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Abstract

The present study aims to evaluate the Paleocene to Early Eocene carbonates of the Dungan Formation in the Kirthar Fold
and Thrust Belt, Pakistan for its paleo-depositional environment, sequence stratigraphy, and diagenetic effects on reservoir
potential. The utilization of outcrop data for faunal identification and microfacies techniques helped in interpreting the
paleo-environments and sequence stratigraphic framework. The microfacies analysis revealed that carbonates of the Dungan
Formation in the Kirthar Fold and Thrust Belt represent a distal middle shelf-deep basinal settings of deposition. We docu-
mented a sea-level rise of second-order (spanning from Middle Danian to Ypresian) that in turn consists of a Transgressive
Systems Tract (TST) and a Regressive Systems Tract (RST) of third-order cyclicity, spanning from Danian—Selandian and
Thanetian-Early Ypresian respectively. The comparison with published data, the sea-level oscillations is influenced by eus-
tacy and local tectonics. The hydrocarbon reservoir rock characterization of the carbonates is achieved by recording marine,
burial, and meteoric diagenetic phases. The processes of cementation, micritization, neomorphism, and compaction occluded
the effective porosity while dissolution and fracturing have enhanced the porosity and permeability of the rock unit. The
petrographic evidence augmented by quantitative plug porosity and permeability data suggest poor to moderate reservoir
potential of the carbonates of the Dungan Formation.

Keywords Dungan Formation - Microfacies analysis - Depositional environment - Diagenesis - Sequence stratigraphy -
Reservoir potential

1 Introduction

The studied section lies in the Central Kirthar Range, which
is located at the north-western margin of the Indian Plate
(Kazmi 1981; Fig. 1). The Kirthar Fold Belt extends from
the southern end of the Sulaiman Range to Karachi and
forms 380—400 km long and 50-70 km wide north—south
trending fold and thrust belt (Kazmi and Jan 1997). The
Sulaiman Fold and Thrust Belt bound the study area to the
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north and the Bela Ophiolite to the west. The Sibi Trough
and Kirthar Fore Deep are located to the east while the
Indian Ocean to the south of the study area (Fig. 1; Kazmi
and Rana 1982). The intensely folded cover of sedimen-
tary rocks of the Indo-Pakistan Plate formed major fold and
thrust belts i.e. Kirthar, Sulaiman, and Salt ranges (War-
raich 2000). Pakistan has two major sedimentary basins
namely Indus and Baluchistan basins (Fig. 1; Shah 2009).
The Chaman Transform Zone separates the Baluchistan and
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Indus basins (Kadri 1995). The three depositional provinces
of the Indus Basin have been called the Potwar-Kohat, the
Sulaiman, and the Kirthar (Rahman 1963). The trough shape
Kirthar depositional province extends from Karachi and
Hyderabad in the south to Khuzdar in the north. The Kirthar
province contains the thickest sequence of Paleocene rocks
in the Indus Basin (Fig. 1; Meissner and Rahman 1973). The
Dungan Formation at the Khuzdar area is an integral part of
the Kirthar depositional province which occurs in the Lower
Indus Basin of Pakistan (Afzal et al. 2011).

The Paleocene sequence of the Lower Indus Basin, par-
ticularly of the Kirthar Province, has been well studied since
the mid-nineteenth century due to its rich foraminiferal and
molluscan fauna. A wealth of research has been carried out

@ Springer

on the sedimentology, stratigraphy, structure, economic
geology, and paleontology of the Kirthar and Sulaiman
ranges. William (1959) and the Hunting Survey Corpora-
tion (1960-1961) established the reconnaissance geology
of the Kirthar Range. Paleocene age is assigned to the rock
unit based on the presence of planktonic foraminifera by
Latif (1964). However, Samanta (1973) dated the rock unit
as Paleocene—Eocene. The formation in most parts of the
Indus Basin is dominantly comprised of limestone with
shales intercalations (Shah 2009). Banks and Warburton
(1986) and Ahmed and Ali (1991) explained the struc-
tural framework of the studied section. The recent studies
of Weiss (1993) re-confirmed the presence of planktonic
foraminifera for dating the rock unit. The sedimentological
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analyses were undertaken to interpret the environment of
deposition, sequence stratigraphy, tectonostratigraphy, and
reservoir potential (Ahmad and Hudson 2000; Ahmed and
Ahmed 2001; Hedley et al. 2001; Smewing et al. 2002;
Khan et al. 2010). The discovery of the oil/gas seepages has
attracted researchers to evaluate the rock unit for its reservoir
potential (Kadri 1995).

As evidenced by the previous literature, the rock unit
lacks an integrated approach of utilizing various tools to
precisely evaluate its paleo-depositional environment,
sequence stratigraphy, and reservoir potential. The present
study, therefore, was conducted to integrate the faunal infor-
mation, outcrop, and microfacies data to better understand
the depositional environment, sequence stratigraphy, and
hydrocarbon reservoir potential of the Paleocene to Early
Eocene Dungan Formation in the Kirthar Fold and Thrust
Belt, Pakistan. The present study aims to achieve the follow-
ing objectives; 1. To use the ageing diagnostic foraminif-
eral fauna for determining the cyclicity within the Dungan
Formation for devising a dynamic depositional model 2. To
investigate the influence of local tectonics and global sea-
level fluctuations on the deposition of the carbonate facies
and 3. To unravel the diagenetic history and hydrocarbon
reservoir characterization of different facies.

2 Stratigraphic framework

The Jurassic—Oligocene rocks are well exposed in the Kir-
thar Range, Pakistan (Fig. 1). The oldest Jurassic Chiltan
Formation consists of a monotonous sequence of thick-
bedded micritic, ooidal, bioclastic limestone (Shah 2009).
The Chiltan Formation is overlain by interbedded limestone
and shale of Middle Jurassic Mazar Drik Formation (Arkell
1956; Fatmi 1977). The carbonates of the Mazar Drik
Formation preserve fragments of echinoids, pelecypods,
brachiopods, and foraminifera (Fatmi 1977). It is widely
distributed in Sibi, Kalat, and Khuzdar area of the Kirthar
Range (Kazmi 1988). The Kirthar-Sulaiman Range shows a
complete succession of the Cretaceous rocks consisting of
siltstone, shale, and limestone (Kazmi and Jan 1997). The
Cretaceous rocks of the study area comprised the Goru For-
mation, Parh Limestone, and Moro Formation. The Goru
Formation of Cenomanian age (Alleman 1979) is composed
of mudstone and shale with subordinate sandstone and silt-
stone, displaying a range of colors including light grey, dark
grey, and occasionally maroon and white (Shah 2009). The
rock unit predominantly contains planktonic foraminifera
(Shafique and Danial 1990) and serves as a potential reser-
voir for hydrocarbons in the Indus Basin of Pakistan (Kadri
1995). The sandstone of Goru Formation is overlain transi-
tionally by the Parh Limestone (Anwar 1991). The Upper
Cretaceous Parh Limestone (Kazmi 1981) is dominantly

comprised of limestone, subordinate shale, and marl having
porcellaneous and platy conchoidal fractures (Muhammad
et al. 2018). The Parh Limestone has gradational upper con-
tact with the Moro Formation (Hunting Survey Corpora-
tion 1961). The Moro Formation consists of gray, medium
to thick-bedded, argillaceous limestone, gray to dark gray
marl, and dark gray to green calcareous shale with minor
sandstone and conglomerate (Fatmi 1977).

The Tertiary rocks are also widely distributed in the Kir-
thar-Sulaiman Range, Axial Belt, and Kohat-Potwar Prov-
ince. The Paleocene and Eocene rocks of the Kirthar Range
are dominantly comprised of carbonates, shale, and sand-
stone of the Khadro Formation, Dungan Formation, Ghazij
Formation, and Kirthar Formation (Shah 2009). The Khadro
Formation is dominantly comprised of a variety of calcare-
ous sandstone with alternate beds of limestone at places.
The unit is highly fossiliferous and the Early Paleocene age
is assigned to it (Eames 1952; Shah 1977). The contacts of
the Khadro Formation are disconformable with underlying
Moro Formation and overlying Dungan Formation (Kazmi
1988). The Dungan Formation is mainly well-developed in
the Sulaiman and Kirthar provinces. The Dungan Forma-
tion in the study area dominantly consists of thin-thick bed-
ded (Fig. 2a) and massive limestone (Fig. 2b, c). At places,
subordinate shale, conglomerates, and limestone are also
seen (Fig. 2d). The thickness of the formation varies from
place to place and ranges from 100 to 600 m (Cheema 1977).
The formation is rich in fossils including larger benthic
foraminifera (LBF), planktonic foraminifera, red algae, and
bryozoans (Shah 2009). The larger foraminifera includes
Miscellanea, Lockartia, Operculina, Discocyclina, Num-
mulites, and Assilina. (Davies 1941; Ahmed 1996). The
Dungan Formation has been assigned to Late Paleocene to
Early Eocene age (Latif 1964) and is correlated with the
Hangu-Patala stratigraphic sequence of the Kohat-Potwar
Plateau (Ahmad and Pedley 1997). The Late Paleocene
abundant foraminiferal assemblages’ are documented from
various sections of western Sulaiman Fold and Thrust Belt
which are endemic to the Eastern Tethys (Rehman et al.
2018). Similarly, the co-existence of benthic foraminifera
with dinoflagellates and planktonic foraminifera show a
well connected bathyal to open marine deposition of the
P/E Dungan Formation (Hanif et al. 2014). The petrographic
based microfacies interpretation of the rock unit in Central
Kirthar Fold and Thrust Belt represents deposition in car-
bonate ramp with consistent deepening upward trends of
facies (Khan et al. 2010). Its lower contact is unconform-
able at various stratigraphic sections in the basin (Williams
1959). In the study area, the Dungan Formation has upper
contact with Ghazij Formation (Kassi and Kakar 1997). The
Ghazij Formation dominantly consists of shale with subordi-
nate limestone, however, it shows the variation in lithology
at places and hence five lithostratigraphic units have been
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Fig.2 Field photographs
showing Dungan Formation. a
thin-medium bedded limestone,
b massive bedded limestone, ¢
thin-massive bedded limestone,
d panoramic view of the Dun-
gan Formation

defined within Ghazij Formation (Hunting Survey Corpora-
tion 1961; Hemphill and Kidwai 1973; Shah 2009). The rock
unit has conformable lower and upper contact with Dun-
gan and Kirthar formations respectively, however, at some
places, it is reported to unconformably overly the Dungan
Formation (Kassi et al. 1987). Early Eocene age is assigned
to the rock unit. The Kirthar Formation demonstrates strati-
graphic variations in the basin and is divided into Habib
Rahi Limestone, Domanda, Pirkoh, and Drazinda Member
(Hemphill et al. 1973). It has lower and upper conform-
able contacts with Ghazij and Oligocene Nari Formation
(Kazmi 1988). A Middle Eocene age has been assigned to
this formation.

The Nari Formation is comprised of mixed lithology of
limestone, sandstone, and shale. Bed of conglomerate and
ironstone are present either at the base or in the upper part
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(Shah 1977). The Nari Formation is conformably overlain by
Gaj Formation in the Sulaiman and Kirthar provinces (Shah
2009). Foraminifera, Corals, Molluscs, Echinoids, and Algae
have been recorded by Duncan and Sladen (1884). Hunting
Survey Corporation (1961) assigned an Oligocene to Early
Miocene age to the Nari Formation.

3 Materials and methods

The geological fieldwork was conducted at the Makkali
Section, District Khuzdar, Pakistan (GPS: 27°46'37.51"
N, 66°29'49.19" E; Fig. 1). Field-based sedimentologi-
cal and paleontological features were recorded including
measurement of the stratigraphic thickness and rock sam-
pling of the key horizons where lithological, textural, and
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paleontological changes were observed and consequently a
composite lithostratigraphic log was prepared. A total of 18
samples were collected for detailed petrographic study using
a polarized microscope (Olympus BX41) Housed at the
Department of Geology, University of Peshawar, Pakistan.
The percentages of different parameters including types of
allochems (skeletal and non-skeletal), matrix, and the ratio
of matrix/grains were calculated and presented in Table 1.
Dunhum (1962) classification was used to classify the car-
bonates. Photomicrographs were taken by a Digital Camera
fitted with the polarizing microscope (to identify age diag-
nostic foraminifera, various petrographic features related to
the depositional and diagenetic fabric of the microfacies).
Different microfacies types have been identified by using
the limestone composition, depositional texture, and fossil
distribution of specific samples (see e.g. Tucker and Wright
1990; Fliigel 2004). The microfacies interpretation, in turn,
is used to predict the model of sedimentation, depositional
environment, diagenetic evolution, and formation of porosity
and permeability (Carozzi 1988). Microfacies analysis aided
with outcrop and fossils interpretation yields sufficient infor-
mation about paleo-environments, sea-level changes and is
important for the construction of a sequence stratigraphic
framework for carbonate or clastic mixed systems (Serra-
Kiel et al. 2003).

4 Results and discussion
4.1 Microfacies and paleo-environments

Based on a detailed petrographic study, four microfacies
are recognized within the Dungan Formation. These are as
follows:

1. Discocyclina-Nummulites-Red algal packstone microfa-
cies (MF-1)

2. Milliolid-Alveolina-Red algal packstone microfacies
(ME-2)

3. Planktonic-benthic foraminiferal packstone microfacies
(MEF-3)

4. Planktonic foraminiferal wackestone-packstone microfa-
cies (MF-4)

4.1.1 Discocyclina-Nummulites-red algal packstone
microfacies (MF-1)

4.1.1.1 Description This microfacies is represented by
allochems (87%) and micrite matrix (13%). Allochems are
predominantly composed by LBF and red algae. The LBF
are represented by Discocyclina sp. (11%), Nummulites sp.
(4%), Miscellanea miscella (7%), Lepidocyclina sp. (9%),
Ranikothalia sp. (5%), Assilina sp. (4%), biserial foraminif-

era (2%), red algae (14%), bryozoans (4%) and unidentified
benthic foraminifera (27%) (Fig. 3a—f).

4.1.1.2 Interpretation The LBF were the major constitu-
ents of shallow marine shelf carbonates formed in warm
waters since the Late Paleozoic time (Fliigel 2004). Num-
mulites sp. lived in shallow waters both inner and outer plat-
form or ramp settings (Fliigel 2004) and occurred at a depth
of 20-130 m (Reiss and Hottinger 1984). Lepidocyclina sp.
represents shallow lagoon settings (Fliigel 2004). Miscella-
nea miscella indicates a warm shallow water environment
(Levin 1957). Ranikothalia sp. has a worldwide distribution
in shallow water facies (Fleury et al. 1985). Discocyclina sp.
indicates a deeper water environment (Myers 1943). Coral-
line red algae depend on light, temperature, depth, and salin-
ity for their survival and occur in clear, shallow, and warm
waters (Ahmad and Pedley 1997).

It can be concluded that red algae represent a middle shelf
environment i.e. slightly deeper water environment. Bryozo-
ans live in normal seawater with a salinity of roughly 35ppt
(Taylor 2005). The micritic matrix also confirms subtidal
calm conditions of deposition. Based on biodiversity, faunal/
floral paleoecology, and presence of micritic matrix, it is
interpreted that MF-1 is deposited in the distal middle shelf
settings (Fig. 4). This microfacies resembles SMF Type 12
of Wilson (1975) and Fliigel (2004).

4.1.2 Milliolid-Alveolina-red algal packstone microfacies
(MF-2)

4.1.2.1 Description The allochems are the dominant con-
stituents in this microfacies, ranging up to 88% and the
matrix is 12%. Allochems are predominantly composed by
LBF and red algae along with bryozoans. The LBF is rep-
resented by Discocyclina (9%), Nummulites (3%), Miscel-
lanea miscella (7%), Lockhartia (2%), Lepidocyclina (8%),
Ranikothalia (5%), Assilina (4%), Alveolina (4%), Miliolid
(3%), uniserial and biserial foraminifera (3%). Red algae
(13%) and bryozoans (3%) are also present. Unidentified
benthic foraminifera range up to 24%. Glauconite (3%) is
also identified (Fig. 3g-k).

4.1.2.2 Interpretation The MF-2 shows the presence of
varied fauna majorly includes LBF, bryozoans, and red
algae. The LBF, in general, are mostly linked with tropical-
subtropical regions in shallow marine carbonates (Hottinger
1983). The species of Nummulites mostly indicate shal-
low inner to outer ramp setting (Reiss and Hottinger 1984;
Fliigel 2004). Assilina and Nummulites are found in the
same environment. Miliolid indicates a restricted lagoonal
hypersaline marine environment (Geel 2000) and Lepidocy-
clina is common in shallow subtidal environments (Fliigel
2004). Miscellanea miscella associated with Lockhartia
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Fig.3 Photomicrographs of the microfacies of the Dungan Forma-
tion. Discocyclina-Nummulites-Red algal packstone microfacies (MF-
1), cementation (Cem in a), Lepidocyclina (LPD in a), Discocyclina
(DSC in a and f), Bryozoan (BRY in a and f) and red algae (RAL in a
and f), Miscellanea miscella in b which surrounds matrix, Assilina in
¢, Nummulities in d, Ranikothalia in e, Miliolid in f. Milliolid-Alve-
olina-Red algal packstone microfacies (MF-2), Discocyclina (DSC
in @), Alveolina (ALV in @), red algae (RAL in @), Nummulites in h,
Glauconite in I, Lockhartia (LOC in j), Miscellanea miscella (MIS in

indicates a shallow marine warm water condition (Levin
1957). Alveolina is in general shallow water neritic dwellers
(Loeblich et al. 1964) and is found in inner shelf settings
(Fliigel 2004). Ranikothalia lives in shallow water facies

j), Ranikothalia (RKT in k), Assilina (ASL in k), Lepidocyclina (LEP
in k). Planktonic-benthic foraminiferal packstone microfacies (MF-3),
Matrix (MAT in 1), Red algae (RAL in 1), Miliolid (MIL in 1), Sub-
botina in m, Morozovella in n, Lockhartia in o, Uniserial foraminifera
(UF in p), Glauconite (GLC in p), Acarinina (ACR in q), Morozo-
vella (MOR in q), Bryozoans in r. Planktonic foraminiferal wacke-
stone-packstone microfacies (MF-4), Morozovella (MOR in s) and
micrite matrix (MIC in s), Subbotina (SUB in t) and Acarinina (ACR
in u)

(Fleury et al. 1985). Discocyclina is a typical fore-reef
group (Henson 1950) and its paleoecology is similar to that
of Nummulites (Ahmad and Pedley 1997) and it indicates a
deeper water environment (Myers 1943). The distribution of
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Discocyclina-Nummulites-Red algal

packstone microfacies (MF-1)

% g Milliolid-Alveolina-Red algal
i packstone microfacies (MF-2)
9 ol

Planktonic-benthic foraminiferal
packstone microfacie§ (MF-3

Planktonic foraminiferal wackstone-
packstone microfacies (MF-4)

Fig.4 Depositional model of Dungan Formation showing depositional environments of various microfacies

coralline red algae commonly occurs within the photic zone,
characterized by warm water (Adey and Macintyre 1973)
i.e. coralline red algae shows a slightly deeper environment.
Bryozoans are abundant between the intertidal zone at about
80 m and are common constituents of modern and ancient
cold water shelf carbonates (Fliigel 2004). Recent bryozo-
ans occur in continental shelves as well as in reefal settings
(Cuffey 1972). Mineral glauconite is a seafloor diagenetic
product formed primarily in middle to outer shelf environ-
ment (Scholle and Ulmer-Scholle 2003). The existence of
drusy cement between the allochems in this microfacies
also suggests high energy conditions (Fliigel 2004). Benthic
foraminifera assemblage mainly represents shallow depth
for their survival.

Based on the paleoecology of the above-discussed fauna,
it is interpreted that mixing of the shallow inner shelf and
distal middle shelf fauna has occurred along with the pres-
ence of glauconite, which indicates upper slope setting
for the deposition of MF 2 (Fig. 4; Racey 1995; Anketell
and Mriheel 2000). A similar example of MF 2 microfa-
cies is reported from the Middle Eocene Naranjo Forma-
tion, Coamo Springs Member, Ponce-Coamo area, Puerto
Rico (Scholle and Ulmer-Scholle 2003). This microfacies
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can be correlated with the SMF Type-10 of Wilson (1975)
and Fliigel (2004).

4.1.3 Planktonic-benthic foraminiferal packstone
microfacies (MF-3)

4.1.3.1 Description This microfacies is dominated by allo-
chems that range up to 87% and the matrix is about 13%.
The allochems are mainly planktonic foraminifera with
some LBF along with red algae and bryozoans. The plank-
tonic foraminifera is generally globigerinids that range up to
37% and are represented by Morozovella (14%), Subbotina
(12%), and Acarinina (11%). LBF is represented by Lock-
hartia (2%), in addition, this microfacies also includes Mil-
liolids (4%), uniserial foraminifera (3%), red algae (12%),
bryozoans (4%) and unidentified benthic foraminifera (8§%).
Partial replacement of the allochems by spar and the pres-
ence of glauconite is also noted (4%) (Fig. 31-r).

4.1.3.2 Interpretation Planktonic foraminifera indicate the
deeper offshore, usually exceeding 100 m and their abun-
dance becomes greater below 200 m depth (Walton 1964;
Hunter et al. 1979). However, globigerinids can live up to
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a range of more than 500 m as their skeletons are resist-
ant to dissolution processes as compared to other planktonic
organisms (Parker 1971). The species of miliolids includ-
ing Quinqueloculina, Triloculina, Biloculina, Spiroloculina
have been encountered in these microfacies. The same spe-
cies are reported from the Arabian Gulf in multiple lagoonal
settings, representing restricted/protected lagoon to proxi-
mal inner ramp setting in hypersaline, restricted lagoonal
setting (Chassefiere et al.1969; Geel 2000; Sarkar 2019).
The presence of species of Lockhartia can be interpreted as
a shallow warm water environment (Levin 1957). Coralline
red algae occur in clear, slightly deeper, and warm waters
(Ahmad and Pedley 1997). The distribution of red algae
commonly occurs within the photic zone characterized by
normal salinity (Adey and Macintyre 1973). Bryozoans live
in normal seawater with a salinity of roughly 35 ppt (Taylor
2005).

Based on faunal paleoecology, the mixing of planktonic
and benthic fauna has occurred. Benthic foraminifera, red
algae, and bryozoans show shallower environments in com-
parison with planktonic foraminifera (Fliigel 2004). Glauco-
nite present is a seafloor diagenetic product formed primarily
in middle to outer shelf settings (Scholle and Ulmer-Scholle
2003). The miliolid foraminifera like Quinqueloculina, Tri-
loculina, Biloculina, Spiroloculina are the inhabitants of
shallow shelfal lagoonal setting, the red algae, and bryozo-
ans are the dwellers of the middle shelf while the planktonic
foraminifera represents outer shelf open marine settings. The
mixing of ecologically distinct fossils of inner and middle
shelf affinity has occurred. Similarly, the Middle Eocene
Naranjo Formation, Coamo Springs Member, Ponce-Coamo
area, Puerto Rico has shown the mixing of the shallow inner
shelf and distal middle shelf fauna, representing the upper
slope settings (Scholle and Ulmer-Scholle 2003). Based on
the above discussion and paleoecology, it is interpreted that
mixing of the shallow inner shelf and distal middle shelf
fauna has occurred which indicates the upper slope set-
ting (Racey 1995; Anketell and Mriheel 2000; Fig. 4). This
microfacies resembles SMF type 10 of Wilson (1975) and
Fliigel (2004).

4.1.4 Planktonic foraminiferal wackestone-packstone
microfacies (MF-4)

4.1.4.1 Description This microfacies is dominated by allo-
chems that range up to 79%, the rest remains the micritic
matrix (21%). The allochems are planktonic foraminifera
and are dominated by the globigerinids but Morozovella
(20%), Acarinina (15%), Subbotina (19%), and unidenti-
fied planktonic foraminifera (25%) are also present. Partial
replacement of the allochems by spar is common in this
microfacies (Fig. 3s—u).

4.1.4.2 Interpretation Planktonic foraminifera are the
dwellers of the upper 400 m column of open ocean waters
and in modern marine settings they become more abundant
seaward (Tucker and Wright 1990) and their greatest abun-
dance occurs in depths greater than 200 m (Walton 1964;
Hunter 1979). During normal conditions planktonic to
benthic ratio increases as the water depth increases (Mur-
ray 1973; Shahin 2001). The productivity of planktonic
foraminifera is higher in open pelagic waters and that of
benthic foraminifera is higher in the shallow neritic envi-
ronment (Van-der Zwaan 1982; Van-Morkhoven et al. 1986,
Shahin 2001). Globigerinids are more resistant to the disso-
lution and can survive at a depth of more than 500 m (Parker
1971; Stainbank et al. 2019). The habitat of Morozovella
and Acarinina is the surface mixed layer which indicated
surface warmer water, however, Subbotina has little deeper
habitat (Shackleton et al. 1985; Lu and Keller 1993, 1995;
Canudo et al. 1995). The matrix of this microfacies is com-
posed of micrite which indicates generally low energy sub-
tidal environment below fair-weather wave base conditions
(Fliigel 2004).

Based on the paleoecology, presence of the micrite
matrix, and the depositional texture of this microfacies, it
is interpreted that this microfacies indicate deep basinal
settings (Fig. 4). This microfacies resembles SMF type 3
of Wilson (1975) and Fliigel (2004). Similar microfacies
is reported from the Miocene Camposauro of the southern
Apennines, Italy (Fliigel 2004), and Lower Tertiary Amuri
Limestone, Marlborough, New Zealand (Scholle and Ulmer-
Scholle 2003).

4.2 Depositional model

Based on a detailed petrographic study of the Dungan For-
mation, it is concluded that rock unit has been deposited on
the oceanic shelf to the deep basinal environment as it con-
sists of benthic and planktonic foraminifera along with other
fossils like red algae and bryozoans (Fig. 4). The Discocy-
clina-Nummulites-Red algal packstone microfacies (MF-1)
has been deposited in the distal middle shelf settings. The
Milliolid-Alveolina-Red algal packstone microfacies (MF-
2) has been deposited in the upper slope environment as the
mixing of shallow and deep fauna is seen. Planktonic-ben-
thic foraminiferal packstone microfacies (MF-3) has been
deposited in the lower slope environment as benthic and
planktonic fossils are seen together. Planktonic foraminiferal
wacke-packstone microfacies (MF-4) has been deposited in
the deep basinal setting as this microfacies is dominated
by entirely planktonic foraminifera. The environments of
deposition of each of the above mentioned four microfa-
cies of Dungan Formation are shown in the depositional
model (Fig. 4). The principal components i.e. planktonic
foraminifera, benthic foraminifera, and red algae have been
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analyzed (Fig. 5). The occurrence of planktonic foraminifera
is associated with wackestone while it is rare or absent in the
packstone microfacies. Likewise, the benthic foraminifera
and red algae are recorded in the packstone microfacies and
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Fig.5 The distribution of principal (planktonic

components
foraminifera, benthic foraminifera, and red algae) in the vertical sec-
tion of Dungan Formation
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are completely absent in the wackestone microfacies. The
association of these faunas/floras with different microfacies
also gives clues of variation in depositional environments
from mid-shelf to deeper slope conditions during the deposi-
tion of Dungan Formation.

4.3 Diagenesis

The Dungan Formation underwent diagenesis which oblit-
erated its original components and texture since the time of
their initial deposition. This section deals with the diagenetic
features and processes of the Dungan Formation that has
affected the evolution of the porosity of the rock unit.

4.3.1 Micritization

The micritization has been observed in all the microfacies
of the Dungan Formation (Fig. 6a, b). At places, the whole
grain is micritized while at other, partial micritization has
developed micritic envelopes. The boring and burrowing of
skeletons are caused by encrusting algae and boring organ-
isms and are later on filled by fine micrite producing a layer
of micrite around the grains (Wadood et al. 2019). These
envelopes not only define but also preserve the outline and
morphology of the carbonate grains over which it has devel-
oped. A micrite envelope has been identified within all the
microfacies of the Dungan Formation (Fig. 6a, b).

4.3.2 Cementation

The cementation has been identified within Milliolid-
Alveolina-Red algal packstone microfacies (MF-2; Fig. 6c,
d) and not seen in other microfacies. The most dominant
type of cementation includes drusy mosaic cement which
records burial and near-surface meteoric environments (see
e.g. Fliigel 2004).

4.3.3 Dissolution

Dissolution is the process in which leaching of unstable or
metastable minerals takes place that forms secondary pores,
vugs, or caverns (Scholle and Ulmer-Scholle 2003). The dis-
solution has been recognized in mixed Milliolid-Alveolina-
Red algal packstone microfacies (MF-2), however, the rest
of microfacies are devoid of dissolution activities (Fig. 6e,
f). The dissolution is particularly effective in shallow near-
surface meteoric environments, but can also take place in
deep burial and cold waters (Steinsund and Hald 1994) as
well in the deep sea (Berelson et al. 1994). This may occur
soon after deposition or later on when limestone is uplifted
to the surface conditions (Tucker and Wright 1990). It has
a direct relation to the development of porosity in the rock
unit (Ahmad and Hudson 2000).
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Fig.6 Diagenetic features and porosities in Dungan Formation. Mic-
rite envelops in a, micritization in b, drusy mosaic cementation in c,
cementation in d, dissolution in e and f, mechanical compaction in

4.3.4 Compaction

The compaction has been recognized only in the Milliolid-
Alveolina-Red algal packstone microfacies (MF-2) (Fig. 6g).
The sediment overburden results in a general reduction of
porosity, sediment thickness, and rock volume, and there-
fore the mechanical failure of grains occurs. It is inhibited
by early cementation. The mechanical compaction eventu-
ally can continue to chemical compaction if the grains begin
to dissolve at their contacts (Fliigel 2004). The mechani-
cal compaction begins soon after deposition (Tucker and
Wright 1990). Mechanical processes decrease the bulk vol-
ume of single grains (grain deformation) or cause closer
packing of grains i.e. reorientation (Budd 2002). Likewise,

g, chemical compaction h, fractures in i, calcite filled fractures in j,
neomorphism in k and 1, fracture porosity in m and n, interparticle
porosity in o

chemical compaction is also pronounced in the rock unit.
The chemical compaction has been identified in red Discocy-
clina-Nummulites-Red algal packstone microfacies (MF-1),
Milliolid-Alveolina-Red algal packstone microfacies (MF-
2), and Planktonic-benthic foraminiferal packstone microfa-
cies (MF-3) (Fig. 6h). The chemical compaction involves a
strong reduction in rock bulk volume and cement minerals
(Budd 2002). The stylolites have often a zigzag form due to
differences in the solubility of different components. It often
cross-cut the whole rock, intersecting grains, matrix, and
cement. The insoluble material usually clay or hydrocarbons
concentrate along the stylolites surface (Fliigel 2004) The
stylolites formation requires increased overburden pressure
or undersaturated fluid (Becher and Moore 1976).
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4.3.5 Fracturing

The fracturing is a common phenomenon in carbonate rocks
and it marks the late diagenetic events (Scholle and Ulmer-
Scholle 2003). In Dungan Formation, the sparry calcite has
occluded fractures (Fig. 6j) while some of the fractures are
open and devoid of cement filling (Fig. 61). Fractures occur
as a product of tectonic stresses and solution slump in the
post-depositional history of the rock. Fracturing enhances
the porosity and permeability of the rocks. Fracturing has
been recognized in Discocyclina-Nummulites-Red algal
packstone microfacies (MF-1), Milliolid-Alveolina-Red algal
packstone microfacies (MF-2), and planktonic foraminiferal
wackestone-packstone microfacies (MF-4). However, it is
absent in Planktonic-benthic foraminiferal packstone micro-
facies (MF-3).

4.3.6 Neomorphism

The neomorphism includes processes of replacement, inver-
sion, and recrystallization (Folk 1965). It leads to crystal
enlargement or diminution (Fliigel 2004). Mostly limestones
undergo an aggrading type of neomorphism that is leading
to a general increase in crystal size. The opposite process i.e.
degrading neomorphism is not common (Tucker and Wright
1990). The neomorphism takes place in meteoric (Heckle
1983) as well as in the subsurface diagenetic environment

(Boggs 2014). It has been identified in all the microfacies
and it is of aggrading type (Fig. 6k, 1).

4.4 Diagenetic history

The carbonates of Dungan Formation have undergone three
stages of diagenesis i.e. Marine diagenesis, Burial diagen-
esis, and Uplift/Unroofing (Fig. 7).

4.4.1 Marine diagenesis

The marine diagenesis takes place on the seafloor and just
below it. The initial period of diagenesis operates on the
seafloor and may occur in the meteoric realm (Boggs 2014).
The presence of LBF, red algae, and bryozoans show deposi-
tion of carbonates of the Dungan Formation in the shallow
marine environment. The seafloor diagenesis is character-
ized by the micritization of grains and the precipitation of
cement (Tucker and Wright 1990). The first stage of diagen-
esis identified in sediments of the Dungan Formation after
its deposition in the marine environment is micritization as
most carbonates are deposited in the marine environment.
The cementation process is favored by a low sedimentation
rate and high water input. The marine diagenesis is char-
acterized by a specific diagenetic fabric, including bored
grains, cement infilled bores, and formation of the micritic
envelope.

Diagenetic Environments
Burial Reservoir Quality
Diagenetic Processes Marine Uplift
Shallow Deep Enhanced | Reduced

Micritization l
Physical Compaction l
Cementation l
Chemical Compaction A l

Dissolution [ =er=errmeeens | sevreeinnenns | inneiinain T

Fractuing | | | e T
Neomorphism { |} | TUTYT e l

Completely =eeaaae Partially

Fig. 7 The different diagenetic features and their effect on reservoir quality of the carbonates of Dungan Formation
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4.4.2 Burial diagenesis

As the sediments of the Dungan Formation confronted an
initial period of diagenesis on the seafloor, these sediments
were gradually buried and subjected to increased pressure,
higher temperature, and compositionally changed pore fluid
in the subsurface realm. The burial diagenesis refers to the
alteration below the zone of near-surface water circulation
(Scholle and Ulmer-Scholle 2003). Characteristic diagenetic
fabrics under these conditions comprised mostly of poros-
ity reduction, burial related mechanical compaction fea-
tures (closer grain packing, brittle grain deformation, and
fracturing) and chemical compaction features (stylolites
formation, sutured boundaries between grains and pressure
solution structures). The porosity reduction is caused due to
processes related to compaction (Fliigel 2004). The neomor-
phism particularly occurs in meteoric (Heckle 1983) as well
as in the subsurface diagenetic environment (Boggs 2014).
As the sediments get buried, the pressure of overlying sedi-
ments causes grain reorientation and tighter packing (Boggs
2014). The physical compaction is relatively shallower
than chemical compaction. The sediments are affected by
mechanical compaction and due to sustained burial caused
chemical compaction. The cement morphology includes
bladed, granular, drusy, blocky, and equant calcite mosaic
and drusy calcite cement (Tucker and Wright 1990).

In the Discocyclina-Nummulites-Red algal packstone
microfacies (MF-1) the burial diagenesis is identified by
the presence of chemical compaction and open fractures.
In the Milliolid-Alveolina-Red algal packstone microfacies
(MF-2) burial diagenesis has been identified by the pres-
ence of chemical compaction, mechanical compaction, open
fractures, and drusy type of cementation. In the Planktonic-
benthic foraminiferal packstone microfacies (MF-3), chemi-
cal compaction and microstylolites show the burial stage
of diagenesis. In the planktonic foraminiferal wackestone-
packstone microfacies (MF-4) open fractures and dissolution
seams have been identified which show the burial phase of
diagenesis.

4.4.3 Uplift and unroofing

Three major processes operate during this phase of diagen-
esis, i.e. dissolution, precipitation (cementation), and min-
eralogical transformation. In addition, limestones may be
uplifted and exposed at the earth’s surface many millions
of years after deposition and then subjected to meteoric
diagenesis (Tucker and Wright 1990). The dissolution of
unstable carbonate minerals (aragonite and high magnesium
calcite) followed by precipitation of more stable carbonates
(low magnesium calcite) take place here. Therefore, primary
porosity is lost and secondary porosity is generated during
meteoric diagenesis (Scholle and Ulmer-Scholle 2003).

This phase of diagenesis took place in the sediments
of the Dungan Formation near-surface meteoric environ-
ment. The indication of this phase of meteoric diagenesis
is aggrading neomorphism, calcite filled fractures, and dis-
solution. The aggrading neomorphism is observed in the
Discocyclina-Nummulites-Red algal packstone microfacies
(MF-1), Milliolid-Alveolina-Red algal packstone microfa-
cies (MF-2), Planktonic-benthic foraminiferal packstone
microfacies (MF-3) and planktonic foraminiferal wacke-
stone-packstone microfacies (MF-4). The calcite filled
fractures are identified in the Milliolid-Alveolina-Red algal
packstone microfacies (MF-2) and planktonic foraminiferal
wackestone-packstone microfacies (MF-4). Dissolution is
seen only in Milliolid-Alveolina-Red algal packstone micro-
facies (MF-2).

4.5 Diagenetic controls on reservoir quality

The diagenetic modifications in the Paleocene to Early
Eocene Dungan Formation have overall altered the origi-
nal primary porosity and permeability (Fig. 7). The rock
unit has pronounced dissolved cavities and fractures that
might have enhanced the reservoir potential of the strata.
The dissolution phenomenon is restricted to the Milliolid-
Alveolina-Red algal packstone microfacies. Likewise, frac-
tures have been identified; however, most of the fractures are
occupied by calcitic cement thereby adversely affecting the
reservoir quality. At places, open fractures have been recog-
nized in the Discocyclina-Nummulites-Red algal packstone
microfacies (MF-1), mixed Milliolid-Alveolina-Red algal
packstone microfacies (MF-2) and planktonic foraminif-
eral wackestone-packstone microfacies (MF-4) (Fig. 6m,
n) while the Planktonic-benthic foraminiferal packstone
microfacies (MF-3) is devoid of fractures; thus added to the
overall porosity of the rock unit. At places, inter-particle
porosity has been observed (Fig. 60). In addition, micritiza-
tion, neomorphism, cementation, and compaction reduce the
reservoir quality thereby making carbonates of the Dungan
Formation a poor reservoir facies (Fig. 7). The micritiza-
tion can be seen in all microfacies and has mostly occurred
at the margins of allochems which can reduce permeability
(see e.g. Taghavi et al. 2006). In most of the places, the
porous skeletal grains are also occupied by micrite and has
weakened the porosity reservoir quality (Wadood et al. 2019;
Ahmad et al. 2020). The cementation, an important diage-
netic process (Wilson and Stanton 1994) is most prominent
in the Milliolid-Alveolina-Red algal packstone microfacies
(MF-2). It has cemented the micropores and inter/intragran-
ular porosity. Overall, the diagenetic processes have greatly
reshaped the porosity and permeability of the rock unit.
The visual estimated results of the reservoir potential of the
Dungan Formation are further augmented by the published
quantitative plug porosity and permeability data (Table 2).
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Table 2 The visually estimated percentages and plug porosity/permeability analyses of the Dungan Formation

Sample # Intergranular Intragranular Fracture Moldaic Visual Porosity Permeability Plug Porosity and Perme-
Description ability
Porosity (%) Perme-

ability (Ka
mD)

01 A A R A P L 0.20 0.00

03 A A R A P L 0.14 0.00

06 A A R A P L 0.59 0.00

09 A A R R P L 0.28 0.00

13 R A R R P M 0.99 0.00

16 C A R C M M 1.45 0.00

18 C A C R M M 2.18 0.00

A Absent, R Rare, C Common, P Poor, M Moderate, L Low, % Percentage, mD Millidarcy

The quantitative analyses show that carbonates of the Dun-
gan Formation posses’ porosity range from 0.17 to 2.23%
with no permeability, which suggests the poor-moderate
reservoir.

4.6 Sequence stratigraphy

The sequence stratigraphic analysis refers to a sedimen-
tary response to sea-level changes and the recognition of
depositional sequences that emerge from these changes
(Haq et al. 1987). The sequence stratigraphy is the sub-
division of sedimentary basin fills into genetic packages
bounded by unconformities and their correlative conformi-
ties (Emery and Myers 2009) and is primarily concerned
with the description of unconformity bounded packages of
strata termed sequences, and with the understanding of the
geologic controls which drives the deposition of sequences,
especially concerning changing sea levels (Carter 1998). The
sequence stratigraphy aims to divide the rock history into
sequences and system tracts which delineates the distribu-
tion of rocks in space and time (Emery and Myers 2009).
The sequence stratigraphy of the unit is established using
Embry and Johannessen’s (1992) model.

According to Afzal et al. (2011), the Dungan Formation
contains shallow benthic zones SBZ1 to SBZ9 and over-
all it covers the period from 63 to 53 million years which
equates with planktonic foraminifera zones Plc up to E4
of Berggren and Pearson (2005) zonal scheme. The Mis-
cellanea miscella ranges from SBZ4 to SBZ5 (Serra-Kiel
et al. 1998). The Paleocene assemblages are dominated by
Miscellanids, Ranikothalids, and Assilina while index fossils
for the lower Eocene are Alveolina and Nummulites which
appear within SBZ5 and younger (Scheibner and Speijer
2009). Based on these observations it is concluded that the
age of Dungan Formation is Paleocene (Middle Danian to
Thanetian, 63-55.5 Ma) to Early Eocene (Ypresian 53 Ma).
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Numerical ages are assigned according to Haq et al. (1987)
and Berggren and Pearson (2005). The total time span from
the Middle Danian to the Ypresian stage is 10 Ma. Hence
it is concluded that the Dungan Formation was deposited
during the time span of 10 Ma which falls in the duration
of second-order (3—50 Ma) of cyclicity (Fig. 8; Haq et al.
1987).

4.6.1 Systems tracts in Dungan Formation

Following the sequence depositional model of Embry
and Johannessen (1992) two types of systems tracts have
been identified in the Dungan Formation (Fig. 8). These
are Transgressive Systems Tracts and Regressive Systems
Tracts.

4.6.1.1 Transgressive systems tract (TST) In Dungan For-
mation, TST is comprised of four microfacies up section,
which are Discocyclina-Nummulites-Red algal packstone
microfacies (MF-1), Milliolid-Alveolina-Red algal pack-
stone microfacies (MF-2), Planktonic-benthic foraminiferal
packstone microfacies (MF-3), and planktonic foraminiferal
wackestone-packstone microfacies (MF-4). Deposition dur-
ing this cycle is spanning from Danian to Selandian (Fig. 8).
The MF-1 has been interpreted to be deposited in the distal
middle shelf, MF-2, and MF-3 both in the slope environ-
ment while MF-4 occurs in deep basinal settings. MF-1
and MF-2 microfacies are comprised of LBF and red algae,
preceded by MF-3 containing a mixed LBF and planktonic
foraminifera (Fig. 8). The MF-3 is overlain by MF-4 which
entirely consists of planktonic foraminifera (Fig. 8) the ver-
tical succession of microfacies shows deepening upward
facies trend in fossils i.e. deep marine fossil assemblages
upon shallow ones. The peak transgression is marked by
MF-4 because of the presence of planktonic foraminifera,
which is the climax of deep marine conditions, and from
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this point onwards decline in sea level rise is seen. The TST
has a total thickness of 260 m (Fig. 8).

The maximum flooding surface (MFS) marks a change
from a deepening-upward trend to a shallowing-upward
(Embry 2002) and represents the maximum landward

extent of open marine planktonic foraminifera and deeper
water benthic foraminifera (Loutit et al. 1988; Allen et al.
1991; Armentrout and Clement 1991; Armentrout et al.
1991). Paleontologically the maximum flooding surface is
recognized by the presence of more diverse open marine
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planktonic foraminifera and possible deeper water benthic
fauna and sedimentologically the MFS can be recognized
as the surface between a retrograding unit and an overly-
ing prograding unit (Emery and Myers 2009). In Dungan
Formation, the top of planktonic foraminiferal wackestone-
packstone microfacies (MF-4) contains abundant planktonic
foraminifera and shows deep basinal settings and mark the
maximum flooding surface (MFS) on the top of TST (Fig. 8).

4.6.1.2 Regressive systems tract (RST) In Dungan Forma-
tion, the repetition of the Milliolid-Alveolina-Red algal
packstone microfacies MF-2 (deposited in slope environ-
ment) in the upper portion of the sequence after the MFS,
shows regressive systems tract (RST) (Fig. 8). As MF-2
overlies the MF-4 i.e. basinal facies are overlain by slope
facies, it shows shallowing upward facies trend or regres-
sion. Deposition during this cycle is spanning from Thane-
tian to Early Ypresian (Fig. 8). The RST has a total thickness
of 200 m (Fig. 8).

4.6.2 Relative and Eustatic Sea level comparison

The relative sea-level changes represent variation in the dis-
tance between sea level and the local datum (Embry 2002).
These changes take place due to tectonics and eustasy. Tec-
tonism results in the downward and upward movement of
local datum i.e. subsidence and uplift respectively, conse-
quently sea level rises due to subsidence and falls due to
uplift. Assigning relative age to a stratigraphic unit under
study is crucial for comparison with the chronology of eus-
tatic sea-level fluctuations. The age of the Dungan Forma-
tion is Paleocene to Early Eocene and its magnitude is 10 Ma
marking cyclicity of second-order (Haq et al. 1987). The
sea-level curve of the Dungan Formation is constructed from
the recognition of its microfacies types and their inferred
depositional settings (Fig. 8).

In the long term, the sea-level curve of the Dungan
Formation shows overall one episode of sea-level rise of
second-order, depositing transgressive systems tract and
deposition during this cycle is spanning from Danian to
Selandian stage. Starting from Danian up to Selandian there
is a gradual sea-level rise and from Thanetian onwards up to
Early Ypresian, there is a drastic fall in sea level rise (Fig. 8).
The Haq et al. (1987) global sea-level curve, in the long
term, shows that a gradual decline of sea level began in the
latest Cretaceous and continued throughout the Cenozoic.
With the exception of relatively higher levels in the Danian,
Ypresian, Rupelian, Langhian through early Serravallian and
Zancian, this trend toward lower sea levels continues to the
present time (Haq et al. 1987). Hence it is concluded that
the long term sea-level changes observed in the Dungan For-
mation resemble long term sea-level changes in Haq et al.
(1987) curve.
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In short term, the sea-level curve of the Dungan Forma-
tion displays two episodes of sea-level rise and one episode
of fall of third-order cyclicity which deposited TST and
RST (Fig. 8) while on a short term basis in the Haq et al.
(1987) sea-level curve, there are six episodes of the rise and
seven episodes of fall, spanning from Danian up to Early
Ypresian (Fig. 8). The major sea-level falls occurred at early
Thanetian and latest Ypresian and throughout the late Plio-
cene—Pleistocene interval. This difference in the short term
basis between the sea-level curve of the Dungan Formation
and that of Haq et al. (1987) may be ascribed to local tec-
tonic variations (Hubbard 1988).

The Indus Basin of Pakistan has preserved the signs
of intense tectonics during the Mesozoic and Cenozoic
era (Kazmi and Jan 1997). Such tectonic disturbance may
greatly influence the deposition of sediments in cycles due to
local fluctuation in sea level (Emery and Myers 2009). Fur-
thermore, it caused the diachroneity in the closure of Seaway
in the northern and southern Pakistan (Wadood et al. 2020).
The tectonic influenced sedimentary depositional fluctua-
tions can be observed in the Paleocene carbonate sediments
(Lockart Formation) of the Upper Indus Basin and its cor-
relative part (Dungan Formation) in the Lower Indus Basin
(Hanif et al. 2014). The carbonate platform in the Upper
Indus Basin during the Paleocene represents tectonically
effected depositional lows in the western Kohat area, which
is surrounded by depositional highs in the western and cen-
tral Salt Range area (Afzal et al. 2011). Such depositional
highs/lows have caused variation in the deposition of Lock-
art carbonates throughout the Upper Indus Basin (Hanif
et al. 2014). The Lockart Formation is equivalent to the
Dungan Formation of Lower Indus Basin (Hanif et al. 2014).
The Dungan Formation also posses variation in lithology
throughout the basin (Rahman et al. 2018). Carbonates of
the Dungan Formation show an open marine depositional
environment based on an abundance of planktonic foraminif-
era in the Sulaiman Range (Waraich 2000). However, the
present study shows mid-shelf to slope conditions for depo-
sition of the rock strata and thus witnesses variation in the
basin. The transitional from Cretaceous to Paleocene in
Lower Indus Basin is marked by diverse lithologies during
late Cretaceous (Shah 2009). In the Mughal Kot Section of
Sulaiman Range, this transition is marked by the transition
from deltaic late Cretaceous sediments (Pab Formation) to
carbonate of Dungan Formation (Khan 2013). However, in
the Rakhi Nala Section of the Sulaiman Range, this transi-
tion is characterized by shallow carbonates equivalent to late
Cretaceous Pab Formation (Umer et al. 2011). Further south
in the vicinity of Quetta, the transition is marked by late
Cretaceous agglomerates of Bibai Formation (Shah 2009).
In short, the pronounced variations in thickness and facies
of Paleocene carbonates of the Dungan Formation and its
equivalent in the Upper Indus Basin suggest a strong tectonic
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influence on the Paleocene carbonate platform sediments
of the Dungan Formation. The effect of tectonic is further
augmented by the pronounced facies variations in late Creta-
ceous at the lower contact of the Dungan Formation. During
the stage of deposition of the Dungan Formation, the north-
western margins of Indian Plate have experienced a phase of
ophiolitic obduction initiated by the collision of the Island
arc (Khan et al. 2009). Such ophiolitic obduction might
have caused the deepening of the shelf basin consequently
received more clastic input (Hinsch et al. 2019). Moreover,
during this period the northwestern margins of Indian Plate
have also experienced anomalous quiescent phases, pre-
served in the form of widespread deposition of the Dungan
Formation with the occasional change in the depositional
environment in the Sulaiman and Kirthar Provinces (Hinsch
et al. 2019). Therefore, the short term sea-level curve of Haq
et al. (1987) is quite dissimilar with the existing curve of the
Dungan Formation in the study area.

5 Conclusions

The Dungan Formation in the study area is 460 m thick and
is entirely composed of limestone which is maroon to dark
grey characterized by thin to massive bedding. It is highly
fossiliferous and its microfacies contain skeletal allochems
which include LBF, planktonic foraminifera, red algae, and
bryozoans. In the study area, the identified biota include
LBF, are represented by Discocyclina, Miscellanea mis-
cella, Lepidocyclina, Nummulites, Ranikothalia, Assilina,
Alveolina, Miliolid, and Lockhartia. We have identified four
microfacies within the Dungan Formation. These microfa-
cies are Discocyclina-Nummulites-Red algal packstone
microfacies (MF-1), Milliolid-Alveolina-Red algal packstone
microfacies (MF-2), Planktonic-benthic foraminiferal pack-
stone microfacies (MF-3), Planktonic foraminiferal wacke-
stone-packstone microfacies (MF-4), and their interpreted
environment of deposition are distal middle shelf, upper
slope, lower slope, and deep marine basinal environment
respectively. Different diagenetic features include micritiza-
tion, dissolution, neomorphism, compaction, cementation,
fractures have been identified and based on these features
it is concluded that the Dungan Formation underwent
diagenesis under marine, meteoric and burial conditions.
The diagenetic alterations have modified the carbonates
of Dungan Formation, making a poor-moderate reservoir.
This interpretation is further supported by the plug porosity
and permeability analyses. The presence of age diagnostic
LBF like Miscellanea miscella, Ranikothalia, Alveolina, and
Nummulites determines the age of the Dungan Formation
as Paleocene-Early Eocene and determines second-order
cyclicity which marks one episode of sea-level rise which
in turn deposited TST and RST of third-order cyclicity. In

the vertical succession, the microfacies are lying as MF-1
at the base and MF-4 at the top. The repetition of MF-2 in
the vertical succession shows a shallowing upward trend in
fossils. Comparison of the relative sea-level curve of Dungan
Formation with the global sea-level curve demonstrates that
long term sea-level fluctuations show uniformity while the
short term differences in these two curves are due to local
tectonics.
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