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ABSTRACT

The present study is revealing the depositional facies, diagenetic overprints, reservoir
properties and source rock potential of middle to late Eocene Pirkoh Formation in Zindapir
Anticline of eastern Sulaiman Province, Dera Ghazi Khan, Pakistan. The microfacies analyses
of Pirkoh Formation is representing total fifteen microfacies (MF1-MF15) categorized in three
major facies assemblages i.e., inner, middle, and outer shelf based on their depositional setting
on carbonate platform. The facies assemblages are typical representative of Tethyan carbonate
shelf. The inner shelf facies are deposited on tidal setting (MF1), open lagoons (MF2), backreef
shelf (MF3), reef patch (MF4), forereef shelf (MF5-MF7). The middle shelf facies are
represented by (MF8-9) characterized by lime mudstone texture and low P/B ratio less than
5%, while the outer shelf facies are (MF10-15) consist of wackestone and packstone texture
display high P/B ratio greater than 90% with co-occurrence of extensive echinoid fragments
and large flat and well-preserved nummulites and orthophragminids in pelagic matrix. The
diagenesis overprints of the Pirkoh Formation are studied in chronological sequence from early
to late diagenetic stage. The early diagenetic stage is characterized by micritization, and
dolomitization in shallow marine setting, which is followed by the first generation isopachous
rim cementation during eogenesis. The mesogenetic phase of diagenesis display fabric selected
dissolution in vadose zone of meteoric regime, which is subsequently followed by precipitation
of blocky calcite cementation. The physical and mechanical compaction is found to be
significant in burial stage of diagenesis resulting to suture seems and selective dolomitization
along the fluid pattern. In the latest stage of diagenesis fracturing and telogenetic calcitization
take place during tectonicuplift of late Eocene. The depositional facies of the Pirkoh Formation
display reservoir potentiality index (RPI) as tight reservoir displaying air porosity (2.67 to 5.64
%) and air permeability (0.06 to 0.29 mD). The source rock results are indicating fear to good
quality, but immature source rock with good TOC (1.28 to 1.58 wt.%), indigenous
hydrocarbons, mix type II & III kerogen of more anoxic environment in pre-oil window. The
Pirkoh formation is secondary reservoir based on the high-density fractures at the outcrop scale

and can be a good source rock at certain depth of favorable thermal maturation.
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CHAPTER 1

INTRODUCTION

Carbonate rocks broadly classified as limestone and dolomite differentiated based on
their chemical composition i.e., CaCO3 and CaMg(CO3), respectively. The limestone can be
formed by the direct precipitation from concentrated fluids or may biologically evolve from
living organism termed as chemical and biologically formed limestone. Limestone mostly
formed in shallow depth warm water by the process of living organism to extract the calcium
from the marine for the growth of their shelly skeletal parts. The carbonaceous skeleton of
these organisms eventually precipitated along with the other constituents the allochemical
components such as detrital grains, peloids, lumps, and coated grains including ooids, pisoliths
and algal encrusted grains with cements and matrix formed the limestone with pore spaces,
throat geometry and interconnected network of wide spectrum in.different depositional and
diagenetic facies. The texture of limestone highly variform in the term of sedimentary
structures and fossils that give important information about the paleo marine environments,
paleoecology of that time and/or the progression of lives, principally the marine dwelling
organisms through geological time. The carbonate rocks precipitate more abundantly in various
geological periods i.e., during Devonian:till the late Paleozoic, further during the Jurassic and
the Cretaceous of Mesozoic era and Tertiary period of the Cenozoic era. Also, these rocks are
significantly recognizable since Precambrian and rest of the Phanerozoic eras (Greenlee et al.,
1993; Kiessling et al., 1999; Kiessling, 2002). The successions of carbonate rocks exhibited by
the Precambrian and Paleozoic bears mainly abundant of dolomite while that of Mesozoic and
Cenozoic is chiefly limestone.

The existence of carbonate rocks has great importance in stratigraphic successions as
half of the world’s hydrocarbon reserves are host by carbonate rocks. More precisely, the
statistics of proven hydrocarbon bearing deposits shows that almost half the hydrocarbons
productions from carbonate rocks, in which oil is 60% and gas is 40%, although these rocks
make only 20% of the sedimentary strata. In North America 80% of the hydrocarbon’s
reservoirs are in dolomite (Zenger et al., 1980); 50% of the carbonate reservoir in offshore
China (Zhao et al., 2010) are also hosted carbonate reservoirs. Thus, it yields considerable
volumes of fossil fuel resources. However, the hydrocarbons the carbonate reservoirs can be
followed by the fracturing as it is air tight if nonfractured and/or non-altered limestone (Davies

& Smith, 2006; Yoo et al., 2000; Coniglio et al., 1994; Middleton et al., 1993; Hurley &



Budros, 1990; Taylor & Sibley, 1986; Prouty, 1988). Besides, the carbonate rocks can also host
the ore bodies such skarn deposits, which also make it more valuable in the stratigraphic
succession.

The production of carbonate rocks is the interplay of various elements that includes the
tectonic stresses, eustasy, accommodation space, ocean water chemistry, temperature,
hydrodynamic regime, siliciclastic input, and the nature ecologies that produce the carbonate
skeletal material. The combine effect of all later factors that influence the production of
carbonate rocks has great impact on the different reservoir quality that vary from mudstone to
grainstone. However, the carbonate rocks are highly suspectable to diagenetic fluids which
make it suspicious irrespective of their recognizable depositional texture and display different
reservoir behavior. The carbonate rocks facies in the hydrocarbon reservoir are always
misleading in exploration and production due to multi face behavior that has been its part since
ever these facies are deposited and till influenced by diagenesis::As soonas the carbonate rocks
precipitated, it is eventually subject to shallow burial depth. Since the stage of initial burial and
before these rocks are subject to regime of metamorphism the.diagenesis actively influences
carbonate rocks, and in the various realm of the diagenesis carbonate sediments go through
various changes in their fabric, texture, composition, spore spaces, throat geometry and its
physical strength. Further changes .include,. chemical and mechanical compaction, the
precipitation of various cements cementation phases, dissolution, neomorphism, micritization,
and mineral replacement by dolomite (Lapponi et al., 2013).

The influence of diagenesis is varying from process to process and vary differently by
the same process. The'depositional imprints of carbonate rocks upon various diagenetic events
may destroy or enhance in the term of their reservoir quality while these processes operate in
any of diagenetic realm i.e., near surface marine, meteoric or the deep burial diagenetic realm.
The heterogeneities in carbonate rocks are very important to understand. Therefore, the
paragenetic sequence is important to be determined in the chronological order of their
respective environment. Which return correctly interpret various boundaries and the detail
pattern of depositional facies and their diagenetic fluences at various stages to successfully play
the evaluation of hydrocarbon prospects as a first and fundamental stage (Martin et al. 2013).
Additionally, the heterogeneities distribution of carbonate rocks is essentially controlled by
depositional lithofacies units, diagenetic imprints, and structural framework (Martin et al.,
2013).

Reservoir quality is important parameter to understand as it the key factor in the

effectiveness of a well (Taylor et al., 2010). Various authors (Mansurbeg et al., 2009;
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Deschamps et al., 2012; Lan et al., 2016; Zahid et al., 2016) show their interest in the
assessment of carbonate rocks’ reservoir quality, to understand the controlled by major factors
such as original depositional facies, diagenesis, and sequence stratigraphic. On other hand,
prior to diagenetic influence, structural and stratigraphic position of these the carbonates rocks
also influence the textural and reservoir characteristics of carbonate rocks as function of
variation in facies (Machel, 2004; 2005). The most important factor is the variation is
microfacies and the influence of various diagenetic processes that significantly affect the
reservoir quality (Machel and Mountjoy, 1986; Machel and Anderson, 1989; Machel and
Lucia, 2007; Buschkuehle, 2008 ; Ahr, 2008; Koehrer et al., 2010; Moore and Wade, 2013;
Daraei et al., 2014; Shen et al., 2015; Amel et al., 2015; Enayati-Bidgoli and Rahimpour-
Bonab, 2016; Beigi et al., 2017). The present study focuses on the detailed microfacies analysis,
diagenesis, reservoir and source quality of the Pirkoh Formation in Zindapir Anticline, Dera

Ghazi Khan, Central indus basin, Pakistan.

1.1 Location and Accessibility of the Study Area/Studied Section

The area of interest for research purposes make part' Dera Ghazi Khan is located in the
Punjab province of Pakistan. The Zindapir section is accessible through following Zindapir
shrine route through streams, undeveloped road .and local tracks covering distance up 60 km
from Shadan Lund to Zindapir section, while the D.G cement factory section is at 40 km from
Shadan Lund. The later section located.at geographic coordinates of 30°19'59.04"N and
70°29'30.14"E, while the former section is at geographic location of 30°24'48.81"N and
70°30'50.32"E.

1.2 Climate

Dera Ghazi Khan has a hot desert climate with scorching summers and cool winters.
The summer season starts in April and lasts until October, with temperatures often exceeding
40 degrees Celsius (104 degrees Fahrenheit). During this time, the weather is extremely hot
and dry. The winter season, from November to March, brings relatively cooler temperatures

ranging from 5 to 20 degrees Celsius (41 to 68 degrees Fahrenheit).

1.3 Precipitation

Dera Ghazi Khan receives most of its rainfall during the monsoon season, which
typically occurs from July to September. The average annual precipitation in the region is
around 200-300 millimeters (8-12 inches). The monsoon rains bring relief from the scorching

heat and contribute to the agricultural productivity of the area.



1.4 Local Culture

Dera Ghazi Khan has a rich cultural heritage. The region is known for its distinct folk
music and dance forms, including the famous "Jhoomar" and "Dhamal." The people of Dera
Ghazi Khan, like other areas in Punjab, have a vibrant and colorful culture. Traditional Punjabi
dresses, such as the "shalwar kameez" for men and the "ghagra choli" for women, are
commonly worn. The local cuisine of Dera Ghazi Khan is renowned for its flavors and includes
dishes like "sajji," "biryani," and "siri paye." The city also hosts various festivals and events

that showcase the traditional music, arts, and crafts of the region.

1.5 Zindapir

Zindapir also known as Zinda Pir, is a historical and revered shrine located in Dera
Ghazi Khan, Pakistan. The shrine is dedicated to a Sufi saint named Hazrat Syed Ahmed Saeed
Kazmi, who is commonly referred to as Zindapir. The architecture of the shrine reflects a blend
of Islamic and local architectural styles. Annually, a large Urs (death anniversary) celebration
is held at the Zindapir shrine, attracting thousands of devotees who gather to commemorate the
saint's life and teachings. During the Urs, there are special prayers, religious gatherings,
recitations of Sufi poetry, and performances. of Qawwali (devotional music). Zindapir holds a
significant place in the spiritual and cultural landscape of Dera Ghazi Khan. It serves as a
symbol of religious harmony, unity, and devotion, and continues to attract both locals and
tourists interested in Sufi traditions and spirituality. The Zindapir Anticline is named after

Zindapir shrine.

1.6 Aims and Objectives
The present focus on the following objectives;
1. To study the microfacies and interpret the depositional environment.
2. To study the diagenetic overprints and determine the paragenetic sequence.
3. To characterize the reservoir quality.

4. To study the source rock quality.
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CHAPTER 2

PALEO-TECTONIC SETTING AND STRATIGRAPHY

2.1 Paleo-Tectonics

Pakistan and its surrounding regions are evolved from the Gondwanan and Tethyan
domain. The southern-eastern Pakistan belongs to Indo-Pakistan crustal plate, while the
northernmost and western Pakistan belong to the Tethyan domain. Overall Pakistan is located
on Junction between Tethyan and Gondwanian domains (Kazmi & Jan, 1997). The brief
evolutionary history of Pakistan and component tectonic domains.

In the late Paleozoic, there was a supercontinent known as Pangea surrounded by a
universal ocean called Panthalassa. During the late Triassic, a wedge of Panthalassa i.e., the
Tethys entered from east to west which breaks the Pangea into northern and southern sub-
supercontinent by Tethys seaway (Kazmi & Jan, 1997). The Laurasia and Gondwana in the
North and south respectively, forming the Paleo-pacific oceanic extension, forming the todays
Central Atlantic Ocean (Khan & Tewari, 2016).

Continental drift is a continuous process that occurs over geologic time. Since the late
Devonian- Triassic, it results in the further splitting of Laurasia and Gondwana into seven
major tectonic plates, other microplates, oceans spaces, and sea landforms. The present South
American, African, Antarctician, Indian and Australian plates are derived from Gondwana,
while the North American and Eurasian plate derived from Laurasia.

The Eurasian plate’ comprises of initial Laurasian landmass> the Laurasian domain,
“initial Laurasian landmass and former fragments of Gondwanaland™ and the Gondwanan
domain, “the accreted assemblage of the terminal former fragments i.e., Indian & Arabian
shields of Gondwanaland at the south of Tethyan domain (Kazmi & Jan, 1997). Following
(Sengor et al., 1988) Laurasian domain is term as the Tethyan domain.

The Gondwanan domain is characterized by the crystalline basement, the continental
crust of Precambrian that developed to a platform type in Paleozoic. In Eurasia, it mainly
comprises of Indian shields and Arabian crystalline basement rocks. The former is the present
Indo-Pakistan subcontinent building the norther Himalayan orogeny extended from east to west
(Kazmi & Jan, 1997). The Indian plate separated from its Gondwanaland about 130 Ma, drifted
5000 km northward, and collide with the Kohistan-Ladakh arc along with Main Mantle Thrust
(MMT) in northern Pakistan in Paleocene-Eocene. Similarly, about 55 -60 Ma it collided with
the afghan block in northwestern Pakistan along Main Waziristan Thrust (Kazmi & Jan, 1997).

During the Late cretaceous Kohistan-Ladakh Intra oceanic arc had collided with Karakoram
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palate along Main Karakoram Thrust (MKT) (Petterson & Windley, 1985). Both the MMT and
MKT extended westward and terminates in eastern Afghanistan by Waziristan ophiolite
(Treloar & Izatt, 1993).

The Tethyan domain from east to westward encompassing India and the northern
borders of Africa and Arabia. It stretches from the Pacific Ocean to the Mediterranean Sea. Its
shape is resembling ancient Tethys seaway i.e., wide in the east and narrow in the west. It is
largely comprised of mosaic several orogenic continental blocks that stitch together in the form
of a complex network of suture (Kazmi & Jan, 1997). During the middle to late Paleozoic
rifting and successive fragmentation of continental blocks from Gondwanaland started drifting
northward and later its collision with the Laurasian landmass result to the Tethyan domain. Its
evolution is linked with the opening and closing of several ocean spaces by different geologic
events i.e., rifting, subduction, and collision of crustal blocks. During Middle Carboniferous,
the Pangea was intact and the earliest known ocean space between Gondwanaland and Laurasia
was known as Paleo-Tethys. In the Late Triassic, most.of these blocks collide with Laurasia
and the Paleo-Tethys get closed in Early Jurassic. During Early Jurassic, Paleo-Tethys had
closed and by late Jurassic, Neo-Tethys grow. The later upon the closing event mark the plate
boundary upon the collision of Indian and Arabian.shield with Eurasia resulting in Indus-
Tsangpo suture and Zagros suture, respectively. The Alpine-Himalayas orogenic belt
developed as part Indus-Tsangpo-and Zagros sutures collage and colliding blocks refer to as
Alpines.

The Himalayas orogeny development occurs due to the convergence of Eurasian and
Indian Plate (Ding et-al.; 2016; Qasim et al., 2018). The MMT and MKT marks the Himalayan
collision (Jin et al., 1996) which is divided into a northern suture called Main Karakoram, and
a southern suture called as the Main Mantle Thrust (Tahirkheli, 1979). The MMT marks the
collision zone of Kohistan Island Arc with Indian plate and the MKT marks the collision
between the Karakoram block of Eurasian plate with Kohistan Island Arc at south and north
respectively shown in (Fig. 2.1) (Searle, 1999; Ding et al., 2016).

The Chaman transform fault (left-lateral strike-slip) mark the active deformation zone
along the east of Indian Eurasian collision zone while in the west it is mark by Bela-Zhob

Ophiolites shown in (Fig. 2.1) (Lawrence et al., 1981, 1992; Siddiqui and Jadoon, 2012).



Fig 2.4: shows tectonic map of Pakistan (Ahmad et al., 2011)

2.1.1 The Sulaiman.Fold belt (SFB)

The Sulaiman Fold belt (SFB) is lobate tectonic prominent feature extended ~ 400 km
along the western extreme of north-west Himalaya. The SFB comprises of Eocene and
Permian- Triassic succession of carbonate platform in the foreland and hinterland respectively.
The strike length of ~1000 km in the mountain front represents Zindapir and Sui
Monocline/folds in eastern and southern Sulieman fold and thrust belt. The SFB is investigated
extensively over a broad spectrum of Seismic reflection, structural deformation, gravity
modeling to interpret the genetic model, the sum of all signifies thin skinned deformation of
SFB because of Convergence over a decollement (Quittmeyer et al., 1984; Banks and
Warburton, 1986; Jadoon et al., 1993, 1994a; Davis and Lillie, 1994; Bernard et al., 2000;
Reynolds et al., 2015). The study of (Banks and Warburton, 1986; Humayon et al., 1991;
Jadoon et al., 1993, 1994a) signify the SFB as a passive-roof duplex style hindward oriented.
The southern SFB comprises of East-West oriented detachment folds namely Loti and Sui folds
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(Jadoon et al., 1992), while the Zindapir Anticlinorium is the north-south is typical fault bend
fold (Humayon et al., 1991). However, the study of (Igbal and Helmcke, 2004; Peresson and
Daud, 2009; Igbal and Khan, 2012) signify the Zindapir Anticlinorium as a flower structure of

basement segmentation due to twist tectonics.

The Suleiman Fold and Belt is showing faults and folds in the hinter part and foreland
respectively (Kazmi and Rana, 1982; Jadoon and Zaib, 2018). The Sulaiman Range is marked
the topographic front of North-South alignment with 2000 m as compared to the internal part
of the system which about 1000 m and lacking the thrust fault at the foreland. In the study area
is Zindapir Anticlinorium is North-South oriented with strike length of about ~130 km.

2.1.2 Zindapir Anticline

The Zindapir Anticline is the segment of Zindapir Anticlinorium with length of about
60 km located in the southern extreme. The Zindapir Anticline is about 60 km wide and is
North-South oriented, east-verging fold axis. The Paleocene strata is exposed in the core, which
is drilled in Triassic strata of the Zindapir-01 to 4406 m total depth. The Triassic strata show
the highest relief of about 4 km as compared to the regional stratigraphy. The cross section
shows the Anticline stack of two duplex horses surrounded between floor thrust over the
basement at a depth of about 10 km, and a roof thrust in the Cretaceous Sembar shale. The
horse length is different from each other, the outer horse larger in length as compared to inner.

The strata Molasse present along the hanging wall of ramp flat geometry of the Zindapir
duplex, it is generally flat along about=25 km long with the representation of extensive syncline
between the Zindapir and Fort Munro Anticlines and whole ramp flat structure. The Anticlinal
stack structure is showed in the westward located Fort Munro Anticline (Humayon et al., 1991;
Jadoon et al., 2019). An oblique convergence beside the edge of the fold belt is represented by
the eastward propagation of the foreland thrusting. The propagation of mountain front is
recorded in the Tertiary sedimentary marine and the continental strata in east (Waheed and

Wells, 1990).
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2.2 Stratigraphy of Study Area
2.2.1 Recent deposits

The recent deposits consist of alluvium deposits comprising unconsolidated pebbles,
gravel, sand, silt, and clay of Recent origin occupying stream beds. The meander belt deposits
include sand, silt and clay of levees and bars of meandering channel deposits of Indus River.
The active flood plain deposits are sand, silt, and clay derived from the Indus River flood plain
liable to flooding seasonally, while the dune sand deposits in the Zindapir area are mainly

aeolian sand and silt deposits lying over the Recent and sub recent surficial sediments.

2.2.2 Sub recent deposits

The sub recent deposits comprise of flood plain deposits, which are mainly clay, silt,
and sand of older flood plain of Indus River. The sub piedmont deposits include finer detrital
material comprising clay, silt, sand, and gravel derived from adjacent highlands and deposited
between the flood plain deposits and the piedmont plain. The piedmont deposits are made of
coarse grain detrital material comprising boulders pebbles. gravel, sand, and silt derived from
adjacent highlands and deposited between the foothills and the sub piedmont plain. The alluvial
Fan deposits in Zindapir area are mainly sandstone and limestone boulders, pebbles and gravel
deposited as a continuous apron consisting of alluvial fans along the inclined base of the
mountain range. The pediment deposits are pebbles, cobbles and boulders covering slopes and
raised terraces. The terrace gravel deposits are the old stream deposits comprising boulders,
cobbles and pebbles of sandstone and limestone, loosely cemented by gritty and sandy matrix.

recently incised.

2.2.3 Dada Conglomerate

It has Light brownish grey color, massive conglomerate comprising boulders, cobbles,
pebbles of sandstone and limestone in sandy matrix. The upper contact of Dada conglomerate
is with surficial deposits unconformable. It has up to 9 m thickness in the Zindapir area. The

Formation is considered of Pleistocene age.

2.2.4 Chaudhwan Formation

It has light brownish grey, massive conglomerate with brownish grey and grey sandstone and
earthy claystone intercalations, capped by unconsolidated Quaternary sediments at places. It
has upper contact unconformable with Dada Conglomerate and Quaternary surficial deposits.

In Zindapir area it has thickness of + 1422m. The age of the Formation is late Pliocene.
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2.2.5 Litra Formation

It has grey, greenish grey sandstone with minor brown clay. The sandstone unit of the
Formation are thick bedded to massive, cross bedded, conglomerate, and contains vertebrate
fossils. It has upper conformable contact with Chaudhwan Formation and attain thickness of

2002 m in Zindapir area. The age of the Formation is Middle Pliocene.

2.2.6 Vihowa Formation

The Vihowa Formation is showing bright red claystone/siltstone, intercalated with grey,
greenish grey, thick bedded to massive sandstone contains remains of vertebrate fossils. It has
upper transitional contact with Litra Formation and has thickness up to 975m. The age of the

Formation is Early Pliocene.

2.2.7 Chitarwata Formation

The Nari Formation of Eames (1952) is given the Chitarwatta name by Hemphill and
Kidwai (1973) in Sulaiman range, and the Stratigraphic Committee of Pakistan formalized it.
It lies in the Sulaiman range to the east and south. It consists of grey, yellowish grey quarzitic
sandstone with siltstone and vary colored claystone sandstone. It is oolitic and ferruginous in
basal parts, silica sand developed in the middle and upper parts, it also contains vertebrate
fauna. Claystone and siltstone are carbonaceous and contain thin coal beds, lea and root
fragments. It has Upper disconformable contact with Vihowa Formation. It has thickness up to
320m in Zindapir area. Igbal (1969b) assigned Oligocene age based on the Bivalves and

gastropods of fresh water, and the fossil species are restricted to Oligocene.

2.2.8 Kirthar Group

The term ‘Kirthar’ is recognized by (Kadri, 1995). The sediments as defined were
subdivided into four members as discrete Formations i.e., the Drazinda, Pirkoh,
Sirki/Domanda, and Habib Rahi Formation (Raza et al., 2001) in the Sulaiman Range and the
Central Indus Basin. According to (Raza et al., 2001), the Kirthar Formation is upper most

Ypresian (Lower Eocene) to lower Lutetian (Middle Eocene).

2.2.8.1 Drazinda Formation

The Drazinda Formation was designated the top Formation of the Kirthar Group by
Igbal and (Shah, 1980), although it was not recognized as such by (Raza et al., 2001). It consists
of grey to brown non-calcareous shales with poorly developed interbeds of fossiliferous
limestone, which are widely exposed throughout the eastern side of the SFB and Central Indus

Basin. In Zindapir area it has upper unconformable contact with Chitarwata Formation and
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lower transitional with the Pirkoh Formation. In other areas, a significant regional
unconformity accounts for the absence of the Nari and Gaj Formations. The lithology in
Zindapir area consist of brown and green shale/claystone with subordinate siltstone, marl, and
limestone, gypsiferous, fossiliferous, fauna includes foraminifera, bivalves, gastropods, and
remains of fish, sea cow and whales. The Chitarwata Formation attain thickness up to 583 m
in Zindapir area.

The macrofossil content comprises gastropods, bivalves and echinoid remain (Oldham,
1890). Microfossil assemblages include ostracods and larger benthonic foraminifera mainly
orthophragminids (Porth and Raza, 1990a). It Bartonian to Priabonian and display open marine

setting.

2.2.8.2 Pirkoh Formation

The term Pirkoh is introduced by (Hemphill and Kidwai, 1973). In Zindapir area it is
light pale yellow to brownish limestone medium bedded in the middle unit and massive both
in upper unit (argillaceous and marly fossiliferous) and lower unit comprising of abundant
shallow benthic foraminifera. It is. Its faunal assemblage includes foraminifera, bivalves,
gastropods and fish remains. The type locality for the Formation is the Pirkoh structure in the
Dera-Bugti region. The Pirkoh Formation is present in the south of Sulaiman province, but it
is often not represented in the north dueto unconformity or non-deposition (arial photography
view from satellite). The limestone consists of packstone and foraminiferal grainstone with
subordinate marl beds and calecareous shales, with a discocyclinids bearing limestone bed at
the base (present study). The Pirkoh Formation in the study area display well exposed contact
with overlaying Drazinda Formation and underlain Domanda Formation, where the nature of
contacts is transitional and conformable respectively (present study). The paleontological
criteria of Pirkoh Formation suggest the Lutetian to Bartonian (Middle-Late Eocene) age and
the facies interpretation signify to the depositional setting shallow to moderately deep marine

on carbonate shelf (present study).

2.2.8.3 Domanda Formation

The ‘Domanda’ is introduced by (Raza et al., 2001). It is widely exposed throughout
the eastern Sulaiman basin. The sediments consist of grey, often chocolate-brown, non-
calcareous shales and claystone. The fauna includes foraminifera, bivalves, gastropod, and
remains of sea cow and whale. It has upper conformable contact with Pirkoh Formation and
attain thickness up to 460 m in Zindapir area. It has both conformable contacts underlying

Habib Rahi and overlying Pirkoh Formation. The Formation contains a rich macrofaunal
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assemblage comprising gastropods, brachiopods, and fish remains. It is of Lutetian (Middle

Eocene) age and depositional setting of shallow marine to brackish.

2.2.8.4 Habib Rahi Formation

The ‘Habib Rahi Limestone’ formed the basal member of the Kirthar Formation as
defined by Igbal and Shah (1980) and was called the ‘Platy Limestone’ by (Eames, 1952). It
was recognized as a separate Formation by (Raza et al. 2001). The ‘Habib Rahi’ Formation
refer is equivalent to Kohat Formation (Kadri, 1995). The Formation consists of limestone of
light grey color with shale intercalations in the lower part. The lower and upper boundaries are
conformable with the underlying Ghazij and overlying Domanda Formation. It comprises of
light grey brownish grey limestone, argillaceous, cherty, platy, massive at the base. It is highly
fossiliferous, and the fauna includes foraminifera and fish. Up to 74m thick. It has age of

Lutetian (Middle Eocene) and shallower, inner shelf depositional setting.

2.2.9 Ghazij Formation

2.2.9.1 Baska Formation

Baska Formation of Ghazij group is introduced by (Hemphill and Kidwai, 1973). It has
grey color, nodular in places, argillaceous. limestone and intercalated green shale. The fauna
includes foraminifera, bivalves, gastropods, and lamellibranches. It has upper transitional
contact with Habib Rahi Formation.and attain thickness up to 345 m thick. It is restricted to

Lower Eocene (Igbal, 1969).

2.2.9.2 Drug Formation

The Drug Fermation consist of greenish grey shale and brownish grey limestone. The
shale intercalated with gypsum in the upper part. The fauna includes foraminifera and
lamellibranches. In the Zindapir area it has conformable upper contact with Habib Rahi
Formation and attain thickness of attain thickness of up to 356 m. The biostratigraphy age of
Drug Formation is Early Eocene (Igbal,1969), and display inner shelf depositional

environment.

2.2.9.3 Shaheed Ghat Formation

It has dark grey, olive grey, green fissile stale intercalated with siltstone and the
gypsiferous, carbonaceous, fossiliferous limestone is present in the lower part. The fauna
includes foraminifera, gastropods, and bivalves. In Zindapir area it has upper transitional
contact with drug Formation and attain thickness about 1,870m. The biostratigraphy age of
Drug Formation is Early Eocene (Igbal, 1969).
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2.2.10 Dungan Formation

It is dark grey to brown limestone, thick bedded to massive, nodular, intercalated with
dark bluish grey shale dominating in the southern part. The limestone conglomerate bed
developed at the top of the Formation, which grades into calcareous sandstone in places. The
fauna includes foraminifera gastropods, bivalves, and algae. In Zindapir area it has upper
conformable contact with the Shaheed Ghat Formation and attain thickness up to 211 m. The
limestones, shales and marls of the Dungan Formation are widely distributed throughout the
Central Indus Platform Basin and conformably succeed the Upper Ranikot Formation. The
Formation contains a diverse and abundant macrofossil assemblage including bivalves and
gastropods. The microfossils include melobesioidean calcareous algae and both shallow and
planktonic benthonic foraminifera (Davies, 1941).

The Dungan Formation contains abundant fossils includes algae, bivalves, gastropods,
and foraminifera. The foraminiferal assemblages of “Dungan® Formation include
dictyoconoides, discocyclina, linderina, lockhartia, opereculina, nummulites, miscellanea and
other shallow benthic foraminifera. It Paleocene to Early Eocene (Latif, 1964), and display

depositional environment of typical platform limestone.

2.2.11 Rakhi Gaj Formation

The Rakhi Gaj Formation consists olive-grey to dark greenish-grey shale intercalated
with mostly brown to greyish red, purple and yellowish green thin to thick bedded sandstone,
iron concretions developed in'shale, and also bands of grey limestone developed at places. It is
fossiliferous in places, while the faunal includes foraminifera, bivalves, and gastropods. In
Zindapir area it has upper conformable contact with Dungan Formation, and lower conformable
contact with Khadro Fermation. It attains thickness of up to 357 m thick. The delta of the Rakhi
Gaj Formation submerged and giving the overlying Formation to rise at its place. It has age of
middle and late Paleocene based on superposition and equivalent chronostratigraphic unit in

region.

2.2.12 Khadro Formation

The Khadro Formation consist of dark reddish brown to grey oolitic, shelly calcareous
sandstone and limestone. The limestone units are intercalated with olive grey shale. The faunal
assemblages of Khadro Formation include foraminifera, bivalves and gastropods and
diagnostic fossil Cardita Beaumonti. In Zindapir area it has upper conformable contact with

Rakhi Gaj Formation and attain thickness up to 154m thick.
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2.2.13 Pab Formation

It has light grey, whitish to pinkish grey sandstone, thick bedded, and display mudstone
intercalation. It is rarely fossiliferous reported, the fauna includes orbitoides mostly, but
overall, poorly fossiliferous. In Zindapir area it has upper unconformable contact with contact
with Khadro Formation and attain thickness up to 446 m, while in 469m thick in principle
section. The sandy beds are devoid of any fossil content, but an assemblage of benthonic
foraminifera has been recorded within the shales and is considered as of cretaceous age (Kadri,
1995).

In the Central Indus Basin, the Pab Formation is restricted to the southwestern and
central areas; in the north and east, sediments of Upper Cretaceous age are probably absent.
The sediments consist of thickly bedded, coarse-grained sandstones, with thin layers of
calcareous shale in the lower unit. The Deposition of the Formation probably occurred in a
marine shelf location, where the general lowering of sea level provided a significant source of

sediment.

2.2.14 Fort Munro Formation

The limestone is fossiliferous and contains the remains of reef-building organisms such
as hermatypic corals, ammonites, and echinoids, and abundant bioclastic debris, probably
derived from bivalves. It has dark grey. to black, medium to thick bedded limestone with
alternating thinly bedded grey marly shale. The Fort Munro Formation is argillaceous in the
lower part and sandy in the upper part. The faunal assemblage of the Formation includes

foraminifera, especially orbitolites.

In Zindapir area, it has upper transitional contact with Pab Formation and attain
thickness up to 139 m and it is about 100 m thick in the principal at Fort Munro Anticline, near
the Dera Ghazi Khan Road. It is upper Campanian to upper Maastrichtian age based on the
benthonic foraminiferal index species (Igbal and Shah, 1980), and display shallow marine shelf

environment.

2.2.15 Mughal Kot Formation

It is calcareous mudstone of grey color, with limestone and shale intercalations. The
sandy upper unit display rare fossiliferous nature in places. The biota assemblage of the Mughal
Kot Formation is including shallow benthic foraminifera orbitoides media, omphalocyclus
macroporus and siderolites calcitrapoides, while the planktonic foraminiferal microfauna

comprising Globotruncana spp., Globigerina spp., Guembelina spp., and associated forms has
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also been recorded, but the assemblage is usually impoverished (Kadri, 1995). In Zindapir area
the base of Mughal Kot Formation is buried, while it has upper conformable contact is with
Fort Munro Formation. It is about 172 m in Zindapir area, while it is about 1170m thick in its
principal section at Mughal Kot (Kadri, 1995).

The Mughal Kot Formation occurs over much of the Central Indus Basin, in the north
and east, the Formation is absent either due to erosion or non-deposition. The Formation is
heterogeneous, consisting of marls, shales, and siltstones with intercalations of sandstones and
argillaceous limestones. The base of the Formation is characterized by huge slumping features.
The age assigned to the Mughal Kot Formation, based on the above micro fauna confirming
Campanian to lower Maastrichtian (Shah, 1977; Igbal and Shah, 1980), and it has depositional
environment of relatively shallow water, with the limestone indicating a shallow-water origin
in shelf areas displaying thicker limestone sequences of outer shelf environment with access to

the open ocean (Kadri, 1995).
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Fig 2.5: shows the Stratigraphic chart of Zindapir area of eastern Sulaiman province.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Field sample collection

In the field work the Zindapir section and DG cement factory section of the Pirkoh
Formation is measured. Total 36 samples bed to bed were collected during field work. The
collected samples were run in rock cutting laboratory for petrographic studies to determine the
depositional facies of Pirkoh Formation. The porosity and permeability of selected samples
were determined by conducting plug analysis. Furthermore, the source rock properties (TOC

and rock eval pyrolysis) are studied in detail to investigate the source potential.

3.2 Petrography and microphotography
The systematic bed-to-bed samples are collected from outerop and run in rock cutting

laboratory at Quaid-I-Azam University, Islamabad.

3.2.1 Thin sections preparation

The transparent glass slides are polished with silicon carbide 1000 mesh to vanish the
scratches and remove the dust and other impurities attached to the slide surface. After
polishing, the glass slide is washed and clean withtap water and let it dry on hot plate. The
outcrop samples are cut at different orientation to observe the maximum possible variation of
biota assemblage and diagenesis in minimum area of rock slab. The desired rock chips are
selected and polished with silicon.carbide 1000 mesh to get evenly distributed surface for
attachment to glass slide. After polishing, the selected rock chips are washed and clean with
tap water and let it dry on hot plate to remove the moisture content.

Epoxy is carefully prepared by mixing the part “A” with part “B”, the hardener of the
resin with fixed ratio (2:1) respectively. The prepared resin was used within 30 minutes after
preparation to attached both polished surfaces of rock chip and glass slide. After the
attachment, all the entrapped air is removed with nonstick metallic clips and placed the samples
attached with clipped on hot plate for 5 minutes to cure the resin and dry the left-over moisture
content in rock chip and placed the sample at room temperature for 48 hours to dry the resin
completely.

The attached sample is grinded with silicon carbide 120 mesh on grinder, followed by
grinding with silicon carbide 240, 320 and 400 mesh on large glass. Furthermore, the grinded
samples are polished with silicon carbide 600, 800 and 1000 mesh for final touch to attain

thickness of up to 30 microns. The flow chart is shown in (Fig. 3.1).
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* Chip Preparation
¢ Chip Pollishing
* Glass slide polishing

* Epoxy preparation
» Sample attachment

+ Attached sample grinding
* Final Polishing

Polishing

Fig 3. 2: shows flow chart of thin sections preparation.

3.2.2 Microphotography
The prepared samples are studied at petrography laboratory, Quaid-I-Azam University,
Islamabad Leica with Leica DM750P with attached DEC290 camera and Leica application

suite.

3.3 Plug Analysis:
The plug analyses of selected 15 samples were carried out in HDIP, Islamabad. The
field samples after petrographic studies were further investigated for plug analysis to determine

the air porosity and air permeability of depositional facies based on their texture.

A B

Fig 3.2: (A) showing Air Permeameter apparatus (Filomena et al., 2014), (B) Helium
Porosimeter by (Torsater & Abtahi, 2003).
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3.4 Source rock evaluation
3.4.1 Sample preparation

To find out the source rock potential the samples are prepared and run in the lab as
follow:

1. To find TOC, initially the sample is grinded and meshed up to 2 mm.

2. The grinded powered samples are stored low temperature about 4°C.

3. In case of dry combustion techniques samples generally involves the removal of
interferents or water while passing through the system with the help of sorbent. Excessive
can be removed simply by air drying or oven drying usually at 130°C.

4. If water is not removed, it tends to form carbon dioxide and can’t differentiate between
organic and inorganic derived carbon dioxide. Test done to find out if carbonates are
present by the addition of acid (i.e., few drops of HCL) and observing if the sample shows
effervescences. If inorganic particles are present, they are removed by the acid treatment.

5. The Manganese dioxide and sulfuric acid minimize-the decarboxylation and oxidation by
the addition of ferrous sulphate to the sample (Allison, 1960). The iron and chromium cause
error in finding the TOC content and in the Manganese dioxide which is over and
underestimation respectively (Schumacher et. al.,.1995). These unwanted materials (Fe*")

are removed with the help of oxidation and treatment of sample with FeSO4 in case of

excess of MnQs.

3.4.2 TOC measurements

The grinded and dried samples are neutralized with distilled water and dried again to
remove the left-over water. Thee recorded weight samples are subjected in the crucible for
analysis along with standard and blank for analysis. Prepared sediments were combusted at
1450°C in the vicinity of oxygen containing atmosphere resulting to CO2 which calculated to
determine the organic richness.

It is calculated parameter rather than direct measurement by using the following
equation.

TOC (wt.%) = [0.082(S1 + S2) + S4] /10

3.4.3 Rock Eval Pyrolysis
The Analytical method widely used in oil industries and many research institutes for
the estimation of maturity and hydrocarbon generation potential (Peters, 1986). For the

quantity, the nature of kerogen type and thermal maturity is given by this conventional
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technique. This technique is primarily developed for detail investigations associated natural
organic content present within the sediments.

Two peaks of hydrocarbons which is well defined as a function of temperature during
pyrolysis Si first peak and S2 second peak. The earlier is signifying to free hydrocarbons and
the later signify to thermal cracking of kerogen at 300-500°C (Espitali¢ et al., 1977). According
to Espitali¢ measuring of bitumen contents is the (S1) and measuring of the insoluble kerogen
content of the rock is (S2), which is obtained by pyrolysis of kerogen. Production Index is
represented by Si/[S1 + Sz] which is the transformation of kerogen into oil. The temperature
(Tmax) at which maximum hydrocarbon (S:) is generated upon thermal heating. (HI) stands
for Hydrogen Index is used for characterization of the type of kerogen and its origination. It is
represented by the formula (Sa/organic carbon). Third peak (S3) represents the amount of CO»
remained trapped in the sample. The detail of rock eval pyrolysis under controlled heating is

shown in (Fig. 3.3).

Fig 3.3: shows Rock-Eval pyrolysis parameters for source rock potential evaluation under
controlled heating (Kamali and Rezaee, 2012).
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CHAPTER 4

FIELD OBERSERVATION
The geological field is conducted at DG cement factory section and Zindapir section of
Pirkoh Formation in Zindapir Anticline of eastern Sulaiman province, Dera Ghazi Khan. Total
section 36 samples were from two detail measured sections to study faunal assemblage and

diagenetic overprints.

4.1 DG Cement factory section

The Cement factory section of Pirkoh Formation at geographic coordinates
(30°19'59.04"N and 70°29'30.14"E) is measure with total thickness of 18 meter. The contact
of Pirkoh Formation with Drazinda Formation is buried under the overlain eroded materials
(Fig. 3.1 A) and shows conformable contact with Domanda Formation (Fig. 4.1 B). In the DG
cement factory section, the Pirkoh Formation in field work is divided into three units based on
bedding size, and fauna assemblages at field scale. In DG cement factory section, the Pirkoh
Formation show lower part as thick bedded limestone unit.consisting of thick limestone
bedding with shale intercalated (Fig. 3.2 A). In the middle unit it displays medium to thin
bedded limestone unit consist with shale intercalations. While in the part of Pirkoh Formation
medium bedded planktic foraminifera rich. limestone bedding consist of thin shale
intercalations. The Pirkoh Formation in. DG cement factory section display fractures in the
upper unit (Fig. 4.1 E), and the marine shale in distributed throughout the Formation (Fig. 4.1
A, C, D). It highly fossiliferous made of large benthic foraminifera nummulites, discocyclina,
operculina, orthophragmina in the lower and middle units, while the lower units display

planktonic foraminifera (Fig. 4.1 F-M).

4.2 Zindapir section

The Zindapir section of Pirkoh Formation at geographic coordinates (30°24'48.81"N
and 70°30'50.32"E) is measured with total thickness of 9 meters. In Zindapir section, the Pirkoh
Formation display transitional contact with Drazinda Formation and conformable contact with
Domanda Formation (Fig. 4.2 B). In Zindapir section, the Pirkoh Formation is divided into
three divisible units based on the appearance, bedding style, and fauna assemblage. The Lower
unit is thick bedded Nummulitic limestone unit consist of massive bedding and highly fractured
(Fig. 4.2 A, E). In the middle unit of the Pirkoh Formation display thin to medium bedding,
highly fossiliferous and display shale intercalation, while the upper unit is medium bedded rich

in planktonic foraminifera consisting of vertical oriented well exposed beds (Fig. 4.2 A, C).
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The larger benthic foraminifera majorly consist of Bioclasts of reword biota and well preserved

large flat discocyclinidea and nummulitids (Fig. 4.2 D-K)

A A
N S

Fig 4.3: (A) mosaic view of Pirkoh Formation in DG cement factory section, (B) contact Pirkoh
and Domanda Formation, (c) lower thick bedded and middle thin to medium bedded units, (D)
marine shale, (E) fracturing of lower unit, (F-M) bioclasts and shallow benthic foraminifera,
(N) organic rich shale in the lower unit of Pirkoh Formation.
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Fig 4.4: (A) showing mosaic view of Pirkoh Formation, (B) shows contact of Pirkoh and
Drazinda Formation, (C, J, & O) shows factures and calcite fill veins (D-K) shows bioclasts
and shallow benthic foraminifera.

25



CHAPTER S

MICROFACIES ANALYSES

5.1 Introduction

Brown (1943) and Cuvillier (1952) stated the word “microfacies” to microscopic
identifications in thin sections. Though, nowadays microfacies is stated by Fliigel, 2010 as,
“the total of all sedimentological and paleontological data which can be described and
classified from thin sections, peels, polished slabs or rock samples”.

The microfacies analyses of carbonate rocks are very fundamental to determine the
depositional environment to explore the carbonate platform. The petrographic studies with field
lithofacies determine the depositional pattern of carbonate rocks. The carbonate rock
classification introduced by Dunham (1962), is applied to categorize the textural attribute of
rock units, and the paleontological parameters are further integrated with textural

characteristics to develop the depositional environment.

5.2 Microfacies analyses of Pirkoh Formation

The microfacies analyses of Pirkoh Formation is studied in detail based on relative
composition of carbonate rocks fundamental components. The percentage of allochemical
components is determined based on point counting, in which total 200 grids were plotted on
thin section slab and high resolution 4k images were studied on JMicroVision software. The
relative percentage of each components classified the microfacies of Pirkoh Formation into
total fifteen microfacies (MF1-MF15), which is further categorized into 3 facies assemblages
based on their depositional setting i.e., 1) Inner (MF1-7), 2) middle (MF8-9) and 3) outer shelf
(MF10-15).

5.2.1 Inner shelf environment

5.2.1.1 Dolomitic lime mudstone (MF-1)

The dolomitic lime mudstone is present in the lower part of the Pirkoh Formation in
DG cement factory section. This facie is overlain by bioclastic wackestone and underlain by
orthophragminid nummulitid floatstone (Fig. 5.16). In the exposed outcrop, this facie attains
thickness of 1.2 m at the lower part Formation and appear as pale-yellow medium bedded
limestone. In the field at outcrop scale, it is slightly fractured (Fig. 4.1). The petrographic
studies of this facie describe dolomicrite and very minor planktonic foraminifera. The dolomite

rhombs show very fine anhedral crystal and a few fine grained well developed euhedral texture

(Fig. 5.1 A-D).
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Interpretation: The dolomitic lime mudstone is interpreted to have been deposited in low
energy restricted tidal flat environment of inner shelf setting. The low content of planktonic
foraminifera indicates the depositional environment restricted lagoon to tidal environment and
overall peritidal environment. Moreover, the presence of dolomite thombs embedded in
micritic matrix (dolomicrite) and indicates early diagenetic stage dolomitization in a peritidal
environment (Tucker and Wright, 1990; Wanas, 2008). In addition, the lime texture further
signifies in low energy restricted tidal flat environment of peritidal environment. It is

equivalent to SMF23 and FZ8 (Wilson, 1975).

Fig 5.2: shows dolomitie lime mudstone (MF-1), (A-D) display the dolomite thombs (Do) are
shown with arrows, (A, B, and D) planktonic foraminifera (pf).
5.2.1.2 Bioclastic wackestone (MF-2)

The bioclastic wackestone is represent in the lower part of the Pirkoh Formation in DG
cement factory section. It is overlain by austrotrillina nummulitid bioclastic packstone and
underlain by dolomitic lime mudstone (Fig. 5.16). In the exposed outcrop, this facie attains
thickness of 1.3m at the lower part as medium bedded and display thin bedded shale
intercalation in lower middle part of the Formation where the bed thickness is varying between
0.3-0.5 meters. It appears as light yellowish grey in color. In the field at outcrop scale, it is
slightly fractured (Fig. 4.1). The petrographic studies of this facie describe the bioclasts (10-
15%) as main skeletal component (includes broken fragments of shallow benthic foraminifera

i.e., fragments of coralline algae, operculinoides, nummulites, transported hetrostegina,
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cycloclypeus, lepidocyclinids discocyclinids, and asterocyclinids embedded in micritic matrix

(Fig. 5.2 A-D).

Interpretation: The broken fragments of pelecypods as well as other shallow/larger benthic
foraminifera indicate open lagoon with well circulation and well oxygenated regime (Wilson,
1975; Fliigel, 2010). Contrary, the restricted lagoons are characterized by planktic foraminifera
and smaller miliolids, which are not significant in this facie, thus the most probable

depositional setting of open lagoonal environment.

Fig 5.3: shows bioclastic' wackestone (MF-2), (A-D) showing planktonic foraminifera (pf)
reworked bioclast (Bc) of shallow benthic foraminifera majorly reworked nummulites,
operculina, and orthophragminids, (C) showing assilina (4s) and smaller miliolid (Sm).
5.2.1.3 Austrotrillina nummulitid bioclastic packstone (MF-3)

The austrotrillina nummulitid bioclastic packstone is present in the lower part of the
Pirkoh Formation in DG cement factory section. It is overlain by contact with Domanda
Formation and underlain by bioclastic wackestone microfacie (Fig. 5.16). In the exposed
outcrop, this facie attains thickness of 3 m at the bottom of the Formation and 1 m and 2 m
shale intercalated limestone. In the field at outcrop scale, it appears as thick bedded brecciated
and highly fractured with light grey color appearance (Fig. 4.1). The petrographic studies of
this facie describe the bioclasts (20-25%) as main skeletal component. The bioclasts are broken
fragments of nummulites, operculina, assilina, bryozoan fragments. The only nummulites
specie includes Nummulites aturicus (Fig. 5.3 A-B), while the other minor components include

Operculina (Fig 5.3 A), Lockhartia pustulosa, Assilina leymerie (Fig 5.3 D) and miogypsinds
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(10-15%) shown in (Fig. 5.3) This facie also displays green algae and well-preserved Caroline
algae. The allochemical components are embedded in micrite matrix, in places minor fractures
are observed and blocky calcite replaced the original aragonitic composition in the skeletal

component.

Interpretation: The relative abundance of austrotrillina is typical of back reef depositional
environment with low hydrodynamic energy. Moreover, the genus austrotrillina most likely
dependent on symbiotic relationship with algae. Thus, the presence of austrotrillina with well-
preserved coralline algae signify to back- reefs (Fadel, 2018). Furthermore, the association of
orbitolites and miogypsinds together with coralline algae and austrotrillina also support the
back reef depositional (Fadel, 2018), while the other Nummulitid i.e., Operculina, nummulites
and assilina indicates shallow and warm water condition (Wanas et al., 2020; Arni, 1965;
Blondeau, 1972), and the presence of coralline algae along with shallow water biota further

signify to proximal part of back reef shelf environment (Fadel, 2018).

Fig 5.4: shows austrotrillina nummulitid bioclastic packstone (MF-3). operculina (Op) is
shown in (A), Nummulites (Nu) are shown in (A, B) bioclasts. (Bc) are shown in (A-D),
orbitolites (Ob) are shown in (B, C), austrotrillina (4s?) shown in (C, D) and assilina (4s) is
shown in (D).
5.2.1.4 Discocyclina nummulitic operculine bioclastic packstone (MF-4)

The discocyclina nummulitic operculine bioclastic packstone is present in the lower

part of the Zindapir section of Pirkoh Formation (Fig. 4.2). This facie is overlain is by

nummulitic operculine wackestone and underlain by bioclastic discocyclina floatstone (Fig.
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5.17). In the exposed outcrop, this attains thickness of 1.7 m, and appear as medium bedded
limestone, with light pale yellowish color. The petrographic studies of this facie describe the
bioclasts as main skeletal component, which includes broken fragments of bryozoans, assilina,
mollusks and other larger benthic foraminifera (15-25%). The species includes nummulites
bagelensis, discocyclina silla, assilina species includes assilina exponens, assilina leymerie, the
operculina species includes operculina subsalsa (show spins), and operculina salsa (no spines),
and milioline genus austrotrillina, while the other contents include green algae linderina
schlumberger, orbitolites, amphistigina, triloculina trigonula, and miogypsinds. The
allochemical components are embedded in micritic matrix, also comprising patches of sparry

calcite (Fig. 5.4).

Interpretation: It is interpreted to be deposited on the reef patch based on the association of
larger benthic foraminifera such as nummulites found together in association with operculina,
discocyclina and assilina species (Aigner, 1983; Geel, 2000; Wanas et al., 2020). Moreover, it
has diversity of larger benthic foraminifera of forereef shelf as well as backreef shelf along
with abundant reworked bioclasts. The nummulites, operculina and cycloclypeus are typical of
forereef shelf to reef patch indicators, while the orbitolites and austrotrillina indicates backreef
shelf to reef patch. While the presence of discocyclina indicates a wide range of inner shelf.

Overall, based on the biota assemblage this facie indicates reef patch depositional environment.
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Fig 5.4: (A-D) shows discocyclina nummulitic operculine bioclastic packstone (MF-4). The
figure display lockhartia (Lc), assilina (4s), bioclasts (Bc), bryozoans (Bz), Coral (CI),
Nummulites (Nu), amphistigina (4mp). discocyclina (Dc), operculina (Op), austrotrillina (Ast).

5.2.1.5 Bioclastic discocyclina floatstone (MF-5)

The bioclastic discocyclina floatstone microfacie is represent in the lower part of the
Pirkoh Formation. This facie is overlain.is by discocyclina nummulitic operculine bioclastic
packstone and underlain by nummulitid orthophragminid rudstone (Fig. 5.17). In the exposed
outcrop, this attains thickness of 0.4 m; and appear as light pale yellowish. The petrographic
studies of this facie describe the presence of minor scattered bioclasts, amphistegina, and
discocyclina discus (Fig. 5.5). The allochemical components are embedded in micritic matrix,
also comprising patches of sparry calcite and calcite veins filled with blocky calcites and

display scattered well-developed dolomite rhombs.
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Interpretation: The association amphistegina with discocyclina is typical of fore reef
environment (Fadel, 2018; Asis and Jasin, 2015; Yazdi et al., 2021). The broken fragments
signify high energy, while the well preserved autochthonous amphistegina, which is
symbiotically dependent in shallow water about 70-80 m. Thus, it indicates the proximal fore

shelf depositional setting on inner shelf (Branstitter, 1993, Yazdi et al., 2021).

Fig 5.5: shows bioclastic'discocyclina floatstone (MF-5). The figure display bioclasts (Bc),
dolomite (Dol), amphistigina (Amp), and discocyclina discus.

5.2.1.6 Orthophragminid nummulitid floatstone (MF-6)

The orthophragminid nummulitid floatstone is represent terminal part of lower part of
the Pirkoh Formation in DG cement factory section. This facie is overlain by dolomitic lime
mudstone and underlain by the shale intercalated medium beds of bioclastic wackestone (Fig.
5.16). In the exposed outcrop, this facie attains thickness of 1.3 and appear as thick grey
medium bedded limestone (Fig. 4.1). The petrographic studies of this facie describe the
nummulitids (15-25%) as main skeletal components, which includes autochthonous
nummulites, operculina, and assilina. The orthophragminid (Discocylina) species includes D.

Dispansa, D. Sulaimanensis, broken fragments of D. Kutchensis about (5-10%) shown in (Fig.

32



5.6). This facie also displays amphistegina, cycloclypeus, and other minor components, that
includes reef derived bivalve, coralline algae, minor bryozoans and allochthonous bioclasts.
The skeletal components are embedded in micritic matrix in which the larger skeletal
components are floating as coarse grained skeletal grains. In places, the minor fractures are

observed along which dolomitization take place.

Interpretation: The association operculina, cycloclypeus, and nummulites species along with
Hetrostegina are typical of fore reef environment (Fadel, 2018), and the co-occurrence of
amphistegina with discocylina further support forereef shelf depositional environment (Asis
and Jasin, 2015; Yazdi et al., 2021). The broken fragments signify high energy, while the well
preserved autochthonous amphistegina indiactes shallow water depth about (70-80 m) which
symbiotically with other large/shallow benthic foraminifera and coralline algae, which
specifically indicates the proximal fore shelf depositional setting (R6gl and Branstétter 1993,
Miogysina paper). The shallow and proximal part of fore-reef shelf is also evident from the
nummulites co-occurrence, which signifies neritic zone of shallow and warm water condition
(Wanas et al., 2020; Arni, 1965; Blondeau, 1972). The assemblage of biota i.e., association of
nummulite, operculina and discocylina species together indicates the deposition in banks
setting of fore-reef shelf deposits (Wanas et al.,;. 2020; Arni, 1965; Arni and Lanterno, 1972;
Khalifa and Zaghloul, 1990).
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Fig 5.6: shows orthophragminid nummulitid floatstone (MF-6). The figure show heterostegina
(Hg), bivalves (Bi) broken fragment of discocyclina (Ds), amphistigina (Am), algae (al).
lockhartia (Lc), nummulites (Nu);assilina (A4s), planktonic foraminifera.

5.2.1.7 Nummulitic operculine wackestone (MF-7)

The nummulitiec operculine wackestone is represent in the lower part of the Pirkoh
Formation. This facie is overlain by contact with Domanda Formation and underlain by
discocyclina nummulitic operculine bioclastic packstone (Fig. 5.17). In the exposed outcrop,
this facie attains thickness of 1.5 m, and appear as light yellowish grey to pale white thick
bedded limestone (Fig. 4.2). The petrographic studies of this facie describe the nummulites as
main skeletal component species includes nummulite sp. (20 %) operculina sp. (10-15%) and
minor assilina sp. (2-5%). Nummulite species includes nummulites mamilla, nummulites
aturicus, operculina species includes only operculina complanate. It also exhabits lockhartia
pustulosa rarely seen with assilina leymerie. The allochemical components are embedded in
micritic matrix, also comprising patches of sparry calcite, and in places scattered well-

developed dolomite rhombs shown in (Fig. 5.7).
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Interpretation: The presence of Nummulites signifies neritic zone of shallow and warm water
condition (Wanas et al., 2020; Arni, 1965; Blondeau, 1972). The assemblage of biota i.c.,
association of nummulites, operculina and discocyclina species together indicates the
deposition on banks setting of forereef shelf (Wanas et al., 2020; Arni, 1965; Arni and
Lanterno, 1972; Khalifa and Zaghloul, 1990). The presence of textularia specie indicates
shallow and warm water condition (Alabere et al., 2020), while the co-occurrence of Lokhartia
signify to restricted conditions with low water turbulence conditions (Adabi et al., 2008;
Beavington-penny, 2006), which is also supported by the wackestone texture. The sum of all

imply the deposition on the distal part of fore reef shelf environment.

Fig 5.7: shows nummulitic operculine wackestone microfacie (MF-7). The figure shows
Nummulites (Nu) operculina (Op), bioclasts (Bc), amphistegina (4mp) and lockhartia (Lc).

5.2.2 Middle shelf environment

5.2.2.1 Bioclastic planktonic foraminiferal lime mudstone (MF-8)

The bioclastic planktonic foraminiferal lime mudstone is represent in the middle part
of the Pirkoh Formation (Fig. 4.2). This facie is underlain is by nummulitid orthophragminid
rudstone and overlain by Echinoid Operculine planktonic foraminiferal (Fig. 5.17). In the
exposed outcrop, this attains thickness of 0.3 m, and appear as grey thin bedded limestone. The
petrographic studies of this facie describe planktic foraminifera assemblage about 5 %

embedded in dominate lime muddy matrix shown in (Fig. 5.8).
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Interpretation: The low Planktonic foraminiferal assemblage embedded in micritic sediments
indicates the deposition on middle-shelf setting of proximal open marine environment with
very low energy conditions (Wilson, 1975). The abundance of micritic sediments further
signify to low energy environment and calm setting deposition (Wilson, 1975; Burchette and

Wright, 1992).

Fig 5.8: shows bioclastic planktonic foraminiferal lime mudstone (MF-9).

5.2.2.2 Lepidocyclinid orthophragminid planktonic foraminiferal lime mudstone (MF-9)

The lepidocyclinid“orthophragminid planktonic foraminiferal lime mudstone is
presenting upper part of the/Pirkoh Formation in DG cement factory section. This facie is
overlain bioclastic’ planktoni¢ foraminiferal lime mudstone and underlain by echinoid
discocylina planktic foraminiferal wackestone (Fig. 5.16). In the exposed outcrop, this facie
attains thickness of 1.5m as shale intercalated medium bedded limestone bedding of grey to
dark yellow color (Fig. 4.1). The petrographic studies of this microfacie describe the
drthophragminids as main skeletal component, species: discocylina Kutchensis (Fig. 5.9 A),
asterocyclina sireli (Fig. 5.9 B), while lepidocyclina specie includes eulepidina elephantina
shown in (Fig. 5.9 B). This facie also comprises of large flat nummulites and open planktonic
foraminifera, and other minor content includes reworked and transported fragments and

nummulites and orthophragminids.
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Interpretation: The least abundance of planktonic foraminifera and its association with flat
lepidocyclinids nummulitids symbolizes deeper oligophotic zone in the middle shelf open
marine depositional environment of (Taheri et al., 2016). The dominancy of micrite, and large
flag well preserved lepidocyclinids and orthophragminids signify to calm and low energy
condition of open shelf condition (Sirotti, 1978; Fermont, 1982; Buxton and Pedley, 1989;
Eichenseer and Luterbacher, 1992; Sinclair & Tucker, 1998; Racey et al., 2001; Penney and
Racey, 2004; Cosovic et al., 2004; Beavington-Penney et al., 2006; Isvand et al., 2022).

Fig 5.9: shows lepidocyclinid orthophragminid planktonic foraminiferal lime mudstone (MF-
10). The figure shows planktonic foraminifera (pf), asteroeyclina (Ac), discocyclina spp,
lepidocyclina eulepidina elephantina (Lc).

5.2.3 Outer shelf environment

5.2.3.1 Dolomitized Orthophragminid floatstone (MF-10)

The Dolomitized Orthophragminid floatstone microfacie is represent terminal part of
middle part of the Pirkoh Formation in DG cement factory section. This facie is overlain
bioclastic wackestone and underlain austrotrillina nummulitid bioclastic packstone (Fig. 5.16).
In the exposed outcrop, this facie attains thickness of 0.4m and as appear as grey color medium
to thick bedded limestone (Fig. 4.1). The petrographic studies of this microfacie describe the
orthophragminids as main skeletal component includes species: discocylina fortsi, and D.
Kutcgensis, and other minor components includes bioclasts, and very minor planktonic
foraminifera shown in (Fig.5.10). This facie display dolomitization replaced the skeletal
components and scatteredly dolomitized the groundmass. The facie display dolomite rhombs

(euhedral to subhedral) and sparry calcites in the micritic matrix.

Interpretation: The abundance of orthophragminids indicates the depositional environment of
outer shelf depositional setting (Penney and Racey 2004; Cosovic et al. 2004). The dominancy
of micrite, and association of large flat well preserved orthophragminid with planktic

foraminifera signify to calm and low energy condition of open shelf condition below the fair-
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weather wave base (Sayer & Tucker, 1998; Racey et al., 2001; Penney and Racey, 2004;
Cosovic et al., 2004; Penney et al., 2006).

Fig 5.10: shows dolomitized orthophragminid floatstone/(MF-10). The figure show dolomite
(Dol), discocyclina fortisii, bioclasts (Bc), and discocyclina nandoroi (D. n).
5.2.3.2 Echinoid discocylina planktic foraminiferal wackestone (MF-11)

The Echinoid discocylina planktic foraminiferal wackestone is presenting upper part of
the Pirkoh Formation in DG cement factory section. This facie is overlain lepidocyclinid
orthophragminid planktonic foraminiferal lime mudstone and underlain by Planktic
foraminiferal wackestone (Fig. 5.16). In the exposed outcrop, this microfacie attains thickness
of 0.7 m and appear as grey color shale intercalated medium bedded of limestone (Fig. 4,1).
The petrographic studies describe the Planktic Foraminifera as main skeletal component with
echinoids fragments and discocylina (specie: D. Nandori) embedded in micritic matrix (Fig.

5.11).

Interpretation: The extensive existence of echinoid fragments (10-15%) indicates the outer
shelf of open marine deposition setting (Fliigel, 2013). The packstone texture of planktonic
foraminifera (15-20%) is typical indication of a low energy condition in outer shelf, open
marine setting (Harris et al., 1997). The low energy condition is also evident from the
occurrence of large flat discocylina in micritic matrix (Racey et al., 2001; Beavington-Penney

and Racey, 2004; Cosovic et al., 2004; Beavington-Penney et al., 2006: Isvand et al., 2022).
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Moreover, the dominance of planktonic foraminifera implies to deposition of sediments taken

place below the fair-weather wave base (Wilson, 1975; Burchette and Wright, 1992).

Fig 5.11: shows Echinoid discocylina planktic foraminiferal wackestone (MF-11). The figure
shows planktonic foraminifera (pf), discocyclina nandori. (Dc) echinoderm fragment (Ed), and
bioclasts (Bc).

5.2.3.3 Nummulitid orthophragminid rudstone (MF-12)

The nummulitid orthophragminid rudstone is present in the middle part of the Pirkoh
Formation in Zindapir section (Fig. 4:2). This facie is overlain is by bioclastic discocyclina
floatstone and underlain by bioclastic planktonic foraminiferal lime mudstone (Fig. 5.17). In
the exposed outcrop section, it attains thickness of 0.75 m, and appear as medium bedded
limestone with light gtey color. The petrographic studies describe species discocyclina and
asterocyclina as main skeletal component (70-80%) shown in (Fig. 5.12). The discocyclina
species includes D. Augustea, D. Zindapirensis, D. Rakhinalaensis, D. Discus, D. Silla and D.
Nandori, while the Asterocyclina species includes A. alticostata and A. sireli (Fig. 4.2 A-F).
Nummulite about (5-10%), the Nummulites includes species present is N. aturicus. The
Operculina about (5-10%), the Operculina species includes O. aegyptiaca and O. complanate,
while the Assilina species includes A. Azilensis, and A. laminose. The planktic foraminifera is
also present in this facie about (3-5%). The allochemical components are embedded in

dominate micritic matrix.
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Interpretation: The abundance and association of orthophragminid (discocyclina and
asterocyclina species) indicates the depositional environment of outer shelf depositional setting
(Buxton and Pedley 1989; Eichenseer and Luterbacher 1992; Beavington-Penney and Racey
2004; Cosovic et al. 2004). The dominant assemblage of discocyclina as compared to
Asterocyclina indicates shallow bathymetry (Less 1987, Nebelsick et al., 2005). The
dominancy of micrite, and large flat well preserved orthophragminidae and abundance of
planktonic foraminifera signify to calm and low energy condition of open shelf condition below
the fair-weather wave base. (Wilson, 1975; Eichenseer and Luterbacher 1992; Sinclair et al.,
1998; Racey et al., 2001; Beavington-Penney and Racey 2004; Cosovic et al. 2004;
Beavington-Penney et al., 2000).

Fig 5.12: shows nummulitid orthophragminid rudstone (MF-12). The figure shows
Discocyclina augustea, (D. Aug), D. nandori (D. Nd), D. silla (D. Si), D. rakhinalaensis (D.
Rk), D. zindapirensis (D. Zp), D. discus (D. Ds), asterocyclina alticostata (A. at) and A. sireli
(A. sr).
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5.2.3.4 Echinoid operculine planktonic foraminiferal packstone (MF-13)

The echinoid operculine planktonic foraminiferal packstone is present in the middle
part of the Pirkoh Formation (Fig. 4.2). It is overlain is by planktonic foraminiferal lime
mudstone and underlain by planktonic foraminiferal wackestone (Fig. 5.17). In the exposed
outcrop, this attains thickness of 0.45 m, and appear as grey thin bedded limestone. The
petrographic studies describe abundant planktic foraminifera about 40-50 % embedded muddy
matrix (Fig. 5.13). This facie also displays operculina (3-5%) and the echinoid fragments (10-

15%) are present showing perforation arranged parallel to the spin long axis.

Interpretation: The extensive existence of echinoid fragments indicates the outer shelf of open
marine deposition setting (Fliigel, 2013). The packstone texture of planktonic foraminifera is
typical indication of a low energy condition in open marine setting (Harris et al. 1997). The
association of operculina is allochthonous although it has a wide range of thriving, and less
symbiotically dependent on coralline algae. Overall, the dominaney. of open marine biota i.e.,
radiolarians, spicules and planktonic foraminifera indicates low energy environment of open
marine environment depositional setting below the storm wave base (Wilson, 1975; Burchette

and Wright, 1992).

Fig 5.13: shows echinoid operculine planktonic foraminiferal packstone (MF-13). The figure
shows echinoderm fragments (Ed), planktonic foraminifera (pf), and deformed operculina

(Op).

41



5.2.3.5 Planktonic foraminiferal Wackestone (MF-14)

The planktonic foraminiferal wackestone is present in the upper part of the Pirkoh
Formation (Fig. 4.2). It is overlain is by echinoid operculine planktic foraminiferal packstone
and underlain by operculine Planktic foraminiferal wackestone (Fig. 5.17). In the exposed
outcrop, this attains thickness of 1.2 m, and appear as medium bed of light grey color. The
petrographic studies of this facie describe planktic foraminifera assemblage about 15-25 %

embedded fine matrix shown in (Fig. 5.14).

Interpretation: The dominancy of lime mud, complete absence of shallow marine neritic fauna
and abundance of deep marine planktonic foraminifera support low energy hydrodynamic
regime open marine environment of outer shelf environment depositional setting below the
storm wave base (Wilson, 1975; Burchette and Wright, 1992; Harris etal., 1997; Flugel, 1982;
Flugel,2010; Geel, 2000; Rikhtegarzadeh et al., 2016).

Fig 5.14: shows planktonic foraminiferal wackestone (MF-14). The figure shows planktonic
foraminifera (pf).
5.2.3.6 Operculine planktonic foraminiferal wackestone (MF-15)

The operculine planktonic foraminiferal wackestone is present in the upper part of the
Pirkoh Formation (Fig. 4.2). This facie is underlain is by contact of Dranzinda Formation and
overlain by planktic foraminiferal Wackestone (Fig. 5.17). In the exposed outcrop, it attains
thickness of 1.4 m, and appear as medium bedded limestone of light grey color. The

petrographic studies of this facie describe planktic foraminifera assemblage about 20-30 %
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embedded fine matrix accompanied by operculina and displaying teleogenetic white parallel

calcite veins (Fig. 5.15).

Interpretation: The operculina to less symbionts reliant on coralline algae thus signifying a
wide range of depositional setting anywhere in carbonate platform as compared to other larger
benthic foraminifera (Cole, 1957; Adams, 1965). However, the living species of operculina
reported to thrive at depth 14 m in shallow water (Hottinger, 1983), on reef flats (McKee et al.,
1959), assigned to reef shelf areas by (Maxwell et al.,1961; 1968), while the study of (Reiss
and Hottinger, 1984; Banner and Hodgkinson, 1991) reported operculina to thrive in low-
energy on soft-substrates at depth 30- 150m. On contrary, the Paleogene genus inhabits photic
zone of inner shelf forereef high energy shallow setting (Chaproniere, 1975; Fadel, 2018) to
quiet waters near the base of the photic zone. Thus, the association of operculina is
allochthonous rather than in situ deposition. However, the abundant of planktic foraminifera
embedded in mud dominated matrix irrespective of association with operculina is signify the

deposition in outer shelf setting (Harris et al., 1997).

Fig 5.15: shows operculine planktonic foraminiferal wackestone (MF-15). The figure shows
planktonic foraminifera (pf), and deformed operculina (Op).
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5.3 Paleoecology of larger benthic and planktonic foraminifera

During the Eocene that the Nummulites fulfilled their unique rock- forming potential.
They became abundant and formed the widespread nummulitic limestones of hydrocarbon
reservoirs in offshore North Africa, India, and the Middle East. Their reservoir qualities are
mostly due to the preservation of the intraskeletal porosity of the Nummulites test. Various
depositional models have been proposed, and most of them described Nummulites
accumulations as banks, bars or low- relief banks, sometimes related to palaeo- highs.

The behavior of Nummulites could explain the diversity of such depositional models.
Depending on local hydrodynamic conditions, autochthonous Nummulites deposits can be
preserved as in situ winnowed bioaccumulations or can be accumulated offshore, onshore or
alongshore, away from the original biotope. But their most typical environment is forereef shelf
of inner shelf setting (Fedal, 2018).

The nummulitids included genera with flattened to stoutly lenticular and even globular
species, with a periphery varying from sharp to rounded-er somewhat undulose (Beavington-
Penney and Racey, 2004). The globose to ellipsoidal-flat Nummulites thrived in warm, tropical
mesophotic zone, while the large flat forms are common in the oligophotic zone, either in
shaded shallow water zones or deeper on the shelf (Mateu-Vicens et al., 2012, Pomar et al.,
2017).

The operculina is the most“‘primitive” genus known and the least specialized (Cole,
1957; Chaproniere, 1975). For this'reason, it is thought to be less dependent on coralline algae
symbionts for food, and therefore it is inferred to have had a wider environmental range than
the other nummulitids (Cole; 1957; Adams, 1965). Although the living nummulitids house
symbiotic microalgae, they prefer calm water conditions and avoid highly illuminated areas
near the water surface, since their flat tests could easily be damaged in a turbulent
hydrodynamic regime (Hohenegger et al., 2000).

The living nummuliid Operculina appears to be restricted by oceanic salinities
(Chaproniere, 1975). It has been found at depths as shallow as 14m (Hottinger, 1983). It has
also been reported from the quieter parts of lagoons (McKee et al., 1959), channels on reef flats
(Maxwell et al., 1961) and in off- reef shelf areas (Maxwell, 1968). Operculina lives on soft-
bottomed substrates in the Gulf of Aqaba at depths of 30- 150m, with flatter forms most
common between 60- 120m (Reiss and Hottinger, 1984). It dominates low- energy, muddy sea
beds (Banner and Hodgkinson, 1991). In the Oligo- Miocene this genus is inferred to have
inhabited environments ranging from high energy, shallow water forereef facies (BouDagher-

Fadel et al., 2000) to quiet waters near the base of the photic zone (Chaproniere, 1975). The
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alveolinids occur in a wide range of habitats, from deep lagoons and to forereef settings,
existing down to depths of about 80m.

Heterostegina inhabited high energy forereef environments (Fadel et al., 2000), of 20
to 30 m depth (Banner and Hodgkinson, 1991), preferring to live on hard substrates (Reiss and
Hottinger, 1984). Holocene Amphistegina has adapted to high energy conditions, however, it
is also found in mud free sands in areas of sea grass or coralline algae and in reefal areas down
to depths of 35m (McKee et al, 1959). Dead tests of Amphistegina have been found at greater
depths (Chaproniere, 1975), but its main depth range is reported as 5 to 20m (Murray, 1973).

The orthophragminidea (Discocyclina and Asterocyclina) at the lower limit of the
photic zone are very flat, and their lateral chamberlets are particularly low in shape (Fadel,
2018). The tendency towards flatter tests and thinner test walls with increasing water depth.

The Planktonic foraminifera inhabited various marine eénvironments, but they were
particularly abundant in warm, tropical to subtropical regions'during the Eocene. Their fossil
remains have been found in sedimentary rocks from. shallow shelf areas to deep-sea
environments. The remain are more commonly in lagoon setting of inner shelf setting with
other larger benthic foraminifera such small rotaliids and"small miliolids, and more abundant
in outer shelf below the base of wave action (Fedal, 2018). In addition, the planktonic
foraminifera in pelagic matrix support low. energy hydrodynamic regime open marine
environment of outer shelf environment depositional setting below the storm wave base
(Wilson, 1975; Burchette and Wright, 1992; Harris et al., 1997; Flugel, 1982; Flugel,2010;
Geel, 2000; Rikhtegarzadeh et al., 2016). The detail of paleoecology of larger benthic and

planktonic foraminifera is illustrated in (Fig 5.18).
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Fig 5.5: showing litho-log and biota distribution of Pirkoh Formation in DG cement factory
section.
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Fig 5.6: showing the litho-log and biota distribution of Pirkoh Formation in Zindapir section.
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5.3 Depositional Model of Pirkoh Formation

The microfacies analyses of Pirkoh Formation is representing total fifteen microfacies
(MF1-MF15) categorized in three major facies assemblages i.e., inner, middle, and outer shelf
based on their depositional setting on carbonate platform. The facies assemblages are typical
representative of Tethyan carbonate shelf. The inner shelf facies are deposited on tidal setting
(MFT1), open lagoons (MF2), backreef shelf (MF3). reef patch (MF4), forereef shelf (MF5-
MF7). The middle shelf facies are represented by (MF8-9) while the outer shelf facies are
(MF10-15) as shown in model.

Fig 5.7: showing the detail depositional model of Pirkoh Formation as 3D and 2D display.
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CHAPTER 6

DIAGENESIS

6.1 Introduction

The term diagenesis refers to the sum of all biological, physical, and chemical process
which influence the original depositional facies. The process of diagenesis take place soon after
deposition and terminate until the zone of metamorphism. The process of diagenesis are
categorized into eogenesis, mesogenesis and telogenesis. The eogenesis is further categorized
into shallow and deep marine setting, while in mesogenesis the diagenesis take place in
meteoric vadose and phreatic environment. The burial diagenesis is a generally associated late-
stage diagenesis, while the telogenesis (uplift) is associated with late-stage uplift (Choquette
and James, 1990).

6.2 Realm of Diagenesis

The regime of diagenesis is categorized by (Machel 1999) follow as:

6.2.1 Sear surface diagenesis

It is associated with lithification and take place at very shallow depth during the initial
burial of carbonate sediments. The diagenetic fluidsassociated with near surface diagenesis are
mostly originated from marine and brackish water. The meteoric diagenetic fluids is least

significant in near surface diagenesis.

6.2.2 Shallow realm diagenesis
The diagenesis at shallow regime associated with physical and chemical compaction

with possibility of suture zone development at depth of 600-1000m.

6.2.3 Intermediate realm of diagenesis
The shallow depth diagenesis is associated with multiple episodes of calcite
cementation as well as dissolution (fabric and non-fabric selected) at depth equivalent to

boundary of oil window.

6.2.4 Deep realm of diagenesis
It is the lower most boundary of diagenesis below which diagenesis terminate and low-

grade metamorphism occur.
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6.3 Diagenesis of Pirkoh Formation

The detail diagenesis of Pirkoh Formation is studied in Zindapir and DG cement factory
section, Zindapir Anticline in the eastern Sulaiman province. The petrographic studies were
conducted at scale of (100- 200 microns) under plan polarized light. The Pirkoh Formation has

undergone various diagenetic events follow as:

6.3.1 Eogenetic stage (Marine realm)

6.3.1.1 Carbonate sedimentation and lithification
The carbonate sedimentation take place and deposited the limestone as well as the shale
deposition on the shelf environment during middle to late Eocene which is followed by the

lithification during earliest stage of diagenesis.

6.3.1.2 Micritization

The fluid rock interaction in carbonate rocks take place in during eogenetic stage of
diagenesis particularly at shallow depth in the marine phreatic zone, where the biogenic
activities influence the carbonate sediments (Reid & Maclntyre, 2000; Vincent et al., 2007,
Flugel, 2010; Beigi et al., 2017). Micritization take placein'shallow marine setting during early
diagenesis indicating slow sedimentation. rate. The micritization in Pirkoh Formation has
occurred along the edges of bioclasts (Fig.l A, B). The micritization is common and

widespread in Samana Suk Formatien and indicates slow sedimentation rate.

6.3.1.3 Dolomitization (Shallow marine)

The fine-crystalline dolomite (very fine anhedral with a few well-developed euhedral
rhombs) shown in(Fig.6.1 C, D) embedded in micritic matrix (dolomicrite) indicates early
diagenetic stage dolomitization in a peritidal environment (Tucker and Wright, 1990; Wanas,

2008).

6.3.1.4 Isopachous rim cement

The shallow marine zone displays the high-Mg aragonite and calcite composition
isopachous rim cements as first-generation cement take place during eogenesis, but it unusual
in marine phreatic setting (Flugel, 2010). The growth isopachous rim cements found on the
outer boundaries of planktonic foraminifera (Fig. 6.1 E, F). It is postdating postdates

micritization (Adabi and Rao, 1991).
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Fig 6.1: (A, B) shows micritization, (C, D) shows fracturing and dolomitization in micritic
lime, (E, F) shows isopachous rim cements.
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6.3.2 Mesogenetic stage (Meteoric realm)

6.3.2.1 Fabric Selected Dissolution

The Pirkoh Formation shows dissolution widely distributed at outcrop and petrographic
scale. The dissolution has occurred in eogenetic, mesogenetic, and telogenetic stage. It is
playing an important role in enhancing the potential of the reservoir. During the eogenetic and
mesogenetic stage fabric selective dissolution is reported in Pirkoh formation shown in (Fig.
6.2 A, B). The non-fabric selected dissolution also observed in place, but it is least significant

due the precipitation of blocky calcite.

6.3.2.2 Blocky calcite

The blocky calcite is associated with meteoric zone (Phreatic) during of mesogenetic
stage and shallow burial late stage. The blocky calcite display characteristics of Phreatic
cements such as its uniformly distribution, which is reflecting the complete saturation of pores
with water in the given setting (James and Choquette, 1984). In the chronological sequence,
the early stages of meteoric vadose cementations are followed by initial dissolution in meteoric
vadose zone, which is later on further followed by dissolution in phreatic zone. The extended
meteoric diagenesis it results to fabric inversion resulting to secondary pores, where the blocky
calcite precipitate until the complete filling of secondary pore and its precipitation further

proceed to burial late diagenesis (Fig. 6.2.C, & D).

6.3.2.3 Physical Compaction

The physical compaction take place at shallow to deep burial compaction due to
overlying deposition.dnthe Pirkoh Formation the physical compaction resulted to deformation
of skeletal grains and minor fracturing during late mesogenetic and early burial stage (Fig. 6.2
E). This mechanical compaction has resulted to high reduction of porosity in grainstone and

Packstone texture as compare to mudstones and wackestone.

6.3.3 Burial stage
6.3.3.1 Chemical Compaction

In the Pirkoh Formation no suture zones are reported at outcrop scale and very minor

suture seems are observed in the petrographic results. Although it is a common phenomenon
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of diagenesis which takes place due to pressure solution (Lloyd, 1977; Choquette & James,
1990). The minor chemical compaction is observed (Fig. 6.2 F).

Fig 6.2: (A, B) shows fabric selective dissolution, (C, D) shows blocky calcite cement, (E)
shows operculina deformation due physical compaction, (F) stylolitation due to chemical
compaction.
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6.3.3.2 Selective Dolomitization

The selective dolomitization take place along the fracturing where fluids squeezed out
due to burial chemical and mechanical compaction. The dolomite thombs are showing well
developed euhedral thombs and a few subhedral texture. The presence of high iron leaching

indicates burial depth selective dolomitization (Fig. 6.3 A, B).

6.3.4 Telogenesis

6.3.4.1 Fracturing and veins Filling
The field study and petrographic scale display high density fractures in Pirkoh
Formation. The fractures are filled with various phases of calcite cements and display

telogenetic transparent calcite which is associated with uplift after collision during late Eocene

(Fig. 6.3 C, D).

Fig 6.3: (A, B) shows selective dolomitization, (C, D) shows late stage telogenetic calcite.
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6.4 Paragenetic sequence
1. The eogenesis show micritization mostly in the shallow marine settings with shallow marine

dolomitization.

2. The first generation isopachous rim cements are observed in shallow marine to deep marine
setting of eogenetic stage, such cements are mostly found on the edges of planktonic

foraminifera of open lagoonal and open marine outer shelf facies.

3.During the eogenetic and early mesogenetic stage in marine and meteoric (vadose) regime

the fabric selected dissolution is evident.

4. The later stage of mesogenesis display blocky calcite cements precipitate in meteoric

(phreatic) and which continue till the late stage of burial diagenesis.

5. The physical compaction tend to start at later stage of mesogenesis and terminate at shallow

burial depth resulting to very minor fracturing.

6. At burial depth, the mechanical compaction transformed to chemical compaction resulting

to stylolites and selective "dolomitization along the fluids-patterns.
7. The telogenesis (tectonic uplift) resulted to fracturing of Pirkoh Formation.

8. In the latest stage of diagenesis the former factures are filled with transparent telogenetic

calcite (vein filling calcitization) last'episode of diagenesis as a result of late Eocene collision.

The episodes of diagenesis in various diagenetic realms are shown in (fig. 6.4)
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Fig 6.4: showing the paragenetic sequence of Pirkoh Fo ion.
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CHAPTER 7

RESERVOIR CHARACTERIZATION

7. 1 Reservoir quality Classification

The reservoir quality is classified into the following 4 groups and further categorized
into classes based on their variation in permeability and porosity. In general, the group 1 is
classified into class High I and High II reservoir quality, the group 2 is into class III good and
class IV moderate reservoir quality, the group 3 having class V Cautionary-1 and class VI
Cautionary-2 reservoir quality and the final group 4 into class VII and class VIII of low and
very low reservoir quality respectively (Khanin, 1965, 1969) modified by (Shogenov et al.,

2015). The detail of each group and their respective classes are followed as:

7.11Group 1

The group 1 of the reservoir quality classification is the highest quality having both the
permeability and porosity high values, the class I (veryhigh) of the group is having very high
permeability ranging from 300 and more while their porosity % range greater the 18%. While
their class II (high) has the same permeability and but its porosity % varies from 9-18 % in the

reservoir quality classification

7.1.2 Group 2

The group 2 of the classification has class III (good) reservoir quality having the
permeability and the porosity % of 100-300 mD and greater than 18 % respectively, while the
class IV (moderate) reservoir quality having the same permeability but different porosity

ranging from 9-18 % in the reservoir quality classification.

7.1.3 Group 3

The group 3 of the classification are cautionary rocks having the permeability of 10-
100 mD and is further classified into the class V and class IV called the cautionary 1 and 2
having the porosity of 18-23 and 7-9 % respectively.

7.1.4 Group 4
The last group of the reservoir quality classification having the low reservoir quality
has class VII and class VIII of low and very low reservoir quality having permeability of 1-10

and 0.001-1 mD and having the porosity of 7-9 and 0-7 % respectively.
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Group Class Reservoir Permeability Porosity
quality (mD) (%)
1 I High-1 >300 >23
II High-2 >300 9-18
2 III Good 100-300 >23
v Moderate 100-300 9-18
3 \% Cautionary-1 10-100 20-23
VI Cautionary-2 10-100 7-9
4 VII Low 1-10 7-9
VIII  Very low 0.001-1 0-7

Table 7.1: shows hydrocarbon reservoir quality of (Khanin, 1965, 1969) modified by
(Shogenov et al., 2015).
7.2 Reservoir Rank Classification

The reservoir rank classification is introduced for the reservoir to rank it, whether the
rock sample is a having the reservoir parameters which is porosity within the rock sample, the
permeability within the sample, rock quality ranking and their flow zone index upon which the
rock is classified into 6 different ranks that is rank1 excellent, rank 2 very good, rank 3 good,
rank4 fair, rank 5 poor and rank 6 which is tight (Nabawy et al., 2018)

The quality parameters i.e., quality index and flow index are introduced by (Amaefule
et al., 1993), which are based in air porosity (%) and air permeability (mD).

1. Quality index: 0.0314 (V (ki @)

2. Normalized Porosity: @He'in decimal / (1 - @He in decimal)

3. Flow index: Quality index / Normalized Porosity in decimal
7.21Rank 1

Rank 1 has greater than 25 % porosity, and greater than 1000 (mD) permeability. It has
RQI greater than 5.00 (um), and FZI greater than 15 (um). It is excellent rank.

7.2.2 Rank 2

Rank 2 has less than or equal to 25 % and greater than 20 % porosity, less than 1000
(mD) and greater than 100 (mD) permeability. The RQI is less than or equal to 5.00 (um) and
greater than 2 (um), while the FZI is less than or equal to 15 (um) and greater than 10 (um). It
is very good rank.

7.2.3 Rank 3
Rank 3 has less than or equal to 20 % greater than 15 % porosity. It has less than 100
(mD) and greater than 10 (mD) permeability. The RQI less than or equal to 2.00 (um) and
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greater the 1(um), while the FZI is less than or equal to 10 (um) and greater than 5.0 (um). It

is good rank.

7.2.4 Rank 4

Rank 4 has less than or equal to 15 % greater than 10 % porosity, greater than 1 (mD)
and less than 10 (mD) permeability, RQI greater than 0.5 (um) and lesser than or equal to 1
(um), FZI of less or equal than 5 (um) and greater than 2.5 (um). It is fair rank.

7.2.5 Rank 5

Rank 5 has less than or equal to 10 % and greater than 5 % porosity, greater than 0.1
(mD) and lesser or equal to 1 (mD) permeability. It has RQI of less than or equal to 0.5 (um)
and greater than 0.25(um). The FZI is less than or equal 2.5 (um) and greater than 1 (um). It

is poor rank.

7.2.6 Rank 6

Rank 6 has less than or equal to 5 % and greater than 0 % porosity. It has less or equal
to 0.1 (mD) and greater than 0 (mD) permeability. It has RQI less than or equal to 0.5 (um)
and greater than 0.00 (um). The FZI of less than or equal'to 1.0 (um) and greater than 0.00

(um). Overall such reservoir is ranked as tight.

Table 7.2: shows reservoir rank classification of (Nabawy et al., 2018), and integrated reservoir
parameters of (Amaefule et al., 1993).
7.3 Reservoir Ranking and quality classification of Pirkoh Formation

The field samples of the Pirkoh Formation were analyzed for the air permeability and
air porosity to study their reservoir behavior and the result of selected samples compared with

the standard classification which was discussed later.
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7.3.1 Mudstone texture

1. The bioclastic planktonic foraminiferal lime mudstone of the middle shelf environment has
the air permeability of 0.07 mD and air porosity is 2.89 %, which is classified based on the
reservoir quality classification and reservoir rank classification falling in the group 4 class 8
and ranked 6 respectively.

2. The planktonic foraminiferal lime mudstone of middle shelf environment having the air
permeability of 0.06 mD and the air porosity of 2.78% classified based on the reservoir quality
and reservoir rank classification falling in the class 8 of group 4 and ranked 6 respectively.

3. The dolomitic lime mudstone of tidal setting display air permeability of 0.08 mD and their
porosity is 2.93% has also classified in class 8 of group 4 of reservoir quality classification and

ranked 6 in reservoir rank classification.

Mudstone Facies
1. Bioclastic Planktonic

3.50 Foraminiferal Lime

‘%‘ 3.00 2.89 2.78 293 Mudstone (Middle Shelf)

;o? 250 2. Planktonic
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é 1.50 mudstone (Middle Shelf)

g 100 -

a 3. Dolomitic lime

s 030 007 0.06 0.08 Mudstone (Tidal)

0.00 —_— — —
1 2 3
® Air Permeability (mD) 0.07 0.06 0.08 B Air Permeability (mD)
M Air Porosity (%) 2.89 2.78 2.93 H Air Porosity (%)
Air Porosity (%)
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1.00
g
= y = 0.0003x51466 ® ?"“fsmne
£ R? = 0.9492 exure
Q2
o 0.10
] Power
S ./.‘. (Mudstone
& Texture)
X
<<
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2.5 2.7 2.9 3.1 3.3 3.5
Air Porosity (%)

Fig 7.1: shows air porosity and air permeability of mudstone texture facies and R? = 0.9436.
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7.3.2 Rudstone Texture

The Pirkoh formation is investigated for three sample of same facie rudstone texture
for air porosity and permeability.
1. Nummulitid orthophragminid Rudstone of outer shelf environment having the air
Permeability of 0.09, 0.07, and 0.06 (mD) and their air porosity of 3.1, 3.0, and 3.04 (%). The
rudstone sample are classified in the same group rank based on reservoir quality and rank
classification which are class 8 of group 4 and rank 6 respectively. It signifies to poor

diagenesis in rudstone texture.

Rudstone Facies
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)
2 100
=

0.50

0.09 0.07 0.06
1 2 3
. .- B Air Permeability (mD)
Air Permeability 0.09 0.07 0.06
(mD)
1 H 0,
Air Porosity (%) 3.1 3.06 3.04 = Air Porosity (%)
Air Porosity (%)
Rudstone Texture
1.00

a
E
g y = 7E-12x20-549
= 010 R? = 0.9975
a 0.
o .‘./. @® Rudstone Texture
£
@ Power (Rudstone Texture)
a
e
P 0.01
3 3.1 3.2 3.3 3.4 3.5

Air Porosity (%)

Fig 7.2: shows air porosity and air permeability of mudstone texture facies, and R? = 0.9979.
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7.3.3 Wackestone Texture

1. Bioclastic wackestone of lagoonal environment showing the air permeability of 0.08 mD
and their air porosity of 5%. It is classified on reservoir quality and rank classification in class
8 group 4 and rank 6 of the classification respectively.

2. Nummulitic operculine wackestone of forereef shelf setting display air permeability of 0.10
mD and their air porosity of 4.8 %. It is categorized in class 8 group 4 and rank 6 on reservoir
quality classification and reservoir rank classification respectively.

3. Planktic foraminiferal wackestone of outer shelf environment display air permeability 0.06
mD and air porosity 3.1% and is classified on the reservoir quality and rank classification in

group 4 class 8 and rank 6 respectively.
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0.08 0.10 0.06 Shelf)
0.00 — — —
1 2 3

H Air Permeability (mD)
Air Permeability

(mD) 0.08 0.10 0.06 M Air Porosity (%)
Air Porosity (%) 5 4.8 3.1
Air Porosity (%)
Wackestone Texture

__ 100
[a]
£
> y = 0.0236x0-8348
= R2=0.7463 ® Wackestone Texture

0.10
3 — =
g Power (Wackestone
a
T oot Texture)
<

3 32 34 36 38 4 42 44 46 48 5
Air Porosity (%)

Fig 7.3: shows air porosity and air permeability of mudstone texture facies, and R* = 0.6659.
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7.3.4 Packstone Texture

1. Austrotrillina nummulitid bioclastic packstone of back reef display air permeability of 0.29
mD and air porosity of 5.64%, which is classified based on reservoir quality and rank
classification categorized in the class 8 group 4 of the quality classification and rank 5 of the
reservoir rank classification.

2. Discocyclina nummulitic operculine bioclastic packstone of reef patch setting display air
permeability 0.19 mD and air porosity 3.28%, which is classified in the group 4 class 8 of
reservoir quality classification and rank in between 5 to 6 on reservoir rank classification.

3. Echinoid operuline planktic foraminiferal packstone of outer shelf setting has air
permeability of 0.24 mD and air porosity 3.93% is classified as group 4 class 8 of reservoir

quality classification and rank in between 5 to 6 in the reservoir rank classification.
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Fig 7.4: shows air porosity and air permeability of packstone texture, and R? = 0.9444.
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7.3.5 Floatstone Texture

1. Orthophragminid nummulitid floatstone of fore reef having the air permeability 0.06 mD
and air porosity 2.67 % is classified as group 4 class 8 of the reservoir quality classification
and rank 6 of the reservoir rank classification.

2. Dolomitized orthophragminid bioclastic floatstone of outer shelf setting display air
permeability 0.14 mD and air porosity 3.04%, which is classified in group 4 class 8 of reservoir
quality classification and is rank 6 in the reservoir rank classification.

3. Bioclastic discocyclina floatstone of fore reef environment display air permeability 0.09 mD
and air porosity 2.8%, which is classified in group 4 class 8 according to the reservoir quality

classification and is rank 6 according to the reservoir rank classification.
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Fig 7.5: shows air porosity and air permeability of floatstone texture, and R* = 0.9877.
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7.4 Reservoir rank classification of Pirkoh Formation

The overall results of the selected samples are studied and according to the reservoir
rank classification of (Nabawy et al., 2018), and integrated reservoir parameters of (Amaefule
et al., 1993), the Pirkoh Formation is poor ranked, categorized as tight in the reservoir behavior

as shown in (Fig. 7.4).
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Fig 7.6: showing reservoirrank classification of Pirkoh Formation (Nabawy et al., 2018), and

integrated reservoir parameters of (Amaefule et al., 1993).
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7.5 Reservoir Quality classification of Pirkoh Formation
The overall results of the selected samples are studied and according to the Reservoir Quality
classification of (Khanin, 1965, 1969) modified by (Shogenov et al., 2015). The Pirkoh

Formation is of poor quality as shown in (Fig. 7.7).

Fig 7.7: showing reservoir quality of classification of Pirkoh Formation (Khanin, 1965, 1969)
modified by (Shogenov et al., 2015).

7.6 Textural summary-of Pirkoh Formation

The Pirkoh Formation is showing good power regression for same texture (Fig. 7.8 A) and poor
relationship of both variable in different texture (Fig. 7.8 B). Moreover, the depositional
porosity is well preserved and least influenced by diagenesis is noticed from petrographic
studies. The results show that wackestone and packstone display relatively high porosity as
compared to mudstone, floatstone and rudstone facies. Moreover, the inner shelf facies found

to be more porous as compared to open marine facies.
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CHAPTER 8

SOURCE ROCK
8.1 TOC and Rock eval pyrolysis

The total organic carbon (TOC wt.%) and rock eval pyrolysis of selected field samples

were conducted to determine the source rock quality of Pirkoh Formation.

The term TOC refer to total organic carbon, which is measured in weight percentage,
while the abbreviations S1, S2 and S3 refer to free hydrocarbons, thermal breakage of kerogen,

carbon dioxide during the temperature dropping respectively.

S1: The flame ionization detector is used to detect and measure S1 peak upon the evaporation

of loose hydrocarbon at isothermally condition for 7 mints at the initial temperature of 335°C.

S2: At the temperature of 314-610°C (rise of 32°C/min) result:to evaperation of organic matter
starts and unstable content begins to break up, these hydrocarbons were registered as S2 peak.
T.max: It is the value measured when the S2 values reached to his peak depending on thermal
maturity and the organic matter. It is the maximum temperature at which maximum pyrolysis

take place.

S3: The trapped CO2 at temperature. 310-380°C is released during cooling stage. The
temperature increased, the CO?2 is released, and during the temperature drop it is detected by

the detector called the thermal conductivity detector, which is S3 values (Horsfield, 1985).
The following are the derivates from the later mentioned parameters.

1. Oxygen index (O.I): It is the 100 into the ratio of S3 and TOC in weight percent.

2. Hydrogen index (H.]) It is the 100 into the ratio of S2 and TOC in weight percentage.
The cross plot of (H.I) and (O.]) is the function of organic richness in sediments.

3. Production Index (P.I): It is the ration of S1 and sum of S1 and S2.

4. Genetic potential (G.P) is the sum S1 and S2.
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8.2 Kerogen type and environments

To evaluate the potential of the source rock the type of organic matter is an important
factor to be determined. The organic matter present in the rock has influence on the
hydrocarbon product, as each types of kerogen has a specific chemical structure and
hydrocarbon product. There are four different types of kerogen in a sedimentary rock i.e. type-
I (Oil prone) found in the lacustrine and some of the marine facies are oil prone. The type-II
(Oil and gas prone) are derived from the sediments of marine comprises of hydrogen organic
matter of oil-prone, the oil is the main product of production but also produces more gas. The
types III (Gas prone), has low hydrocarbon and generating more gas are the woody plant
material derived terrestrial organic matter, while the type-IV kerogen has no capacity of

generation, these kerogens are dead or inert carbon (Peters, 1986; Merrill, 1991).

The kerogen type of Pirkoh Formation is determined by the following Van Krevelen
diagram indicating type-II kerogen (Fig. 8.1 A). The kerogen environment can be determined
by plotting hydrogen index vs oxygen index. The results suggest that more anoxic environment

(Fig. 8.1 B).

Fig 8.1: (A) showing Kerogen type-II of Pirkoh Formation on modified Van Krevelen
diagram,1984 (B) showing plot of H.I vs O.I indicate more anoxic environment of Pirkoh
Formation (after Last and Ginn, 2005).
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8.3 Origin of organic matter generative and potential of source rock

The Indigenous vs non-indigenous hydrocarbons (Hint, 1995) is indicating the
autochthonous origin of hydrocarbons of the Pirkoh Formation (Fig. 8.2 A). The limestone
preserved in situ well preserved biota, which has good generative potential even with low TOC
as compared to that of shale. The total organic content is used to determine the richness of the

organic matter of the source rock, which is by weight percent of the organic matter/kerogen.

(TOC wt.%).

The higher the total organic content the higher will be the generation potential of source
rock. According to (Peters, 1986), the total organic content of the source rock will be of poor
generative potential when its values range from 0 to 0.5%. The total organic content between
the range of 0.5 to 1% shows the generative potential of the source rockis fair. The total organic
content from 1 to 2%, 2 to 4% and greater than 4% signify to good, very good and excellent
generative potential of source rock respectively (Fig. 8.2 B table). The Pirkoh Formation shows

generative and potential of source rock (Fig. 8.2 B).

Fig 8.2: (A) showing indigenous vs non-indigenous hydrocarbons (Hint, 1995), and (B)
showing the generative potential of source rock (Peters, 1986) of Pirkoh Formation.
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8.4 Source rock quality

The source rock quality can be determined by plotting genetic potential of source rock
versus the total organic content, while the origin of organic matter that produce hydrocarbons
can be determined by plotting S1 versus total organic carbon. The Pirkoh Formation shows fair

to good source rock quality (Fig. 8.3).

Fig 8.3: showing source rock quality (Welte and Tissot, 1984; Peters, 1986) of the Pirkoh
Formation as fair to good source rock quality.
8.5 Maturity and thermal alteration of organic matter

The Maturity of source rock is alteration degree by heating of an organic matter. The
influencing factors like the type of organic matter in a source rock, the free hydrocarbon access
with combination of other contents i1.e., mineral matter and the age and depth of burial
influenced the thermal maturity (Welte and Tissot, 1984). The Tmax, Vitrinite Reflectance,
and production index is used to assume the evolution of thermal alteration of the organic matter
in sedimentary rock. The.increase in Tmax, increases the organic matter maturity level. This is
related to the nature of chemical reaction with thermal breaking, the stronger the bonds the
more temperature is required to break the hydrocarbon chains, while the weaker bond breaks

quickly upon low temperature (Whelan and Thompson, 1993)

Tmax and PI is used to calculated the thermal maturity of the organic matter in rocks.
The maturity of the rock sample can be calculated by the combination of Tmax and PI. The
material is immature if the Tmax is less than 430 °C and PI is less than 0.2. The organic matter
having the Tmax greater than 435 °C to 465 and PI between 0 to 0.4 is mature. The organic
content is considered as post mature, when the Tmax is greater than 465 to 500 and their PI is
greater than 0.4 (Peters and Cassa, 1994; Bacon et al., 2000). The Pirkoh Formation shows low

degree of thermal alteration of Pirkoh Formation as immature source rock. (Fig. 8.4).
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Fig 8.4 showing plot of T. Max vs P.I illustrates maturity and thermal alteration of organic
matter (Espitalie et al., 1985; Peters, 1986), indicating low degree of thermal alteration of
Pirkoh Formation as immature source rock.
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8.6 Kerogen type and maturation level
The kerogen type and maturation level of source can be also collectively determined by
hydrogen index vs T. Max. The Pirkoh Formation shows mix type II and III kerogen of Pirkoh

Formation as immature source rock categorized in pre-oil window (Fig. 8.5).

Fig 8.5: showing kerogen type and maturation level (Peters and Cassa, 1994) indicating mix
type II and III kerogen of Pirkoh Formation as immature source rock fall in pre-oil window.
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8.7 Genetic potential

The genetic potential (GP) is the sum of S1+S2, which can be defined as the total
amount of oil and gas that unit quantity of the source rock could produce if the rock were buried
deep enough and long time. According to (Welte and Tissot, 1984), the GP (mgHC/g) ranging
less than 2, range between 2 to 6 and greater than 6 signify to considered as poor, moderate,
and good source rocks respectively. The Pirkoh Formation shows moderate to good potential

(Fig. 8.6).

Fig 8. 6 showing genetic potential (Welte and Tissot, 1984) illustrating Pirkoh Formation has
moderate to good potential.
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8.8 Production index (P.I)

The production index (PI) is the ratio of S1 to sum of S1 and S2. The production index
is used to measure maturity of source rock as over mature, mature, and immature. The over
mature source rock has PI >0.4. The PI indicates to mature source rock if its values range
between 0.10 to 0.40, while the immature source rock has PI greater than 0.20. The production

index of Pirkoh Formation is indicating immature source rock (Fig. 8.7).

Fig 8.7: showing Production index (Espitalie et al., 1985), indicating Pirkoh Formation as
immature source rock.
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CHAPTER 9

DISCUSSIONS
The Pirkoh Formation in Zindapir area display white to pale yellow limestone consist of
thick bedding in the lower and upper part and thin to medium bedding in the middle part.
Although the shale intercalations are present through the outcrop. In Zindapir area Pirkoh
Formation has upper transitional contact with Drazinda Formation, and lower conformable
contact Domanda Formation. In the exposed outcrop section, the Pirkoh Formation display
well preserved shallow benthic foraminifera in the lower part and open marine planktonic

foraminifera in the upper part.

The microfacies analyses of Pirkoh Formation unravel the depositional facies, which
display the deposition from inner shelf to open outer shelf setting:The inner shelf facies consist
of deposition on tidal, open lagoons, inner forereef shelf, reef patch and backreef shelf (MF-
MF7). The tidal setting of inner shelf display lime.mud texture with early diagenetic
dolomitization. The lagoonal facies comprise of abundant planktonic foraminifera with smaller
miliolids below the FWWB, in the present study the bioclastic wackestone facie of lagoonal
setting display abundant planktonic foraminifera but less small miliolids with scattered bioclast
signify to open lagoon with significant water circulation and well oxygenated regime. The
backreef shelf facie are display abundant orbitolites and austrotrillina along with nummulites
and operculina species. The reef patch facie of inner shelf is evident from the co-occurrence
of nummulites, operculina and assilina and from the reworked biota assemblage of back and
forereef shelf together."The forereef of inner shelf shallow benthic foraminifera majorly

includes nummulites.sp., operculina sp., assilina sp., hetrostegina sp, and amphistigina sp.

The middle shelf facies (MF8 -MF9) are characterized by lime mudstone texture with less
than 5% of planktonic foraminifera. The large flat and well preserved orthophragminids,
lepidocyclinids, extensive echinoids fragments and abundant of planktonic foraminifera is
signifying to open marine outer shelf facies (MF10-MF15) of Pirkoh Formation. The
depositional facies of Pirkoh Formation display various diagenetic events in chronological
order. The P/B ratio is very low in the inner shelf and middle shelf (less than 5%) expect lagoon
facie (40-55%), and it high in the outer shelf setting (greater 90 %).

The eogenesis show micritization mostly in the shallow marine settings with shallow
marine dolomitization. The isopachous rim cements are observed in shallow marine to deep

marine setting of eogenetic stage, such cements are mostly found on the edges of planktonic
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foraminifera of open lagoonal and open marine outer shelf facies. The deep marine and vadose
meteoric regime display the fabric selected dissolution in Pirkoh Formation. During
mesogenesis, blocky calcite cements precipitate in meteoric (phreatic) and the precipitation
continue till the late burial stage of diagenesis. Similarly, the physical compaction continued
from mesogenesis and terminate at shallow burial depth resulting to very minor fracturing. At
burial depth, the mechanical compaction transformed to chemical compaction resulting to
stylolites and selective "dolomitization along the fluids patterns. The last stage of diagenesis
during uplifting/telogenesis is resulting fracturing and transparent telogenetic calcite vein

filling.

The depositional porosity and permeability of Pirkoh Formation overall results of the
selected samples are studied and according to the reservoir rank classification is ranked poor
and categorized tight reservoir, and the quality of depositional facies display overall impervious
reservoir. However, in field observation the outcrop showsusignificant fractures, and
dissolution thus it is classified as secondary reservoir'in the petroleum play. The source rock
results display fear to good reservoir potential but consist of immature source rock. However,

at greater depth the Pirkoh Formation can be.a good source rock.
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CONCLUSION
The present study is revealing the depositional facies of middle to late Eocene Pirkoh
Formation in Zindapir anticline of eastern Sulaiman province, Dera Ghazi Khan, Pakistan. The
carbonate rocks in the study area are of great importance because it is typical representative of
tethyan carbonate shelf deposits with well-preserved marine biota. Moreover, the study is
virgin to literature with very minor to no past research. The microfacies analyses of Pirkoh
Formation is representing total fifteen micro-facies (MF1-MF15) categorized in three major
facies assemblages i.e., inner, middle, and outer shelf based on their depositional setting on
carbonate platform. The facies assemblages are typical representative of Tethyan carbonate
shelf. The inner shelf facies are deposited on tidal setting facie is characterized by lime
mudstone, open lagoon facie showing reworked bioclasts with planktonic foraminifera and
smaller miliolids. The backreef shelf facies of inner shelf display‘orbitolites, austrotrillina, flat
nummulites, and operculina species. The reef flat setting shows.the diversity of larger benthic
foraminifera of both forereef shelf and backreef shelf. The forereef shelf facies are exhibiting
well preserved amphistigina in association with other LBE. The middle shelf facies are
represented by characterized by lime mud-stone texture and low P/B ratio less than 5%, while
the outer shelf facies are consisting of wackestone and packstone texture display high P/B ratio
greater than 90%, with co-occurrence of extensive occurrence of echinoid fragments and large
flat and well-preserved nummulites-and orthophragminids in pelagic matrix. The outcrop after
detail investigation showing shallow to deep marine facies trending west to east from the lower
part to upper part of the formation. The depositional facies show reservoir rank as tight and
impervious, but secondary reservoir based on high density fractures at outcrop scale. Moreover,
it displays immature source rock of fear to good quality. The Pirkoh Formation is a candidate
for representing the reconstruction of tethyan carbonate shelf on the edge of Indian plate

exposed in Zindapir Anticline in DG Khan, Pakistan.
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Appendix-I

(Plug Analysis)
Sample  Texture Air Air Normalized RQI FZI

No. Permeability Porosity  Porosity

K (mD) @He (%) @Z (dec)

CS3 Mudstone 0.07 2.89 0.02976 0.0481 1.616263
CS13 Mudstone 0.06 2.78 0.02859 0.0454 1.587968
CS11 Mudstone 0.08 2.93 0.03018 0.0511 1.693174

ZS8 Rudstone 0.09 3.1 0.03199 0.05266 1.646139

759 Rudstone 0.07 3.06 0.0315 0.0468 1.485714
7510 Rudstone 0.06 3.04 0.03135 0.0511 1.629984

CS2  Wackestone 0.08 5 0.056 0.0387 0.691071

ZS1  Wackestone 0.10 4.8 0.054 0.0442 0.818519
ZS13  Wackestone 0.06 3.1 0.03199 0.043  1.34417

CS1 Packstone 0.29 5.64 0.05977 0.0691 1.156098

Z8S5 Packstone 0.19 3.28 0.03391 0.0743  2.19109%4
7512 Packstone 0.24 3.93 0.0409 0.076  1.858191

CS4 Floatstone 0.06 2.67 0.0274 0.01469 0.536131

CS8 Floatstone 0.14 3.04 0.03135 0.0663 2.114833

757 Floatstone 0.09 2.8 0.0288 0.0555 1.927083
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Appendix-11
(Source Rock Analysis)

S1 S2 S3

Sample TOC

no. wtop) (HC  (HC  (CO2 Tmax GP PI ol HI
mg/g) mg/g) mg/g)
ZS8 147 054 41 054 415 464 011 3673 27891
ZS12 135 033 48 057 419 496 0064 4222 35555
ZS5 158 031 688 068 414 706 0043 42.03 34544
cSl 128 039 261 071 421 3 0.13  66.98 246.22
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