution of the
skeletal grains and micritization of ooids.
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