
1 Introduction 
 

Carbonate reservoirs host 60% of global oil and 40% of 
the planet’s gas reserves, including the world’s largest oil 
field of Ghawar, Saudi Arabia (Scoffin, 1987; Montaron, 
2008; Kakemem et al., 2021). Nevertheless, predicting the 
reservoir potential of these rocks is quite challenging, due 
to their  complexity and heterogeneity when compared 
with clastic strata (Nazari et al., 2019). The causes of the 
spatial  and  temporal  variability  in  the  petrophysical 
properties (porosity and permeability) of the carbonates 
are  due  to  changes  in  depositional  and  diagenetic 
environments, as well as their subsequent modification by 
tectonic activity. The primary porosities within carbonates 
are controlled by packing, sorting and grain-size, which 
varies according to the depositional environment of the 
rocks (Ali et al., 2018). The depositional environment also 

controls the primary mineralogy of the carbonate rocks, 
which subsequently controls the diagenetic modifications 
and hence the secondary porosity of the rocks (Worden et 
al., 2018). Likewise, diagenesis controls the evolution of 
secondary porosity within  carbonate  rocks  at  various 
stages  i.e.  eogenetic  (beginning  on  the  sea-floor), 
mesogenetic  (burial)  and  telogenetic  (uplift  period; 
Choquette and Pray, 1970). The compaction, microbial 
micritization,  neomorphism,  dissolution/precipitation, 
replacement  and dolomitization  in  these  stages  cause 
changes to the primary fabric, composition, rigidity as 
well as the porosity (Flügel, 2004). The marked changes in 
the pore size and shape during diagenesis either enhances 
or obliterates the reservoir quality (Watney et al., 1998; 
Taylor et al., 2010; Amel et al., 2015; Afife et al., 2017). 
Porosity evolution in carbonate rocks correlates with sea-
level fluctuations (Morad et al., 2000; Flügel, 2004), e.g. 
porosity occludes as a result of heavy cementation during 
regression in large-size pore systems while deposition of 
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facies deposited in TSTs, as compared to lagoonal and peritidal facies, except for the dolomite in mudstone, deposited 

during RSTs. Hence good, moderate and poor reservoir potential is suggested for shoal, lagoonal and peritidal facies, 

respectively. 
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matrix-supported  lithologies  preserves  higher  primary 
porosities during transgression (Read and Horbury, 1993; 
Tucker, 1993; Flügel, 2004). The transgressive/regressive 
cycles control the size and proportions of carbonate grains, 
the chemistry of the pore water as well as the residence 
time  of  a  particular  diagenetic  process,  which 
consequently controls  the  pore  system  (Morad,  1998; 
Morad et  al.,  2012).  The shallow to marginal  marine 
conditions  are  marked  by  frequent  changes  in 
accommodation space, as a result of transgressive and 
regressive cycles and hence it causes the deposition of 
shallow to marine facies, with pronounced spatial and 
temporal heterogeneity in the pore system (Emery and 
Myers, 1996; Hillgärtner and Strasser, 2003).  

The Middle Jurassic carbonates are the best analog of 
such shallow to marine carbonates. Such carbonates are 
widely distributed in the adjacent continents e.g. oolitic 
peritidal carbonates are reported from the Arab Formation, 
southern UAE (Hollis et al., 2017). Similarly, the Middle 
Jurassic portion of the Sahtan Group is also comprised of 
oolitic shoals to lagoonal carbonates in  central  Oman 
(Rousseau et al., 2005). Likewise, synchronous deposition 
of marginal to shallow marine carbonates is reported from 
the Dhruma Formation of central Saudi Arabia and the 
Central High Atlas of Morocco (Purser and Evans, 1973; 
Addi and Chafiki, 2013; Yousif et al., 2018). Such Middle 
Jurassic carbonates are not restricted to the region but 
show a global distribution e.g. Middle Jurassic carbonates 
are deposited in the Lusitanian Basin, Portugal (Azerêdo 
et al., 2020), oolitic shoal facies within the Great Oolite 
Group of England (Sellwood et al., 1985), oolitic shoal 
facies of the Jaisalmir Formation, India, Switzerland and 
Antalya, Turkey (Ayyyldyz et al.,  2001; Wetzel et al., 
2013; Ahmad et al., 2020). Likewise, synchronous shallow 
marine  oolitic  shoals  to lagoonal  carbonates  are  also 
reported from the Paris Basin, France, as well as the 
Bucegi  Mountains,  Southern  Carpathians,  Romania 
(Brigaud et al., 2009; Lazăr et al., 2013). Such shallow to 
marine carbonates carry great hydrocarbon potential, e.g. 
the carbonate shoals constitute very good reservoirs (Ding 
et al., 2019), the reservoir quality decreasing landward in 
the lagoon and peritidal settings as well as in deeper 
conditions below the wave base (Flügel, 2004; Kakemem 
et al., 2021). However, the diagenetic modification of such 
units can be very productive (Wadood et al., 2021a). The 
shallow to marginal  marine carbonates of the Middle 
Jurassic  are  widely deposited  in  the  Indus  Basin  of 
Pakistan. Amongst these, the Samana Suk Formation is 
best exposed in the Upper Indus Basin (Fig. 1). 

The Samana Suk Formation was studied in detail with 
regard to its sedimentology, paleontology and stratigraphy 
(Wadood et al., 2021a, b). The depositional environment 
for  the rock unit  was established in the Hazara  area 
(Masood, 1989; Sheikh et al., 2001; Qureshi et al., 2008; 
Hussain et al., 2013).  The depositional, diagenetic and 
sequence stratigraphic constraints on the reservoir quality 
of the unit in the Kala Chitta and western Salt ranges were 
documented in detail (Wadood et al., 2021a, b, 2021c). 
The paleoenvironments,  paleoclimate,  paleoenergy and 
paleosalinity for the Middle Jurassic in the Hazara region 
were  established  based  on  the  sedimentological 

investigation of the Samana Suk Formation (Saboor et al., 
2020). The palynostratigraphy and reservoir potential of 
the Samana Suk Formation in the Kala Chitta Range were 
documented by Ahmad et  al.  (2020). The facies and 
geochemistry-based  depositional  environment  and 
diagenetic evolution of the rock unit were determined in 
the Nizampur, Kala Chitta Range (Ullah Khan et al., 
2020).  The  detailed  literature  review  suggests  that 
although  the  reservoir  potential  of  the  Samana  Suk 
Formation has been determined for the Kala Chitta and 
Salt ranges of Pakistan, there are, however, high levels of 
spatial  and  temporal  variability  that  exist  in  the 
petrophysical properties (porosity and permeability) of the 
carbonate rocks, duly resulting from both depositional and 
diagenetic processes. The current study is therefore aimed 
to generate a holistic understanding and therefore enable 
the prediction of the reservoir quality of the Samana Suk 
Formation  in  the  Kohat  Range,  through  integrating 
knowledge of the microfacies, sequence stratigraphy and 
diagenesis. 

 
2 Geological Setting 

 
In Pakistan, the Himalayas were formed as a result of 

the collision between the Indian and Karakoram plates 
during late Paleocene to early Eocene (Jadoon, 1992; 
Leech et al., 2005; Henderson et al., 2011; Wadood et al., 
2021c). The Indus–Tsangpo suture marks the closure zone 
between the two plates in India and Tibet (Gansser, 1981), 
while in north Pakistan this suture branches off into the 
Main Karakoram Thrust (MKT) and the Main Mantle 
Thrust  (Fig.  1;  MMT;  Powell  and  Conaghan,  1973; 
Tahirkheli,  1979; Rehman et al.,  2011). The Kohistan 
Island Arc was formed due to intra-oceanic subduction 
during the Late Jurassic to Cretaceous (Le Fort, 1975; Jan 
and Asif, 1981; Windley, l983; Chatterjee and Scotese, 
2010; Rehman et al., 2011). The collision between India 
and the Kohistan  Arc occurred along with  the MMT 
during the Eocene (Tahirkheli, 1982; Khan et al., 2009; 
Chatterjee, 2013). A total of 500 km shortening of the 
Indian  Plate  was  caused  south  of  the  MMT  by 
underthrusting beneath the Kohistan Island Arc and the 
Karakoram Plate (Seeber et al., 1981; Ni and Barazangi, 
1985)  or  by  a  widespread  southward-directed  thrust 
system and associated folding (crustal imbrications) over a 
broad  zone  (Molnar  and  Tapponier,  l975;  Yeats  and 
Lawrence, 1982; Molnar and Qidong, 1984; Coward and 
Butler, 1985; Bossart et al., 1988; Greco et al., 1989). 
After suturing at the MMT, the deformation front shifted 
southward to the hill ranges, which were uplifted and 
deformed along the Main Boundary Thrust (MBT) and the 
Salt Range Thrust (SRT) faults (Fig. 1; Yeats and Hussain, 
1987). The MBT demarcates the southern limit of the 
Kohat, Samana,  Margalla,  Kala  Chitta and Koh safed 
ranges. The MBT, which strikes east-west along most of 
the foreland basin, turns northwards, west of the Jhelum 
River,  forming  a  major  bend  known  as  the  Hazara 
Kashmir Syntaxis. It is a regional fault in north Pakistan 
that depicts the frontal region of the lesser Himalayan 
mountain range and brings the Mesozoic to Cenozoic 
rocks of Kohat, Kala Chitta and the Margalla hill ranges to 
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the surface (Meissner et al., 1974; Khan et al., 1986). The 
study area is part of the Kohat Range, which is exposed 
along the MBT (Fig. 1). The rocks range in age from 
Jurassic to Miocene and are exposed in the study area 
(Fig. 1). 

 
3 Materials and Methods 

 
The Middle Jurassic Samana Suk Formation, which has 

an exposure of 227 m in the Kotal section of the Kohat 
Range, was logged and sampled in detail (Fig. 1). The 
outcrop description and features of the rock unit were 
recorded (Fig. 2). A total of 350 samples were collected 
from the section for petrographic and geochemical studies. 
Amongst these, 53 samples were stained with Alizarin Red
-S and potassium ferricyanide solution, following Dickson 
(1965). The carbonate microfacies rocks were classified 
according  to  Dunham  (1962).  The  depositional 
environments were established through integrating field 
investigations, sedimentary structures, textures, biota and 
compositions (see e.g., Wilson, 1975; Shinn, 1983a, b; 
Tucker and Wright, 1990; Flügel, 2010). The dolomite 
textures were described following the terminology and 
classification of Sibley and Gregg (1987) as well as other 
schemes, such as Friedman (1965), Shukla and Friedman 
(1983) and Mazzullo (1992), that were also taken into 
consideration. X-ray diffraction (XRD) was performed to 
identify the bulk mineralogy percentage composition of 
the selected samples. The diffraction of X-rays (Bragg’s 
Law) is caused by the mineral phases when they reach a 
certain angle. The resultant chart from the diffractometer 
shows the X-ray diffraction pattern, which has a horizontal 
scale calibrated at 2θ degree with the maximum intensity 
of the diffracted peaks being shown on the vertical axis. 
Minerals were identified by comparing the resulting peaks 
with the standard set of patterns compiled by the Joint 
Committee on  Powder  Diffraction Standards (JCPDS). 
The porosities and permeabilities were investigated by 
integrating the visual percentage estimation from thin 
sections imbued with blue epoxy resin and data taken from 
3-centimeter  diameter  plugs  using  standard  porosity-
permeability  measuring  instrumentation  under  a  net 
pressure of 1000 psi. The porosity types were quantified, 
based on image analysis of thin-sections with 300 point 
counts  per  thin-section.  Data  gained  from  the 
aforementioned sources were gathered to describe and 
define facies, diagenetic stages, as well as assess reservoir 
quality. The determined reservoir qualities (poor, moderate 
and good) correspond to certain porosity and permeability 
ranges.  A composite  figure  comprising  the  vertical 
distribution  of  microfacies,  field  photographs, 
photomicrographs,  depositional  environments  and  sea-
level curves was constructed (Fig. 3). 

 
4 Results 
 
4.1 Field observations 

Detailed fieldwork was carried out in the Kotal section, 
Kohat Range, to observe and investigate important field 
features, as well as to collect samples for petrographic and 
geochemical analyses. For this latter purpose, samples 

were collected at various intervals and occasionally from 
each bed, where lithological changes were observed. The 
formation  is  composed  of  a  predominantly  grayish 
limestone, alternating with rusty brown, grayish brown, 
dark gray to light grey dolostone beds (Fig. 2a). The 
Samana Suk Formation in the Kotal section is mainly 
composed of thick-bedded oolitic limestone. The ooid-rich 
beds have a thickness of 2–6 meters and are repeated at 
several intervals (Fig. 2b–d). In addition, there was a sharp 
contact between limestone and dolostone beds (Fig. 2e).  
Medium-bedded bioclastic limestone with parallel bedding 
was  present.  Various  types  of  bioclasts  of  bivalve, 
brachiopod and skeletal grains were primarily observed at 
specific  stratigraphic  horizons  (Fig.  2f–g).  Bedding-
parallel stylolites and calcite-filled fractures were found 
within this rock (Fig. 2h–i).  The echinodermally (1–4 m) 
rich colonies were seen in association with the skeletal 
grains of gastropods and cephalopods (Fig. 2j). Thicker 
ooidal and peloidal-rich beds were observed in a repeating 
manner (Fig. 2k). In the studied section, different types of 
dolomite were identified. These dolomites were clearly 
distinguishable from limestone beds, based on a clear 
color contrast (Fig. 2l–m). 
 
4.2 Microfacies analysis  

Based on field data of bedding, lithology, sedimentary 
structure, texture, grain composition along with the fossil 
content  in  the  thin-sections,  sixteen  microfacies  were 
identified. The microfacies were assembled into three 
facies  associations,  allied  to  three  depositional 
environments  (peritidal,  lagoonal  and  high-energy 
carbonate shoals). The microfacies analyses were mainly 
carried out by using the standard facies model for ramps 
by  Flügel  (2010).  The  overall  characteristics  and 
description of individual sedimentary facies as well as 
their facies associations, as recognized within the studied 
intervals, are given in Table 1. 
 
4.2.1 Peritidal Flat Facies Association 

(1)  Bioclastic  Peloidal  Wackestone  (MF1):  The 
microfacies consists of peloids and bioclasts in a mud-
supported  texture  (Fig.  4a).  Peloids  are  mostly fecal 
pellets incorporated in this mud-supported texture. The 
bioclasts are disarticulated and non-abraded, comprising 
milliolids,  bivalve  shells,  sponge  spicules  and 
echinoderms. The bioturbation has turned the microfacies 
into having a patchy appearance. The predominantly mud-
supported texture,  together  with extensive bioturbation 
with disarticulated and non-abraded bioclasts, indicate a 
low-energy shallow subtidal environment (Sattler et al., 
2005). The association of peloids and fenestrae further 
restrict the facies to tidal flats (El-Sorogy et al., 2018). 
Based on the allochems, texture and biota, a peritidal 
setting  is  assigned  to  the  facies  (Fig.  5),  which  is 
correlated with RMF-16 of Flügel (2010). 

(2) Fenestral Mudstone (MF2): A carbonate mud devoid 
of fossils and allochems is recorded for this facies with 
pervasive dolomite crystals. The light brownish dolomite 
crystals are coarse-grained, euhedral, homogeneous and 
non-ferroan  (Fig.  4b).  Rare  silty quartz  grains  were 
observed.  The  hypersaline  conditions  restrict  organic 
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Fig.  2. (a) Panoramic view of the study area in the Kotal section, Kohat Range; (b–d) limestone of the Samana Suk Formation 

showing ooids; (e) sharp contact between limestone and dolomite; (f–g) skeletal fragments of different bioclasts; (h–i) calcite 

veins and low to high amplitude stylolites indicated with an arrow in limestone beds; (j) skeletal grains of echinoderms, gastro-

pods in grainstone facies; (k) peloids and ooid bed contact; (l) dolomite rock cross-cutting limestone bed; (m) contact between 

limestone and dolomite rock. 
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activity within the peritidal setting, consequently leading 
to poor biodiversity (Fig. 5; Wanas, 2008; Karimi et al., 
2015). The development of dolomite in mudstone under 
restricted conditions is attributed to a supratidal to upper 
intertidal  environment  (Shinn,  1983a).  The  facies  is 
comparable to peritidal RMF-22 facies of Flügel (2010). 
 
4.2.2 Lagoonal Facies Association 

(1)  Mudstone  (MF3):  The  facies  is  dominated  by 
carbonate mud with rare bioclasts and intraclasts (Fig. 4c). 

Minor oval-shaped sparite grains and siliciclastic quartz 
were  observed.  The  mudstone  is  non-laminated  and 
homogeneous with a dense network of multiple calcite 
veins being visible. The dominant micritic matrix, massive 
texture, lack of open marine biota and bioturbation suggest 
that the facies is deposited in a low energy-restricted and 
hypersaline lagoon (Fig. 5; Nizami, 2008; Hussein et al., 
2017). It is correlated with RMF-19 of Flügel (2010). 

(2)  Bioclastic  Wackestone  (MF4):  The  facies  is 
characterized  by  the  dominance  of  disarticulated  and 

Fig. 3. Detailed log of the Samana Suk Formation, showing lithology, microfacies, depositional environments and sequence 

stratigraphy in the Kotal section of the Kohat Basin.  
The inset view of the log shows the outcrop view and photomicrographs at various intervals. 
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fragmentary bioclasts, dispersed foraminifera, algae, and 
discernible shells such as ostracods, pelecypods, bivalves as 
well as echinoids (Fig. 4d). In addition, minor pellets and 
detrital quartz grains and peloids were also observed. The 
facies is mud-supported,  with  sporadic appearances of 
patchy dolomite being documented. The facies is both 
laminated  and  bioturbated.  The  presence  of  abundant 
matrix,  low  biodiversity  and  restricted  fauna  indicate 
deposition in a restricted low energy hypersaline lagoon 
(Fig. 5; Flügel, 2004; Hussain et al., 2013). The microfacies 
is correlated with the low diversity RMF-17 and the algal-
rich bioclastic RMF-20 facies of Flügel (2010). 

(3)  Bioclastic  Mudstone  (MF5):  The  dominant 
allochems of the facies are bioclasts embedded in the 
micritic  matrix.  The  bioclasts  are  comprised  of 
foraminiferal shells,  ostracods,  molluscs and echinoids 
(Fig. 4e). Rare dolomite rhombs were also observed. The 
muddy matrix, restricted biota and fine silty quartz are 

indicative  of  a  low energy lagoon  with  a  restricted 
circulation (Fig. 5; Rasser et al., 2005; Bachmann and 
Hirsch, 2006). The facies is similar to RMF-19 of Flügel 
(2010).  

(4)  Ooidal  Bioclastic  Wackestone  (MF6):  The 
allochems of the microfacies are predominantly bioclasts 
and  ooids  embedded  in  the  carbonate  matrix.   The 
bioclasts  include  miliolids,  ostracods,  gastropods, 
brachiopods and green algae (Fig. 4f). The bioclasts and 
ooids are micritized and a rim is visible in both types of 
allochems. The restricted biota e.g. milliolids, green algae, 
gastropods, ostracods, as well as the micritized bioclasts 
and  ooids,  are  suggestive  of  a  restricted  lagoonal 
environment with a slow rate of sedimentation (Fig. 5; 
Wilson, 1975; Hughes, 2009; Flügel, 2010). The facies 
correlates with RMF-20 of Flügel (2010). 

(5) Peloidal Packstone (MF7): The dominant rounded 
fecal peloids with minute skeletal grains of bivalves and 

 Table 1 Overall summary of microfacies of the Jurassic Samana Suk Formation in the Kotal Section, Kohat Basin, Pakistan 

Facies 

association 

Microfacies 

code 
Type Sedimentary fabric Main components Depositional environment 

Peritidal 

MF-1 
Bioclastic peloidal 

wackestone 
Birdseye, extensive bioturbation 

Peloids (25%–40%) and 

bioclasts (10%–20%) and 

predominantly mud 

Low-energy and shallow 

subtidal environment: 

RMF-16 

MF-2 
Intraclastic ooidal 

packstone 

Lumpy structures, bioturbation, 

and lamination of ooids 

Ooids (70%–80%), 

intraclasts (3%–5%) 

Low-energy restricted 

supratidal and intertidal 

environment: RMF-24 

MF-3 Dolomudstone 

Euhedral dolomite crystals, 

unfossiliferous, rare fenestral 

fabric and microbial filaments 

Predominantly mudstone 

(70%–80%) 

Warm and arid upper 

intertidal environment: 

RMF-22 

Lagoon 

MF-4 Mudstone 
Non-laminated, homogeneous 

and black pebbles (as intraclasts) 
Pure mudstone (about 90%) 

Low-energy lagoonal 

environment: RMF-19 

MF-5 
Bioclastic peloidal 

grainstone 

Bioturbation and well-preserved 

fecal pellets 

Peloids (65%–80%) and 

bioclasts (about 10%–15%) 

Low-energy restricted 

lagoonal environment 

MF-6 
Bioclastic 

wackestone 

Non-apparent laminated and 

bioturbated due to micritization 
Bioclast (about 30%–40%) 

Brackish lagoonal with 

restricted circulation: 

RMF-17 

MF-7 Bioclastic mudstone 
Rare dolomite rhombs, muddy 

matrix 

Mud supported bioclast 

(about 40%–50%) 

Restricted inner lagoon 

environment: RMF-19 

MF-8 
Ooidal bioclastic 

wackestone 

Micritized rims of ooids and 

bioclasts and well-sorted ooids 

Bioclasts (40%–60%) and 

ooids (10%–15%) 

Low-energy, restricted 

subtidal lagoonal 

environment: RMF-20 

MF-9 Peloidal packstone 
Fecal pellets, micritized rims of 

peloids 

Peloidal grains (about 

80%–90%) 

Semi-arid, hypersaline 

protected lagoonal 

environment 

MF-10 Bioclastic packstone 
Micritized rims of bioclasts, 

microstylolites 
Bioclasts (30%–40%) 

Low-energy lagoonal 

setting: RMF-17 

Carbonate 

sands and 

shoals 

MF-11 

Bioclastic 

intraclastic oolitic 

packstone 

Slightly distinguishable 

lamination of ooids, micritized 

rims of ooids 

(50%–70%) intraclasts 

(10%–25%) ooids 

Moderate energy shoal 

environment 

MF-12 
Bioclastic ooidal 

grainstone  

Microbial encrusting, 

poorly-sorted and bioturbated 

Ooids (50%–60%) and 

bioclasts (10%–15%) 

Shallow water, restricted 

lagoonal to back-shoal 

environment: RMF-27 

MF-13 
Bioclastic oolitic 

wackestone  

Patchy appearance due to 

bioturbation and microstylolites  

Ooids (30%–40%) and 

bioclasts (20%–30%) 

Low-energy, partially 

restricted back shoal/bar: 

RMF-29 

MF-14 

Intraclastic 

bioclastic ooidal 

grainstone  

Partially micritized, 

cross-bedded, multi-laminar and 

tightly-packed pattern of ooids  

Ooids (about 50%–70%), 

bioclasts (20%–30%) and 

intraclasts (10%–20%) 

High-energy tidal bars and 

shoals: RMF-29 

MF-15 Ooidal grainstone  
Multiple laminae of light and 

dark strips and well-sorted ooids  
Ooids (80%–90%) 

High-energy shoals, and 

bars, fair-weather wave 

base: RMF-29 

MF-16 Peloidal grainstone 

Well-sorted, 

lack of micrite and rare 

microbial crusts 

Peloids (80%–95%) 

High-energy shoal 

depositional environment: 

RMF-29  
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milliolids as well as ooids are closely embedded in a 
carbonate matrix (Fig. 4g). Diagenesis has modified the 
facies by depositing intergranular and pore-filling blocky 
calcite cement. The micritization of the bioclasts, as well 
as the dense network of various calcite veins, are the 
outcome  of  diagenesis.  The  deposition  of  peloidal 
packstone  is  associated  with  shallow,  low-energy, 
restricted lagoonal, shallow marine environments (Fig. 5; 
Flügel, 2010; Gischler et al., 2020). 

 
4.2.3 Carbonate Shoal Facies Association 

(1) Intraclastic Ooidal Packstone (MF8): The facies is 

marked by a massive concentration of ooids with minor 
intraclasts and silty quartz. The ooids are very coarse-
grained with a recognizable laminated fabric (Fig. 4h). The 
non-desiccated and non-abraded intraclasts were recorded 
without associated fenestral structures. Rare bioclasts and 
lumpy structures along with bioturbation and dissolution 
were observed. Intraclastic ooidal packstone and grainstone 
facies are  deposited  in  a  carbonate shoal  environment 
(Flügel, 2004; Tavakoli and Jamalian, 2018). However, the 
grainstone textures represent high energy shoals, while 
packstone with embedded ooids and intraclasts argue for 
low energy leeward and seaward sides of the shoals (Fig. 5; 

Fig. 4. (a) Bioclastic peloidal wackestone microfacies, with bioclasts, rare peloids and birdseye structure visible; (b) dolomudstone 

microfacies with rare quartz and porosity; (c) mudstone microfacies with porosity; (d) bioclastic wackestone having micrite enve-

lopes in gastropods, along with bioclastic fragments, moldic porosity visible in cephalopod fragments and rare peloids; (e) bioclastic 

mudstone having gastropods, bioclasts and rare dolomite rhombs; (f) ooidal bioclastic wackestone, having gastropods and bioclasts 

with multiple calcite veins; (g) peloidal packstone, having rare bioclasts along with multiple calcite veins, blocky calcite cement can 

be seen occluding the pores; (h) intraclastic ooidal packstone, having intraclasts lumps and ooids; (i) bioclastic packstone microfa-

cies, showing gastropods along with rare ooids and stylolites; (j) bioclastic peloidal grainstone with bioclasts; (k) bioclastic intraclas-

tic ooidal packstone, with intraclasts, bioclasts and calcite cement; (l) bioclastic ooidal grainstone with skeletal remains of gastro-

pods, where calcite cement is present in the center oomoldic porosity visible in ooids; (m) bioclastic oolitic wackestone, with bio-

clasts and rare ooids; (n) intraclastic bioclastic ooidal grainstone with bioclasts, intraclasts., stylolites exhibiting porosity in places ; 

(o) ooidal grainstone with blocky calcite cement; (p) peloidal grainstone exhibiting rare micrite envelopes.  
Blue color indicates porosity throughout. Bc–bioclast; Pl–peloids; Be–birdseye; P–porosity; Ic–intraclast; Lp–lumps; Oi–ooids; Qz–quartz; Gs–gastropods; Pl–

peloids; D–dolomite; Cv–calcite veins; Bl–blocky calcite; Cc–calcite cement; Mc–micrite. 
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Tavakoli and Jamalian, 2018). Thus, the facies is deposited 
on the low energy setting of carbonate shoals and correlates 
with RMF-14 of Flügel (2004).  

(2) Bioclastic Packstone (MF9): The facies is marked 
by the dominance of bioclasts embedded in the carbonate 
matrix  (Fig.  4i).  The  bioclasts  include  echinoderms, 
ostracods, foraminifera, sponge spicules, gastropods and 
brachiopods. Micritization of bioclasts and stylolitization 
were  observed.  The  grain-supported  texture  with 
carbonate mud in the pore spaces suggests deposition at 
the interface of a high-energy inner shelf and a low-energy 
middle ramp and is correlated with  RMF-14 (Fig.  5; 
Flügel, 2010).  

(3)  Bioclastic  Peloidal  Grainstone  (MF10):  In  this 
microfacies,  abundant  peloids  of  fecal  origin  with 
significant bioclasts are glued together by sparry cement 
(Fig. 4j). The coarser bioclasts are composed of bivalves, 
gastropods and rare echinoids, while the smaller benthic 
foraminifera constitute the finer fraction. Bioturbation and 
extensive micritization are common in this microfacies. 
The peloids are formed as a result of micritization of 
carbonate  grains  by  endolithic  algae  in  low-energy, 
restricted and shallow water environments (Hussain et al., 
2013). Likewise, due to the fragility of the pellets, these 
cannot withstand high-energy settings, indicating a low-
energy setting. Based on the types of allochems, as well as 
a scarcity of biota in association with benthic foraminifera, 
bivalves and gastropods suggest  deposition in a shoal 
setting with quick cementation, to avoid the abrasion of 
fragile allochems (Fig. 5; Tucker and Wright, 2009).  

(4)  Bioclastic Intraclastic Ooidal  Packstone (MF11): 
This microfacies is dominated by ooids,  followed by 
intraclasts and bioclasts. The ooids are very coarse-grained 
with visible internal lamination (Fig. 4k). The bioclasts 
fraction is dominated by pelecypods and gastropods, in 
association  with  minor  occurrences  of  echinoid  and 
serpulid colonies. The internal fabric of the allochems is 
well-preserved, due to poor micritization. The ooids are 
usually formed on the platform margin, in high energy 
conditions.  Serpulid colonies  thrive  in  shallow warm 
water (Wilson, 1975). The minor fraction of carbonate 
mud, with diverse marine bioclasts and intraclasts, suggest 
deposition in a higher energy setting (Flügel, 2010). Based 
on the dominant photozoans, such as ooids and associated 
allochems, inner ramp shoal settings are attributed to the 
deposition of this microfacies (Fig. 5). 

(5) Bioclastic Ooidal Grainstone (MF12): The facies is 
dominated by photozoan ooids, in association with a 
significant amount of bioclasts, such as gastropods and 
echinoderms. The allochems are glued together by sparry 
cement. Minor elongated peloids and indeterminate fossil 
shells were seen (Fig. 4l). Ooids are usually deposited on 
the  platform  margin  under  high-energy  conditions 
(Gischler et al., 2020). The grainstone texture and lack of 
bioturbation  further  support  such  an  environmental 
interpretation  (Heerwagen  and  Martini,  2020).  The 
rounded to sub-rounded ooids with some shell fragments 
and elongated peloids indicate carbonate shoal settings 
(Hussein  et  al.,  2017).  Based  on  the  dominance of 
photozoans and the cemented texture,  an inner ramp 

Fig. 5. Proposed depositional model for the Jurassic Samana Suk Formation. 
FWWB = Fairweather wave base; MF-1 = Bioclastic peloidal wackestone; MF-2 = Fenestral mudstone; MF-3 = Mudstone; MF-4 = Bioclastic wack-

estone; MF-5 = Bioclastic mudstone; MF-6 = Ooidal bioclastic wackestone; MF-7 = Peloidal packstone; MF-8 = Intraclastic ooidal Packstone; MF-9 = 

Bioclastic packstone; MF-10 = Bioclastic peloidal grainstone; MF-11 = Bioclastic introclastic ooidal packstone; MF-12 = Bioclastic ooidal grainstone; 

MF-13 = Bioclastic oolitic wackestone; MF-14 = Intraclastic bioclastic ooidal grainstone; MF-15 = Ooidal grainstone; MF-16 = Peloidal grainstone. 
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shoal setting is assigned to the deposition of this facies 
(Fig.  5).  The facies correlates well  with  RMF-27 of 
Flügel (2010).  

(6) Bioclastic Oolitic Wackestone (MF13): The ooids 
dominating the facies are duly succeeded by bioclasts in 
abundance. The cortices of ooids are rounded to sub-
rounded  and  micritized  (Fig.  4m).  The  internal 
laminations of ooids are slightly visible and their nuclei 
are comprised of older ooids. The partially discernible 
bioclasts consist  of pelecypods and echinoids.  Minor 
occurrences of rare peloids, sponge spicules and smaller 
benthic foraminifera were observed. Dolomite rhombs 
were observed in places. The high degree of bioturbation, 
presence of ooids in the micritic matrix showing textural 
inversion and scarce fauna overall indicate a low-energy, 
partially  restricted,  shallow  subtidal  environment, 
probably in  the back shoal/bar  area  (Fig.  5;  Flügel, 
2010).  

(7) Intraclastic Bioclastic Ooidal Grainstone (MF14): 
The  ooids,  bioclasts  and  intraclasts  constitute  their 
respective abundances in the grainstone texture of the 
facies. The well-developed ooids are tightly packed and 
have  preserved  multiple  concentric  laminae  in  their 
cortices (Fig. 4n), while the nuclei are mostly peloids and 
bioclasts  with  calcite-filled  fractures.  The well-sorted, 
tightly-packed  and  cross-bedded  ooids  indicates  high 
energy settings above the wave base e.g. beaches, tidal 
bars  and  shoals  (Flügel,  2010).  Furthermore,  the 
concentric cortices of the ooids characterize a high-energy 
depositional  environment  (Loreau  and  Purser,  1973; 
Harris, 1979). Based on the types of allochems, cement 
and  sedimentary structures,  an  inner  carbonate  ramp 
environment  is  proposed  as  the  environment  for  the 
deposition  of  this  facies  (Fig.  5).  The microfacies  is 
similar to RMF-29 of Flügel (2010). 

(8) Ooidal Grainstone (MF15): The facies is marked 
by  well-rounded  ooidal  grains  that  have  recorded 
multiple  alternating  dark  and  light  layers  in  their 
cortices, while their nuclei are predominantly composed 
of laminar peloids, older ooids and fragments of bioclasts 
(Fig. 4o). The facies cement is micro-sparite, while in 
places  a  coarse  blocky  calcite  cement,  probably  of 
diagenetic origin, is also present. The well-sorted and 
concentric coarser ooids in the grainstone are indicative 
of a high-energy setting above the wave (Reolid et al., 
2007).  The high-energy deposits are characteristically 

associated with shoal and bar environments, either on or 
near the seaward side of carbonate platforms (Wilson, 
1975; Van Buchem et al., 2002; Flügel, 2010). Based on 
the abundances of ooids, the paucity of micrite and the 
well-sorted nature of the grains, a shoal environment of 
high-energy above a fair-weather wave base is suggested 
for the facies (Insalaco et al., 2006; Hashmie et al., 2016; 
Fig. 5). The facies correlates with RMF-29 of Flügel 
(2010). 

(9)  Peloidal  Grainstone (MF16):  The facies  almost 
exclusively consists of well-sorted peloids, glued together 
by sparry calcite cement (Fig. 4p). The presence of sparry 
cement,  well-sorted  grains  and  a  lack  of  micrite  all 
indicate  a  high-energy shoal  depositional  environment 
(Flügel,  2010).  The  carbonate  shoal  environment  is 
considered to have high wave energy and relatively low 
tidal energy, with minimal associated mud (Lasemi et al., 
2012). The abundance of peloids and rare ooids suggests 
deposition in high-energy settings (Ham, 1962; Powell, 
1979; Kadri, 1995; Scholle and Ulmer-Scholle, 2003). The 
peloid  grains may deposit  in  those  shoals  which  are 
characterized by low circulation, warm and shallow water 
depth (Jank et al., 2006) and hence these cannot withstand 
a  high-energy environment. The well-preserved peloid 
grains thus indicate rapid cementation in the shoal setting 
(Fig. 5). This microfacies is compatible with RMF-29 of 
Flügel (2010). 

 
4.3 Porosity and permeability 

The porosities of the microfacies were investigated 
using  outcrop,  petrography  and  plug  porosity,  while 
permeability  analyses  were  carried  out  using  plug 
permeability (Figs. 2, 4, 6, 7). At the outcrop, the Samana 
Suk  Formation  has  highly  fractured  limestone  and 
dolomite units (Fig. 2m). The fractures range from small 
and hairline to large and open. The dolomitic unit is more 
fractured,  compared  to the limestone unit,  which  has 
ultimately enhanced the reservoir properties. Stylolites of 
low to high amplitudes were also observed (Fig. 2i). The 
petrography revealed various types of micro-porosities, 
i.e. moldic, fracture, inter-particle, intraparticle and vuggy 
(Figs. 4, 7). Porosity is also observed along the dolomite 
grains (Fig. 7l–n).  Measurements of plugs revealed a wide 
range of porosity values, ranging from 0.87%–6.13%, 
while the permeability ranged from 0.21–3.11 millidarcy 
(Fig. 6). The integration of petrography and plug data 

Fig. 6.  Plug porosity/permeability results of the selected rock samples from each microfacies of the Jurassic Samana Suk Formation. 
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indicate higher values of porosities in carbonate shoal 
facies, while moderate to poor values of porosities are 
reported from lagoonal and peritidal facies, respectively 
(Table 2). 

 
4.4 Diagenesis 

The diagenesis  of  the  Samana  Suk  Formation  was 
elucidated using basic petrography, complemented by the 
outcrop data. The petrography identified different diagenetic 
processes, such as compaction, cementation, micritization, 
dissolution  and dolomitization  (Fig.  7).  The diagenetic 
processes proved crucial for  establishing the diagenetic 
environment, paragenetic sequence and reservoir potential 
of  the shallow marine carbonates of  the Samana Suk 
Formation.  The details of  various diagenetic processes 
recorded within the studied unit are given below. 
 
4.4.1 Fracturing 

Various small to large scale fractures were observed 
within  the  Samana  Suk  Formation  (Fig.  7a).  The 
orientation of such fractures varied from bedding-parallel, 
oblique to perpendicular. The fractures were seen both at 
the outcrop and within the thin-section. The polyphase 
fractures were formed both in early-stage diagenesis due 
to burial and in the late telogenetic stage, as a result of 
tectonic stresses and loading. 
 
4.4.2 Compaction 

The Samana Suk Formation has undergone anomalous 
shallow to deep burial compaction as a result of overlying 
deposition. The mechanical compaction as a  result  of 
strain concentration at grain contacts has caused broken 
deformed grains and sutured contacts between grains (Fig. 
7b). The deep burial has enhanced pressure solution and as 
a result the sutured contacts are laterally joined together to 
constitute continuous stylolites (Fig. 7c–d). 
 

4.4.3 Cementation 
In the Samana Suk Formation, cementation can be seen 

in the form of calcite veins and patches in limestone and 
dolostone units (Fig. 7e–f). These cements have partially 
to  completely  filled  fractures  and  pore  spaces.  The 
different types of cement identified are granular equant, 
elongated  blocky,  syntaxial  overgrowth  crystals, 
isopachous fibrous and dogtooth  calcite.  The granular 
equant calcite cement comprises subhedral to anhedral 
crystals formed in  intergranular  spaces,  as well  as in 
fractures  (Fig.  7g).  Blocky calcite  cement  is  mainly 
developed in shoal-related facies and consists of moderate 
to coarse-grained calcite crystals that usually occur in 
intergranular  spaces  (Fig.  7h).  In  marine  phreatic 
conditions,  syntaxial  overgrowth  cement  formed  more 
rapidly and surrounds the grains.  In  some grainstone 
facies, the syntaxial overgrowth cement alone is present 
(Fig. 7i). Dogtooth cement is rarely present in the Samana 
Suk Formation. This cement postdates the formation of 
blocky calcite cement (Fig. 7j). 
 
4.4.4 Micritization 

Depending  upon  the  water  depth  and  rate  of 
sedimentation, the micritization of grains varies. It is most 
commonly developed along the rims of ooids and bioclasts 
(Fig. 7k). The micritization can be either constructive or 
destructive  (Flügel,  2010).  Destructive  micritization 
occurred as a result of repeated boring and subsequent 
infilling  of  the  bores  with  micrite.  Constructive 
micritization usually formed as a result of accretion of 
calcified filamentous algae on the surface of the grains. In 
the  Samana  Suk  Formation,  both  constructive  and 
destructive micritization was observed. Micritization is a 
common process that usually occurs in shallow marine 
environments and is caused by several different micro-
organisms, such as endolithic algae and fungi (Reid and 
MacIntyre, 2000; Beigi et al., 2017). 

Table 2 Details of the petrographic and plug porosity and permeability results, along with diagenetic alterations that affected 

the depositional porosity of the Jurassic Samana Suk Formation 

Microfacies Diagenetic alteration Porosity type 
Reservoir 

quality 
Porosity (%) 

Permeability 

(md) 

MF-1 Micritization & bioturbation Channel, Boring Poor 1.83 1.36 

MF-2 Bioturbation, secondary dissolution Boring Poor Sample too tight 3.11 

MF-3 Neomorphism: dolosparite recrystallization to dolomicrite Very rare, Fenestral Good 6.13 0.41 

MF-4 Micritization and compaction Fenestral & Intercrystal Poor Sample too tight  

MF-5 
Micritization, bioturbation compaction, cementation by blocky 

cement 
Shelter Poor 0.63 0.41 

MF-6 Bioturbation and subsequent extensive micritization Burrow   & Fenestral Moderate 4.27 0.87 

MF-7 Bioturbation, micritization & dissolution Boring & Fenestral Good 2.38 1.3 

MF-8 Neomorphism, micritization, multiple set of veins, dissolution Interparticle  & Moldic Poor Sample too tight  

MF-9 
Micritization, vug-filling, cementation by blocky calcite, 

multiple set of veins & dissolution 
Interparticle Good 2.36 1.41 

MF-10 
Micrite envelopes, grain penetration (compaction), cementation 

by sparry calcite and fracture filling (late calcite veins) 
Intraparticle & Vuggy Moderate 1.87 0.21 

MF-11 
Partial micritization, strong dissolution & neomorphism by 

sparry calcite 

Interparticle and 

Intraparticle 
Poor Sample too tight  

MF-12 
Bioturbation, micritization, compaction, dissolution  & late 

stage calcite veins 
Vuggy Poor 

0.87 

 
0.66 

MF-13 
Partial micritization, chemical compaction & late-stage calcite 

veins 
Intraparticle Moderate 1.41 0.7 

MF-14 Physical compaction & cementation by blocky cement Interparticle Good 2.71 0.93 

MF-15 
Minor dissolution, neomorphism and voids filled by sparry 

calcite 
Rare Moldic & Shelter Good 

4.17 

 
1.37 

MF-16 Micritization, compaction & neomorphism Intraparticle and Shelter Good 3.5 1.03  
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4.4.5 Dissolution 
Dissolution is a secondary process, as a result of which 

different types of porosity have been developed in the 
Samana Suk Formation, i.e. intragranular, intergranular, 
moldic vuggy and fracture porosity. Due to dissolution, 
vuggy porosity is evident in dolomite but rarely seen in 
fenestral mudstone facies (Fig. 7l). 
 
4.4.6 Dolomitization 

In the Samana Suk Formation, diagenetically different 
types of dolomites were identified (Fig. 7l–p) such as (1) 
coarse-grained  euhedral  dolomite;  (2)  coarse-grained 
euhedral  zoned  dolomite;  (3)  fine-grained  subhedral 
dolomite;  (4)  coarse-grained  subhedral  to  anhedral 

dolomite. Coarse-grained euhedral dolomite consists of 
coarse  dolomite  rhombs  with  well-developed  crystal 
boundaries. The dolomite crystals observed range in size 
from  50–100  µm.  These  are  early-formed  dolomite 
crystals  that  replaced  the  matrix  and  grains  of  the 
precursor rock. This type of dolomite has an intergranular 
and vuggy porosity (Fig. 7m). Coarse-grained euhedral 
zoned  dolomite  is  formed  from  the  earlier  formed 
dolomite. These dolomite rhombs are tightly packed and 
range in size from 60–110 µm. Calcite veins cross-cut this 
dolomite (Fig. 7n). 
 
4.5 Mineralogical studies 

To determine the bulk mineralogy of the rocks, sharp 

Fig. 7. (a) Field photograph showing mechanical and chemical compaction, with stylolites formed by chemical compaction; (b) 

photomicrograph showing deformed grains and sutured contacts producing fractures in ooids; (c) field photograph showing stylo-

lites; (d) photomicrograph showing stylolites and porosity; (e) calcite cement present in the form of patches and vein-filling in 

limestone; (f) calcite in the form of a patch in dolomite; (g) granular equant calcite cement in vein-filling; (h) blocky calcite ce-

ment present between intergranular spaces; (i) syntaxial overgrowth cement in ooids along with stylolite and porosity in blue 

color; (j) dogtooth cement showing sharp edges along with blocky cement and porosity; (k) micritization of ooids, along with 

oomoldic porosity in blue color; (l) dissolution in dolomite creating porosity in blue color; (m) coarse-grained euhedral dolomite 

showing intercrystalline porosity; (n) coarse-grained euhedral zoned dolomite along with calcite vein; (o) fine-grained subhedral 

dolomite; (p) coarse-grained subhedral to anhedral dolomite, along with fine-grained subhedral dolomite.  
Blue color shows porosity throughout. Fr–fractures; P–porosity; St–stylolites; Cp–calcite patches; Cv–calcite vein; Gr–granular cement; Sy–syntaxial 

overgrowth cement; Bl–blocky cement; Dt–dogtooth cement. 
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diffraction peaks were obtained for different samples of 
limestone and dolomite using X-Ray diffraction (XRD) 
analyses  (Fig.  8).  The  samples  were  selected  from 
dolostone, grainstone and mudstone. The samples from 
wackestone were avoided because it falls in the middle of 
mudstone and grainstone, so XRD data would not be of 
any assistance in giving crucial information about the 
effect of impurities on the reservoir potential of the facies. 
The XRD data of the limestone revealed that the ooidal 

grains show the dominance of calcite in close association 
with pyrite, quartz and cinnabar, while the XRD analyses 
of the mudstone facies revealed the dominance of the 
calcite phase, in association with pyrite and other forms of 
silica. 
 
5 Discussion 
 
5.1 Depositional model 

The high-resolution microfacies analysis has revealed 
the  detailedramp  environment  for  the  Samana  Suk 
Formation. The sub-environments within the ramp range 
from low energy peritidal and lagoonal to a high energy 
shoal setting in a quasi-periodic manner (Fig. 5). The 
proximal  lagoon  to  distal  peritidal  carbonates  are 
characterized by mudstone and wackestone microfacies. 
The  restricted  circulations  amongst  these  facies  are 
marked by the dominance of restricted hypersaline fauna 
and subdued open marine biota, while the low energy 
conditions  are  marked  by  pelletization,  abundant 
carbonate mud, bioturbation and preservation of laminated 
fabric in places. The carbonate shoals are represented by 
packstone and grainstone microfacies.  Such  facies are 
characterized  by  both  heterozoan  and  photozoan-
dominated carbonates. The heterozoan skeletal-rich facies 
shows  a  strong  affinity  with  open  marine  saline 
conditions, while the photozoan carbonates are dominated 
by non-skeletal carbonates. The high energy conditions of 
the  carbonate  shoals  are  indicated  by  ooids,  grain-
supported  texture,  heavy  cementation,  intraclasts  and 
absence  of  bioturbation.  The  open  marine  saline 
conditions are indicated by bioclasts and photozoans such 
as ooids. The Samana Suk Formation is characterized by 
the dominance of carbonate shoal facies which exceed 
50% of the total rock, followed by lagoonal and peritidal 
facies  respectively  (Fig.  3).  The  shoal  facies  are 
interspersed throughout the stratigraphic thickness of the 
unit and are separated by lagoonal/peritidal facies. The 
spatial  distribution  of  similar  microfacies  within  the 
Samana Suk Formation are recorded in the Upper Indus 
Basin (Ahmad et al., 2020; Saboor et al., 2020; Ullah 
Khan et al., 2020; Wadood et al., 2021a–c). The absence 
of the Samanasuk facies in Eastern and Central Potwar, its 
subdued nature in the western Salt Range and its expanded 
thickness in the Kohat and Hazara regions suggest that the 
shoreline of the ramp was located in a northeast-southwest 
oriented basin that was deepening to the north and west in 
the region (Saboor et al.,  2020). The exposure of the 
synchronous  shoals  to peritidal  facies  of  the  Chiltan 
Formation in the Badin and Jacobabad areas and their 
expanded thickness in the Sulaiman and Kirthar ranges 
(Kadri, 1995; Shah, 2009) suggest the extension of the 
ramp into the Lower Indus Basin.  The Middle Jurassic 
carbonates  are  widely  distributed  in  the  adjacent 
continents  e.g.  India,  Southern  UAE,  Central  Oman, 
Central  Saud  Arabia  and  the  Central  High  Atlas  of 
Morocco (Rousseau et al., 2005; Addi and Chafiki, 2013; 
Hollis et al., 2017; Yousif et al., 2018; Ahmad et al., 
2020).  Such  Middle  Jurassic  shallow  carbonates  are 
reflected at this time in their widespread deposition in 
various  parts  of  the  globe,  e.g.   Portugal,  England, 

Fig. 8. X-ray diffraction peaks of the minerals in the Samana 

Suk Formation. 
(a) Dolomite rock minerals; (b–c) limestone rock minerals. 
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Switzerland and Turkey (Sellwood et al., 1985; Ayyyldyz 
et al., 2001; Brigaud et al.,  2009; Lazăr et al., 2013; 
Wetzel et al., 2013; Azerêdo et al., 2020). 
 
5.2 Sequence stratigraphy 

The  advent  of  sequence  stratigraphy  and  its 
application to the geometry and evolution of carbonate 
platforms  in  response  to  sea-level  fluctuations  and 
accommodation space has gained momentum in recent 
years (Sarg, 1988; Schlager, 1992; Handford and Loucks, 
1993). Sequence stratigraphy is a widely used tool within 
the  hydrocarbon  industry,  to  better  comprehend  the 
sedimentary geometries, controls on basin filling and 
diagenetic evolution of carbonates, as well as in the 
accurate demarcation of hydrocarbon reservoirs (Booler 
and Tucker, 2002). Carbonate sediments are sensitive to 
sea-level changes (Morad et al., 2012). A slight change in 
sea level causes a change in carbonate grains, matrix/
cement  and  the  exposure  time  of  grains  to  ocean 
chemistry (Tucker and Wright, 2009; Morad et al., 2012). 
Therefore, the character of the carbonate facies can be 
used  for  precise  interpretation  of  paleoenvironments 
(Flügel, 2010). In the present study, the sea-level curve 
for the Samana Suk Formation in the Kohat Basin was 
reconstructed using detailed microfacies (Fig. 3). The 
rock unit is deposited over a span of 10 Ma (see e.g. 
Shah, 2009). In order to establish a chronostratigraphic 
framework for the Samana Suk Formation, the 10 Ma 
interval was divided into equal time slices, assuming that 
the rate of sedimentation  was uniform (Fig.  3).  The 
Samana Suk Formation was deposited in one 2nd order 
cycle and has in its turn recorded multiple 3rd order 
transgressive and regressive cycles, according to Embry 
and Johannessen (2017). The 2nd order cycle can be 
correlated with LZA-1 and LZA-2 of Haq et al. (1988). 
Based on  the microfacies-based paleoenvironments,  a 
total of seven Transgressive Systems Tracts (TSTs) and 
six  Regressive  Systems  Tracts  (RSTs)  have  been 
documented (Fig. 3). The TSTs and RSTs alternate in 
vertical section and are predominantly uniform in their 
thicknesses.  However,  individual  TSTs  are  relatively 
thicker  when  compared  to  RSTs,  while  the  overall 
thickness  of  TST  strata  is  greater  than  its  RST 
counterpart, hence the transgressive episodes and overall 
sea-level rise last longer than in regression. The TSTs are 
predominantly comprised of grainstone and packstone 
microfacies,  while  the  RSTs  are  dominated  by 
wackestone and mudstone facies.   

The sea-level curve generated from the interpretation of 
microfacies was correlated with the local sea-level curve 
of the Samana Suk Formation in the Kala Chitta Range 
(see Wadood et al., 2021a) and the global sea-level curve 
of Haq et al. (1988). The correlation of the relative sea-
level curve of the present study with the global sea-level 
curve shows a complete mismatch during the Bathonian-
Bajocian,  however  a  consistent  transgressive  trend  is 
recorded both locally and globally during the Callovian 
(Fig. 3). The mismatch between  the relative sea-level 
curve of the Samana Suk Formation and the global curve 
is also observed during the Oxfordian. A predominant 
match exists between the sea-level curves of the Samana 

Suk  Formation  in  the  study area  and at  Kala  Chitta 
(Wadood et al., 2021a), however, high-frequency sea-level 
fluctuations were observed within the former. The basis 
for such high-frequency fluctuations is thought to be due 
to the expanded thickness and high sample resolution in 
the study area. The sea-level fluctuations are recorded in 
excess of a meter, with greater variations in thickness, 
hence episodic tectonicity has caused such fluctuations 
instead of the cycles of Milanković (Spence and Tucker, 
2007). Tectonic control is further confirmed by the non-
systematic cyclic stacking pattern, thickness trends and 
irregular variation in cycle types (Bosence et al., 2009). 
The variations in types and thickness of the facies cycles 
have resulted from the continuous, abrupt and episodic 
tectonic pulses. 
 
5.3  Paragenetic  sequence  of  the  Samana  Suk 
Formation 

A detailed paragenetic sequence has been established 
for the Jurassic Samana Suk Formation, based on various 
diagenetic features (Fig. 9). The early stage of diagenesis 
that  extensively  altered  the  primary  depositional 
structures included micritization. This event indicates a 
longer  exposure  time of  the  sediments  to microbial 
activity in the marine phreatic environment (Bathurst, 
1983;  Flügel,  2010).  Besides  the  formation  of  the 
micritic  envelopes,  other  marine  diagenetic  events 
include  early  mechanical  and  chemical  compaction, 
followed by the cementation of sediments by granular, 
blocky, isopachous fibrous calcite cement, that are all 
indicative of early marine diagenesis. The granular and 
blocky cementation occurred in two stages: (1) in this 
stage, the cement was precipitated in the pore spaces of 
the carbonate grains; (2) the cement also precipitated in 
the  voids  as  a  second  generation.  The  mechanical 
compaction as a result of overburden pressure caused the 
formation of fractures both at the outcrop as well as at 
microscopic levels.  The chemical  compaction  due to 
burial has produced low to high amplitude stylolites at 
various stratigraphic heights. The burial has also caused 
the formation  of zoned dolomite (Guo et  al.,  2016). 
Similar  dolomite  of  burial  origin  has  been  reported 
globally (Drivet  and  Mountjoy,  1997;  Al-Aasm  and 
Packard, 2000; Chen et al., 2004; Azmy et al., 2009; 
Conliffe et al., 2012; Rott and Qing, 2013). Fine-grained 
subhedral dolomite crystals range in size from 20–30 
µm. The dolomite crystals are tightly packed together 
(Fig.  7o).  These  dolomites  were  formed  by  the 
compactional dewatering of the dolomitizing fluids from 
deep basinal siliciclastics, along with the E–W trending 
MBT (Khan et al., 2021). Coarse-grained subhedral to 
anhedral dolomites are tightly packed where multiple 
fractures cross-cut these dolomites. The crystal size of 
this dolomite ranges from 300–500 µm. It can be seen 
that these dolomites cross-cut the earlier formed fine-
grained dolomite (Fig. 7p). The coarsening crystals are 
likely  to  result  from  crystal  overgrowth.  In  these 
dolomites, crystals are coarser in size, more curved and 
tightly-packed, indicating more rapid growth at higher 
temperatures (Montañez and Read, 1992; Al-Aasm and 
Packard,  2000).  The  mechanical  and  chemical 
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compaction occurred during shallow and deep burial. 
Under  meteoric  phreatic  conditions,  dissolution  of 
carbonate grains, particularly bioclastic fragments, have 
significantly influenced the reservoir  behavior  of the 
carbonate succession. The inflow of freshwater resulted 
in the dissolution of carbonate grains. The process of 
dolomitization  occurred in  several  phases,  which  are 
evident in the differences in the texture of the dolomite 
crystals, as well as the cross-cutting relationship amongst 
the dolomite crystals (Fig. 7p). Late-stage, deep burial 
fractures led Mg-rich  fluids through  the rock fabric, 
causing  dolomitization,  generating  intercrystalline 
porosity. In the later stages, multiple uplifting events, as 
suggested by the tectonic setting of the area (Tahirkheli 
et  al.,  1979;  Rehman  et  al.,  2011),  caused  multiple 
fracturing and cementation phases, which overgrew the 
previous features. 
 
5.4  Depositional  and  diagenetic  controls  on  the 
reservoir quality 

In the study area, the spatial distribution and stacking 
pattern of depositional facies and diagenesis have greatly 
influenced reservoir geometry and reservoir quality in 
carbonate  rocks.  Depositional  facies  is  a  significant 
factor  in controlling the porosity and permeability of 
carbonate reservoirs, whereas diagenetic modifications 
not only change the primary compositions but also affect 
the porosities and permeabilities of the rock,  due to 
neomorphism,  cementation,  micritization,  compaction, 
dolomitization  and  dissolution.   These  diagenetic 
alterations may either enhance the reservoir quality, or 
occlude the porosity and permeability of carbonate rock 
(Moore  and  Wade,  2013).  The  petrographic  studies 
revealed  the  depositional  processes  have  produced 

fenestral  porosity  in  mudstone  and  wackestone  of 
peritidal  and  lagoonal  origin,  while  the  rest  of  the 
microfacies have not recorded any primary porosity. The 
fenestrae are penecontemporaneous open spaces in the 
rock framework, which are larger in size than grain-
supported  pore  spaces  (Flügel,  2004).  The  fenestral 
fabric formed in  peritidal  settings as a  result  of (1) 
shrinkage and expansion, (2) air escape during flooding, 
(3) gas bubbling and (4) wrinkling of algal mats (Shinn, 
1968). Such kinds of porosities were common during the 
Regressive Systems Tracts (RSTs), which have deposited 
mudstone to wackestone textural attributes in the studied 
unit. In Transgressive Systems Tracts (TSTs), the early 
heavy cementations in carbonate shoals have occluded 
the primary porosity in packstone and grainstone facies 
(Bathurst, 1987; Flügel, 2004). 

The Samana Suk Formation in the Kohat Range is 
highly fractured,  as  a  result  of  multiple  phases  of 
deformation  (e.g.  Gilmour  et  al.,  1981),  which  have 
ultimately modified the reservoir behavior of the unit. 
Apart from fracturing, macroscopic dissolution in the 
form  of molds  and  vugs  have further  enhanced  the 
porosity  in  the  unit.  Moreover,  the  dissolution  of 
bioclasts  and  dolomite  has  significantly  increased 
porosity and permeability (Fig. 7k–l). It was observed 
that early and late-stage cementation played the most 
destructive role pertaining to porosity and permeability. 
In  the  early stages,  the  mechanical  compaction  has 
reduced intergranular porosity, with later cementation by 
blocky  and  granular  cement  further  obliterating  the 
reservoir properties. In the Samana Suk Formation, the 
chemical  compaction  phenomenon  has  caused  the 
formation of low to high amplitude stylolites to suture 
seams and contacts. In general, chemical compaction 

Fig. 9. Proposed paragenetic sequence of the Jurassic Samana Suk Formation. 
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causes a reduction in porosity (Moore and Wade, 2001), 
but in the study area, it was observed that at places the 
dissolution  of  stylolites  has  enhanced  porosity  and 
permeability.  Dolomitization  in  the  Samana  Suk 
Formation has significantly increased the intercrystalline 
porosity  and  permeability  (Fig.  7m),  but  in  some 
dolomites it was observed that the dolomite rhombs were 
tightly  packed,  which  occluded  the  intercrystalline 
porosity  (Fig.  7n).  Moreover,  late-stage  calcite 
cementation in the dolomites has reduced the reservoir 
properties. Overall dissolution and dolomitization helped 
in  enhancing  the  reservoir  properties,  whereas 
compaction and cementation have reduced the reservoir 
behavior.   

The petrographic and plug porosity and permeability 
data indicate that the packstone and grainstone facies of 
carbonate shoals corresponding to TSTs have recorded 
higher porosities and permeabilities, as compared to the 
mudstone  and  wackestone  of  peritidal  and  lagoonal 
settings. The mudstone with pervasive dolomitization has 
recorded higher porosity, both in petrographic studies as 
well as in plug porosity. Although the primary fenestral 
porosities were recorded within  the RSTs,  diagenetic 
dissolution dominates the grainstone microfacies. These 
findings  are  in  contrast  to  the  higher  dissolution 
porosities recorded within the mudstone and wackestone 
microfacies  (deposited in  RSTs) of  the Samana Suk 
Formation in the Kala Chitta Range (e.g. Wadood et al., 
2021a).  The  dissolution  within  the  mudstone  and 
wackestone facies of the Samana Suk Formation in the 
Kala Chitta Range has resulted mainly from methane 
exhalation as a result of decomposition of algae as well 
as dissolution of the same facies in association with 
grainstone occurring during burial diagenesis (Wadood et 
al., 2021a, b). The dominance of grainstone facies in the 
present study and mudstone to wackestone in Kala Chitta 
is the main reason for the contrasting porosities across 
the Samana Suk Formation. Based on the thickness and 
facies  variations  of  the  Samana  Suk  Formation,  the 
shoreline  is  proposed  to  have  been  located  in  the 
northeast-southwest direction, with the ramp deepening 
towards the west (e.g. Saboor et al., 2020; Wadood et al., 
2021a). Kala Chitta falls in the eastern relatively shallow 
part of the ramp and has therefore recorded peritidal and 
lagoonal facies, in contrast to the studied section. The 
intense selective dissolution in the allochems has intra-
cortical, intraparticle and moldic porosity development 
within  ooids  and  other  allochems  in  grainstone 
microfacies during both meteoric and burial dissolution. 
The primary intergranular porosity in the ooidal shoals 
and skeletal  wackestone and grainstone facies,  shoal 
exposure  and recharge of  freshwater  and subsequent 
dissolution as well as burial dissolution, enhances their 
reservoir potential (see e.g., Wenzhi et al., 2014; Beigi et 
al., 2017).  
 
6 Conclusions 
 

The Samana Suk Formation in the Kohat Range is 
comprised  of  thin  to thick-bedded,  oolitic,  bioclastic, 
dolomitic  and  fractured  limestone.  Based  on  16 

microfacies, the Samana Suk Formation is deposited on a 
gently sloping homoclinal ramp, ranging from peritidal to 
carbonate shoals. The sequence stratigraphy investigation 
divulged a total of seven TSTs and six RSTs in the rock 
unit. The Samana Suk Formation was subjected to various 
diagenetic environments, with modifications of carbonates 
in  the  form of physical  and mechanical  compaction, 
cementation, micritization, dissolution and dolomitization. 
The integrated porosity and permeability analyses revealed 
that good, moderate and poor reservoir potential for high 
energy shoal (TST deposits), lagoonal (RST deposits) and 
peritidal facies (RST deposits) were respectively recorded. 
The diagenetic dolomitization and dissolution enhanced 
reservoir behavior, whereas cementation and compaction 
obliterated the reservoir properties.  
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