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interbeddings of mud cracked shales and sandstones indicate a terrigenous source. This is in
agreement with the regional paleogeography and implies that the sediments in this area are more
proximal than from those to the southwest. Although these mixed carbonate-siliciclastic facies
were deposited in different sub environments and paleogeographic areas, a high resolution
stratigraphic model of the Dam Formation was made. Four sequences (CS1, CS2, CS3 and CS4)
were defined on the basis of cyclicity and stacking patterns, the sequences CS2 was further
subdivided in two High Frequency Sequences, (HFS1 and HFS2). The north eastern sections of
the Dam Formation in Lidam area shows an increase in percentage of siliciclastic sediments in
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the updip sections while carbonates dominate in downdip towards the southwestern sections.
Rising sea-level pushed the siliciclastic sediments further northeast and deposited mixed
siliciclastic sediments in southwest. This study shows that in the absence of subsurface data, we
can measure and analyze the sedimentological heterogeneity from outcrops on macro, meso and
micro scale. Mixed carbonate-siliciclastic sediments were deposited as a result of rising sea level
under arid and hypersaline conditions. The study recommends the analyses of strontium, oxygen
and carbon isotopes for understanding of depositional environments and climate.
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َؼًُ هزا انجحث ثذساسخ يكىٌ داو انًُىسًُُ ثًُطقخ انهذاو فٍ انًُطقخ انششقُخ فٍ انًًهكخ انؼشثُخ انسؼىدَخ.
َهزى انجحث ثذساسخ انسحُبد انشسىثُخ وانطجقُخ انًؼًبسَخ نًكىٌ داو فٍ خًسخ يُكشفبد صخشَخ فٍ يُطقخ
انذساسخ .رؼزجش سسىثُبد انحقت األوسظ وانحذَث انجُشَخوانفزبرُخ انًخزهطخ يهًخ الحزىائهب ػهً يكبيٍ
ثزشونُخ ػذَذِ فٍ انجضَشح انؼشثُخ .هذفذ انذساسخ انً رحذَذ َىع ورغُُش ورىصَغ انسحُبربنشأسُىاألفقٍ
وانًؼًبسَخ انطجقُخػهً ايزذاد يقبطغ انًُكشفبد انصخشَخ.
َشُش انزحهُم انسحًُ انً وجىد ػذح ط حُبد سسىثُخ فٍ يكىٌ انذاو وهٍ سحُخ الحجش انشيهُبنجُشٌ
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انحًشاء ،سحُخ االسزشويبرىالَذ وسحُخ االوالَذ .كشف انزحهُم انسحًُ انشأسٍ انً وجىد أسثؼخ رزبثؼبد
طجقُخ يشكجخ .ورُقسى انززبثؼبد انطجقُخ انًشكجخ ثُبء ػهً ًَظ وركشاس انسحُبد انً ػذح رزبثؼبد طجقُخ دقُقخ.
كًب رشُش انذساسخ أَضب انً أٌ َسجخ انشواست انسحُُخ انفزبرُخ رضداد فٍ ارجبِ أػهً انًُالٌ فٍ ارجبِ انشًبل
انششقٍ(ارجبِ انُبثسخ) ثًُُب رضداد َسجخ انسحُبد انجُشَخ فٍ ارجبِ أسفم انًُالٌ فٍ ارجبِ انحىض .رىفش هزِ
انذساسخ رطجُق ػًهٍ فٍ غُبة يؼهىيبد رحذ سطحُخ نزحذَذ انخصبئص انشسىثُخ ػهً ػذح يسزىَبد
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انذساسخ ثزحهُم َظبئش االسزشوَشُىو واالوكسجٍُ وانكشثىٌ ورنك نفهى انجُئبد انزشسُجُخوانًُبخ.
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Chapter 1

INTRODUCTION

1.1 Introduction
Dam Formation of Early to Middle Miocene age is a mixed carbonate siliciclastic unit
defined by most workers. Carbonate rocks are of great economic importance because they host
over 50% of the world‘s hydrocarbon reserves (Flugel, 2004). Though carbonate rocks are
mineralogically simple, they are highly variable and heterogeneous in terms of their facies
stacking pattern, facies architecture, facies geometry, diagenesis and reservoir qualities. The
study of carbonate rocks involves an understanding of water depth, paleotemperature, ocean
chemistry, detrital components, biocomponents and their depositional environments. All these
factors make the study of carbonate sedimentology challenging. Normally, in the industry
limited, low resolution and widely spaced subsurface well data are used to characterize carbonate
reservoirs. Outcrop analog studies helps to bridge the gap and the limitations of the well data
Meyar et al. (1996).
Owing to the interest of oil companies on the vast hydrocarbon resources in carbonate
reservoirs in Saudi Arabia, carbonate rocks in the Kingdom have been extensively studied and
still attracting desired attention.
Outcrop analog studies help us to understand the subsurface reservoirs in terms of their
stratigraphy and sedimentological characteristics. The outcrops represent subseismic scale for
observation in both lateral and vertical directions which lead us to understand their subsurface
1

equivalents in terms of their reservoir heterogeneity. The geometries of depositional bodies
cannot be assessed with seismic or core data due to limitations in resolution, scale and well
spacing. This was achieved by integrating traditional and new digital techniques in the field
aided with laboratory studies to understand (Abdullatif et al., 2012; Yassin et al., 2012). The best
way to characterize reservoir rock is to understand the interplay between carbonate
sedimentology, high resolution sequences, diagenesis and pore geometry (Hughes, 2004a;
2004b; 1996; 2005; 2008; 2009; Hughes et al., 2008a; 2008b). The main idea of diagenesis lies
in the generation of fluids which destroy the porosity and determination of properties of flow
units.
The results obtained through this study are based upon sedimentological parameters,
facies high resolution mosaic, facies distribution maps. This would allow us to model and map
the spatial distribution of facies in Dam Formation on a regional scale. The reservoir analogue
model will help us to understand facies types, facies distribution, facies association and offer
improved perceptive of reservoir heterogeneity and stratigraphical architecture for mixed
carbonate-siliciclastic reservoirs in the subsurface. The present study subdivides the Dam
Formation in to facies and sequences. It also helps to define the depositional environment within
a high resolution framework. The Dam formation is divided in to four sequences (S), and the S-2
is further subdivided into High Frequency Cycles HFS-1 and HFS-2. This study has been
conducted along a North-South Transect in Al-Lidam Area, Eastern Province. The present study
focuses on detailed sedimentology and stratigraphy with established detailed of high resolution
sequence stratigraphy of Dam Formation for five outcrops in the Al-Lidam area and, attempt
correlation tool within Lidam area.

1.2 Location of study Area
The Dam Formation which is the focus of this proposed research is named after its type
locality, the Jabal Al-Lidam. The type locality which is geographically positioned between
26°21‘42‖N and 49° 27‘42‖E, lies within the Lidam Escarpment, along the Dammam-Riyadh
highway (Figure-1.1). This area which is about 70km from Dhahran is easily accessible and
contains very well exposed Middle Miocene Dam Formation outcrops. In Al-Hofuf, the upper
contact relationship of the Dam is positioned at occurrence of quartz pebble bed overlying
2

limestone beds. The lower contact is marked by the appearance of fossiliferous marl containing
echinoids species of Echinocyamus over sandstone of the Hadrukh Formation (Figure-1.2). The
lower beds are exposed near the Al-Lidam area while the upper part is exposed near AlUmayghir (26°17‘ 15‖N: 49° 30‘24‖E).The mixed carbonate-siliciclastic Miocene Dam
Formation was deposited in a closed embayment (Zeigler, 2001). The dominant lithologies of
Dam Formation are limestone, sandstone, and mudstone. The upper part contains fossiliferous
sandy-silty limestone with minor amount of marl. The lower part of the formation contains white
fossiliferous calcareous marl with minor amount of sand and clay (Figure-1.3), foraminifera,
indeterminate corals, vertebrate fragments, crab claws and ostracodes(Weijermars, 1999) and the
Dam Formation was assigned to a Middle Miocene age and correlated to the Lower Fars
Formation of Iraq (Henson, 1950).

1.3. Problem Statement
The stratigraphic description of Dam Formation was established various researchers
including Steineke and Koch (1935), Thralls and Hasson (1956), Steineke et al. (1958),Tleel
(1972, 1973), Irtem (1986), Powers (et al. 1966; 1968), Weijermars (1999), Zeigler (2001),
Hughes(2004) and Hughes et al., (2013), Al-Enezi (2006), Tayyib (2007), Al-Khaldi (2009) and
Al-Khaldi el al. (2010) and was followed by Abdullatif et al. (2012), and Yassin et al. (2012).
However, these earlier studies did not clearly indicate the role of lithofacies and their
heterogeneity from north (escarpment) to south (distal) in terms of high resolution stratigraphy
and correlation of facies from one outcrop to another. Then construction of lithofacies on such a
framework based on correlated sequence will enable us to define lithofacies geometries.
This will not only help in local scale of understanding but will also give the picture of the
formation in terms of the heterogeneity and architecture of its carbonate reservoir successions.

1.4. Objective
The main objective of the proposed study is to:
 To determine the facies architecture and heterogeneity (microscale (thin section),
mesoscale to macro-scales (outcrop) of, and to attempt correlation of the sequences in the
Dam Formation outcrops in the AL-Lidam along a NS- transect.
3

 To characterize Miocene Dam Formation in terms of sedimentology, attempt and 2DCorrelation (2-dimension).
 To identify carbonate geobodies and architecture for understanding depositional
environment.
Achieving these setup research goals and objective will lead to better understand the subsurface
reservoir equivalents of the Dam outcrops in terms of their facies heterogeneity and architecture.

1.5. Background
1.5.1 Literature Review

The Miocene succession in the Eastern Saudi Arabia has not been previously studied in
much detail because it was less interest to the oil companies than the Pre-Eocene petroliferous
formations. Along with Hadrukh and Hofuf Formations, the name Dam Formation was first
introduced by Steineke and Koch (1935).in. Thralls and Hasson (1956) used the name ―Dam
Formation‖ in their publication on geology and oil resources of Eastern Province, Saudi Arabia.
Steineke et al. (1958) gave a detailed lithological description of Dam Formation at its type
locality, the Jabal Al-Lidam. Powers et al. (1966) and Powers (1968) reported numerous fossils
for Middle Miocene age and formally published the name Dam Formation (Figure-1.5).
Tleel (1972, 1973) described a Dam Formation section at Jabal Midra Al-Janubi Where
he found out that the formation contains several facies including a coral algal reef which grades
laterally into a mollusc-rich facies containing pellets, foraminiferal, echinoidal and stromatolitic
limestones were identified along the flanks of dome. The author found out that the basal contact
of the Dam Formation is unconformable and indicates a period of erosion, and there are two
periods of growth of the dome. The first event was before the deposition of Dam Formation
around the Dammam Dome, and second after its deposition to present elevation.
Irtem (1986) reported different forms of stromatolites in the AL-Lidam area, and inferred
that the stromatolites which are interbedded with thinly bedded oolitic grainstones were formed
in the same environment as oolites. He described three upward deepening sequences showing
shallow subtidal to lower intertidal environment of deposition in the study locality. Whybrow et
al. (1987) studied the geology and vertebrate paleontology of Miocene.
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Weijermars (1999) studied the lithostratigarphy of Dam Formation in the Dammam
Peninsula at Jabal Midra Al-Janubi, Jebel Midra Ash Shamali and Jabal Umm Er Rus. According
to this author, the minimum thickness of Dam Formation at Jebel Midra Ash Shamali is 75m.
The basal part the formation composed of 0.5-1.5 m thick multi colored conglomerates eroded
from the Khobar limestone. At Midra Al-Janubi, the basal unit is composed of 1.8m yellow grey
sandy limestone (microcrystalline) unconformably overlying Midra Shale. The basal sand beds
in both localities are overlain by pink to purple 1m thick stromatolitic limestone At Midra AlJanubi. The stromatolites beds are overlain by thick (31m) sequence of calcarenite, clastic
carbonates, calcarenite with microcrystalline matrix, algal limestones, fecal pellets in micritic
matrix and sandy limestone. Clastic carbonates are cross bedded.
The upper most part of the succession is composed of15m cliff forming massive
limestone; this unit contains 6m calcarenite (containing pebbles and boulders of cryptocrystalline
limestone) at its base. At Jabal Umm Er Rus, the Dam Formation unconformably overlies the
Rus Formation. It is about 16m thick bioherm reef facies, blue-green algal growth, mollusks, it
contains Peneroplis farensis has been reported from Dam Formation (Henson, 1950) from Umm
Er Rus and based on this index fossil it has been correlated to Lower Fars Formation (Miocene)
of Iraq. Echinoids and Neogene Foraminifera (wide range) have been reported from the Dam
Formation (Tleel, 1973).
Zeigler (2001) published map of paleofacies of the Dam Formation and indicated
transitional to marine environment of deposition. Hughes(2004) and Hughes et al., (2013)
studied the Dam Formation(75m) outcrops in the Jabal al Midra Janubi and found that its base is
composed of sandy limestone, followed by stromatolites beds, microcrystalline limestone and
karst filled limestone with cobbles and pebbles.
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Figure-1.1 Location of the studied area, a) The Satellite map of Arabian Plate, showing location
of study area in Eastern Province, b) Geological map showing distribution of Dam Formation
and locations of available sections in Eastern Province, Saudi Arabia (After, Tayyib, 2007)
C) The location of outcrops used in this study Outcrops 7, 6, 10, 25 and 26.
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Figure 1.2 General Stratigraphy of Ghawar area, Eastern Province, from Eocene to Pliocene.
(Modified from Powers et al. 1966).
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Figure-1.3 Schematic lithostratigraphic column of the Dam Formation at Jabal Midra Al Janubi
and Jebel Umm Er Rus (Weijermars, 1999).
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The authors also indicated that the presence of corals in Dam formation suggests the
presence of a coral reef in Dam Formation at this locality. Al-Enezi (2006) compared the
foraminiferal assemblages in recent sediments of the Arabian Gulf and compare with those of the
Dam outcrop at Jabal Midra Al-Janubi. On the basis of these foraminiferal assemblages, he
defined small scale shallowing cycles in the form of grainstone, packstone and wackestone.
Tayyib (2007) studied the effect of depositional setting on the Portland cement quality of the
Dam Formation at twelve locations in Eastern Province. He suggested more circulation in warm
water lagoon in north and northwestern parts are best for cement, hypersaline tidal pond setting
in the middle which is good for cement and high silica content and dolomitization in southern
sections due to muddy lagoons and tidal channels which is considered poor quality for cement.
From their study of the controls on sequence stratigraphy of the Dam Formation, AlKhaldi (2009) (Figure-1.6)and Al-Khaldi el al. (2010), found out that the mixed carbonatesiliciclastic sediments of the formation are characterized by three composite sequences. These
are, CS1(composite sequence 1) consist of four meter scale cycles while CS2 and CS3 are
composed each of two high frequency (HFS1, HFS2, HFS3 and HFS4) cycles.TST flooding on
Type-1 SB (Sequence Boundary) formed HFS2 and HFS3. HFS 2 and HFS4 were results of TST
flooding on Type 2 SB (Figure-1.6).
The presence of eolianites facies on Lidam Escarpment and scattered gypsum crystals in
Red mudstone beds shows arid climate and in sea-level, the stromatolites show shallow subtidal
environment and the monospecific shell beds show hypersaline conditions. Abdullatif et al.
(2012) studied facies of the Dam and Hofuf Formations to predict reservoir quality and
heterogeneity and find out that the facies distribution and variation are controlled by both
dynamic and static depositional controls. Yassin et al. (2012) studied Dam and Hofuf Formation
in terms of micro and mesoscopic lithofacies heterogeneity and their effects on reservoir
heterogeneity and architecture. These authors found out that the porosity and permeability
patterns are highly variable, and indicate that the both depositional and diagenetic controls are
present.
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Lidam Area

Figure-1.4This section represents ten lithostratigraphic
sections in Miocene Dam Formation North to South as shown in
Inset Map (After Tayyib, 2007)
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Al-Khaldi et al., (2014) studied the Miocene sequence of Lidam area to examine the
effects of glacio-eustasy during moderate Antarctic glaciations, in the back buldge basin distal
from Zagros Fold and Thrust Belt. They suggested that the updip sections of Dam Formation are
dominated by siliciclastic grading downdip into carbonates under semi-arid conditions and
locally hypersaline conditions and that the subsidence rates were slower than in the proximal
foredeeps in Iran. These conditions resulted in the formation of paleosols near sequence
boundaries in the Hadrukh Formation and Dam Formation.
The Dam Formation is present in the other parts of the Middle East (United Arab
Emirates, Iran, Qatar, and Iraq. Peebles (1999) used stable isotope to study the Miocene in
United Arab Emirates. The stable isotope study failed to provide dates for the Shuwaihat
Formation and Baynunah Formation due to diagenetic alterations of the sediments.
The Dam Formation in Qatar has been investigated in much more details than in Saudi
Arabia (Cavelier (1970); Abu-Zied et al., (1983); Hewaidy (1991); Khalifa et al., (1993); AlSaad et al., (2002)). Cavelier (1970) subdivided the Dam Formation in Qatar into a lower unit
and an upper unit. Abu-Zied et al. (1983) studied the claystone intervals in Miocene argillaceous
rocks to refine the work of Cavelier‘s. They subdivided Dam Formation into A and B Members.
Hewaidy (1991) used the foraminiferal contents in the Dam succession at Jabal Al-Nakhash and
Al Kharrara to assign the formation established Burdigalian-Helvetian age (Early-Mid Miocene).
In their study of the Dam Formation B Member at Jabal Al-Nakhash, Khalifa and Mahmoud
(1993) identified three different types of algal stromatolites and suggested protected tidal flat as
their depositional environments. Al-Saad and Ibrahim (2002) studied the Dam Formation, in
Qatar and subdivided it into two members, the basal Al-Kharrara Member (limestone, marl and
claystone facies) and overlying Al-Nakhash Member (carbonate, evaporite and algal stomatolite
facies). They inferred inner neritic zone for Al-Kharrara Member to tidal flat for Al-Nakhash
Member.
Dill et al. (2005) integrated the sedimentary facies, geochemical and mineralogical
compositions of the Dam Formation succession to recognize facies associations and subdivided
the formation into five members (the lower, the middle, the upper Salwa, the Al Nakhsh and the
Abu Samrah Members). They also concluded that the dissolution of Eocene rocks at depth
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controls the differentiation of Dam Formation lithofacies. Shawkat (1979) studied the Lower
Fars Formation, an equivalent of the Dam Formation in northern Iraq in terms of its petrography
and sedimentology. He identified subtidal, intertidal to supratidal environments for its
deposition. Al-Banna et al. (2005) studied the microfacies and depositional cycles of the
Miocene Formations in the NW Iraq .Two major cycles interpreted as products offshore-barrier,
barrier, subtidal, patch reef and intertidal environments were identified from the study. Al-Banna
(2008) also studied the Miocene sequence in Iraq to decipher the debatability of the OligoceneMiocene Boundary. On the basis of planktonic foraminifera‘s distribution patterns, he identified
four biostratigraphic zones. Al-Ameri et al. (2011) studied the hydrocarbon potentials of the
Jeribe Formation (Miocene) in NE Iraq and found out that the formation is mostly dolomitic
limestone with porosity within the range 10-24% and a 30mD mean permeability. Investigated
through the study of the biostratigraphy, chronostratigraphy and sequence stratigraphy of
Oligocene-Miocene carbonates of the Kirkuk Group, Southern Kurdistan, Iraq, Ala (2012)
identified five biozones, twenty two microfacies, and nine depositional sequences which were
deposited in inner ramp to outer ramp. Kharajiany et al., (2014) established the stratigraphic
boundaries and described the depositional system tracts in the Oligocene-Miocene rocks of the
Mamlaha anticline in Kurdistan region of Iraq. In his study of the microfacies and high
resolution stratigraphy of the Oligocene-Miocene sequence in Kurdistan Region, Iraq, Al-Qayim
et al. (2014) identified complete cyclicity in microfacies comprising of three cycles in the
succession. Moghaddam et al. (2006) found four upward shallowing cycles in Asmari Formation
in Iran and interpreted that the facies were deposited in a wide range of environments including
shelf lagoon, tidal flat, carbonate shoal and slope. Ranjbaran et al. (2007) also described seven
major lithofacies and three subfacies deposited on carbonate ramp from the Asmari Formation
(equivalent of Dam Formation) in southwestern region of Iran. Ehrenberg et al. (2007) used
strontium stable isotopes to study the stratigraphy of the Asmari Formation in Southwestern Iran.
These authors described eight depositional cycles which are characterized a generally a
shallowing upward sequence and a decrease in accommodation space. Mossadegh et al. (2009)
studied distribution of the grain types and microfacies from outcrops of the Asmari Formation in
Central Zagros, Iran and noted that significant changes in salinity conditions during deposition of
the sequence has direct relationship with the facies in study area.
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Figure-1.5 Dam Formation at the type section after Steineke and Koch (1935)
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Al-Aasm et al. (2009) used petrographic and stable isotope analyses of carbonate
successions from the Gascharan Oil field and surrounding areas to study the diagenetic changes
in the Asmari Formation in southwestern region of Iran. They identified four types of dolomites
and found several episodic growths of fracturing, calcite cementation and dolomitization.
Reichenbacher et al. (2011) carried out an extensive work on the Tabriz Basin NW Iran to
understand Late Miocene stratigraphy, paleoecology and palaeogeography of the depositional
basin. These authors found out that the basin was connected to Caspian Sea via an ancient river.
Heidari et al. (2013) constructed a diagenetic model of Lower to Middle Miocene Guri Member
of Mishan Formation (equivalent of Dam Formation) in the SE part of Zagros Basin in Iran, and
divided the diagenetic processes into four stages, namely marine, meteoric, burial and uplift.
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Figure-1.6Outcrop 5 characterized by AlKhaldi, 2009. Located between outcrops 6 and 10. Three composite sequences separated by
black lines. The three Composite Sequences are CS1, CS2, and CS3. CS1 consists of 4 cycles. CS2 consists of 2 High Frequency
Sequences (HFS1 and HFS2). CS3 consists of 2 High Frequency Sequences (HFS3 and HFS4) (AlKhaldi, 2009).
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Chapter 2

Geologic Setting

2.1 Introduction
The major occurrence of Dam Formation is in the eastern and northeastern parts of the
Arabian Peninsula. The Arabian Plate is composed of Arabian shield basement in west and
Arabian platform in east. The Arabian shield is comprised of igneous and metamorphic rocks.
The last main tectonic occurrence recorded on Arabian Plate was Pan-African Orogeny. The
shallow marine sedimentary basins are divided in to two groups, a) the broad homocline and
basins in Northeast, b) the Arabian Gulf and Zagros Region in east (Powers et al., 1967). Pretertiary sedimentary rocks were deposited when the Arabian and African Plates were joined
together and the Arabian Gulf was a continental margin along the Tethys Sea. The remainder of
the Tethys was closed at the end of tertiary, while the Arabian Plate collided with the Eurasian
Plate. The Arabian Plate was separated from the African Plate and started moving towards the
landmass of Eurasian Plate in the Middle Miocene. The Gulf of Aden and Red Sea were opened
as a result of separation between Arabian and African landmasses. The Arabian Plate moving
northward is bounded by in Red Sea and Gulf of Aden by oceanic ridges, Gulf of Aden in
southeast, Dead Sea fault in northeast, Owen Fracture zone in southwest and by the Zagros
mountains in northwest(Figure-2.1).

2.2 Tectonic features
The north eastern edge of Arabia is typified by sedimentation, accommodation space,
subsidence and folding since the Early Miocene. Some researchers such as Dunnington et al.,
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(1958) suggested that these events started before the Eocene in Arabian Gulf-Zagros Basin
(Figure-2.1). The folding and subsidence are restricted to a strip 300 km west of Zagros basin.
The major sedimentary rocks are anhydrites, limestones, marine shales, sandstones and rock salt.
Since the late Miocene, the Zagros has been the zone of intense folding, especially the Pliocene.
A large number of folds were developed during these periods. The wavelengths of these folds are
5 to 30 km and their amplitudes may go beyond 5km. Since the folding was occurring at the
same time as sedimentation, so the thicknesses of late tertiary sediments vary greatly. As an
example, the structural difference is greater than 9 km within a distance of 20km in the anticlinesyncline in Kuh-e-Khami, SW Iran (Hull et al., 1970). Some researchers have suggested
calculating the magnitude of subsidence from the thicknesses of sediments in synclines (Figure2.1). Folding distribution is controlled by the thrusting present in the earth crust. Bird (1978),
used FMS (focal mechanism solutions) to demonstrated that the thrusting of about 400km wide
and 40 km thick is present throughout the crust. The data from the thrusting and folding
proposed parallel compression normal towards the Zagros in ENE direction.
In the Miocene, the Arabian Plate separated from the African Plate and stared moving
towards the Eurasian Plate, leading to the development of Zagros Foredeep and Foreland. A
strong compressional force moved the Arabian Plate towards the Eurasian landmass and away
from the African Plate. This was the time of Burdigalian phase of Alpine Orogeny (Zeigler,
2001; Figure-2.2).This led to the initiation of the Gulf of Aden, and onset of the Red Sea rift
which began to separate Arabia from Africa. The complex strike slip faulting in the vicinity of
Dead Sea led to the uplift of the Syrian Arc. The effect of collision of Arabia resulted in the
inversion in the Palymrides and the Sinjar uplift. Transgression events were recorded in
Euphrates Graben during this period. In the eastern part of Arabia, the thrusting of SanandajSirjan zone into the Arabian Plate is an evidence of collision of the Arabian and Eurasian Plates.
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Figure-2.1 Structural and Tectonic map of Arabian Plate representing inclination of faults,
volcanic lineaments, folds, basement, paleaostress and epicenter of earthquake events (Zeigler,
2001).
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In the process, there was a large supply of continental deltaic clastic sediments and shales
(shallow marine) which accumulated in the quickly subsiding Zagros Basin (Al-Sharhan et al.,
1995). In the Dezful Embayment of the Zagros Basin, post-Asmari (Miocene-Recent) sediments
reached a thickness of over 5000m (Al-Sharhan et al., 1995).There was an active margin in the
eastern part of the Arabian Plate during the Miocene. Volcanic activity took place at the same
time in Western Arabia. This event is associated to Red Sea rifting. Historical eruptions in the
areas of Madina show that volcanism is still in progress. The lava fields (180,000sq.km) named
Harrats which extend from Yemen to Turkey are one of the largest basaltic provinces in the
world (Al-Sharhan et al., 1995).
The sedimentation continued in the Zagros Basin during the Miocene (Al-Sharhan et al.,
1995; Figure-2.4). This time period witnessed the deposition of the Hadrukh, the Dam and the
Hofuf Formations in Saudi Arabia while the Fars, the Agfa Jeri and the Gachsaran Formations
deposited in Iran. The continental deposits of the Hadrukh Formation were deposited along with
the accumulation of marine sediments of the Dam Formation in the Arabian Arch. In the
Miocene the deposits of this area were the Hadrukh (calcareous sandstones, sandy limestones
with chert), the Dam (Marl, limestone, coquina and chalk) and the Hofuf (marly and sandy
limestone, gravel and calcareous sandstone(Figure-2.3). The gravels in the Hofuf Formation
were as a result of rapid erosion in Arabian shield areas. Provenance studies have shown that the
igneous, metamorphic and sedimentary rocks were sources of the Hofuf Formation sediments.
Thin sediments cover near the Arabian Shield area are thin but and become thicken eastwards
and may exceed 8 kilometers near the Arabian Gulf(Al-Sharhan et al., 1995). The alteration in
facies reflects changes in accommodation space as result of continued subsidence from Mesozoic
to Cenozoic.
Paleofacies map published in Zeigler (2001) show downwarping in east continues up to
the present. This is evidenced by the thickening of Cenozoic sediments. As a result of the
development of the Zagros Mountains, there was a continuous downwarping in the NE-edge of
the Arabian Peninsula. This downwarping resulted in the development of subsidence and
accommodation space.
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Figure 2.2: Stratigraphic column showing geological time, stratigraphy, tectonic mega sequence development and Arabian Plate
margin from Late Permian to Holocene (Zeigler, 2001). The figure also shows that the eastern margin of the Arabian Plate was an
active margin in the Middle Miocene time.
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The tectonics as well as the paleogeography controlled the deposition of the Dam Formation.
The anti-clockwise movement of the Arabian Plate allowed the deposition of the Miocene
succession from east to west (Zeigler, 2001). The increase in thickness of the Mesozoic to
Cenozoic strata towards north and northeast shows continuous subsidence in these areas
(Weijermars R., 1999; Zeigler, 2001). Facies changes were also controlled by the sea level rise in
response to tectonic movements in the Al-Lidam Area and as a result, the facies in southeast are
more carbonate rich and basinward. On the other hand, the facies in the northwest are more
siliciclastic and landward.

2.3 Paleogeography
As a result of collision between African and Arabian Plate with the Eurasian Plate, the seaway
between the Indian Ocean and Mediterranean Sea was closed during Middle Miocene. Land
bridge allowed a discrete passage connecting the continents. Middle Miocene, was the time when
the Paratethys, seaways (Rogl, 1999; Figure-2.3).Between Indian Ocean, the Mediterranean
closed and opened occasionally. During Late Miocene, the Paratethys was strongly reduced and
led the development of endemic development of fauna. The Arabian and African plate
anticlockwise rotation resulted in an impact with the Anatolian Plate. The seaway between the
Indian Ocean and Mediterranean was cut off from each other. The Hercynian Lineaments (NTrending) of Central Arabian Arch extend far north in to the Zargos Foredeep (Rogl, 1999).
Paleofacies around the Arabian Arch, of Hadrukh Formation (continental) to Dam Formation
(continental-marine) sediments were deposited. Hofuf Formation in the interior of age equivalent
lacustrine sediments were deposited(Figure-2.4).

Sandy limestone and calcareous to silty

sandstone with chert concretions, Dam Formation consists of marls, shales, chalk, limestone and
coquinas, the Hofuf consists of calcareous sandstone and gravels. The presence of fresh water
conditions is represented by gastropods (Powers, 1966). At the time of Hofuf Formation the
rapid erosion and uplift in the western parts of the Arabia resulted in the abundance of gravels.
The clasts in the Hofuf Formation range from igneous, metamorphic and sedimentary rocks from
the Jabal Tuwaiq Escarpment.
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Figure-2.3. The Middle Miocene Transgression flooded the entire Mediterranean and Paratethys,
the seaway from Indian Ocean opened once again (Rogl, 1999).
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Carbonate
Continental
Clastics
Marine
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Figure-2.4 Paleofacies of the Miocene Hadrukh, Dam and Hofuf Formations and their regional
equivalents, sediment accumulation mainly in Zagros Foredeep and Foreland. Note marine and
continental facies of Dam Formation (Zeigler, 2001).At this time, the Arabian Plate was
separated from the African Plate and was pushed towards the Eurasian Plate.
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Chapter 3

Methodology

3.1. Introduction
The methodology used in this involved both field and laboratory investigations, includes High
resolution mosaics were acquired and used to illustrate the distribution of rock facies. The facies
on the outcrop face were mapped. The outcomes using this methodology were detailed outcrop
mosaic, detailed sedimentological sections, facies mosaic based on closely spaced vertical
sections to make them high resolution, and petrographic analysis to second the field observation.
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(Alkhaldi,
2009)

Present
work

Figure-3.1.Methodology followed in the study is represented here.Field and lab are both integral
part of this study. The same methodology was used by AlKhaldi (2009)

3.2. Research Plan
3.2.1. Methodology
The research plan involved seven steps, the first step was to describing the outcrop faces
and measure sections, photo mosaic and high resolution photos, define different lithofacies
based on grain types using Dunham classification, identify sequence and cyclicity, added with
lab studies on thin sections, SEM and XRD, construction of 2D depositional environment,
correlating sequence boundary, cycles and facies on outcrops, development of high resolution
stratigraphic models and constructing carbonate geobodies. The other steps include finding
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cyclicity archived in the outcrops, and constructing construct stacking patterns based on the
cyclicity (Figure 3.1).

3.2.2. Field Investigation
The field mapping process included both vertically and laterally to completely describe
the detail lithostratigraphic mosaic and to select locations of vertical stratigraphic sections
(Figure-3.1). Photomosaic and high resolution photographs were taken in the initial stage of the
field work. The high resolution photos were used to describe and map the stratigraphic units and
document important sedimentary textures and structures in the beds.
The sedimentary parameters that were documented in the field include color, grain size,
bed thickness, bed numbers, mineralogy, grain type and size variation and, texture. The beds
geometry of sand bodies, their vertical and lateral dimensions was documented. Bed contacts and
surfaces were identified and described. The sedimentary structures (e.g. cross bedding,
bioturbations surfaces, fractures est.) archived in the beds were noted and palaeocurrent
measurements were carried out on cross bedding laminae. Photographs of important features
were taken during this stratigraphic section description.
3.2.2.1. Lithostratigraphic Sections

The lithostratigraphic sections are an important part of the stratigraphic and
sedimentological analyses. These section lines were selected at the outcrops. One to three
sections taken close to each other were logged in outcrops. In the lithostratigraphic logs are
described in terms on mineralogy, texture and sedimentary structures along with the facies
thickness. On the basis of the high resolution interpretation of photos were used for the
construction of photo mosaic and the locations are selected. These photos are described at their
respective locations with the help of a legend to distinguish them from other rock facies in the
outcrop. Facies association and facies relationship both vertical and lateral, sequences (high
resolution sequences), sequence boundaries, stacking patterns and stacking boundaries.
3.2.2.2. Sampling
Each sample location were marked on high resolution photos and detailed
sedimentological logs. These representative facies were traced laterally and when there was a
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change in sedimentological parameters, a sample was taken and marked. Two or three samples
were taken in thick beds depending upon their thicknesses and variability. The samples were
taken from every representative facies. The samples were described to determine their fabric
following the Dunham classification scheme.
3.2.2.3. Palaeocurrent analysis
Palaeocurrent data provide useful information on paleogeography, paleoslope and current
direction and as such, they for interpreting source of sediments in a sedimentary facies
Palaeocurrent is important attribute of a lithofacies and complete description. Palaeocurrent
measurements were carried out on the cross bedded, channelized sandstone and the high energy
limestone facies in the studied outcrops.
3.2.2.3.1. Sedimentological Analysis

The detailed outcrop sedimentology and thin section studies led to the identification of
the different lithofacies were in the investigated outcrops. The parameters used in the lithofacies
identification include the grain type, Dunham texture, fossils and sedimentary structures. These
facies are grouped into facies associations based on their depositional environments(Figure- 3.1;
Köhrer et al., 2011).
3.2.2.3.2. Sequence Stratigraphy:

The 1-D sequence stratigraphy involved the determination of cyclicity and stacking patterns
(Figure- 3.1). Parasequence and parasequence sets, and high frequency sequences (HFS) were
identified. In turn this high frequency sequence. The composite sequence and high frequency
sequences in this work is equivalent to S-1 is DM-1, S-2 HFS-1 is DM-2, S-2 HFS-2 is DM-3,
S-3 HFS-3 is DM-4 and S-3 HFS-4 is DM-5.
3.2.2.3.3. Correlations:

The thickness variations between the different sections, lateral facies changes, cyclicity,
sequence boundaries, number of cycles, differential subsidence and complex correlation
geometries are basic criteria used for correlation. Thus the simple looking mixed carbonateclastic were characterized in terms of high resolution stratigraphy.
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3.2.2.4. Geometry
Carbonate Geobodies:
Measuring dimensions, shapes and orientations of geobodies provides with quantitative data for
characterizing heterogeneity. Characterization of carbonate geobodies is important as they reflect
the controlling factors on carbonate depositional environment (Jung, 2012).These depo-elements
are basically facies associations and architectural elements. As an example depo-shape (mound
shaped) is made up of core and flanks as elements. Depo-facies are in turn, the units of depoelements, and are classified on the basis of grain types, sedimentary structures, Dunham texture
and porosity.
3.2.2.5. Polished Slabs
The samples collected during the field work were slabbed and polished for further
analyses. These polished slabs were studied using binocular stereoscopic microscope to identify
the mineralogy and textures. Polished slabs provide valuable information in terms of sedimentary
structures and texture. The slabs were photographed using special stage having a scale. The slabs
were mounted on china clay to make it exposed to maximum light. In the process of taking the
photographs, the camera resolution was set for each sample. Once all the slab photographs were
collected, they were uploaded into the Corel Draw 13 for digital description.

3.2.3. Laboratory Studies
The laboratory studies were conducted to support the field observations. The thin sections
were described in terms of grain type, fossil type, grain size, porosity type and percentages and
effective porosity type.
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3.2.3.1. Petrographic analysis
The rock samples were used to prepare thin sections for petrographic analyses. The thin
sections were studied using petrographic microscope to identify their mineralogical content,
grain size, and other textural attributes.
Scanning electron microscopy (SEM), X-Ray Diffraction (XRD) and X-Ray Florescence
(XRF) studies were also carried out on selected representative samples from each lithofacies to
determine their mineralogical compositions. Apart from using SEM for mineralogical
determination, it was also used to identify grain types and dissolution.
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CHAPTER 4

RESULTS
LITHOFACIES ANALYSIS

4.1. Introduction
The lithofacies in Dam formation are first divided on to carbonate and siliciclastic. The grain
supported lithofacies are subsequently classified on the basis of the grain type in to skeletal and
non-skeletal components. The mud-supported lithofacies classified either as mudstone or
microbial (stromatolitic facies). Based on these criteria seventeen lithofacies, were identified in
five outcrops along NW-SE transect across the Al-Lidam Area. The division of lithofacies is
based on texture, sedimentary structures, thin section petrography fossil contents and other
characteristic features. The identified lithofacies are presented in (Figures 4.1):
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Figure-4.1. Representative sedimentological logs from the studied outcrop sections illustrating
vertical facies relationships, vertical scale in meters.
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4.1.1. Coated Skeletal Grainstone (Csg)
The basal lithofacies encountered in the Outcrops-6 and 7, is the coated skeletal grainstone
facies. The base of this lithofacies is not exposed. This facies is present in outcrop 6, but thins in
outcrop 7 is characterized by abundant skeletal fragments. The base of this lithofacies is not
exposed at the outcrops. It is also present in outcrop 26 where skeletal fragments became very
abundant and the mud content decreases. This is found below the oolitic foram-grainstone,
intraclastic skeletal facies and intraclastic oolitic skeletal grainstone facies.
This tan to cream lithofacies which is about 1.9 to 2m thick consists of coated grains, skeletal
(mostly bivalves fragments, peloids) and ooids grains. The grain size ranges from medium to
coarse with some pebble size, subangular to rounded, and poor to moderately sorted (Figure 4.2).
Bioturbations and cross bedding are the dominant sedimentary structures in the facies (Figure
4.2). The skeletal grains were dominantly dissolved to form moldic porosity. The range of
porosity in this facies varies from 25% to 30% (Figure 4.2b). The XRD analysis shows that the
facies is composed of dominantly carbonate with minor amount of quartz (5%) suggesting the
dominance of carbonate accumulation.
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Figure 4.2 a) Field photograph showing coated grains skeletal grainstone facies, cross bedding,
Outcrop 6 photograph of the Dam Formation, in Al-Lidam Area, b) Photomicrograph of a
sample from the facies, showing skeletal fragments; Note large size of the skeletal fragments
having micritised envelopes. Micritised grains, medium sand to pebble size. The average
porosity in the section is around 15-20%. C=coated grains, S=skeletal, M=moldic, Q=quartz
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4.1.2. Coated bioclastic grainstone (Cbg)
The coated bioclastic grainstone facies (Cbg) which is, characterized by rich in bioclastic
fragments overlies the Csg facies. Cbg facies is prominently present in Outcrop 10 and thins out
in Outcrop 7. It is encountered in outcrop 25 skeletal fragments became very abundant. This
facies is found below the skeletal wackestone and quartzose mudstone facies.
This tan to cream lithofacies which is about 1.0 to 1.2m thick consists of bioclasts (bivalves and
gastropods), and coated grains. Bioclasts are the dominant grain types in the lithofacies. The
grain are from medium to coarse with scattered pebble size, subangular to rounded, and poor to
moderately sorted (Figure 4.2a). Some bioclasts are completely micritised and have no internal
structure. Crinkled lamination is the dominant sedimentary structures in the facies (Figure 4.2).
The grains were dominantly dissolved to form moldic porosity. Bivalves are the dominant grain
type ranges from very coarse to granule size. This facies is differentiated on the presence of
crinkly lamination as compared to cross bedding in Csg, and presence of coarse peloids, fine
grained coated grains, and absence of quartz grains.
The porosity this facies ranges from 25 to 30% (Figure 4.2b). Facies is composed of 100%
carbonate minerals. The SEM images of CBG facies, show dissolved bioclasts (Figure 4.2c).
EDS analysis shows abundance of Ca, Mg and Si indicate presence of clays (Figure 4.2d).
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Figure 4.3 a) Coated bioclastic grainstone facies, Outcrop 25 photograph of the Dam Formation,
in Al-Lidam Area, b) Photomicrograph of a sample from the facies, showing bioclastic
fragments; Note large size of the bioclasts fragments having micritised envelopes. Micritised
grains, Medium sand to very coarse size. Moldic porosity with whole grain dissolved. The
average porosity in the section is around 15-20%. C=coated grains, S=skeletal, M=moldic,
P=peloids.
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Figure 4.3c) SEM image of coated bioclastic grainstone facies, showing dissolved bioclasts, d)
EDS analysis shows abundance of Ca and Mg.
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4.1.3. Peloidal Burrowed Wackestone (Pbw)
Facies which overlies foraminiferal bioclastic grainstone-packstone facies is present in two
cycles in outcrop-26 and it overlies the micritized ooid grainstone in outcrop7. It is also present
at the base of a cliff forming interval in outcrop 10 the thickness of this facies ranges from 0.5 to
1.5m. This facies is associated by Laterally Linked Hemispherical (LLH) stromatolites which
overlies tidal flats sand/mud, and graded upward to digitate stromatolites. The LLH stromatolites
which are present in medium to thick beds, around 10-20cm diameter, 4 cm thick, it is overlain
by branching digitates that are of 1.5cm diameter and 10cm high. The matrix between the
successive heads is composed of peloids, intraclasts grains (Figure-4.4). The stromatolites are
found to be nucleating around the intraclasts and scoured surfaces.
The fine grain few bioclasts and quartz particles are important constituents of this facies.
The porosity ranges in this facies ranges from less than 5-7% (Figure 4.4b).XRD analysis shows
that the facies is composed of more than 86% carbonate and 14% quartz and accessory minerals.
A part of the thin section shows evidence of burrowing containing grainstone fabric derived from
a pre-existing bed(Figure 4.4b). SEM image shows dissolved skeletal fragment at 100 microns,
note the dissolved bioclast and white colour quartz grains (Figure 4.9c). The EDS high Ca, Mg
and Si and shows clay palygorskite in this facies (Figure 4.9d).
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Figure 4.4 a) Peloidal burrowed wackestone facies, Outcrop 26 the Dam Formation, b)
Photomicrograph of a sample from the facies, showing burrows filled by grain dominated fabric;
Note fine size of the peloids fragments and scattered shell fragments having micritised grains,
Medium sand to very coarse size, Mainly moldic, intragranular and burrowed porosity. The
average porosity in the section is around 5-10%.P=Peloids, F=Forams.
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Figure 4.4c) SEM image of peloidal burrowed wackestone facies, showing dissolved fine
bioclasts in carbonate mud, the dominant are grains here, d) EDS analysis shows abundance of
Ca, Si and Mg. B=bioclasts
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4.1.4. Bioclastic peloidal grain-dominated packstone (Bpp)
This lithofacies underlies the marl facies in Outcrops 25 and overlies the coated bioclastic
grainstone facies in Outcrop 10(Figure 4.5a). The beds of this facies are highly lithified and have
sharp contact with the underlying marl facies. The beds laterally change in thickness and their
geometry is controlled by the overlying facies. Facies varies in thickness from about 0.5-1.2m
and consists of light pink to tan colored, fine to medium grained and moderately to poorly sorted
grains. The main grain types present are molluscs, others skeletal grains, intraclasts and coated
grains. The skeletal grains are in micritised envelopes.
The grain size ranges from medium sand to few pebble size grains are also present. The porosity
in this facies ranges from 2 to 5% (Figure 4.5b). Facies which is composed of 95% carbonate and
5% quartz, and show dominance of carbonate accumulation.
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Figure 4.5 a) Bioclastic peloids packstone facies in Outcrop 26 of the Dam Formation, b) Thin
section of a samples from the facies, showing peloids; Note different size of the bioclasts
fragments having micritised grains, very coarse size bioclasts, coarse peloids and some
intraclasts and is highly cemented. I=intraclasts, Q=quartz, B=bioclasts, P=peloids.
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4.1.5. Ooid grainstone (Og)
This 0.2-1m thick, creamy white to tan, medium grained facies is dominantly composed of ooids
(Figure 4.6a). The ooids are well rounded and well sorted. This facies is characterized by very
low angle cross-bedding. The facies occurs above the skeletal quartzose packstone grainstone
facies and coated bioclastic grainstone facies in Outcrops 6 and 7. It overlies the miliolid
mudstone facies in Outcrop 26 and the formaniferal grainstone facies in Outcrop 10. It marks the
top of cycles and has a sheet-like geometry. It is correlatable across Outcrops 6, 7 and 10. In the
top cycles, the beds are dominated by intraclasts (of coated grains) and skeletal particles along
with ooids, hence marking a slight transition in environment to skeletal banks and shifting of
facies with sea level changes.
In addition to low angle cross-bedding, crinkled lamination and mudcracks are present in parts of
the lithofacies intervals. Molds of molluscs and forams are present in this facies. The skeletal
grains also show grading in bedding. Some of the ooid grains are leached molds. The porosity in
this facies ranges from 15 to 20% (Figure 4.6b). This facies is composed of more than 95%
carbonate and accessory minerals. Most of the pores are intergranular and moldic porosity. The
ooids and skeletal grains are covered by micritised envelopes. Grains are freely packed and
dominant cement type is meniscus and it bounds rounded pores.
SEM images shows ooid grains at 500 microns and enlarged ooid grain (Figure 4.6d, e) at
50microns. It also shows micritic mud coating see the grains coating on the ooid, this coating is
of micrite mud (Figure 4.6d, e). The EDS analysis shows moderate Mg and Ca concentrations
suggesting the possibility of dolomitization of this facies (Figure 4.6f).
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Figure 4.6a) Ooid grainstone facies in Outcrop 6 of the Dam Formation, showing crinkly
lamination, b) Thin section of a samples from the facies, showing ooids; Note medium to
coarse size of the ooids, some skeletal fragments with having micritised envelopes, very
coarse size, coarse peloids and some intraclasts, moldic porosity. The average porosity in the
section is around 15-20%. O=ooids, I= Intraclasts, M=moldic.
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4.1.6. Micritised oolitic peloidal grainstone (Mpg)
This well sorted, light brown to tan colored, facies is massively bedded at its base and is
characterized by well-preserved cross-bedding near the top. The thickness of this facies ranges
from 0.5-2m with individual bed thickness of about 20cm. Carbonate grains are dominated by
well sorted ooid grains or fine to medium grained size. Crinkled lamination and mudcracks are
present as sedimentary structures capping the cycles. Some of the molluscs and forams show
moldic porosity (Figure 4.7b).
This facies is the most frequent facies in all the studied outcrops. It occurs above the skeletal
wackestone to packstone facies (Figure 4.7a). In outcrop 6, it is bounded on top by the oolitic
grainstone facies and by the foraminiferal skeletal grainstone facies at the base. In outcrop 26, it
is bounded on base and top by coated skeletal grainstone facies which shows cyclicity in facies.
This bed laterally pinches out and grades in to other facies like the contorted with cross bedded
wackestone facies. Mineralogically the XRD analysis shows the dominance of carbonate
minerals (Figure 4.7c) and the EDS analysis shows abundance of Ca, Mg and Si (Figure 4.7e).
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Figure 4.7a) Micritised oolitic peloidal grainstone facies in Outcrop 6 of the Dam Formation,
showing crinkled lamination, b) Thin section of a sample from the facies, showing Micritised
ooids(O); Note the medium size of the ooids, peloids (P) and some skeletal fragments having
micritised envelopes, intergranular porosity(IN), Quartz=Q. The average porosity in the section
is around 5-10%.
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Figure 4.7c) XRD analysis representing dominance of carbonate minerals, d) SEM images of
micritised ooids, having some broken shells, e) EDS analysis shows abundance of Ca, Mg and
Si.
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4.1.7. Sandy peloidal skeletal grainstone (Spg)
This facies is about 1m thick.It consists of light pink to tan colored, fine to medium
grained sediments. The main grain types present are molluscs, quartz, skeletal grains and coated
grains. Some intraclasts also present in its beds in Outcrop 26.This lithofacies underlies the
peloids grainstone facies in Outcrops 6. The beds of this facies are highly lithified and have
sharp contact with the overlying facies. The beds laterally change in thickness and their
geometry is controlled by the overlying facies. The skeletal grains in the facies are dissolved to
form moldic and shelter porosity types. The size of bivalves, the dominant grain type, ranges
from medium sand size to pebble size. The porosity in facies ranges from 10 to 15% (Figure
4.8b). The facies is composed of 70% carbonate and 30% quartz (Figure 4.8b). The skeletal
fragments are in micritised envelopes.
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Figure 4.8a) Sandy peloidal skeletal grainstone facies in outcrop 6 of the Dam Formation,
showing crinkly lamination, b) Thin section of a sample from the facies showing skeletal(S) and
quartz particles(Q); Note medium grain size of the peloids(P), quartz, some skeletal fragments
with having geopetal structure(G), and micritic envelopes on skeletal grains. The average
porosity in the section is around 10-15%.
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4.1.8. Dolomitic Skeletal Wackestone (Dsw)
This facies in the outcrop occurs as light to dark brown to buff colour beds. The bed
thickness ranges from 0.5-1m (Figure 4.9b). This facies is present in both Outcrops 25 and 26
and the basal contact is not exposed. It is separated from the overlying sandstone facies by
paleosols in outcrop 25. The main constituents of the facies are carbonate mud, rare skeletal and
quartz (Figure-4.9c). The fine sand to very coarse sand and rare fine silt sized quartz particles are
important constituents of this facies. The sediments are poorly to moderately sorted. The porosity
in this facies ranges from less than 15-20% (Figure 4.9c). XRD analysis shows that the, facies is
composed of more than >95% carbonate and less than 5% quartz and accessory minerals. The
thin section image and the SEM and EDS show the presence of dolomitization and diagenesis.
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Figure 4.9 b) Dolomitic skeletal wackestonefacies Outcrop 25 of the Dam Formation, c) Thin
section of samples from the facies showing skeletal and quartz particles; mouldic porosity. The
average porosity in the section is around 5-10%. D=dolomite, S=skeletal, M=moldic.
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4.1.9. Foraminiferal peloidal grainstone (Fpg)
Foraminfera peloidal grainstone facies occurs in outcrops as tan to creamy coloured. The bed
ranges in thickness from 1-1.7 m (Figure 4.10a). This facies occurs above the coated skeletal
grainstone facies, in outcrops 6, 7 10 and 25. It underlies the marl facies. It is crinkly laminated
in some localities like in Outcrops-7 and 10, and shows its presence near the top contact with
peloidal quartzose wackestone mudstone facies. In Outcrop 7 and 26 the skeletal are replaced by
bioclasts and also result in increase in borings by organisms. In outcrop 6 the facies is dominated
by skeletal fragments. The facies laterally is massive while here it is characterized by low angle
cross-bedding. The dominant grain types are skeletal fragments of foraminferas, peloids and
quartz. The grain size is dominantly coarse grained with some scattered pebble size. The
particles are angular to subangular. SEM image shows foraminfera surrounded by micrite
(Figure 4.10c). EDS analysis shows the absence of Si and hence the presence of Mg and Ca
shows that facies contains dolomite which is minor (Figure 4.10d). The fine sand to pebble sized
skeletal grains and fine silt sized quartz particles are important constituents of this facies. The
porosity ranges in this facies from less than 15-20% (Figure 4.10c). XRD analysis shows that
the, facies is composed of more than 86% carbonate and accessory minerals (Figure 4.9b).
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Figure 4.10a) Formaniferalgrainstone to packstone facies Outcrop 6 the Dam Formation, b) Thin
section of a samples from the facies showingE=Elphidium sp.,Foraminifera and skeletal
particles; Note medium to coarse size of the forams and skeletal fragments with, and
intergranular and moldic porosity. The average porosity in the section is around 10-15%.
P=peloids.
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Figure 4.10c) SEM images of foraminfera in carbonate mud, d) EDS analysis of foraminfera (c)
shows abundance of Ca and Mg.
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4.1.10. Sandy Peloidal grainstone-packstone (Spgp)
This facies which is present in outcrop 6, 7, 10 and 25, marks the topmost facies of the cycles. It
can be traced along the stratigraphic transect. The tan to dark brown coloured facies, this facies is
overlies the peloidal quartzose wackestone mudstone facies (Figure 4.11a). In petrography this
facies is composed of peloids, skeletal debris and quartz, with interparticle and intraparticle
porosity. Grainsize for quartz and peloids dominate in Outcrop-6 and in overlying marl facies. It
contains substantial amount of fine to medium grain quartz and it is marked by algal laminae and
sharp grain boundary exists between quartz particles. The peloids are tightly packed, and show
some deformation (Figure 4.10c). The facies ranges in thickness from 1-1.6m. Massive nature is
characteristics of this facies, but on close examination crinkly lamination is observed. The grain
size ranges from fine to medium size. The particles are moderately to poorly sorted. The quartz
particles are angular to subangular. The porosity ranges in this facies from less than 5-10%
(Figure 4.11b). XRD analysis shows that the, this facies is composed of more than >60%
carbonate and 40% quartz and accessory minerals. SEM image shows dissolved oncoids
surrounded by mud (Figure 4.11c).
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Figure 4.11a) Sandy peloidal grainstone-packstone facies, outcrop 26 photograph of the Dam
Formation, b) Thin section of a sample from medium grained peloids(P) and quartz(Q) ; Note
medium size, intergranular and moldic porosity(M). The average porosity in thin section is
around 15-30%.
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Figure 4.11.c) SEM images of peloids (P) in carbonate mud, d) EDS analysis of (c) shows
abundance of Ca and Mg.
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4.1.11. Peloidal Packstone (Pp)
Peloidal packstone in the outcrop occurs as tan to light grey color beds (Figure 4.12a). Facies
occurs below the peloids grainstone facies, in outcrop 7. The bed thickness ranges from 10 to
20cm and the facies thickness ranges from 0.5 to 1.5 m. This facies shows contorted bedding or
seismites in Outcrop 10 see section 6.1.4 for details. This facies is also characterized by the
presence of intraclasts in the cycles near top of outcrop 10.
The grains constituents of the lithofacies include are peloids, quartz and mud (Figure 4.12b). The
grain size ranges from fine to medium suggesting moderately sorting. The grains are rounded to
subrounded and show high sphericity (Figure 4.12d).
During the deposition of facies, carbonate sediments production was diluted by the influx
abundant clastic sediments into the depositional basin (Flugel, 2004). The deposition took place
under dry and warm conditions (Figure 6.2). The skeletal grains, in the facies were preserved as
molds and show moldic porosity. The porosity ranges in this facies from 5% (Figure 4.11b).
XRD analysis shows that the, facies is composed of more than 86% carbonate and 14% quartz
and accessory minerals. Most of the pores shown are occluded by micrite.
SEM images shows shell fragment at 100 microns, the fine grain material seen around is micrite.
The EDS analysis of the fine grain material show medium values of Mg and Ca, suggests the
possibility of dolomitization of this facies (Figure 4.12d).
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Figure 4.12a) Peloidal packstone facies in outcrop 6 of the Dam Formation, b) Thin section of a
sample from the facies showing medium grained peloids(P) and quartz(Q); Note absence of
skeletal and only dominance of mud, but some section have more than 10% grains, peloidal
grains are visible in the picture along with quartz. The grain size ranges from medium sand to
granule. The average porosity in the section is around 5%. I=Intraclasts.
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Figure 4.12.c) SEM images of broken Bioclast (B) in carbonate mud, d) EDS analysis of (c)
shows abundance of Ca and Mg.
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4.1.12. Sandy peloidal packstone (Marl) (Spep)
This facies is composed of alternating light green to dark brown marl beds, mud and silt size
particle layers. The mudcracks are filled by silt size material. In addition to mud cracks, rootlets
are also observed in this facies in the Marl Beds (Figure 4.13a). The bed thickness in this facies
ranges from 0.5 to 3 meters. This facies overlies the foraminiferal grainstone to packstone facies
in outcrop 10 and tidal flat estuarine sandstone in Outcrops-26 and 25, and is underlain by
skeletal wackestone packstone facies in Outcrops 10 and 26.
The sediments are moderately sorted fine grain peloids grains. Fine silt sized quartz
particles are also present of this facies. The porosity in this facies from is less than 5% (Figure
4.13b). XRD analysis shows that the, facies is composed of more than >75% carbonate and 25%
quartz (Figure 4.13c). SEM image shows dissolved skeletal fragment surrounded by mud (Figure
4.13d).
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Figure 4.13a) Sandy peloidal packstone (Marl) facies Outcrop25 of the Dam Formation, b) Thin
section of samples from the facies fine to medium grained peloids (P) and quartz (Q).
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Figure 4.13.c) XRD shows the presence of quartz and dolomite minerals, d) SEM images of
dissolved skeletal grain in carbonate mud.
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4.1.13. Fine to medium Quartz Sandstone (Qfs)
This sand and mud interbedded facies, with sand dominating over mud beds in different
proportions. The thickness of sand beds ranges from 0.5-2m, tan to light green coloured
bioturbated, very fine to medium grained and moderately to poorly sorted sandstone (Figure4.14a). It is composed of quartz, orthoclase and clay particles. The sand particles are angular to
subangular. The proportion of mud and sand becomes dominant as we move from south to north
where it is almost mixed sand/mud couplet. Thickness is variable, and sand content decreases
upwards. Bioturbations is rare in this facies in north, while the upper sand bed overlying mud is
enriched in glossifungites ichnofacies, diameters of these trace markers, in this facies ranges
from 0.25m to 0.3m.
The interbeddings between sand and mud termed as inclined heterolithic stratifications, which is
observed in outcrop 25 and 26 in this facies. This sandstone overlies the red mudstone or
paleosols and a sharp contact is observed. This sandstone bed has channelized geometry and cuts
all the facies previously deposited. This is observed in outcrop 6 where the channel marks the
second stage of sandstone incision in the succession just above the first unconformity.
Abundant trace fossils are present in the middle of this sandstone and are spread all over the
borders of this facies. These trace fossils are very distinctive feature of the facies.

The

abundance and density of trace fossil increases from base to top. The trace fossils include
ophiomorpha or glossifungites (Figure-4.13f). The prominent sedimentary structure is cross
bedding (Figure 4.14c &e).
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Figure 4.14a) Quartz sandstone faciesOutcrop10 of the Dam Formation, b) Thin section of
samples a from the facies showing fine to medium grained quartz; Note: absence of skeletal.
Q=quartz, S=skeletal, IHS= Inclined heterolithic stratifications
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Figure 4.14.c) Channel lag and fining upward d) cross bedding, e) glossifungites
ichnofacies,f) channels cutting paleosols below66
g) SEM images of quartz grain, clay is
also present, f) EDS abundance of Si

4.1.14. Miliolid Peloidal Packstone-Wackestone (Mpw)
This facies is composed of alternating laminated white to cream beds of
packstone, alternating mud and silt size particle layers, mud cracked. The mudcracks are filled by
silt size material. In addition to lamination, mud cracks, rootlets are also observed in this facies
(Figure 4.15a). The bed thickness in this facies ranges from 0.5 to 3 meters. This facies overlies
the ooid grainstone facies in outcrop 10 and estuarine sandstone in Outcrop-26 and 25, and is
underlain by Peloidal quartzose wackestone mudstone facies in outcrop 10 and 26.
The fine grain to pebble sized skeletal grains and fine silt sized quartz particles are important
constituents of this facies. The porosity in this facies is less than 5% (Figure 4.15b). XRD
analysis shows that the, Mpw facies is composed of more than >95% carbonate and 5%
accessory minerals. SEM image shows dissolved miliolid surrounded by mud (Figure 4.15c).
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Figure 4.15a) Miliolid peloidal packstone wackestone Outcrop10 of the Dam Formation, b) Thin
section of a sample from the facies showing mud and fine grains of miliolid, c) SEM image of
(b),Note absence of skeletal grains. M=miliolid, peloids=P, Foram=F.

68

4.1.15. Calcareous Fine Sandstone (Cfs)
The calcareous sandstone facies occurs as dominant facies in Outcrops 25 and 26. The
sand beds in calcareous sandstone facies dominate over mud beds in unequal proportions. The
thickness of sand beds ranges from 0.2-1.2m, light grey, bioturbated, very fine to medium
grained and moderate to poorly sorted sandstone. It is composed of angular to subangular quartz,
orthoclase feldspar and clay particles. The rock is cemented by carbonate cements. The
proportion of mud and sand become equal as we move from south to north where it is almost
mixed sand/mud couplets. The thickness is variable, and sand content decreases upwards.
Bioturbations is rare in this facies in north. The upper sand bed overlying mud marks the absence
of ichnofacies.
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Figure 4.16a) Calcareous fine sandstone facies in Outcrop10 of the Dam Formation. Note crossbedding, b) Thin section of a sample from the facies showing fine to medium sand, cemented by
calcite cement.Q=quartz, calcite=C.
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4.1.16. Paleosols (Ps)
This facies is composed of alternating red to dark brown mudstone and thin sand thin
lenses. It is structureless and mud cracked, and has not any distinct bedding character. The
thickness of this facies ranges from 0.75 to 2 meter (Figure 4.17a). This facies which is very
important and present below the channelized sandstone facies which marks the period of nondeposition, marking sequence boundary above it and it also cuts the strata to start a new cycle of
deposition. This facies, is present in sheet geometry, is traceable across most of the outcrops.
This facies serves as a good datum for correlating the sections. The dominant sedimentary
structures are in this facies are mudcracks and bioturbations. This mudstone is considered to be a
part of paleosols based on the presence of rootlets, structure similar to recent soil horizon and
their structure (Figure 6.2). Paleosols are very useful in documenting the biota, climate, time and
vegetation. These paleosols marked by exposure and was used previously by various authors e.g.
Al-Khaldi (2009) to identify unconformities within Dam Formation.
The fine sand to silt size quartz particles and clays are important constituents of this facies. XRD
analysis shows that, this facies is composed of more than 50% clays and 50% quartz and
accessory minerals.
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Figure 4.17a) Paleosols facies, outcrop10 photograph of the Dam Formation, note structureless,
b) SEM image of palygorskite clay mineral dominate constitute clay in the facies, c) XRD
analysis confirm the presence of palygorskite and quartz minerals. Pa=palygorskite.
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4.1.17. Mud cracked siltstone and mudstone facies (Msm)
This facies is composed of alternating light green to dark brown siltstone and mudstone
beds (Figure 4.18a, b). This facies overlies the foraminiferal grainstone-packstone facies in
Outcrop 10 and tidal flat estuarine calcareous sandstone in Outcrops-26 and 25. It is underlain by
the peloidal sandy wackestone mudstone facies in Outcrops 10 and 26.The bed thickness in this
facies ranges from 0.5 to 3 meters. This facies overlies the foram grain-packstone facies in
outcrop 10 and tidal flat estuarine calcareous sandstone in outcrop-26 and 25, and is underlain by
peloidal quartzose wackestone mudstone facies in outcrop 10 and 26.
This facies grain size ranges from clay to silt size. The porosity ranges in this facies from less
than 15-20% (Figure 4.18c). XRD analysis shows that the, facies is composed of more than
>95% clay particles, and 5% quartz and accessory minerals.
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Figure 4.18a) Mud cracked siltstone to mudstone facies, outcrop25 photograph of the Dam
Formation, note structureless, b) Mudcracks filled with silt size material, c) thin section of silt
lenses in the facies note the presence of clastic mud and quartz. Q=quartz.
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CHAPTER 5

RESULTS

SEQUENCE STRATIGRAPHY

5.1. Introduction
The basic unit sequence is defined as a conformable succession of strata that are genetically
related and bounded by sequence boundaries, otherwise their correlative conformities (Van
Wagoner et al., 1988; 1990). The time gap missing represents time of non-deposition or surfaces
of erosion is presented by sequence boundaries (Figure-5.1).

Figure-5.1 Diagram of sequences, key surfaces and system tracts (Van Wagoner et al., 1988).
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Sea-level changes are the major control on deposition. Tectonic subsidence and eustatic sea-level
changes in turn control the relative/local sea-level changes. There are particular system tracts that
develop during the specific periods of sea-level changes, Low-stand System Tract (LST),
Transgressive System Tract(TST)and Highstand System Tract(HST). The sequences are
produced during periods of changes in sea-level and the covering unconformities are produced
during the time of fall in relative sea level. The sedimentary facies of falling sea level and
Lowstand times in these cycles is generally represented by soil development which marks the
hiatus.
In our study we used markers within the Dam Formation to identify the low level and high level,
relative sea level changes to confirm our interpretation. Paleosols and channelized sandstone are
important and provide data as they are sensitive to sea-level changes. Stratigraphic sequences of
mixed carbonate-siliciclastic facies, the sequence development is often described as mutual
sedimentation expressed by the alteration of platform carbonates during transgressive and
highstand times and basinal low stand accumulation of siliciclastic material. These sequence
stratigraphic successions are well studied and modeled from wide shelves of large scale
carbonate systems interacting with major sources of siliciclastic influx (Lopez-Blanco., 2000;
Tucker, 2003; Wilson, 2005; Campbell, 2005). On a smaller scale, high frequency cycles are a
characteristic feature of these carbonate ramps (Pomar, 1991; D‘Argenio et al., 2005). These
cycles are shallowing upward parasequences, bounded by marine flooding surfaces (mfs).
5.2. Cycle Definition and Correlation
Vail et al., (1977) and Haq et al., (1988) used the time to subdivide the sequence and cycles from
first to sixth order. Parasequence is an equivalent of cyclothem, used to describe the Mesozoic
shallow water peritidal carbonate cycles of Apennines by D‘Argenio et al.(1999) and the simple
carbonate sequence cycles of Upper Miocene of Mallorca(Pomar, 1991). The relative tectoniceustatic/eustatic cycle orders and their sequence stratigraphic units, their duration is described in
the table below.
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Figure 5.2. Diagram of Eustatic cycle order, sequence stratigraphic unit and their duration (Van
Wagoner et al., 1988).
Facies relationships expressed in the lithofacies section of the Dam offer important insights and
help in recognizing and defining cycles in the formation‘s outcrops in the Al-Lidam Area. It is
significant to note that the styles of cyclicity are in agreement with and similar to styles
documented by AlKhaldi (2009) and AlKhaldi et al., (2010; 2014).
5.3. Composite Sequences
Composite sequences (CSs) are defined as sets of genetically related sequences which are
arranged in distinctive progradational, aggradational and retrogradational patterns. These higher
order sequence stacks into highstand, transgressive and highstand tracts (Figure-5.3; Keran et al.,
2002).
There are four sequences present in Dam Formation along the NS transect. The cycles are
identified on the basis of shallowing upward of the facies. Then the individual cycles within the
sequence boundaries are counted. The correlation is made on the cycle sets and then by matching
this trend with the sections in the correlative outcrops. The first sequence boundary between CS1 and CS-2 was identified and used as a datum that can be traced across the three outcrops in
south. The real challenge was to correlate Outcrop 10 and rest of them to Outcrops 25 and 26
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located approximately 2.3km apart. This is achieved by using the same correlation technique and
matching the trends within the CS-2 in Outcrops 10 and 26.

Figure-5.3. General composite sequence of Dam is divided into 24 cycles and four CS, each of
them is marked by sequence boundary (the presence of channelized sandstone over the
paleosols).The sequence-2 is further subdivided in to HFS-1 and HFS-2 based on the presence of
two HST and 2 TST, within one sequence.

The most important part of this correlation is that we were able to find a definite pattern in facies
within individual parasequences. The CSs start with TST, and erosive sandstone overlying
paleosols, and then capped by oolitic grainstone facies. The presence of wackestone to mudstone
facies marks the MFS. The MFS marks here the boundary between TST and HST. These are
topped by oolitic grainstone which marks the top of the cycle. The evidences used for making
these observations are the changes in sea level, wave base and stromatolites.
5.4. Sequence Boundaries
Sequence boundaries are based on (sandstone overlying paleosols).It is only last sequence
boundary is identified on paleosols directly underlying packstone facies (absence of quartzose
sandstone facies). The absence of sandstone facies above the paleosols could an indicator that
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Figure-5.4. Thehigh resolution stratigraphic model, correlation of cycles in all outcrops. Important observations related to the correlation model is the start of a sequence by channelized erosive sandstone deposited over
paleosols and then continuing the TST, the presence of mudstone and wackstone marks the presence of MFS and after that the HST starts and these are topped by oolitic grainstone bodies.
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the deposition time gapwas small and the break in carbonate deposition took place soon after the
unconformity. This observation is also supported by the decrease in the thickness of paleosols
Outcrops 25 and 26.
5.5. Composite Sequence-1
This sequence which is composed of 6 cycles is about 13-15.5m. The lower boundary of the
sequence is not exposed. The lowest unit exposed in the NS-transect is represented by the
bioturbated wackestone to mudstone facies. The upper boundary is defined by erosive contact
with CS-2, which is filled by estuarine sandstone of CS-2 on Paleosols of CS-1(Figure-5.4).
These paleosols in turn overlie the skeletal packstone facies. The carbonate dominated ramp
composite sequence includes grainstones, packstones and wackestones rich in ooids and skeletal
fragments (bivalves and gastropods). The maximum vertical thickness of this sequence is 10
meters, and the carbonate facies are topped in the landwards direction. Distally, the facies are
dominated by wackestone to mudstone facies. The coarse grainstone and packstone within the
association show internal structures such as cross bedding. These sedimentary suggest deposition
above the wave base and probably represent intertidal to skeletal banks setting influenced by
tides and waves. Oolitic grainstone comprising of ooids, peloids and rare skeletal grains
constitute important part of this composite sequence. They occur as sheets thin to medium
bedded with a lateral extent of about 1km. These oolitic sheets have crinkly lamination and have
close association with stromatolitic laminae as suggested by Irtem (1987). These sheets develop
on top of lens geobodies of the skeletal grainstones of low topographic relief and may represent
an oolitic carpet. The size of this sheet varies from 0.5 to 1 meter in thickness. The ooids
represent to a depth controlled and represents intertidal conditions.

Therefore, that the oolitic

grainstone were likely developed above wave base. A wackestone to mudstone bed occur locally
in this sequence and some skeletal fragments are also observed in these beds. The presence of
paleosols and channelized on its top marks the sequence boundary.
5.5.1. Composite Sequence (CS-1 TST) DM-1
The transgressive facies of CS-1 consists of beds of skeletal pack-grainstone beds represents
marine transgression, overlain by oolitic grainstone facies (Figure-5.4). This CS that is
comprised of four cycles is about 10m in thickness. It is capped by three beds of oolitic
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grainstone, show very rapid transgression. This is interpreted that the top of this unit was
deposited as a result of shallowing in this composite sequence. The base of this CS is composed
of massive burrowed wackestone.

Near the top of this CS the crinkly laminated

packstone/grainstone is present. This is capped by sandstone beds which mark the base of MFS.
This separates the CS-1 TST from CS-1 HST (Figure-5.5.).

0.5m

Figure-5.5. Sequence boundary between CS-2 quartz sandstone facies overlying CS-1 paleosols,
black line represents sequence boundary.
5.5.2. Composite Sequence (CS-1 HST) DM-1
The HST part of CS-1 is composed of 2 cycles. This part of composite sequence starts with
wackestone to mudstone and is capped by one oolitic grainstone bed. This CS-1 HST is
about5.5m in thickness. The middle of this CS is composed of massive burrowed
wackestone/mudstone. Paleosols is capped by channelized sandstone beds which mark the base
of incision on the Sequence Boundary (SB-1). This separates the CS-1 from CS-2(Figure-5.5).
5.6. Composite Sequence (CS-2) DM-2
CS-2 one of the most extensive composite sequences observed in almost all the outcrops in the
study area is the 9-15m thick, this CS-2. The CS-2 is the thickest sequence in the studied outcrop
sections.
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Figure-5.6.CS-1DM-1 composed of coated skeletal grainstone. The top of DM-1 is marked by
the presence of oolitic grainstone facies.
The base of this CS-2 is marked by an erosive and incised bed associated with asequence
boundary. However, two episodes of erosion were observed in Outcrops-6 and 7. Two high
frequency sequences, they are part of HFS-1 and HFS-2, flooding surface separate formed this
CS. However, overall trend in transgression is evident by the increase in the accommodation
space from HFS-1 to HFS-2(Figure-5.7, 5.8).
5.6.1. Composite Sequence (CS-2; HFS-1 TST) DM-2
The total thickness of HFS-1 is 9m. The HFS-1 TST portion of it is 4.5m thick. The HFS-1
marks the incision in Dam Ramp as a result of fall in sea-level.HFS-1 is composed of bioturbated
sandstone with mudstone intercalations. These sandstone beds are intensively borrowed top. The
intensity of borrowing increases upward. The deposits are mainly of karst as a result of marine
transgression (Figure-5.8). The top is marked by the presence of mudstone to wackestone of the
HFS-1 TST.
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0.5m

Figure-5.7.Top of CS-1DM-1 composed oolitic grainstone facies.
5.6.2. Composite Sequence (CS-2; HFS-1 HST) DM-2:
This part of HFS-1 is composed of a 4.5m peloidal grainstone facies, and thick oolitic grainstone
facies on top. This sequence is composed of crinkly laminated foraminiferal grainstone to sandy
skeletal wackstone/packstone and ooid grainstone facies. This shows decreased in
accommodation at top of the HFS-1 (Figure-5.8.).
5.6.3. Composite Sequence (CS-2; HFS-2 TST) DM-3:
The 6.7m thick of HFS-2 is composed of 4 cycles. It underlies the CS-3 and its top is marked by
paleosols. The boundary between HFS-1 and HFS-2 is not clear. There were not any paleosols
found within the sequence, and the contact is placed using retrogradational stacking patterns of
cycles present in CS-2. HFS-2 TST thickness is around 4m. The base of this sequence is placed
on wackestone to mudstone facies. This HFS-2 TST is also bioturbated. It is mostly composed of
clay and silt. The bioturbations marks the presence of distal facies on top of the HFS-1.
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0.5m

Figure-5.8.CS-2 DM-2 composed of formaniferal packstone to oolitic grainstone. This sequence
shows the presence of karstification on top, which might represents a sequence boundary (?).
CS-2
Qfs

Bioturbations

Figure-5.9.CS-2 DM-2 composed of bioturbated sandstone (Qfs) which is marked by
glossifungites and intercalations of mudstone. This sequence base is marked by incision and
marks sequence boundary between shale of DM-1.
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The next stages of this HFS-2 TST are marked by skeletal ooidal packstone. The next facies in
this HFS-2 TST is the peloidal bioclastic grainstone facies. This facies is marked by contorted
bedding which marks the presence of seismic activity (Figure-5.9). The sequence is capped by
skeletal grainstone facies.
5.6.4. Composite Sequence (CS-2; HFS-2 HST) DM-3
A ~3m HFS-2 HST is composed of one cycle. The HFS-2 HST is made up of skeletal ooidal
grainstone that shallows upwards to packstone facies. This represents very shallower marine
water conditions at the time of deposition. The facies marks the top of CS-2 and similarly the top
of HFS-2. The top of HFS-2 is marked by paleosols, that are structureless and mark exposure
which corresponds to the second major sequence boundary separates the CS-2 and CS-3(Figure5.9.).
5.7. Composite Sequence (CS-3) DM-4
The CS-3 with a thickness ranging from3-7m is composed of 6 cycles. The major difference
between this sequence and the other sequences is that both it and CS-4, are dominated by tidal
flat and are more proximal than CS-1 and CS-2. This sequence is bounded by sequence boundary
defined by bioturbated sandstone overlying paleosols of CS-2 (Figure-5.9).
5.7.1. Composite Sequence (CS-3; TST) DM-4
This HFS-3 HST is about3.4m of the CS3. This unit comprised chiefly of siliciclastic facies. This
part of the CS-3 is dominated by clastic sediments. The system tract is composed of 3 cycles.
The sandstone beds decrease in thickness upward, marking an overall transgressive. The
varicolored siltstones and mudstones (different from paleosols) are present here. These siltstones
and mudstones are marked by bedding fissility, mudcracks and rootlets. These features are
evidence of exposure at this level of CS-3 (Figure-5.11; 12; 13).
5.7.2. Composite Sequence (CS-3; HST) DM-4
This 3.6-4m CS-3 HST is composed of 3 cycles. This CS-3 HST is comprised of shale and
sandstone facies. It is distinguished based on continuous sandstone lenses from Outcrop-25 and
26.
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Spgp

HFS-2

Fgp
HFS-1

Figure-5.10.CS-2, DM-3 & 4 composed of foraminfera grainstone packstone (Fgp) and peloidal
bioclastic grainstone. Then the DM-5 starts with skeletal mudstone to foraminiferal grainstone
facies.

Dsw

HFS-2

Figure-5.11.Middle ofCS-2, DM-3 mainly composed of dolomitized skeletal wackestone and is
overlain by mudcracked shale lithofacies.
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HFS-2

Msm

Figure-5.12.Top of CS-2 HFS-2 (DM-3) mainly composed of siltstone and mudstone (Msm),
some sand lenses (arrow) and thin beds are present in this unit.

Qfs

CS-3

Ps
CS-2

0.3m

Figure-5.13.Top of CS-2 and CS-3DM-1 underlying DM-3, DM-4 is mainly composed of
paleosols(PS), some sand lenses and thin beds are present in this unit. The incised bioturbated
channelized sandstone (Qfs) marks the base of DM-2,black line represent sequence boundary.
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CS-3

Qfs

Ps

HFS-2
0.5m

Figure-5.14.Base of CS-3;DM-3 & DM-4, the incised bioturbated channelized sandstone marks
the base of DM-2. This sequence is mainly sandstone and shale interbeddings. The rootlets show
exposure at the time of its deposition black line represents sequence boundary.

Qfs
Sand
Mud

HFS-2

Figure-5.15. The basal most unit of CS-3DM-3. DM-3 is represented by interbedded sandstone
and shale and the shale is highly mudcracked.
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Figure-5.16.The CS-3cross bedded quartz fine sandstone (Qfs) facies interbedded with
mudcracked siltstone and mudstone facies (Msm) of DM-4.

Pp
CS-4

Ps
CS-3

Figure-5.17CS-3 and CS-4,peloidal packstone (Pp) of DM-5 overlying Paleasols (Ps) of DM-4,
black line represent sequence boundary.
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Figure-5.18The CS-3 and CS-4crinkly laminated peloidal grainstone/packstone to oolitic
grainstone which marks the top of the sequence DM-5.

This sequence is aggradational and topped by paleosols. The paleosols here are around 1m and
are less thick than previous sequence boundary between CS-2 (Figure-5.14).
5.8. Composite Sequence (CS-4) DM-5:
5.8.1. Composite Sequence (CS-4 TST) DM-5:
The CS-4 composed of 5 cycles, is about 6-6.5 m thick. The CS-4 TST is around 3m in
thickness. This CS-4 TST is composed chiefly of peloidal grainstone packstone facies and is
made up of 3 cycles. That marks the presence of mudcracked shale facies inter tidal to sub tidal.
The sequence peloidal packstone contains stromatolites heads, broken. The sequence is topped
by shale beds. The overall facies trend in this composite sequence is transgressive. The
occurrence of packstone on paleosols marks the base of HST (Figure-5.17; 18).
5.8.2. Composite Sequence (CS-4 HST) DM-5:
This CS-4 TST, is about3-4m in thickness, is composed of 2 cycles. This system tract is
dominantly comprised of skeletal packstone facies. This facies marks the presence of inter-tidal
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to sub tidal conditions similar to CS-2 HFS-1 HST. There are two oolitic grainstone beds in this
sequence. This grainstone facies marks the top of the Dam Sequence and CS-4(Figure-5.17; 18).
5.9. Facies maps
Facies maps exhibit the main depositional intervals which were produced to understand the
matching time slice during basin development. Facies maps show the spatial distribution of
facies, facies types and facies association within different composite sequences, are here
compiled for selected system tracts certain time intervals. The basic technique used for making
these maps is by placing the outcrop locations on the map and bounding the area with a line to
show the facies lateral relationship. Then the vertical relationship of the facies in individual
composite sequence is noted and then using Walther‘s law, the conceptual depositional pattern
was created(Figure-5.19a). The maps we made to show the facies in map view as observed in
different outcrops. The maps are made by keeping in view the shallowest facies is mudcracked
facies while the skeletal mudstone and wackstone are the most basinward. Palaeocurrent data,
lithofacies, cycles and stacking patterns are used. On the basis of these principles the different
CS are shown in terms of maps.
5.9.1. Composite Sequence 1 HST
The facies map for this interval shows the oolitic grainstone in sheet geometry overlying skeletal
banks. As this map represents HST, no sandstone was found here. The lack of the sandstone
facies within this HST interval was likely due to the transgressive nature of estuarine sandstone
(Figure-5.19b).
5.9.2. Composite Sequence 2 TST
The line separating the sandstone (yellow) body from all the other facies represents a sequence
boundary. The sandstone incised all most all the underlying facies. Oolitic grainstone is not well
developed within the system tracts, oolitic grainstone mostly represents still-stands in HST
(Figure-5.19c).The paleosols underlying the sandstone facies can is also present within the faces
map interval. And there distribution is largely controlled by sandstone incision.
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5.9.3. Composite Sequence 3 TST
A facies map of interval starting from second sequence boundary up to the Maximum Flooding
surfaces is presented here. The sandstone overlies paleosols and cuts all the underlying facies.
Note the presence of skeletal grainstone bodies. The absence of the oolitic grainstone from this
sequence could be due to the inhibition of the growth of oolitic sheets by the prevailing
depositional energy at time the interval was deposited(Figure-5.19d).
5.9.4. Composite Sequence 4 TST
This CS shows the area covered by tidal flat deposits and mudcracked shale lithofacies. Oolitic
grainstone bodies and skeletal grainstone were not deposited within this CS. It shows the
dominance of tidal flat environment in the setting. The tidal flats deposits are dominant in the
north (Outcrops-25 & 26) (Figure-5.19e). Note the absence of oolitic grainstone shows its
likelihood to occur during highstand. While the dominance of tidal flat and presence of mud
cracks and rootlets represents transgressive nature of this facies map.
5.9.5. Composite Sequence 4 HST
The dominance of oolitic grainstone and overlying thick skeletal packstone facies in CS 4 HST,
suggest that the conditions that led to deposition of older CS were repeated during its deposition.
The facies map shows the dominance of oolitic grainstone in sheet geometry overlying skeletal
grainstone in lens geometry formed in skeletal banks. An important observation to be made here
is that, absence of sandstone facies in this facies map. The absence of sandstone is indicator of
the fact that sandstone is found only in transgressive section (Figure-5.19f).
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Figure-5.19 Facies maps are made to show the facies in map view as observed in different
outcrops.The maps are constructed by keeping in view the shallowest facies is mudcracked tidal
flat facies while the skeletal mudstone and wackstone are the most distal facies. Blank stars
denote inferred information and not based on actual data while the filled ones indicate
interpretation based on actual data.
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CHAPTER 6

DISCUSSION

6.1. Discussion
The integration of field studies, petrography and geochemical data provides new
geological insight into the cyclicity and stacking patterns and depositional environments of the
Dam Formation in Al-Lidam Area. This study may help improve our understanding mixed
carbonate-siliciclastic systems, especially Dam Formation. The seventeen lithofacies identified
in this study suggest more detailed documentation on, their vertical relationship and presence of
skeletal banks and estuarine as additional subenvironments in the different outcrops. The ooids
found to be in sheets associated with stromatolites. They do not form shoals and are concentrated
within the algal laminas. The modern analogue exists in the Hamelin Pool of Western Australia.
There are unconformities within the Dam Formation succession. It comprises of one composite
sequence, where the lower part was deposited in inner neritic zone and the upper part was
deposited in tidal flat environment. The Dam Formation exposed in Al-Lidam area is more
characteristic mixed carbonate and siliciclastic succession. In Qatar it is dominated by carbonate
and evaporites(Al-Saad et al., 2002). On the basis of the present study, the succession in Qatar,
seem to be more distal and subjected to carbonate deposition. The Al-Lidam area is relatively
proximal as evident by the presence of mixed carbonate-siliciclastic facies in the studied
outcrops. The lithofacies here present more variety, cyclicity and stacking patterns. The outcrops
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in north are dominated by tidal flat deposits are even more proximal than those in the more distal
ones in the south, dominated by skeletal packstone interbeds.
The occurrence of evaporites in Qatar indicates more arid condition leading to the
existence of sabkha environment is also indicated by the presence of gypsum and celestite in the
Dam succession. However, the evaporites minerals do exist in the tidal flat facies of the Dam in
the study are not much dominant. The presence of stromatolites, red mudstone, mud cracks and
rootlets indicate the existence of arid climatic conditions during the time of deposition of the
succession. According to Al-Saad (2002) the Dam was deposited in very shallow tidal flat setting
under warm climatic conditions. The lithofacies identified in our study area, however, suggest
more variety of depositional environments ranging from supratidal, tidal flats, intertidal, skeletal
banks to distal. This shows the Dam Formation was deposited under a range of water depths, and
also about variety of sub-environments and their interrelationship in terms of vertical stacking
and cyclicity.
The carbonate geobodies are important in this aspect as they aid in the identifying the
depositional elements and environment of deposition(Köhrer et al., 2011). The skeletal banks are
present as lenses which help in the interpretation of carbonate skeletal banks. The ooids occurred
as sheets along with stromatolites instead of created the oolitic shoals and creating any barrier.
Instead the small skeletal banks were creating barrier and led to the deposition of wackestone
and mudstone facies in the intertidal zone shoreward from them. The ooid sheet shifting pattern
is observed from successive composite sequences towards the shore(Irtem, 1987). A similar
pattern observed for skeletal bank lenses shows the changing sea-level and its control on the
individual sequence and facies.
On the basis of these facies, the Dam is described to have been deposited in a restricted
environment. This interpretation was based on the dominance of gypsum and evaporite minerals.
But the occurrences of shelly packstone and stromatolitic limestone indicate skeletal banks and
intertidal conditions respectively (Tleel, 1973). The diagenetic history includes dolomitization
and meteoric leaching (Tleel, 1973). These finding are in agreement with our work, as extensive
leaching has been observed in some of the facies where entire bivalves and ooids were
completely dissolved. The outcrop-25 indicates crystalline dolomite in crystalline limestone
95

facies. This facies is only restricted to outcrops in north which probably indicate proximity to the
inland waters which were responsible for this transformation.
The depositional environment ranges from terrestrial to open marine setting (Weijermars,
1999). Several of the facies identified in this study are available in above listed facies. This
setting is very similar to our study area, except the report of channelized sandstone facies which
marks the unconformity in our study area. Deposition in case of Jeribe Formation (Iraq) seems
continuous with small breaks as indicated by paleosols, and the locations were located on same
ramp with subtle topographic variations (Al-Ameri et al., 2011).
Moghaddam et al. (2006) found four upward shallowing cycles in Asmari Formation in
Iran and ten lithofacies. The upper Asmari is an equivalent of the Dam its lithofacies included by
Planktonic forman-bearing mud-wackestone(outer slope to basin), bioclastic-rich planktonic
foram bearing wacke-packstone(outer slope), Planktonic foram-bioclastic rich nummulitid
wacke-packstone (slope), nummulitid bearing bioclastic-coral wackestone to packstone(upper
slope),

bioclastic

grainstone(shoal,

platform

margin),

foram-coral-bioclastic

pack-

grainstone(platform margin towards lagoon), bioclastic rich miliolid-borelisid wackestone to
packstone(shelf lagoon), miliolid-intraclast-bioclast packstone to grainstone(restricted lagoon),
mudstone

containing

shell

fragments(restricted

lagoon),

and

stromatolites

bearing

boundstone(low intertidal to supratidal). According to the authors the whole succession was
deposited on a ramp. The basin and slope of the environment was separated from the lagoon by a
shelf margin. Sequence stratigraphically the Asmari Formation is divided in to four episodes of
shallowing and deepening upward(Moghaddam et al., 2006). Numerous facies identified in this
study are similar to Asmari, but their work seems to be more aligned to foraminfera and
biostratigraphy. The sequence boundaries between composite sequences were identified using
stromatolitic boundstone. However, there is no report of rootlet bearing paleosols, mudrocks and
channelized sandstone in the work, which makes us make interpret that the Asmari Formation
was more distal as compared to its equivalent Dam. Also as indicated by the above listed
sedimentary features, the environment of the Asmari Formation was less arid than that of the
Dam.
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These observations are in agreement with AlKhaldi et al., (2014) work which examined
the effects of glacio-eustasy during moderate Antarctic glaciations. They suggested that the
updip sections of the Dam Formation are dominated by siliciclastic sediments grading downdip
into carbonates under semi-arid and locally hypersaline conditions and that the subsidence rates
were slower than in the proximal foredeeps in Iran. These conditions resulted in the formation of
paleosols near the sequence boundaries in the Hadrukh and Dam Formations. These subsidence
rates were even reflected at scale of composite sequence as the sequence boundaries are marked
by channelized sandstone overlying paleosols.
Several of the sedimentary features found in their study are recorded in of the facies,
identified in this study. The development of stromatolites is seen in outcrop 6 and 7. The
important addition to this study is that these stromatolites are not present as extensive sheet. The
reason could be due to the influx of clastic sediments which inhibited the growth of stromatolites
on whole the Lidam area. However, there are two episodes noted for stromatolites growth in the
area. The first one is observed in Composite Sequence-2 between Outcrops 6, 7 and 10. The
second event is in Composite sequence-4. The lithofacies identified in this study suggest more
details, as five outcrops are correlated on the basis of facies described and show more distal
facies in SE while more proximal facies in NW.
The 2D-Correlation is very helpful in deciphering the Composite sequences present in the
study area. First, the sequences are broken down along sequence boundaries and then the
numbers of cycles used for correlation, helps in the identification of the composite sequence and
their lateral continuity. On this basis, four composite sequences were identified. The
identification based on the stacking patterns and three sequence boundaries. The basis for putting
this sequence follows facies lateral and vertical relationship, geometry, number of cycles and
sequence boundaries.

These sequences are more extensive, the sequence starts with

wackestone/mudstone facies and is capped by oolitic grainstone facies. The channelized erosive
sandstone deposited over paleosols and then continued to the TST. The presence of mudstone
and wackestone marks the presence of MFS and after that the HST starts and these are topped by
oolitic grainstone bodies. Our criteria for making these observations include variation in sealevel, wave base, presence or absence of stromatolites, and ooids.
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6.1.2. Conceptual Depositional Environment:
The seventeen identified in the study are the facies skeletal coated skeletal grainstone
(Csg), coated bioclastic grainstone (Cbg), peloidal bioclastic wackestone (Pbw), bioclastic
peloids packstone (Bpp), ooid grainstone (Og), micritised ooid peloidal grainstone (Mpg), Sandy
peloidal skeletal grainstone (Spg), dolomitized skeletal wackestone (Dsw), formaniferal peloidal
grainstone (Fpg), Sandy peloidal grainstone-packstone (Spgp), peloidal packstone (Pp), Sandy
peloidal packstone(Spep), quartzose fine-medium sandstone (Qfs), miliolid peloidal packstone to
wackestone (Mpw), calcareous fine sandstone (Cfs), paleosols (Ps) and mud cracked siltstone
mudstone facies (Msm).
The grain contents and sedimentary structures of Coated Skeletal Grainstone (Csg) facies
indicate it was deposited by high energy and agitation within skeletal banks which occur within a
shoreface environment(Figure 6.2). These conditions are often met where a change in energy
conditions of the basin coincides with the tidal or wave action (Scholle, 1983). The increase in
skeletal fragments from south to north suggests the presence of main skeletal bodies in the north
at the time of deposition (Flugel, 2004; Figure-6.2). Modern examples probably include skeletal
banks in the south Florida platform area (Bears, 1962).
The grain content and sedimentary structures of Coated bioclastic grainstone (Cbg) facies
indicate it was deposited in high energy, within skeletal banks which occur within occur within a
shoreface environment. The occurrence of grainstone texture indicates that there was no
protection at the time of deposition due to the absence of carbonate mud (Figure-6.2).
Peloidal Burrowed Wackestone (Pbw) facies is, interpreted to be deposited in more distal
environments is than that of the coated skeletal grainstones and ooid grainstones, in low energy
environment probably in a shallow subtidal. This interpretation is also supported by the matrix
that is formed by peloids, and its stratigraphic position above the tidal flats facies (Flugel, 2004).
Possible Modern day analogue is peloidal grainstone at the Hamelin pool, in Shark Bay
(Hoffman, 1976).
Bioclastic peloidal grain-dominated packstone (Bpp) Facies is interpreted to have been
deposited by fluctuations of fair wave weather base. The presence of quartz particles and broken
shells indicates high energy waves while the packstone fabric was likely produced by relatively
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moderate to high energy at the wave base (Figure 6.2; Flügel, 2004). Facies is interpreted as a
transitional between carbonate banks and tidal flat (Figure6.2). Facies occur in upward
shallowing cycles. The presence of intraclasts (skeletal and quartz bearing) in facies indicates
erosion of some preexisting sheet and its proximity to the source area, as no such clasts are found
in distal outcrops.
The Ooid grainstone (Og) facies marks the development in oolitic shoals is very typical
of the Dam Formation. The environment of deposition of the facies is interpreted as intertidal
(Figure 6.2;Scholle, 1983).The oolitic sheets along with some foraminfera and skeletal were
once a part of large sheets blanketing the region. This facies marks the top of the cycle that
started with the deposition of micritised mud. The skeletal grains are characterized by clean
appearance which was likely formed in agitated water under high energy conditions such as an
intertidal environment and nearshore where waves and currents have strong effect (Flugel, 2004).
On the basis of sedimentological observations the environment of deposition is sub tidal to
intertidal (Scholle, 1983).Possible Modern day analogue is the Joulters ooid sand shoals in the
Great Bahamas Bank that occurs as sheets controlled by winds(Harris, 1984).
This Micritised oolitic peloidal grainstone (Mpg) facies provides the platform for skeletal
and oolitic skeletal facies to form (Figure 6.2). The environment of deposition of this facies is
interpreted as intertidal to carbonate banks (Scholle, 1983). Micritised ooid grainstone are
formed in subtidal to environments where the stromatolites were growing (Irtem, 1987).The
amount of quartz in this lithofacies would suggest that it was deposited in more distal
environment (landward) than the pure oolitic grainstone where there is little or no quartz. The
closely to land allowed for influx of clastic detritus. The repeating patterns of lithofacies suggest
that the sedimentation was cyclic (Grammer et al., 2005). The ooids are micritised, medium
grain ooids occurred at base and fine grain ooids at top. The possible modern day environment
with similar depositional setting to this facies is found in the Shark bay (Flugel, 2004). The
presence of cross-bedding suggests prevalence of high energy at varying depths.
In Sandy peloidal skeletal grainstone (Spg) the quartz particles and broken shells indicate
high energy waves while the grainstone was likely produced by relatively high energy at fair
weather base(Flugel, 2004). The depositional environment for this facies is transitional between
carbonate banks and tidal flat. This facies occur in upward shallowing cycles. This interpretation
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is also strengthened by the presence of intraclasts in this facies that indicates erosion of some
preexisting sheet and its proximity to the source area, as no such clasts are to be found in distal
outcrops. Possible modern analogue is peloidal skeletal grainstone of south Florida Banks
(Bears, 1962).
In the Dolomitic Skeletal Wackestone (Dsw) crystals seem to be resultant of
recrystalization of carbonate mud during diagenesis. The dull appearance of samples from the
facies also favors this interpretation. The rock is composed almost of crystals and fine mud and it
means deposition in a low energy substrate (Figure-6.2). Deposition is similar to clastic
mudstone. The mud starts aragonite needles of 5 to 10 microns in length and formed by
calcareous algae (Flugel, 2004). Modern example for carbonate mud deposition exists in the
internal part of the Florida Bay Lagoon (Bears, 1962). The occurrence of Borelis melo melo
(Figure-6.1) places in Lower part of Dam Formation exposed at Outcrop-25 shows that it is
equivalent to the Al-Nakash Member of Dam in Qatar (Al-Saad el al, 2002).

a
Figure 6.1. Photomicrograph of Borelis melo melo in Dsw (Dolomitic skeletal wackestone)
facies.
The sedimentary structures and grain size of Foraminiferal peloidal grainstone (Fpg)
facies indicates high energy, below the fair weather wave base. This facies is thought to be
deposited in skeletal banks. This interpretation is strengthened by the absence of carbonate mud
and grain dominated nature of this facies (Figure-6.2; Scholle, 1983).Karstification is important
feature for identifying break in deposition. The karstified grainstone and it is overlain by tidal
flat shales, show the presence of early diagenetic process and subaerial exposure, by occurrence
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of crystal silts and prismatic cements (Flugel, 2004). The outcrop section is dominated by
blackened limestone structure for example and alveolar textures (Figure 4.10a) are also found in
this facies (Nakazawa et al., 2004). The alveolar texture is formed by penetration of rootlets in
sediments, which cause micritization of adjacent channels (Curran, 1995). The overlying tidal
flat deposit is 1 meter thick and is a clastic unit.
Sandy Peloidal packstone (Spep) represents as laminated and is interpreted as intertidal to
subtidal environment (Figure-6.2). The presence of some intraclasts indicates storm reworking.
On the basis of presence of shells and grain supported fabric this facies is interpreted to be
deposited in subtidal to intertidal (Flugel, 2004; Scholle, 1983).On the basis of sedimentary
structures(contorted bedding and bioturbations), the environment of deposition of Peloidal
packstone (Pp) interpreted as tidal flat (Scholle, 1983).The grain size and sedimentary structure
of this facies indicates low to medium depositional energy below the fair weather wave base, this
facies is thought be deposited in tidal flats. Modern day example possibly includes South Florida,
where mud is accumulated by physical layered sedimentation of packstone and creates mounds
(Bears, 1962).
The sedimentary structures in sandy peloidal packstone (Marl) (Spep)show wave or
current that alternate with slack water. The texture and sedimentary structure indicates deposition
was under the supratidal conditions (Figure 6.2;Flugel, 2004).
During this time, the carbonate sediments were diluted due influx and the abundance of clastic
sediments. The presence of mudcracks suggests that the deposition took place under dry and
warm conditions (Scholle, 1983). Modern analogue of tidal flat environment is Trucial coast of
Abu Dhabi (Al-Sharhan et al., 2002).The glossifungites reflects medium energy and semiconsolidated substrate at the time of Fine to medium Quartz Sandstone (Qfs) facies deposition.
This trace fossil indicates firm ground, in tidal flat to estuarine zones. The intraclasts at base
result of flooding at the base. (Figure 6.2).
The fine to medium grained quartz particles, orthoclase and clays are important
constituents of Qfs facies. The porosity ranges in this facies from less than 3% (Figure 4.14b).
XRD analysis shows that the, this facies is composed of more than 95% quartz and accessory
minerals. Grains are closely packed and dominant cement type is quartz overgrowth (Figure
4.14b). The grain size ranges from fine to medium sand size. The particles are poorly sorted.
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SEM image show quartz grains at 100 microns, note the quartz grains are also coated by clay
minerals probably palygorskite which favors our interpretation of removing preexisting
sediments and redepositing them again(Figure 4.14g). The EDS yellow curve represent high Si is
due to abundance of quartz (Figure-4.14f). The facies is cross-bedded in places and massive in
some other part. The cross beds may have been well preserved where the facies shows little or no
bioturbations in the northern outcrops. The massive nature of the beds suggests rapid deposition.
While the presence of mudstone suggests deposits as when the sandstone was restricted to an off
shore transition zone. The deposition might have taken place under unidirectional currents. The
presence of glossifungites shows semi consolidated substrate. Based on the lithology and
sedimentary structure the sandstone is estuarine in nature (Bressan et al., 2009).
These inclined heterolithic stratifications(IHS) are indicator of estuarine point bars and
are built as a result of vertical and lateral accretion in subtidal environment. The modern day
analogue is Modern Estuarine channel in Willapa Bay, Washington (Schoengut, 2011). The
variation in thickness of this IHS sets is regarded to change due to fluctuation of tidal currents,
the increase in sand unit as compared to mud unit thickness in south is indicator of high energy
and sedimentation rates, and this is indicator of subtidal conditions. The increase in mud content
and increase in bioturbations indicates low energy and slow sedimentation rates. The other
interpretation could be upper portion of the facies is exposed.
The texture and sedimentary structure in Miliolid Peloidal Packstone-Wackestone (Mpw)
facies indicates deposition in tidal flat (Flugel, 2004; Figure 6.2). During this time the carbonate
sediments were abundant and absence of clastic sediments. The deposition took place under dry
and warm conditions as is witnessed by the presence of mudcracks (Scholle, 1983). Modern
analogue of this facies is in tidal flat environment is Trucial coast of Abu Dhabi (Al-Sharhan et
al., 2002).
This Calcareous Fine Sandstone (Cfs) is calcareous in nature and is devoid of any trace
fossils. The prominent sedimentary structure in this facies is cross bedding (Figure 4.14a). The
overall geometry of the facies is channel shaped and it appears to be a valley fill (Figure 4.14b).
The thick bedded nature of the facies suggests the possibility of a rapid deposition (Figure 6.2).
The presence of mudstone interbeds within the thick sandstone bodylenses suggests intermittent
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episodes of low energy. Based on the lithology and sedimentary structure the sandstone is
estuarine to tidal flat deposited (Bressan et al., 2009).
During the time of Paleosols (PS) deposition the carbonate sediments were absent and
were characterized by the abundance of clastic sediments. The deposition took place under dry
and warm conditions as is witnessed by the presence of mudcracks. These paleosols are
weathered overbank deposits and consist of rootlets that show topsoil. The paleosols facies in the
cycle boundaries above are similar but are more like weathered in to sandstone channels above in
the stratigraphic section. These show oxidation and depletion of iron, which include rootlets and
haloes. The iron depletion indicates high water table and poor drainage in the area (Prochnow,
2005).On the basis of sedimentary structures like mud cracks and bioturbations show exposure at
the time (Scholle, 1983).
The fibers seen in the SEM image (Figure 4.17b), are palygorskite covered almost all
small grains as envelopes in a very similar way as the micrite covers most carbonate grains. Its
occurrence shows fluctuation between dry land and lacustrine lake, as is seen in the Neogene
paleolakes of Kalahari basin, South Africa (Botha et al., 1992). The XRD analysis also shows
presence of Palygorskite along with peaks of quartz (Figure 4.17c).
The presence of mud-cracks and evaporite minerals (gypsum and anhydrite) in the form of
nodules, in this Mud cracked siltstone and mudstone facies (Msm) facies shows features
characteristic of arid tidal flat environment (Figure-6.2). The sedimentary structures in siltstone
beds show setting of wave or current action that alternate with slack water.
In depositional model, these facies are placed according to the level of deposition energy.
The lowermost facies represents high deposition energy while the uppermost represents low
deposition energy (Figure-6.2). Despite the dissolution of the skeletal and oolitic grains in the
Dam Formation in Al-Lidam Area, the depositional fabrics are well preserved and permit
detailed facies analysis. The main environments identified on the basis of sedimentary structures,
grain types, vertical relationship and cyclicity are supratidal, tidal flats, intertidal, skeletal banks
and distal basin. The coated skeletal grainstone facies (Csg) and coated bioclastic grainstone
(Cbg), skeletal bank to proximal basin. Ooid grainstone (Og) and micritised ooid peloidal
grainstone (Mpg) indicates intertidal to skeletal bank, sandy peloidal skeletal grainstone
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facies(Spg) represents skeletal banks to intertidal setting. Peloids packstone (Pp) corresponds to
intertidal, to proximal basin. Paleosols facies (Ps) signifies supratidal and subaerial exposure.
Bioturbated quartz sandstone with mudstone facies(Qfs) and calcareous sandstone (Cfs) were
deposited in tidal flat and estuarine, Peloidal burrowed wackestone (Pbw) and bioclastic peloidal
packstone indicates intertidal to skeletal banks while the foraminiferal grain-packstone
facies(Fgp) supratidal to tidal flat, miliolid peloidal packstone wackestone (Mpw), Marl and mud
crack marl represent tidal flat environment (Msm) indicate tidal flat. The peloidal grainstone
facies (Pgp) represents skeletal bank to proximal basin and skeletal wackestone shows intertidal
to tidal flat setting (Schlager, 2005). The shallowest facies is paleosols that passes laterally in to
tidal flat mudcracked and bioturbated facies. The ooids and peloidal facies are the next facies
that represents intertidal environment, skeletal are next to come along with carbonate banks. The
skeletal oolitic occurs adjacent to the environment of tidal flat grades into carbonate banks
(Carozzi, 1989; Walker et a., 1992).
Mostly proximal facies are commonly of muddy texture and reddish colour. These are
marked by subaerial exposures such as karstification, paleosols, mudcracks and rootlets and are
recognized as supratidal deposits. The blackened karstified foram grainstone-packstone was
partly deposited tidal flat setting close to the shoreface(Franseen et al., 1996; Walker et a., 1992).
The bioturbated sandstone containing mud interbeds and rich in ichnofacies of glossifungites,
was deposited in estuarine to tidal flat setting. It is important to note that the facies of low energy
setting are of muddy texture and are commonly bioturbated. Tidal flat facies is composed of
shales and fine grain clastic sediments, mudcracked and abundant rootlets, white to light grey
colour, were deposited in tidal flat environment, with small exposure episodes represented by
mud cracks. Skeletal wackestone facies with the most of its texture altered due to dolomitization
was deposited in sheltered environment of tidal flat. It was likely a skeletal mudstone to
wackestone was dolomitized to form crystalline dolomitic limestone, as few skeletal moulds
could be seen under the thin section. As we move from proximal to distal setting with more
energy, facies become more grain dominated. Ooid grainstone and micritised ooid grainstone
with sharp bases and cross bedding are interpreted as moderate energy intertidal to skeletal banks

104

environment. This depositional environment contains stromatolitic heads and digitates with
peloids. The sandy peloidal packstone was also deposited near the intertidal setting (Figure-6.2).
The stromatolites as described by Irtem (1987) occur as thin sheets of ooids. Distally, we
are near the skeletal banks environment, here the deposition energy is moderate to high. The
sandy skeletal grain-packstone facies was deposited here. The presence of quartz indicates influx
of clastic sediments carried by winds in to the environment. This interpretation is made on the
small size of quartz grains and their uniform size. The distal facies are light to dark brown in
colour and bioturbated, are comprised of few skeletal particles passed from skeletal banks to
proximal basin setting. This coated skeletal grainstone, while more offshore the peloidal
quartzose wackestone mudstone was deposited.
The cyclic alterations of muddy proximal and grainy distal facies are well exposed in
outcrops, weathering outlines. Muddy interval, that is more prone to weathering conditions
(Schlager, 2005). These beds form recessive units in the outcrops. In contrary, the grainy units
are more weathering resistant and form persistent cliffs. Following the (Figure-1.6)AlKhaldi
(2009) for work on an outcrop (Outcrop-5) in the Lidam area, the grainy dominated cross-bedded
intertidal oolitic grainstone represents the top of the cycle, and marks the base of a new cycle.
Rooted and mudcracked tidal flats marks the fall in sea-level. The paleosols and channelized
sandstone facies are important for high resolution stratigraphic interpretation and used to
delineate sequence boundaries in Dam Formation.
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Figure.6.2. Depositional model for the mixed carbonate-siliciclastic Miocene Dam Formation, Al-Lidam Area, Eastern Province,
Saudi Arabia. The outcrops in the south are rich in carbonate while the outcrops in north are dominantly characterized by siliciclastic
sediments. Bioturbated sandstone channels bypassed the proximal inner ramp and transported the material on distal inner ramp. This
bioturbated sandstone marks the sequence boundaries and is very useful for correlation across the NS-Transect.
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6.1.3. Lithofacies Geometry
6.1.3.1. Carbonate Geobodies
Measuring dimensions, shapes and orientations of geobodies provides us with
quantitative data for characterizing the facies heterogeneity. Characterization of carbonate
geobodies is important as they reflect the controlling factors on carbonate depositional
environments (Table-4.1.; Jung, 2012).
6.1.3.2. Carbonate Geobodies Types
Carbonate geobodies are identified based on data that were obtained from facies mosaics, high
resolution model and modern day carbonate environments. Based on these criteria, three
carbonate geobodies were identified. These are sheets, lens and channel bodies.
6.1.3.3. Sheet Geobodies
This type of geometry is presented by the tidal flats, wackestone to mudstone and ooid
grainstone along with stromatolites. As a result of terrigenous influx into the basin, the
stromatolites were not able to grow over the whole area (Figure-6.3). The ooids did not forming
carbonate shoals. They ooids are present with stromatolites as suggested by Irtem (1987). The
siltstone and mudstone lithofacies (tidal flats) are the dominant facies outcrops 25 and 26 located
in the proximal part of the studied transect. These tidal flats occur as sheets that in the northern
part and they serve as important ingredient of CS-4 and CS-5. The bioturbated wackestone and
mudstone facies show marine setting and are distally located with respect to the Al-Lidam Area
towards the Arabian Gulf. These are important as they mark the marine transgression and are
also to place the MFS and used to separate HST and TST. The sheet geometry is easily
recognizable it is 3.5 kilometer long, 10 meters wide and the height is normally about 3 meters.
6.1.3.4. Lens Geobodies
This type of geometry is presented by skeletal grainstone. The lens shaped skeletal banks are
build up of bivalves, gastropods and skeletal fragments (Figure-6.4). These are home to tides and
waves action, and form a relatively shallow sheltered environment. The facies with lens
geometry are good in terms of porosity as they have large clasts that have been completely
dissolved and provide good reservoir target. The lens skeletal geobodies are shifting towards the
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Table-6.1. Summary of Facies, environment of deposition, dimensions and geometry of
geobodies(X=Length, Y=Width, Z=Height).

shore as the Dam Formation passes from older to younger sequences. So the skeletal banks
geometry is very much prone to sea level change and thus they provide important observation for
changing sea level. This observation could only be met when we recognize the geometry from
mesoscale to macroscopic heterogeneity. The skeletal banks which are present in almost all
outcrops, these are dominant in the relatively distal facies. They are present in abundance in
Outcrops-7, 6, 10. These provide important horizon for correlation chart. The lens shape
geobodies are 1km long. The height reaches up to 1.5m. The skeletal banks lens geobodies mark
the top of cycles in absence of oolitic sheets as can be seen in CS-1 and CS-2. It is not present in
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CS-3 and CS-4, as these are dominated by tidal flats. The idea of knowing the geometry is
important for reservoir modelers to model skeletal banks and make interpretations on this data.
6.1.3.3. Channel Geobodies
This type of geometry is presented by channelized sandstone facies (Figure-6.5).Though, some
quartz sand occurs in sandy limestone, only the pure sandstone form channelized geobodies.
These geobodies are present all over the area, can be easily recognized on facies mosaic of high
resolution stratigraphic model some peloids are found in the zone where the channelized
sandstone starts, which marks erosion of older existing facies before deposition of the sandstone.
However, few broken shells dissolved in moulds are also present.
The sandstone geobodies are variable in porosity. The base channel lag is rich in clasts and is
good in porosity (10-15%), but as the channels type which is characterized by fining upward
trend shows, a decrease in porosity upwards(3-5%). The sections in north, however, show good
porosity values.
The sandstone facies needs to be mapped in more detail to decipher its chances as a target for
reservoir, as the sandstone in outcrop is very friable and shows good porosity. There are two
channel geobodies present in Outcrops-6, 7 and are pinched out in 10. This probably the
depositional condition in which the distal areas in the environment were under more sea level
changes. However, the presence of packstone body in two channels in Outcrop-6 that indicates a
short episode of carbonate deposition. This geometry is present from mesoscale to macroscopic
scale and provides the significance of heterogeneity on different scales. The channelized
sandstone is which is normally stacked on top of paleosols serves as a sequence boundary. There
are sandstone bodies that are present in channelized geobodies form but do not represent
sequence boundary. These forms are part of tidal flat sequence as seen in CS-3 and CS-4. These
geobodies which are about km in length, 15 meters in wide and 2m in height. The sandstone
geobodies are more dominant in distal Outcrops-6 and 7. This shows their estuarine nature. The
thickness of these bodies in CS-2 is larger than the thickness in preceding sequences. There are
stacked channels in proximal areas relative to sea-level change and are proximally located with
respect to the Arabian Gulf.
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Figure-6.3. Sheet Geobodies, as seen in Facies mosaic, dimensions, 2D-Correlation chart and their shapes. It is represented by
bioturbated wackestone to mudstone, ooid grainstone with stromatolites and tidal flats.
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Figure-6.4.Lens Geobodies, as seen in Facies mosaic, dimensions 2D-Correlation chart and their shapes. It is represented by skeletal
grainstone facies.
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The data collected here is an example of the usefulness of outcrop observations for reservoir
engineers. The quantitative data on outcrop is important for deterministic as well as stochastic
reservoir facies models. The data can be used for reservoir modelling. However, the collection of
such data is very time consuming and hard in the field. We can also use satellite images as well
as the facies mosaic to collect the data for facies geometries and spatial distribution. The
classification used here was adopted from Jung et al., (2012).
For example, a mound can amalgamate to form mound ridges which will then fall in bar shape
category. However, the classification used here can be modified, when we have more and more
case studies and understand their interrelationship. New shapes can be added and some overlap
can be removed.
This type of work invites people related to reservoir engineering and geostatistics to come and
work together with geoscientists. However, more it can be more useful if we use reservoir
analogue software to map high resolution images and provide more precise estimate of deposhapes and interpretation. For further studies, porosity and permeability data can also be added to
prepare the dynamic reservoir facies model. The spatial distribution of depo-shapes is related to
sequence stratigraphy and locally acting forces. The individual geobodies are affected by local
controls. These controls involve accommodation space and sediment supply.
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Figure-6.5.Channel Geobodies, as seen in Facies mosaic, dimensions 2D-Correlation chart and their shapes. Represented by
Bioturbated channelized sandstone and tidal flats.
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6.1.4. Seismites
Seismites are sedimentary structures and beds deformed as a result of seismic trembling. This
term was introduced by a Seilacher in 1969 to describe the earthquake deformed beds. The
seismites are very useful to understand paleoseismiticity in the area. If we can sort out the age
and spatial distribution of these features the seismic hazard and recurrence interval can be
evaluated. The type and distribution of seismites depends upon the hydrodynamic,
sedimentologic, diagenetic characteristics of the deposits subjected to seismic shocks (Monttenat
et al., 2007). It occurs in peloidal packstone (Pp) facies in Outcrops-10 and 7.
Peloidal packstone in the outcrop occurs as tan to light grey color beds (Figure 4.12a). Facies
occurs below the peloids grainstone facies, in outcrop 7. The bed thickness ranges from 10 to
20cm and the facies thickness range from 0.5 to 1.5 m. This facies shows contorted bedding or
seismites in Outcrop-10.
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Figure 6.6. Field photograph showing characteristic feature of seismites, 1. Undeformed basal
beds, 2. Upturning of beds (sandy), 3. Fragments of disturbed beds swept by flow of liquefied
sediments. 4. Preservation of the depositional structures of deformed bed, 5. superficial flow of
ejected sediments. 6. Undeformed beds at top sealing the deformation.
114

This facies is also characterized by the presence of intraclasts in the cycles near top of
outcrop 10.The mechanism that produced sweeping of mud dominated facies and grain
dominated facies set out as fissures of the soil. In form of sand volcanoes, a detailed is discussed
in Fig.6.6. There are several volcanoes that seem to connect to single source fissure. They
dominantly develop in wet plains and occasionally in tidal flats environment. In cross-sectional
view the sand volcanoes show extrusive structures, the centrifugal movement of limbs. If the
disturbed beds are restored to its original position, which resulted from stretching of soft
sedimentary bed, before it was broken and was displaced and formed a sand volcano. It seems
that the soft sediments were subjected to ductile deformation before they broke off. The limbs
were overturned and were not subjected to flattening and compaction. The core of the volcano
shows fluidized structure due to extrusion of fluidized sediment (Mugnier et al., 2011). The
disturbed bed is sealed from top as seen in Fig6.6 (6). The deformed sedimentary sequence of
Dam including seismites is about 1.5 m thick and includes episodes of seismites, and each event
shows different type of deformation, depending upon the compaction and lithification of Dam
sediments.
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6.2. Facies Mosaic
Facies Mosaic for each outcrop was constructed (AlKhaldi, 2009) following the general
procedure listed below. The mosaic was developed using Coral Draw-13 software.


Segmented photos of each outcrop were acquired and merged to develop photomosaic.



High resolution close-up photos of each outcrop were obtained. Rocks separated from
talus on the slope.



Ensured that the image taken are not tilted and provided necessary overlap



A master log of each outcrop was constructed to document the major rock types.



High resolution description interpretation of the images was carried out in the field.



The sedimentary structures like cross bedding, lamination, fossil content and fractures
were document on the photographs.



Sequence boundaries, were marked based on bed contacts of high resolution images.



Carbonates were described based on Dunham Classification for limestone and siliciclastic
rocks based on QFL classification.



The parasequence of the cycles were based on shallowing upward trend in facies.



Measured sections were selected so they cover most of the facies and evenly distributed
on the outcrop.

6.2.1. Facies Outcrop-10
There are ten lithofacies identified in the Dam Formation in outcrop-10. The dominant
lithofacies are the foraminiferal grainstone to packstone facies, paleosols, channelized sandstone,
peloidal grainstone, oolitic grainstone and mud cracked siltstone and mudstone. The succession
starts with foram grainstone packstone which is characterized by shallowing upward trend to
oolitic grainstone facies. The shallowing upward trend continued until the ramp was exposed to
weathering. The estuarine conditions started with the deposition of bioturbated quartz fine
sandstone facies over the paleosols (Figure-6.7a, b, c). The deposition of the estuarine sandstone
was followed by a major transgression which led to the deposition of peloidal grainstone facies.
The grainstone which is characterized by a sequence is shallowing upward trend was topped by
crinkly laminated skeletal grainstone to packstone facies.
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The karstification feature below the oolitic grainstone facies marks a slight emergence and
exposure of the ramp. The oolitic grainstone facies shows small episode of deepening
upward(Figure-6.7a). The environment becomes shallower when the miliolid peloidal packstone
wackestone facies were deposited. The facies on the top are the commenced the beginning of
another cycle with a mudstone at base and an oolitic grainstone on top. The same cycle repeats
itself and the contorted structure in the skeletal grainstone to packstone facies marks the presence
of tidal flat environment in the sequence. The top of cycle is again marked by the presence of
oolitic grainstone with foraminfera assemblage. The next cycle starts with the skeletal packstone
and the introduction of carbonate banks and topped by grainstone having stromatolitic heads and
intraclasts. The cycle commenced with the tidal flat environment. The topmost cycle represents
the same as the previous but here amount of intraclasts. The porosity of the topmost facies oolitic
grainstone ranges from 20 to 30%. The shallower condition, the porosity is enhanced by the
dissolution of ooids and skeletal fragments. The mudstone beds are barriers as they show low
porosity values (<1%).
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Figure-6.7.a) Facies mosaic of outcrop 10 starts with skeletal grainstone and are abruptly overlain by paleosols and then by
channelized and erosive contact of sandstone that marks the sequence boundary. The carbonate succession is thicker here while sand
bodies are thick on southern side, which also depicts the architecture and geometry of carbonate geobodies present in Dam.
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Figure-6.7.b) Composite log of outcrop-10and please note that it is dominated by oolitic grainstone (Intertidal-subtidal), capped by
paleosols and quartz sandstone (estuarine), middle dominated by foraminiferal grainstone, peloidal grainstone packstone facies on the
top.
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c
Figure-6.7.c) Facies summary chart of outcrop-10, quartz sandstone, foraminfera grainstone,
ooid grainstone, micritized ooid peloidal grainstone, coated bioclastic grainstone, quartzose
mudstone and miliolid mudstone facies.
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6.2.2. Facies Outcrop-6
Eight lithofacies were identified in the in Outcrop-6 (Figure-4.15). The dominant lithofacies are
coated skeletal grainstone, micritized oolitic peloidal grainstone, sandy peloidal packstone,
foraminiferal grainstone to packstone, oolitic grainstone, paleosols, quartz sandstone and
peloidal grainstone-packstone. The succession started with the deposition of sandy peloidal
wackestone-mudstone that shallows upwards to foraminiferal grainstone (Figure-6.8).
The oolitic grainstone facies shows slight fining upwards trends. The next cycle commenced
with the deposition of sandy mudstone and capped by oolitic grainstone. Paleosols which marked
the top of the cycle is mudcracked and show the exposure of the ramp.
The top of this facies is marked by the occurrence of channelized sandstone facies. This also
marks the presence of a sequence boundary. The conditions became deep and again the ramp was
changed into a site of deposition of the sandy skeletal packstone facies. The top of the cycle is
again marked by the presence of oolitic grainstone with foraminiferal assemblage.
The next cycle started with the deposition of skeletal packstone and the introduction of carbonate
banks. It was topped by grainstone having stromatolitic heads and intraclasts. The cycle
commenced with the tidal flat environment. The topmost facies intraclastic peloids packstone
and oolitic grainstone which occur in four different cycles are characterized by porosity ranging
from 20 to40%.
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Figure-6.8. Facies Mosaic outcrop -6 is similar to outcrop 7, it differs in that there is a small carbonate deposition between the two
sequence boundaries.
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b

Figure-6.8.b) Composite log of outcrop-6, and dominated by skeletal and oolitic grainstone (Intertidal-subtidal), in middle by quartz
sandstone (estuarine) and paleosols, capped by oolitic grainstone facies on the top.
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Figure-6.8c) Facies summary chart of outcrop-6, foraminfera grainstone, ooid grainstone,
micritized ooid peloidal grainstone packstone, coated bioclastic grainstone and quartzose
mudstone facies.
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6.2.3. Facies Outcrop-7
There are seven lithofacies identified in the Dam Formation in Outcrop-7 (Figure-6.9). The
dominant lithofacies are burrowed wackestone facies, sandy peloidal packstone, foraminfera
grainstone to packstone, oolitic grainstone, paleosols, quartzose sandstone and bioclast peloidal
packstone. The facies identified in outcrop-7, the succession starts with Peloidal quartzose
wackestone mudstone which shallow upward foram grainstone. The next cycle began with the
deposition of skeletal packstone to grainstone facies.
The cycle is capped by the presence of oolitic grainstone facies. The oolitic grainstone facies
shows a slight fining upward trend. The next cycle commenced with the deposition of miliolid
mudstone and is capped by oolitic grainstone. The next facies is the paleosols lithofacies which
is characterized by mudcracked and shows exposure of the ramp. This facies is capped by the
presence of channelized sandstone facies. This also marks the presence of a sequence boundary.
The conditions became distal and again the ramp was changed in to a sight of peloidal grainpackstone facies. The top of the cycle is again marked by the presence of oolitic grainstone with
foraminfera assemblage. The porosity of topmost facies quartzose peloidal grainstone and oolitic
grainstone ranges from 25 to 40%. The porosity is enhanced by the dissolution of ooids and
skeletal fragments(Figure 4.6b).
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Figure-6.9.a) Facies mosaic of outcrop 7 starts with from the base as skeletal grainstone, the blank area marks the part of outcrop
which is covered, and then there are two yellow colour sand bodies above the red paleosols that mark the presence of subaerial
exposure and sequence boundary. At the top carbonates re-appear showing high stand conditions.
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Figure-6.9b) Composite log of outcrop-7, and dominated by skeletal and oolitic grainstone (Intertidal-subtidal), in middle by quartz
sandstone (estuarine) and paleosols, capped by peloidal grainstone packstone facies on the top (onset of carbonate deposition).
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c
Figure-6.9.c) Facies summary chart of outcrop-7, foraminfera grainstone, ooid grainstone,
micritized ooid peloidal grainstone packstone, coated bioclastic grainstone and quartzose
mudstone facies.
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6.2.4. Facies Outcrop-26
There are ten lithofacies identified in Outcrop-26(Figure-6.10). The dominant lithofacies in this
outcrop are mudcracked shale, calcareous sandstone, dolomitic skeletal wackestone, burrowed
wackestone, peloidal packstone grainstone, foraminiferal grainstone to packstone, oolitic
grainstone, paleosols, quartz sandstone and bioclastic peloidal packstone. The facies succession
commenced the deposition of sandy peloidal wackstone to mudstone facies which shallowed
upward to skeletal grainstone. The next cycle began with the deposition of foraminiferal
packstone-grainstone facies. The top is marked by the presence of crinkled lamination. Finning
upward trend is shown by foraminiferal grainstone. The deposition of sandy peloidal wackestone
mudstone commenced the next cycle within the succession. This is overlain by paleosols facies
which is characterized by mudcracks and shows evidence of ramp exposure. The facies is capped
by the presence of channelized sandstone facies which marks the presence of sequence boundary.
The cyclicity continue to repeat six times and are divided in mudstone dominated, interbedded
calcareous sandstone and mudstone and sandstone dominated facies near the middle of the
sequence. These facies are deposited in intertidal environment and show the presence and
cyclicity of tidal flat conditions in the basin. The conditions became distal and again the ramp
was changed in to a peloids packstone facies. This cycle was repeated twice. In terms of porosity
the topmost facies intraclastic oolitic grainstone has porosity ranging from 15 to 40%. The
porosity is directly related to shallower depositional conditions. The porosity is enhanced by the
dissolution of ooids. The sandstone intervals show 10 to 20% porosity range.
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Figure-6.10 a). Facies Mosaicoutcrop-26, notice abundance of siliciclastic facies as compared to
the carbonate facies, the sequence boundary is present just above the paleosols and the thick sand
bodies overlie these paleosols, the sandstone are covered on top by mudcracked shale, which are
overlain by skeletal packstone to grainstone showing highstand conditions,
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Figure-6.10b) Composite log of outcrop-26, dominated by quartz sandstone (estuarine) and mud cracked shales (tidal flats), and
capped by skeletal and oolitic grainstone (Intertidal-subtidal).
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Figure-6.10.c) Facies summary chart outcrop-26, mudcracked shale, calcareous sandstone, ooid
grainstone, peloidal grainstone packstone and marl facies.
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6.2.5.Facies Outcrop-25
Seven lithofacies identified in Outcrop-25(Figure-6.11).includes lithofacies are mudcracked
shale, calcareous sandstone, dolomitic skeletal wackestone, coated skeletal grainstone, peloidal
packstone grainstone, quartzose peloidal packstone, paleosols, and bioclast peloidal packstone.
The succession starts with the deposition of the sandy peloidal wackestone mudstone facies
which shallows upwards to foraminiferal grainstone. Fining upward trend is characteristic feature
of this facies. The next facies in the cycle is paleosols lithofacies which is characterized by
mudcracks and shows evidence of the ramp. The top of the cycle is truncated by incision of
channel sandstone facies. This also marks the presence of sequence boundary. The sedimentary
cyclicity repeats itself six times in the outcrop with mudstone dominated, mixed sand-mudstone
and sandstone dominated facies.
This cyclicity represents the dominance of tidal flat conditions in the basin at the time of
deposition. This interpretation is also applies to these facies in the Outcrop-25 and 26 which are
considered to have been deposited in proximal setting. The conditions became distal and again
the ramp was changed in to a deposition of bioclastic mudstone facies. This sedimentary cycle
was repeated two times. The top of the cycle is marked by the presence of mudcracked mudstone
beds. The next cycle started with the skeletal packstone and the introduction of carbonate banks
and topped by grainstone having stromatolitic heads and intraclasts. The cycle commenced with
the tidal flat environment. The porosity the topmost facies oolitic grainstone ranges from 10
to40%. The porosity is enhanced by dissolution of ooids and cement around them during
diagenesis at shallower conditions.
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Figure-6.11.a)Facies Mosaic Outcrop -25, similar to outcrop 26, outcrop 25 facies mosaic starts
with skeletal mudstone to packstone facies, the thickness of paleosols is decreased in here, and
sandstone bodies is just present over the sequence boundary, the sandstone are then interbedded
with mudcracked shale units, and on top the sequence is topped by highstand grainstone facies.
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Figure-6.11.b) Composite log of outcrop-25, the Outcrop is dominated by quartz sandstone (estuarine) and mud cracked shales (tidal
flats), and capped by skeletal and oolitic grainstone (Intertidal-subtidal).
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Figure-6.11. c) Facies summary chart Outcrop-25, mudcracked shale, calcareous sandstone,
coated bioclastic grainstone and marl facies.
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6.3. Lateral Facies Changes
Lateral facies changes within the 40m thick interval of mixed siliciclastic-carbonate
succession of Miocene Dam Formation, Al-Lidam Area, produces a mosaic pattern of laterally
continuous and discontinuous facies architecture. Dam is characterized by shallowing upward
cycles about 2 to 3 meters in thickness, and surfaces bounding the parasequences. The facies
mosaics are made bed by bed across the 3.47 km area and correlated to five sections along this
line (Figure-6.5). The parasequences are characterized by successive contact between successive
facies to be sharp but may pass laterally to gradational contacts. The facies having lens shape
geometry have extended less than 200m, passing laterally into other laterally adjacent facies. The
contacts between lateral facies of lens and sheet grainstone are transitional over a few meters.
The contacts between vertically placed facies are abrupt and sharp. Sequence boundaries
bounding sequences are generally erosive and sharp and show several tens of centimeters of
relief due to erosion over a short distance of few meters (Egenhoff, 1999). Most of the
parasequences extend over 1 km and are traceable and correlateable to nearby outcrops. The
stratigraphic relationship of Dam represents a model of lateral continuity of parasequence
surfaces is mostly related to variations in accommodation space. The lateral variation is generally
related to strongly effected by intrinsic dynamics of temporally and spatially heterogeneous
sediment production (Adams et al., 1996).Lateral continuity and correlation is based on detailed
analysis and interpretation of the five outcrops in the study area. The overall vertical succession
represents a gradually shallowing upward sequence(AlKhaldi,2009).The juxtaposition of facies
is based on the vertical relationship and occurrence of bioturbated channelized sandstone over
skeletal packstone facies from south to north. The Outcrop-10 shows the thickest carbonate
succession between the bioturbated sandstone and the formaniferal peloids grainstone facies
(Figure-6.5). Details of lateral facies change are evident even within the individual cycles along a
transect parallel to the depositional dip(Al-Saad.2002). The individual facies cycle in Outcrop 10
starts with the bioturbated mudstone and ends with oolitic grainstone facies. But in Outcrops 6
and 7, the more basinward the section muddier is starting with bioturbated mudstone and
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shallows up to skeletal packstone at the maximum. The distal inner ramp facies are dominated by
skeletal grainstone-packstone and peloidal grainstone(Eltom. 2013).
Petrographic observation on oolitic grainstone mostly decipher that the nuclei are made
of peloidal grains. The abundance of peloids increases as we move from Outcrop 10 to Outcrops6 and 7. The abundance of intraclasts in the lateral facies changes increases from south to north.
Further offshore from Outcrop-10,the packstone facies prevails as the mud content increases, the
skeletal content and depositional energy decreases. Still further offshore, the burrowed mudstone
or skeletal mudstones to wackstone with local crinkled algal laminations predominate. In the
algal laminites, the stromatolitic heads and skeletal grainstone and packstone form the matrix
between the heads. In general, the skeletal grainstone matrix is more common towards the top of
succession towards outcrop 10.
The Outcrop 10 starts with a basal skeletal oolitic packstone to grainstone facies which is
also present in Outcrop 6 above the skeletal grainstone facies, it is also present in outcrop 7
above skeletal packstone to grainstone facies having grapestones, in Outcrops-7 and 26 above
skeletal packstone facies. It is followed by the oolitic grainstone facies in Outcrop 10 and occurs
above skeletal oolitic grainstone to packstone facies in Outcrops-6 and 7. This is followed by
dolomitic skeletal wackestone facies in Outcrops-10 and 25(Figure-6.5).
The dolomitized skeletal wackestone facies is followed by calcareous medium to fine
grained sandstone facies in all outcrops and is the correlation marker bed. It is found just above
the skeletal packstone in Outcrops-6 and 7. It can be traced laterally along the NS-transect to
north this facies overlies dolomitized skeletal wackestone facies in Outcrop 25 and skeletal
packstone in outcrop 26. In Outcrops-25 and 26, the dominant facies are the sandstone and
mudstone facies. These lithologies are present in the form of interbedded sandstone and
mudstone facies, cross-bedded sandstone with mudstone intercalations, and mudstone with
sandstone interbeds. This mudstone with sandstone interbeds facies is followed by skeletal
mudstone facies in outcrop 10 and outcrop 7.
Mud cracked siltstone mudstone facies overlies the carbonate mudstone facies in
Outcrops-6 and 7(Figure-6.5). This is followed by oolitic foraminiferal grainstone to mudstone
facies but it occurs in other outcrops but at different cycle levels. It is found just below the
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skeletal oolitic grainstone facies in outcrop 7. Sandy peloids wackstone to mudstone facies it
occurs above the oolitic foraminiferal grainstone facies. It also occurs in outcrop 6 and 7.
Skeletal grainstone and skeletal intraclastic grainstone to packstone facies form the top of
Outcrop 10 and are traceable laterally from outcrop 6 to Outcrop 7, still further to Outcrops-25
and 26. In the other outcrop than 10, these facies are also dominated by peloidal grains (Figure6.5). By introduction of algal material in outcrop 25 and 26, while ooids incorporate in outcrop 7
and make it skeletal oolitic peloidal packstone to grainstone facies.
6.4. Palaeocurrent Direction
Orientation of well developed tabular sandstone cross-beds and skeletal oolitic grainstone
facies serve as palaeocurrent indicator for Dam Formation. The palaeocurrent data indicates a
general seaward direction to southeast and landward direction to the northwest (Figure6.12).This interpretation is in agreement with the regional Paleogeographic reconstruction of
Middle Miocene Shelf (Zeigler, 2001).However, more detailed measurements of these
outcropping palaeocurrent indicators over a broader part of Dam Formation would help in
paleoshoreline reconstruction. This would improve our understanding of shoreline heterogeneity
and variability of nearshore depositional lithofacies. The same sandstone were measured at 5
different locations, in AL-Lidam Area, the typical sandstone cross beds are around 70cm thick.
The same sandstone was measured at 5 different locations, around 3.4km apart. At all the
localities sandstone beds were consistently oriented N65W. However the oolitic grainstone beds
measured at all localities show N65E, suggests a direction towards NE.
These oolitic grainstone beds are interpreted to have been deposited along shoreline as a result of
wave energy dissipating across oolitic sheets, towards onshore (NW). These data sets, based on
sedimentary structures corroborate with previous data sets, interpretations are based with respect
to regional data (Figure-6.12).
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Figure-6.12. Palaeocurrent indicators in Middle Miocene Dam Formation, a) Bioturbated
sandstone facies, it dips to the north east and shows unimodal current direction to the N65W
in outcrop-10, b) Oolitic skeletal grainstone facies, the paleoflow direction N65E in outcrop10, c)Calcareous sandstone facies dipping 2-5° Northeast, paleoflow direction N30W in
outcrop 25,d) intraclastic packstone facies dipping 1-2° Northeast, paleoflow direction N10W
in outcrop 26(200x200cm), e) skeletal grainstone facies dipping 2-4° southeast, paleoflow
direction in outcrop-6, N45E, f) skeletal grainstone to packstone facies dipping 3-5°
southeast, paleoflow direction, N35E in outcrop-7.
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6.5. Geochemical Data
The geochemical analysis of the facies studied was carried out for detailed mineralogy and
elemental chemistry. All the samples we studied using XRD, SEM and EDS to determine their
mineralogy, grain morphology, type and elemental chemistry. The seventeen facies in the
outcrop sections (Figure-6.13) are divided into four groups, namely pure limestone group, sandy
limestone group, sandstone group and clay to sandy shale group.
Group-1 Pure limestone Group
Most of the carbonate facies are not pure carbonates. There is a percentage of quartz and clays in
them. The first group consists of facies rich in calcite (>95) and are called pure limestone group.
The facies belonging to this group include the micritic ooid peloidal grainstone (Mpg-2) oolitic
grainstone facies (Og-4), peloidal packstone (Pp-5), Sandy peloidal grainstone facies (Spg-11)
and sandy peloidal packstone facies (Spep-12).
Group-2 Sandy limestone Group
The second group sandy limestone group consists of facies rich in calcite but have appreciable
quartz content around (13%) are called sandy limestone group. There are four facies that fall in
this group. The facies parts of this group are the coated skeletal grainstone facies (Csg-1), sandy
peloidal skeletal grainstone facies (Spg-3), dolomitized skeletal wackestone facies (Dsw-8) and
foraminiferal grainstone packstone facies (Fgp-9).
Group-3 Sandstone Group
The sandstone group consists of facies rich in quartz (>97%) but have appreciable calcite (13%)
The facies part of this group is quartz fine sandstone with mudstone facies (Qfs-7)
Group-4 Clay to sandy shale Group
This fourth group, the clay to sandy shale group consists of facies rich in clay (52-86%) quartz
(48-13%). Two facies, paleosols facies (Ps-6) and mud cracked siltstone mudstone facies (Msm10) that fall within this group.
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Figure-6.13. Ternary diagram using Quartz, Clay and Calcite to classify the facies present in
Dam, the dominant are the pure limestone and sandy limestone groups, followed by clay and
sandy shale group and least is sandstone group. Please note that in this diagram calcite
(indicating carbonate, calcite+dolomite) (after Mason 1952; Trurekian 1968).
On the base of the classification, the following observations and interpretations are made:
The succession starts with coated skeletal grainstone facies (Csg-1, sandy limestone-skeletal
banks) and overlain by oolitic grainstone (pure limestone-intertidal) which is shallowing upward.
The topmost is marked by oolitic grainstone intertidal facies (pure limestone-intertidal). The
deposition starts with sandy limestone and passes on to pure limestone, which caps the cycles
and sequence. It also represents the total shutdown of quartz in the basin at the time of
deposition. The strata were exposed and saw the development of paleosols (Clay to sandy shale
Group-supratidal). The clay is dominated by palygorskite and illite. The palygorskite is a part of
pedogenic soil and is an integral part of soil profile. The shallowing upward trend continued until
the ramp was exposed to weathering. The estuarine conditions started with the deposition of
bioturbated sandstone lithofacies (Sandstone Group-estuarine). The sandstone group marks the
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abundance of quartz (97%), and a total shutdown in carbonate production. This is important in
sequence stratigraphy as the sandstone provides the base of the sequence. It marks the start of
TST, and gradually the sandstone passes in carbonate facies upward. The appearance of coated
skeletal grainstone facies (Csg-1) marks the presence of mfs, and gives way to HST.
The location was then covered by a transgressive sandstone part of the sandstone group facies.
Sandy peloidal skeletal pack-grainstone facies (Spg-3) part of sandy limestone (skeletal banks to
intertidal) facies suggests the start of carbonate deposition. The presence of carbonate dominance
marks the shallowing upward, and most of the cycles are capped by oolitic grainstone facies part
of pure limestone group. This facies is topped by crinkly laminated coated bioclastic grainstone
facies (sandy limestone-skeletal banks) on top.
The karstification feature in sandy limestone facies (Foram grain-packstone facies-skeletal
banks) just below the oolitic grainstone facies (limestone group-intertidal) marks slight
emergence and exposure of the ramp. The oolitic grainstone facies (pure limestone groupintertidal) show small episode of deepening upward and it is also strengthen by mineralogy as
more accommodation space is created for carbonate deposition.
The environment becomes shallower with deposition of clay to sandy shale Group member
rooted mudcracked siltstone and mudstone bed (tidal flat) deposited. This shows the influx of
clastic materials in to the basin, and absence of carbonate content at this level represents
emergence and strengthen by presence of mudcracks and rootlets. The facies on the top of
siltstone and mudstone bed (tidal flat) facies are the start of another cycle with coated skeletal
grainstone facies at base and oolitic grainstone on top. The same cycle repetition, the contorted
structure in the skeletal quartzose pack-grainstone facies (sandy limestone) marks the presence of
tidal flat environment in the succession. This contorted structure marks the seismic activity in the
area at the time of its deposition. The top of the cycle is again marked by the presence of oolitic
grainstone with foraminfera assemblage (pure limestone). The next cycle starts with the skeletal
packstone and introduction of carbonate banks and topped by peloidal grain-packstone facies
(sandy limestone) having stromatolitic heads and intraclasts. The input of quartz on top of these
cycles could be attributed to intraclasts and quartz particles attached to algal material in the
facies, and shows inter tidal flat environment. The topmost cycle represents the same as the
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previous but here intraclasts abundance increased and hence the sandy limestone content too
increases. The sandy shale and clay group are the least in terms of porosity as most of the pores
are occupied by illite and quartz grains are covered by palygorskite. Pure carbonate facies are
dominantly deposited in intertidal setting, while the sandy carbonate facies in skeletal banks,
sandstone facies in estuarine setting and clay and shale group mainly in supratidal to tidal flat
setting.
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Conclusion
The oolitic grainstone, micritised oolitic grainstone-packstone, dolomitic skeletal wackestone
and sandy peloidal grainstone to packstone facies occur as sheets and were deposited in intertidal
setting. Sandy peloidal skeletal grainstone characterized by lens geometry was deposited in
skeletal banks and the quartzose fine sandstone with channel geometry was deposited in estuarine
environment. The sequence boundary between the bioturbated sandstone and the skeletal
packstone is traceable across the whole outcrops and presents a good correlation tool. The
presence of palygorskite from paleosols facies indicates soil weathering and is very important for
identification of sequence boundaries in Dam. The Dam Formation is composed of four
composite sequences namely CS-1, CS-2, CS-3and CS-4. The CS-2 is further subdivided into
HFS-1 and HFS-2. The High frequency sequences are in turn subdivided into TST and HST
each. CS-1 the thickest part of all the sections is very distinctive bedset throughout the field area.
Skeletal packstone dominate the TST, while the oolitic grainstone dominant in the HST.HFS-1 is
composed of bioturbated sandstone that grades upwards into a skeletal mudstone to wackestone
facies. The HFS-2 starts with a skeletal packstone and is topped by skeletal to oolitic grainstone.
The north eastern sections of the Dam Formation in Lidam area show increase in percentage of
siliciclastic sediments in updip sections, while carbonates in downdip towards the south western
sections. Based on our results, the Dam Formation was deposited on a mixed carbonatesiliciclastic homoclinal ramp. The Outcrops 25 and 26 which are richer in siliciclastic than
carbonates might have been deposited in proximal inner ramp. The southern Outcrops 6, 7 and
10 are richer in carbonate than siliciclastic, were deposited in the distal inner ramp to proximal
mid ramp. The palaeocurrent direction of bioturbated sandstone shows N65E to N10E suggested
that the sandstone channels came from south. Carbonate geobodies and architecture data for Dam
Formation helped in interpreting depositional environment. The occurrence of microbial
lamination and crinkly laminated packstone to grainstone and presence of rootlet bearing
mudcracked siltstone and mudstone facies suggests arid climate. Rising sea-level placed the
siliciclastic sediments further north and allowed mixed carbonate-siliciclastic to form on
downdip under arid and locally hypersaline conditions.
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