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Abstract

The paper aims to establish a possible link between the sequence stratigraphy and reservoir potential of the Middle Jurassic
carbonates of Samana Suk Formation, Kala Chitta Range, North Pakistan. The Samana Suk Formation is comprised of a
monotonous sequence of thin- to thick-bedded bioturbated, cross-bedded, ripple marked, sandy, bioclastic carbonates with
shale interbeds. The rock unit is the best analog of shallow to marginal marine carbonates due to its pronounced thickness,
enhanced lithological variations, and diverse diagenetic features. To establish a possible link between the sequence stratig-
raphy and reservoir potential of the rock unit, the outcrop and petrographic features are used to record eight microfacies,
deposited in a wide range of shallow to marginal marine environments including mudflats, lagoon, back shoals, and sand
shoals. Based on the vertical stacking pattern of microfacies in a given time of deposition (170-160 Ma), one second-order
local cycle (SLC-1), three regressive systems tracts (RSTs) and two transgressive systems tracts (TSTs) are delineated within
the succession. The primary and secondary porosity of selected microfacies from each systems tracts are investigated using
petrography, scanning electron microscopy, and energy-dispersive spectroscopy. The direct measurements of porosity and
permeability of these microfacies types are carried out using high overburden pressure plug porosity and permeability analy-
ses. Based on these investigations, higher reservoir potential is recorded for mudstones/wackestone microfacies of RST as
compared to grainstone microfacies of TST. The higher porosity within RST and higher interconnectivity of available pores
both in RST and in TST suggest that the Samana Suk Formation carries good reservoir potential.

Keywords Jurassic - Carbonates - Microfacies - Sequence stratigraphy - Reservoir

1 Introduction Formation, Kala Chitta Range, North Pakistan (Fig. 1). It
has been established that the primary and secondary poros-
ity within the carbonate rocks can be linked with transgres-
sive/regressive cycles [1, 2]. During regression, the larger

inter-/intra-particles interconnected pores are usually filled

This paper investigates a possible link between the sequence
stratigraphy and reservoir potential of the shallow to mar-
ginal marine carbonates of the Middle Jurassic Samana Suk
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Fig. 1 Generalized tectonic and structural map of the study area [32] and stratigraphic log of the Kala Chitta Range, North Pakistan

by heavy cementation, which subsequently occludes the pri-
mary porosity [1, 3, 4]. Conversely, during transgression,
the deposition of matrix-supported carbonates preserves
higher primary porosity [1]. However, in marginal marine
carbonate system, the regression results in the development
of protected environments of proximal settings (i.e., lagoon
and tidal flats) [1]. Such depositional environments are char-
acterized by mudstone—wackestone microfacies with rela-
tively higher porosity than offshore grainstone microfacies
associated with marine transgression [4, 5]. The diagenesis-
induced secondary porosity in carbonate rocks can also be
affected by sea-level changes [5]. The pore-water chemistry

@ Springer

of near-surface (marine), hypersaline (intertidal, supratidal,
lagoon), brackish (delta and estuary), and meteoric (conti-
nental) depositional environments varies drastically [2, 4,
6-8]. The sea-level fluctuations bring changes in the pore-
water chemistry of carbonate sediments by changing the
chemistry near the sediments/water interface [S]. The trans-
gressive/regressive cycles also determine the residence time
of a diagenetic process and hence the extent of diagenetic
alterations. Low sedimentation rates during transgression
result in prolonged exposure of sediments to marine pore-
water diagenesis, whereas the prolonged subaerial exposure
of carbonate sediments during regression results in extensive
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meteoric diagenesis [5]. The changes in sea level also cause
changes in the size and proportion of carbonate grains [2,
5, 7]. The composition of grains controls their mechanical
and chemical properties and hence susceptibility to particu-
lar diagenesis [5]. Furthermore, the sea-level changes affect
the amount and type of organic matter [9, 10] which in turn
controls the dissolution of the carbonate matrix as a result
of organically produced methane exhalation [1]. By now, it
is evident that sequence stratigraphy controls both primary
and secondary diagenetic porosity [11, 12]. Therefore, link-
ing sequence stratigraphy, primary porosity, and secondary
diagenetic porosity of the shallow to marginal marine car-
bonates may act as a robust tool for the evolution of porosity
and permeability in carbonate rocks and hence their res-
ervoir potential [5]. To establish a possible link between
the sequence stratigraphy and reservoir potential of shallow
to marginal marine settings, the carbonates of Samana Suk
Formation are investigated in the present study.

The Samana Suk Formation hosts frequent variations
in its carbonate lithologies and diagenetic features. Based
on these characteristics, the Samana Suk Formation is the
best analog of shallow to marginal marine carbonates and
hence suitable for this study. The formation is comprised of
thin- to thick-bedded limestone with minor intercalations
of shales. Previously, it is investigated in detail by various
researchers for its sedimentology, paleontology, and stra-
tigraphy attributes [13—25]. The microfacies and diagenetic
analyses of the Samana Suk Formation are carried out in
Surghar Range, Trans Indus Ranges, to establish the depo-
sitional environment and diagenetic sequence of the studied
section [21]. It is suggested that the rock unit is deposited in
inner to outer shelf with open to restricted conditions [21].
In addition, Hussain et al. [26] documented microfacies and
diagenetic details in a 60-m-thick section of the Samana
Suk Formation in Harnoi section, District Abbottabad,
Pakistan. They documented inner to mid-ramp depositional
environment for the formation. They also observed various
diagenetic features including the varying degree of late-stage
dolomitization at different stratigraphic intervals. Ali et al.
[27] established the depositional environment and sequence
stratigraphy of the Samana Suk Formation in Chichali Nala,
Trans Indus Ranges, Pakistan. They documented near shore
to beach, lagoonal, barrier shoal, and deeper subtidal ramp
environments for the deposition of the unit (50 m). They
also documented two second-order and four third-order
sequences. Hayat et al. [28] documented microfacies-based
sequence stratigraphy for a 13-m-thick section in the Nam-
mal Gorge, Salt Range, Upper Indus Basin. They established
one second-order and two-third-order sequences within the
unit. Other researchers focused on the dolomites of the
Samana Suk Formation, investigating the fault-controlled
parallel-bedded dolomite of the unit in the Hazara basin,
NW Pakistan [29]. They concluded that the dolomitization

in the studied section is controlled by the percolation of Mg-
rich fluids through a local fault. Furthermore, Shah et al.
[29] documented that the late-stage dolomitization is pro-
nounced in mudstone to wackestone microfacies as com-
pared to grainstone microfacies of the Samana Suk Forma-
tion in southern Hazara Basin, NW Himalayan Fold and
Thrust belt. Their study also concluded that the less porous/
permeable mudstone microfacies evolved into more pore/
permeable facies as a result of dolomitization.

It is evident from the literature review that previously
the Samana Suk Formation is studied in detail in the con-
text of depositional environment, sequence stratigraphy, and
diagenetic history. However, work on the development and
modification of porosity in connection with sequence stra-
tigraphy is still lacking. This paper integrates the outcrop
and petrographic details for establishing a sound sequence
stratigraphic framework of the unit. In this study, we evalu-
ate the reservoir potential of various systems tracts, using
petrography, scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), high overburden pres-
sure plug porosity/permeability, and production recovery
rates of selected microfacies.

2 Geological Setting

Tectonically, the studied section is part of the Kala Chitta
Range (KCR), North Pakistan (Fig. 1). Regionally, KCR
represents the northwest margin of the Indian Plate (Fig. 1).
It is an integral part of the Himalayan foreland folds and
thrusts. The closure of Tethys, the continent—continent colli-
sion between India and Asia, and formation of Main Mantle
Thrust (MMT) at about 55-50 Ma mark the initiation of
the Himalayan foreland fold and thrust belts [30-34]. The
formation of MMT is succeeded by the emplacement of
regional continental thrusts, i.e., the Main Boundary Thrust
(MBT) and the Main Frontal Thrust (Salt Range Thrust in
Pakistan), as a result of southward propagation of transport
direction [35]. Due to the successive uplift along the MBT
and Salt Range Thrust (SRT), important geomorphic fea-
tures like KCR and the Salt Range are formed, respectively
(Fig. 1). In addition, the intervening plains between these
ranges are uplifted as Potwar and Kohat Plateaus (Fig. 1).
The intermountain basins [i.e., Peshawar (PB) and Camp-
bellpore (CB)] in the north of the study area are formed
as a result of uplift along the Attock Cherat Range (ACR)
(Fig. 1). The study area is bounded in the north by the prom-
inent Khairabad and Hissartang thrust faults, which have
exposed Pre-Cambrian to Paleozoic meta-sedimentary/sedi-
mentary sequence along the ACR. The uplift along Khair-
abad and Hissartang Faults is pre- to syn-Himalayas [32,
36]. The stratigraphic studied section is part of KCR which
is uplifted along the MBT. The MBT is a regional thrust
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which bends eastward along a loop called Hazara Kash-
mir Syntaxis (Fig. 1). It emplaced Mesozoic strata over the
Miocene on the northern periphery of Kohat and Potwar
plateaus around 10 Ma [32, 37]. The MBT and associated
structures in the subsurface may have played a crucial role
in producing structural traps of hydrocarbon in both Kohat
and Potwar Plateaus. Furthermore, the uplift along MBT has
exposed the Samana Suk Formation for meteoric diagenesis
and hence overprinted the diagenetic features within the unit.

The regional stratigraphy of the studied section ranges
in age from Triassic to Miocene [19] (Fig. 1). The Trias-
sic strata are comprised of a thick sequence of Kingriali
Formation. The Early Jurassic is marked by regression, and
the marine shelf is converted into a delta where diverse
lithologies of the Datta Formation are deposited [38]. The

Fig. 2 Field photographs of
Samana Suk Formation. a, b
Thin- to thick-bedded limestone
succession, ¢ thick-bedded frac-
tured, stylolitic micritic lime-
stone. d Medium-bedded sandy
limestone with calcite-filled
fractures. e Coarse-grained,
bioturbated, ripple marked
limestone having small low-
amplitude stylolites. f Medium-
bedded, sandy, and bioturbated
limestone. g Bedding parallel
laminations in limestone. h
Bioclast rich ripply, coarse-
grained, thin-bedded limestone.
i Coarse-grained, bioclastic,
intraclastic, sandy, bioturbated
limestone. j, k Stylolites engulf
the bioturbated horizons in
limestone. 1 Coarse-grained
bioclastic, sandy, intraclastic,
micritic limestone. m Bedding
parallel stylolites and bedding
perpendicular filled fractures in
limestone
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H
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transgression during the Early Jurassic deposited a thick
sequence of interbedded limestone and shale of Shina-
wari Formation [19, 39]. During Middle Jurassic, sea-level
regressed and a thick sequence of shallow marine to mar-
ginal marine carbonates of the Samana Suk Formation is
deposited [19]. In the study area, Samana Suk Formation is
comprised of thin—medium—-thick-bedded, micritic, bioclas-
tic, and bioturbated limestone (Fig. 2a—c). The succession
contains shale/marl horizons at different intervals (Fig. 2a,
b). The rock unit includes calcite-filled fractures at different
stratigraphic levels (Fig. 2d). Sedimentary structures/fea-
tures including ripples, laminations, cross-beds, intraclasts,
and siliciclasts are recorded at various stratigraphic horizons
(Fig. 2e-h). The limestone of the Samana Suk Formation
shows intense, small-scale, bedding parallel/perpendicular,
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low-amplitude complex stylolites and fractures (Fig. 2i—k).
At places, stylolites have stylo-nodular fabric (Fig. 2j, k).
The uppermost part of the formation is an intraclastic,
bioclastic sandy limestone (Fig. 21, m). Based on palynol-
ogy, vertebrate and invertebrate fossils, Bajocian to Early
Oxfordian (160-170 Ma) age is given to the Samana Suk
Formation [19]. The Samana Suk Formation is bounded by
Late Jurassic to Early Cretaceous shelfal glauconitic sand-
stone and shale of the Chichali Formation and shoreface
quartzose facies of the Lumshiwal Formation [19, 40]. The
Upper Cretaceous strata are comprised of pelagic carbonates
of the Kawagarh Formation, followed by Upper Paleocene
carbonate platform sediments of Lockhart Formation and
deep marine clays of Patala Formation [19]. The carbon-
ate platform sediments of the Margalla Hill Limestone of
Eocene overlie the Paleocene [41]. The Miocene molasse
sediments of the Murree Formation represent the youngest
sedimentary unit exposed in the study area [42].

3 Materials and Methods

A 380-feet-thick section of the Samana Suk Formation is
measured and sampled in Sojhanda Section, Kala Chitta
Range, Upper Indus Basin, Pakistan (Fig. 1). A total of
40 samples are collected at different intervals based on
lithofacies variations within the succession. Thin sections
preparation, petrography, scanning electron microscopic
(SEM), and energy-dispersive X-ray spectroscopic (EDX)
investigations are carried out at State Key Laboratory of
Continental Dynamics, Northwest University, China. Rep-
resentative photomicrographs are taken using Nikon Digital
Sight DS-U3 camera fitted with the Polarizing Nikon Eclipse
LV100N POL microscope. A total of 40 thin sections are
used for defining the microfacies using the classification
scheme of Dunham [43]. The constituents of carbonate
rock including the type of grains, matrix, and cement are
recorded. The semiquantitative data in percentages of the
carbonate constituents are calculated using visual estimation
charts of Baccelle and Bosellini [44]. For SEM analyses,
centimeter-scale pieces of carbonate rocks are cut from each
microfacies. The representative pieces are washed and dried
using an electrical sample washer. The dried samples are
gold-plated using BALTEC SCD 005 Coater. The detailed
SEM analysis is carried out using FEI Quanta 450 Scanning
Electron Microscopy equipped with a secondary electron
detector (SE) and a backscatter electron detector (BSE).
Representative samples are selected from microfacies for
determining their high overburden pressure plug porosity,
permeability, and production recovery rates. The samples
are processed for making core plugs of 2.54 cm diameter.
The analyses of high overburden pressure plug porosity,

permeability, and petroleum production recovery rates are
carried out at Xi’an Shiyou University, China.

4 Results and Discussion
4.1 Microfacies Analysis

The microfacies are classified according to Dunham [43].
A total of eight microfacies are identified in the Samana
Suk Formation. The established microfacies are compared
with standard microfacies “SMF” types of Wilson [45] and
Fliigel [1]. The detailed description of the microfacies is
given as below.

4.1.1 Mud Flat Microfacies

4.1.1.1 Mudstone Microfacies This microfacies is restricted
to the upper uppermost part of the formation. It dominantly
consists of lime mud matrix (95%), with allochems of bio-
clasts (3%) and rare siliciclastic quartz (Fig. 3a). Dissolution
is seen under the SEM (Fig. 4a). The abundance of lime
mud in microfacies indicates a calm water condition. The
absence of biota hints toward hypersaline water [1]. This
non-laminated, unfossiliferous, homogeneous micritic mud-
stone microfacies are indicative of low-energy supratidal
environment, most probably mudflats or tidal ponds [46—48]
(Fig. 6). The microfacies can be compared with SMF 23
Standard Microfacies (SMF) of Wilson [45] and Fliigel [1].

4.1.1.2 Siliciclastic Dolo-Mudstone The siliciclastic dolo-
mudstone microfacies is repeated at different stratigraphic
heights in the section. The microscopic investigations delin-
eate the dolomitized matrix (91%), siliciclastic quartz (5%),
and peloids (4%) (Fig. 3b, ¢). Rare ooids and bioclasts are
also observed (Fig. 3c). Calcite-filled fractures and low-
amplitude stylolites are seen. The EDX and SEM analyses
confirm the presence of fine-grained dolomite in the matrix
which grades into ankerite at places (Fig. 4b, c). Intense
dissolution on the grain margins of dolomite grains is also
observed (Fig. 4c). The mudstone texture, dolomitized
lime mud matrix, calcite-filled evaporative molds, and lack
of marine biota, all suggest its deposition in low-energy
hypersaline condition of mudflats [1, 47, 49] (Fig. 6). The
microfacies is compared with SMF 23 Standard Microfacies
(SMF) of Wilson [45] and Fliigel [1]. Fine-grained silici-
clasts are interpreted as windblown dust.

4.1.2 Lagoonal Microfacies
4.1.2.1 Peloidal Grainstone Peloidal grainstone micro-

facies is restricted to the middle part of the formation. It
is comprised of peloids (51%), bioclasts (3%), gastropods

@ Springer
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Fig.3 Photomicrographs of various microfacies of Samana Suk For-
mation. a Mudstone. b, ¢ Siliciclastic dolo-mudstone. d, e Peloidal
grainstone. f Pelletal packstone. g, h Bioclastic peloidal wackestone.

(2%), and ooids (1%) (Fig. 3d, e). The SEM images show
dissolution (Fig. 4d). Rare siliciclasts are also observed
(Fig. 3d). The allochems are cemented by spar (43%)
(Fig. 3d, e). Elongated calcite-filled veins are seen through-
out the microfacies. The EDX analyses reveal the presence
of sparsely distributed organic matter (Fig. 4d). The grain-
stone texture and broken bioclasts indicate high-energy set-
tings, while the presence of peloids indicates a low-energy
setting [50]. The presence of gastropods show restricted
lagoonal conditions [1, 49, 51]. It is therefore suggested
that the microfacies is deposited in lagoonal tidal inlets with
localized high-energy setting (Fig. 6). The peloids are either
recycled from the middle shelf by storm surges or depos-
ited in the calm water of the lagoon. The bioclasts indicate

@ Springer

Matrix (Mt), stylolites (St), vein (Ve), fracture (Fr), dissolution (Ds),
quartz (Qt), bioclast (Bi), peloids (Pe), cement (Ce), pellets (Pl), iron
(Fe), gastropods (Gs), pelecypod (Pc), intraclasts (In)

a shallow environment with normal salinity and may have
been transported to lagoonal tidal inlets during storm surges
or tidal inlets. The microfacies correspond to SMF 16 of
Wilson [45] and Fliigel [1].

4.1.2.2 Pelletal Packstone The pelletal packstone microfa-
cies is restricted to the middle—upper part of the formation.
Based on the petrographic investigations, it is comprised of
dark-colored pellets of uniform size (51%), bioclasts (5%),
and micritic matrix (44%) (Fig. 3f). Moreover, microscopic
calcite-filled fracture splays are also present (Fig. 3f). The
dominant presence of mudstone texture indicates deposition
in low-energy settings [1]. A large number of pellets in the
micritic matrix suggest deposition on shallow subtidal to
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Fig.4 SEM photomicrographs of various microfacies of Samana Suk
Formation. a Mudstone. b, ¢ Siliciclastic dolo-mudstone. d Peloidal
grainstone. e Ooidal wackestone. f Intraclastic bioclastic peloidal

low-energy lagoonal environment [1, 47, 51] (Fig. 6). The
microfacies correspond to the pelmicrite of SMF 22 Stand-
ard Microfacies (SMF) of Wilson [45] and Fliigel [1].

4.1.2.3 Bioclastic Peloidal Wackestone The peloidal wacke-
stone microfacies is recorded in the middle and upper part
of the formation. Under the microscope, the microfacies is
comprised of peloids (21%), bioclasts (7%), and intraclasts
(1%) (Fig. 3g, h). Randomly distributed siliciclastic quartz
grains (3%) are also observed (Fig. 3h). The microfacies
is highly fractured and stylolitic (Fig. 3h). Stylolites show
circular pattern constituting a nodular fabric. The abundant
lime mud matrix with restricted fauna suggests that it is
deposited in a lagoonal environment with a minor circula-
tion [1, 49, 52] (Fig. 6).
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grainstone. Dissolution (Ds), quartz (Qt), dolomite (Dol), organic
matter (OM), matrix (Mt), vein (Ve)

4.1.3 Back Shoal Microfacies

4.1.3.1 Ooidal Wackestone The ooidal wackestone micro-
facies is restricted to the middle and uppermost part of the
studied strata. The petrographic observations delineate ooids
(14%), peloids (4%), echinoids (1%), and undifferentiated
bioclasts (1%) (Fig. 5a—d). Rare dolomite crystals are also
observed (Fig. 5c). Bedding parallel and perpendicular styl-
olites are present (Fig. 5d) along with fractures of various
orientations. The SEM analyses reveal micro-vugs through-
out the microfacies (Fig. 4e), while at places, intense disso-
lution is recorded (Fig. 4e). The ooids form in high-energy
shoal settings of the inner shelf within the platform interior
and restricted near-coast marginal marine settings [1, 53].
However, the high percentage of micritic matrix suggests
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Fig.5 Photomicrographs of various microfacies of Samana Suk For-
mation. a—d Ooidal wackestone. e, f Intraclastic bioclastic peloidal
grainstone. g, h Ooidal peloidal bioclastic grainstone. Matrix (Mt),

calm water restricted conditions. The presence of restricted
fauna like gastropod suggests a restricted lagoonal environ-
ment [1]. Ooids with ferruginous micritic envelopes, the
abundance of micritic matrix, and restricted fauna suggest
low-energy, restricted lagoonal conditions probably in back
shoal [1, 47] (Fig. 6). The ooids are allochthonous in the
lagoon. The microfacies can be correlated with SMF 15 M
of Wilson [45] and Fliigel [1].

4.1.4 Sand Shoal Microfacies
4.1.4.1 Intraclastic Bioclastic Peloidal Grainstone The

intraclastic bioclastic peloidal grainstone microfacies is
restricted to the middle part of the studied section. Based

& @ Springer

ooid (Oo), gastropod (Gs), cement (Ce), echinoids (Ec), bioclast (Bi),
dolomite (Dol), stylolites (St), peloids (Pe), intraclast (In), bracheo-
pods (Br)

on the petrography, it is composed of peloids (26%), undif-
ferentiated bioclasts (17%), intraclasts (6%), gastropods
(2%), echinoids (2%), miliolids (1%), brachiopods (1%),
sponge spicules (1%), and ooids (1%) (Fig. Se, f). Rare
siliciclastic quartz gains are also observed. The peloids are
partial to completely micritized (Fig. Se, f). Some of the
bioclasts show micritic rims, while others are completely
micritized and are therefore indiscernible (Fig. Se, f). The
SEM analyses show calcite-filled vein and dissolution of the
matrix (Fig. 4f). A large number of peloids are indicative of
low-energy conditions. The bioclasts, pelecypods, brachio-
pods, and other skeletal fragments hint toward the shallow
marine environment with normal salinity. The presence of
intraclasts, bioclasts, and ooids indicates high-energy con-
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Fig. 6 Depositional model showing the interpreted depositional environments of Samana Suk Formation in the Kala Chitta Range

ditions above Fair Weather Wave Base [1, 49]. Based on
these shreds of evidence, it is suggested that the microfa-
cies is deposited in the nearshore zone of the inner shelf
environment inundated by occasional storms (Fig. 6). The
peloids of low-energy conditions are reworked into such
high-energy settings.

4.1.4.2 Ooidal-Peloidal Bioclastic Grainstone The ooidal—-
peloidal bioclastic grainstone microfacies is located within
the middle part of the studied section. It is comprised of
bioclasts (35%), brachiopods (1%), cephalopods (2%), mili-

olids (1%), echinoids (2%), gastropods (2%), peloids (7%),
ooids (5%), and intraclasts (1%) (Fig. S5g, h). Most of the
bioclasts are completely micritized and coated. At places,
the recrystallization of bioclasts is observed. Selective mic-
ritization and micritic envelope have been observed. Ooi-
dal grapestone is also seen. The micritized ooids and ooi-
dal grapestone form as a result of biogenic encrustations
in protected lagoonal settings [1]. The presence of peloids,
miliolids, and gastropods also suggests lagoonal settings
[1]. Bioclast, pelecypods, brachiopods, and other skeletal
fragments hint toward a shallow marine environment with

Springer
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normal salinity. The ooids form in high-energy shoal set-
tings of the inner shelf within the platform interior, which
is restricted to near-coast marginal marine settings [1, 53]
(Fig. 6). The high-energy condition is further supported by
the dominance of sparite. Initially, the ooids are reworked
to the low-energy restricted lagoon and are deposited in
association with miliolids and gastropods. The ooids are
encrusted and micritized forming grapestone fabric. Later
on, the ooids and intraclasts are reworked to high-energy
inner shelf and deposited in normal marine conditions above
Fair Wave Base (FWWB). This microfacies corresponds to
SMF 11 of Wilson [45] and Fliigel [1].

4.2 Depositional Model

The lower part of the Samana Suk Formation is deposited
in the mudflats environment (Figs. 6, 7). This interpretation
is based on the dominance of mudstone microfacies. The
lower part grades into grainstone microfacies in its upper

Fig.8 Photographs showing
various types of porosity. a
Interbedded fractured limestone
and shales. b, ¢ Fractured lime-
stone. d, e SEM photographs
showing intense dissolution. f
Dissolution cavities in various
microfacies. g SEM photograph
showing porosity associated
with dolomites. h Dolomitiza-
tion and associated micro-pores,
i Intra-particle and inter-particle
porosity

portion, which is deposited in sand shoals. The middle part
is dominantly deposited in the lagoonal environment with
some back shoal facies (Figs. 6, 7). The lagoonal interpreta-
tion is supported by the presence of allochthonous ooids,
bioclasts, and restricted/reworked fauna in mudstone, wacke-
stone, packstone textures. The upper part is deposited in
mudflat settings with minor back shoal facies (Figs. 6, 7).
The Samana Suk Formation in the studied stratigraphic sec-
tion is deposited mainly in the mudflat and lagoonal settings,
with some parts in the sand shoal and back shoal settings.
Most Middle Jurassic carbonates elsewhere in the world are
also mainly deposited in similar depositional environments.

4.3 Sequence Stratigraphic Modeling

Sequence stratigraphy deals with facies relationships and
stratal architecture within a chronostratigraphic frame-
work [54, 55]. It focuses on the subdivision of strata into
genetically related units, i.e., sequence, systems tracts,
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parasequences which are resulted from the interplay of
accommodation and sedimentation [55]. Although the divi-
sion of the homogenous carbonate lithologies into a distinct
genetic unit is quite challenging [56, 57], the in situ nature
of carbonate sediments makes them susceptible to changes
in the environment. The changes in water depth control a
wide range of environmental conditions, e.g., light pen-
etration, oxygenation, energy, temperature, nutrients, CO,
balance, salinity, and siliciclastic input [58]. All these fac-
tors control the growth of carbonate sediments; therefore,
a slight sea-level change will cause a drastic change in the
type of carbonate sediments. The microfacies analyses can
be used efficiently for establishing a change in depositional
environments as a result of the change in relative sea level.
However, distinctive temporal changes in microfacies of the
studied section are used for defining the sea-level changes.

Key
O Mudstone
@ Wackestone
@ Packstone
@ Grainstone

Depositional
aspect dominates

Hybrid 1

Diagenetic
aspect dominates ‘

Depositional

The relative sea-level curve for Samana Suk Formation is
constructed from the microfacies data (Fig. 7). The 10 Ma
(170-160 Ma) depositional time of the Samana Suk Forma-
tion is divided into equal time slices throughout the strati-
graphic section. Thus, the depositional cycles are put into
a chronostratigraphic framework. The sequence stratigra-
phy of the unit is established using Embry and Johannessen
model [59]. Based on the chronostratigraphic framework,
the Samana Suk Formation is deposited in one second-
order local cycle (SLC-1). The cycle correlates with fine-
tuned global LZA-1 and LZA-2 sequences of Haq et al.
[60] (Fig. 7). In SLC-1, three regressive systems tracts
(RSTs) and two transgressive systems tracts (TSTs) have
been recorded within the Samana Suk Formation (Fig. 7).
The carbonate systems tracts are usually composed of deep-
ening upward units bounded by flooding surface [61, 62].
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However, a high-resolution study is required to identify
these small-scale parasequences.

4.3.1 Systems Tracts

The lowermost part of Samana Suk Formation is charac-
terized by siliciclastic mudstone microfacies of lagoon and
mudflats (Fig. 7) indicating sea-level low stand of RST-1
(Fig. 7). The progradation has established shallow marine to
marginal marine carbonate sedimentation (Bajocian-Oxford-
ian) over the underlying deeper carbonates/shale sequence
of Toarcian Shinawari Formation [19]. The lagoonal mud
flat carbonates of RST-1 are overlain by intraclastic—bio-
clastic—peloidal grainstone and ooidal—peloidal-bioclastic

A Sample # 2 (Mudstone)
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1.90 0.01
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grainstone microfacies of carbonate sand shoal which indi-
cate retrogradation of carbonate platform (Fig. 7). This land-
ward shift in facies migration is marked as TST-1. Based on
the alternating repetitions of lagoon/mudflats facies (silici-
clastic mudstone, mudstone, ooidal wackestone, pelletal
packstone) with carbonate sand shoals facies (intraclas-
tic—bioclastic—peloidal grainstone, peloidal grainstone, and
ooidal-peloidal-bioclastic grainstone microfacies), RST-2,
TST-2, and RST-3 are defined (Fig. 7). The RST’s carbon-
ate packages are thicker as compared to those of the TST’s
due to their higher sedimentation rates during the phase of
sea-level low stands (Fig. 7).

B Sample # 14 (Grainstone)
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Fig. 10 Relationship between porosity and permeability of selected samples (sample # 2, 14, 17, 25, and 29) from mudstone, wackestone, pack-

stone, and grainstone microfacies at various overlying static pressures
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4.3.2 Correlation with Global Events

The relative sea-level curve constructed for the Samana
Suk Formation is plotted against the global sea-level curve
(Fig. 7) in 170-160 Ma time interval. The correlation
shows a perfect match with a long-term global sea-level
fall (Fig. 7) [60]. However, when compared with individual
Jurassic events, the correlation of the studied section shows
quasi-correlation. For example, the studied section shows
a relative sea-level fall during Bajocian (Fig. 7), while the
same interval is recognized as a global transgressive event
[63]. Regionally, this transgressive event is documented in
southern France, northern Switzerland, and southern Andes
[64, 65]. Similarly, the Late Bajocian is also documented
as a transgressive event in different parts of the world (e.g.,
northern Europe, Greenland, and Argentina) [64-66]. The
correlation of the studied section with other parts of the
world [64—66] shows that the RST-1 of the studied section
is deposited during Bajocian in relative sea-level fall as com-
pared to global sea-level rise (Fig. 7). Furthermore, the stud-
ied section shows a relative sea-level rise during Bathonian
while it is considered as an anomalous eustatic sea-level fall
(i.e., showing regional pulses in sea-level rise) (Fig. 7) [63,
67]. Therefore, the TST-1 in the studied section might rep-
resent the regional expression (relative sea-level rise) of the
Bathonian event. The lower part of RST-2 is also deposited

within this event. The studied section has preserved phases
of both sea-level fall and rise during the Callovian (Fig. 7).
The Late Callovian is recorded as a eustatic sea-level rise,
while the Early Callovian is considered as a eustatic sea-
level rise of diachronous nature [63]. The RST-2 of the stud-
ied section may represent a regional regressive expression
of the Early Callovian event, while the TST-2 correlates
well with the Late Callovian eustatic sea-level rise (Fig. 7).
Furthermore, in the study area, the Early Oxfordian is pre-
served as a regressive episode while it is considered as an
event of global transgression and condensation (Fig. 7) [63,
64]. Therefore, the deposition of RST-3 does not correlate
with its global counterparts. It is evident that although the
relative sea level of the Samana Suk Formation correlates
with long-term global sea level, the depositional cycles of
the succession indicate quasi-correlation with global events
(Fig. 7). Therefore, the genetic units within the Samana Suk
Formation are only partially controlled by global events.

4.4 Porosity and Permeability Analyses

The outcrop observation reveals that the limestone of the
Samana Suk Formation is highly fractured (Fig. 8a—c).
Such interconnected fractures have offered secondary
porosity and permeability to the Samana Suk Formation
and may have enhanced the reservoir potential of the unit.

Table 1 Overburden high-pressure plug porosity and permeability results of the selected rock samples (sample # 2, 14, 17, 25, and 29) from
mudstone, wackestone, packstone, and grainstone microfacies of the Middle Jurassic Samana Suk Formation

Sample # 02 (mudstone)

Pressure (MPa) 0 251 502 101 202 302 200 10.1 5.11 260 0.0l Recovery rate (%)

Porosity (%) 318 311 3.03 297 293 292 292 293 295 296 299 Porosity Permeability
Permeability (mD) 0.074 0.023 0.011  0.004 0.002 0.001 0.001 0.002 0.004 0.007 0.014 94.03 20.17
Sample # 14 (grainstone)

Pressure (MPa) 0.00 248 501 100 251 300 200 100 502 251 0.02 Recovery rate (%)

Porosity (%) 173 1.58  1.50 145 142 140 141 142 143 147 158 Porosity Permeability
Permeability (mD) 0.063 0.033 0.019 0.010 0.006 0.005 0.005 0.006 0.008 0.012 0.018 91.33 29.35
Sample # 17 (packstone)

Pressure (MPa) 0.00 250 503 100 202 300 200 997 502 251 0.03 Recovery rate (%)

Porosity (%) 2.19 210 2.04 198 195 194 195 197 200 2.03 2.06 Porosity Permeability
Permeability (mD) 0.716 0.202 0.082 0.037 0.019 0.014 0.015 0.020 0.032 0.059 0.125 94.28 17.44
Sample # 25 (wackestone)

Pressure (MPa) 0.00 255 501 100 200 305 202 101 502 251 0.02 Recovery rate (%)

Porosity (%) 252 248 240 233 227 224 225 227 229 232 235 Porosity Permeability
Permeability (mD) 0.063 0.024 0.011 0.006 0.005 0.004 0.004 0.005 0.006 0.009 0.018 93.29 28.69
Sample # 29 (mudstone)

Pressure (MPa) 0.00 252 503 100 20.1 302 20.1 102 502 252 0.03 Recovery rate (%)

Porosity (%) 740 7.05 6.88 632 604 590 593 605 630 646 6.66 Porosity Permeability
Permeability (mD) 0.404 0.173 0.113  0.068 0.045 0.035 0.039 0.051 0.072 0.093 0.140 89.95 34.64

J @ Springer
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The petrographic and SEM studies show dissolution with
micro-vugs and molds in mudstone and wackestone microfa-
cies having high interconnectivity (Fig. 8d—f). The distribu-
tion of organic matter within the mudstone and wackestone
microfacies and associated dissolution of the micritic matrix
suggested that dissolution has resulted from methane exhala-
tion during the decay of algal organic matter [1]. Further-
more, the lack of early diagenetic dissolution in grainstone
is assigned to the continuous replenishment of oxygenated
water in the pores, which has inhibited the preservation of
organic matter. The petrographic and SEM observations
reveal intense dolomitization in mudstone and wackestone
microfacies (Fig. 8g, h). The SEM studies show uniform
distribution of micropores formed during the dolomitiza-
tion with fair interconnectivity (Fig. 8g), which contribute
both porosity and permeability in the studied section. The
SEM observations also show inter-particle and intra-particle
porosity in mudstone and wackestone microfacies (Fig. 8i).
Porosity types observed in the rock unit are the outcome of
depositional, diagenetic, and fracturing processes. Consid-
ering these processes, we classified the porosity according
to the triangular diagram of Ahr [68] (Fig. 9). Based on the
diagram, most of the microfacies have dissolution porosity
which is supplemented by depositional and fracture porosity.
No pronounced porosity is observed in grainstone microfa-
cies probably because the primary inter-granular pore spaces
are plugged by heavy cementation.

The high overburden pressure plug porosity and perme-
ability analyses of each microfacies made at eleven different
pressures show higher porosity and permeability in the mud-
stone and wackestone microfacies than those in the grain-
stone (Fig. 10; Table 1). The results also show decreasing
porosity and permeability with increasing burial pressures
(Fig. 10; Table 1). The cross-plots show that porosity and
permeability decrease uniformly with depth in almost all
microfacies except the dolo-mudstone, whereby the per-
meability decrease is drastic in relation to a decrease in
porosity. The data of production recovery rates measured
in percentages on selected microfacies show high values of
recovered porosity and permeability (Fig. 10; Table 1). This,
in turn, suggests a strong interconnectivity of pores in all
the microfacies.

5 Summary and Conclusions

The Middle Jurassic shallow to marginal marine carbon-
ates is deposited in different stratigraphic sections of the
world including Turkey, Oman, southern Tibet, southern
Montenegro, Iberian Peninsula, Italy, France, and Morocco
[69-76]. Furthermore, the Jurassic carbonates are major
hydrocarbon reservoirs in the Middle East and its sur-
rounding [77-80]. Similar shallow marine carbonates

of the Samana Suk Formation are widely deposited in
the Indus Basin, Pakistan [19]. The shallow to marginal
marine carbonates of the Samana Suk Formation is a good
analog of similar carbonates of the world due to its wide-
spread distribution, lithological, petrographic, and diage-
netic variations. Therefore, the formation is selected as
an example to evaluate the role of sequence stratigraphy
in the reservoir potential of Middle Jurassic shallow to
marginal marine carbonates. The petrographic and SEM
studies reveal eight microfacies deposited in different dep-
ositional settings including mudflats, lagoon, back shoals,
and sand shoals. The carbonates of Samana Suk Forma-
tion have recorded one second-order cycle (SLC1), two
TSTs, and three RSTs. The porosity and permeability of
the Samana Suk Formation are investigated using field,
petrographic, SEM, EDX, and high overburden pressure
plug porosity and permeability analyses. On outcrop, the
Samana Suk Formation shows wide and elongated inter-
connected fractures throughout the succession. In addition,
low- to high-amplitude interconnected stylolites are also
observed. The interconnected fractures and stylolites may
have significantly enhanced the porosity and permeability
of the Samana Suk Formation. Although the concentration
of insoluble residue along stylolites may hinder the fluid
flow, such insoluble seams are almost absent at the out-
crop level. The petrographic, SEM, EDX, high overburden
pressure plug porosity and permeability analyses of the
Samana Suk Formation reveal significantly high poros-
ity and permeability within all mudstones and wackestone
microfacies deposited in RST than grainstones of TST.
The dominant porosity types observed in these microfacies
are inter-crystalline and syn-sedimentary dissolution. The
rare porosity observed in grainstone microfacies deposited
in high-energy shoal settings of TST has resulted from the
heavy cementation which is likely associated with dissolu-
tion during the telogenetic stage of diagenesis. The higher
rates of production recoveries for all microfacies suggest
high interconnectivity of pores.

The multitude of depositional and diagenetic processes
has produced higher porosity and permeability in the mud-
stone to wackestone microfacies of RST and therefore
carries relatively high reservoir potential. Conversely, the
heavy cementation and lack of early diagenetic dissolution
in grainstone microfacies of the TST have caused lower
porosity and permeability, hence lower reservoir potential.
However, widespread large fractures, dissolution cavities,
vugs, and stylolites at the outcrop scale have been added
significantly to the overall reservoir potential of the Samana
Suk Formation, hence a good reservoir.
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