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Purpose. This study aims to examine the facies and depositional environment of late
Permian limestone in Upper Indus Basin by characterizing the geological, mineralogical
proxies of rock samples collected from various localities. The geobodies and sedimentary
architecture of Wargal Limestone was deciphered using field observation.

Methods. Facies analysis, stratigraphic logging, and lithological correlation were
used to interpret outcrop data and reconstruct the depositional environments. On
the basis of fossils present in lithofacies, its depositional environment is elaborated.
Sedimentology was studied using section measurement along with high resolution field
photographs were collected using the facies heterogeneity and architecture. The facies
were then plotted on high resolution field photographs. The dataset generated includes
sedimentological logs, samples, and field photographs to enable reproducibility and
future comparative stratigraphic studies.

Results. The common facies are carbonaceous shale, sandy limestone, argillaceous
limestone, fossiliferous limestone, and dolomitic limestone. Fossils such as bryozoans,
brachiopods, bivalves, gastropods, and trilobites date it to the mid-late Permian Five
sections of Wargal limestone have been taken to correlate. Lateral facies changes of
these facies shows stratigraphic continuity but with some obvious changes in lithology
and thickness. We observed the geobodies in the formation, whether it has reefs,
sheets, lenses, or channels. There is a chance to locate zoned reservoirs for potential
hydrocarbon extraction because of stratigraphic variations. The diverse depositional
environments of this formation, which range from lagoonal to reefal settings, are widely
known for representing a highly active and diverse paleotethys system. The paper
supports Sustainable Development Goal (SDG) 9 by advancing geological knowledge
relevant to resource assessment and sedimentary basin analysis, SDG 13: through
improved understanding of climatic and earliest environmental settings.

Conclusions. As the formation is made up of different types of rock, including
fossiliferous limestone and porous dolomite, and since it is situated in a Salt Range,
it has good potential for oil and gas exploration in the adjacent Potwar, Kohat and
Bannu basins. The findings of this study are recommended for analogues as a guide in
developing a framework for future studies of comparable carbonate rock successions

Keywords:

lithofacies, lagoon, reefs, correlation,
Wargal Limestone, Geobodies, reser-
voir, basin dynamics, sea-level fluctua-
tions, sedimentary architecture, SDG 9,
SDG 11.

in the study region.

Introduction. Pakistan’s Permian rocks
signify a rare chance to study both Paleo-Tethys
and Gondwanaland deposits [2]. The siliciclastic
rocks of the Nilawahan group and the carbonate-
dominated sequence of the Zaluch group belong
to the Permian succession of the Indus Basin.
The Early Permian strata of the Nilawahan
Group were created from the continent, which
mainly belongs to the Gondwana system. Zaluch
Group of Late Permian sequence denoted Tethys
completely marine sediments. These carbonates
are present in Middle East, Turkey, eastern
Europe, Russian Platform and the Urals and
correspond to the Guadalupian (Middle Permian)
stage. Three formations, namely, Amb Formation,
Wargal Limestone, and Chiddru Formation, are
from the Zaluch group. Outstanding outcrops for
field studies are present in the Salt Range with a
well-developed Permian sequence. Lower contact
of the Wargal is conformable with the Amb
formation and has upper contact with Chiddru
that is transitional (Fig. 1) [19].

The past sedimentological investigations
of the Wargal Limestone lacked integration
of the outcrop-based facies architecture and
microfacies analysis for a sequence stratigraphic
modeling in the study area. The present study
is intended to integrate outcrop data, utilizing
microfacies techniques as a useful tool for a
dynamic depositional modelling of the Wargal
Limestone [17]. Wargal Limestone’s hydrocarbon
reservoir categorization and diagenetic fabric are
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also examined. At type locality its thickness is
183 m, while the average thickness throughout
the Khisor and Marwat Ranges is about 174 m.
Wargal Limestone at the Zaluch Nala Section has
a thickness of 174-179 m [8]. In the study area
of Middle to Late Permian Wargal Limestone
covers the fossiliferous limestone and dolomite.
Bryozoans, brachiopods, bivalves, gastropods,
foraminifera, corals, molluscs are present in this
limestone. In the inter-bedded clays pollen and
spores have been discovered (Fig. 2) [12].

The primary objectives of this paper:

+  Tointerpret the depositional environment
of the Wargal Limestone based on facies.

+ To make stratigraphic correlations
between sections to know lateral and vertical
facies variations along the margin of the
Paleotethys.

Geology and tectonics. One of the most
famous tectonic wonders associated with the
Indian Plate is the ongoing collision with the
Eurasian Plate, which 1s responsible for the
formation of the Himalayas [9]. The convergent
boundary where the Indian plate subducts
beneath the Eurasian plate drives the uplift of the
Himalayas, forming the world’s tallest mountains
[6]. This convergence also raises the Tibetan
Plateau, sometimes called the “roof of the world”.

In the Sub-Himalayas the Salt Range in Pakistan
offers a fascinating glimpse into the tectonic and
sedimentary history of the Indian plate’s northern
edge, revealing the story that begins well before




ISSN 2410-7360 (Print)
ISSN 2411-3913 (Online)

BicHuk XapkiBcbkoro HaLjoHanbHoro yHiBepeuTeTy iMeni B.H. Kapasina Cepisi «leonoris. leorpadis. Exonorisin ' 2026 64 | C. 18-31
Visnyk of V. N. Karazin Kharkiv National University, Series Geology. Geography. Ecology 2026 ' 64 | 18-31

Porwar Basin

pakistan

SE

Islamabad

“ALV}

areas are represented by red circles. (B) Satellite Image of Wargal Limestone, in five section and whole view. (C) Generalized tectonic
map of northern Pakistan, showing subdivisions of the Himalayan Mountains (modified after [3, 4. 7]). (D) Paleogeography of Wargal
Limestone at the time of deposition. (E) Paleogeography of Wargal Limestone after deposition of it.
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Fig. 2. Generalized stratigraphic units with major breaks in deposition in the Salt Range, Pakistan (after [4])

the Himalayas ever existed (Figs 1 and 2). Back in
Precambrian times a shadow lifted basin formed
along this margin, where thick layer of salt and
gypsum were laid down in highly evaporative
conditions what now knows as Salt Range
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Formation. This salt later played a critical role in
shaping the region’s structure complexity. During
the Permian period, the area that is now Pakistan,
including the Salt Range, was part of the southern
supercontinent called Gondwana. This landmass
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was located close to the South Pole at that time. The
climate was cold at first, but as Gondwana slowly
moved northward, the region started to experience
warmer and drier conditions. This shift played a big
role in how the rocks of the Salt Range area were
formed.

One of the most important parts of this time
was the Murghabian Stage, which occurred
around 264 to 266 million years ago, during the
Middle Permian. During this stage, the region
was covered by a shallow sea, and the climate was
becoming more arid. This setting allowed for the
deposition of thick limestone and dolomite layers,
which today make up important formations in
the Salt Range such as the Wargal Limestone
and parts of the Chiddru Formation. These rocks
formed in warm, shallow marine environments
like lagoons and carbonate platforms [5].

Moving forward into the Permian period, the
area was submerged under warm, tropical seas,
allowing for development of broad carbonate
platforms. Wargal limestone began to accumulate,
with its Fossil rich layers recording fluctuations in
sea level and energy conditions across the shallow
Marine shelf. But this peaceful sedimentation phase
changed the dramatically when Indian plate started
drifting northward, eventually colliding with the
Eurasia around 55 million years ago. This massive
convergence triggered the Himalayan orogeny,
causing the sedimentary cover of the Indian Plate to
compress and slide southward. The presence of the
ductile salt beneath the overlying rocks acted almost
like lubricant, allowing the rocks to be pushed
forward along a major structure called the salt
range thrust (SRT) a fault now defines the frontal
boundary of the range. Other tectonic features like
backthrust, pop-up structures and salt-cored folds,
further complicate the geology. The study area
1s part of the field museum of geology called Salt
Range. The Salt Range is divided into three parts:
eastern, central, and western Salt Range based on
structure, stratigraphy, and sedimentation [4].

The Salt range is contributing three styles;
eastern, western, and central based on the
sedimentation, stratigraphy, and structure [13].
The studied sections consisting of Nammal,
Zaluch, Ganjaro, Chiddru, and Chattuwala Nala
lie in the western salt range. The Salt range
is formed as a result of the collision of Indian
and Eurasian plate that convergence results
major devastation; Himalayan-Tibetan orogeny
and generation of north dipping thrust faults
trending from North to south [20]. These are
Main Karakorum Thrust (MKT), Main Mantle
Thrust (MMT), Main Boundary Thrust (MBT),
and Main Frontal Thrust (MFT). The Salt range
1s present on the frontal Thrust of sub Himalayas
bounded by Salt Range Thrust in the south that is
producing decoupling of sediments from basement
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along salt strata [9]. Thick salt underlies the Salt
Range’s fold and thrust belt, which are bordered
by the dextral Kalabagh Fault in the west and the
sinistral Jhelum Fault in the east [20].

Gorges and sections are expose rocks from
Permian to Eocene strata as a result of uplifted
as a result of large anticlines or domal uplift
associated with small normal faults that has later
been carved by streams along the axial plane [22].

The Nammal Gorge Section is situated in
Punjab, Pakistan, close to District Mianwali, in
the Western Salt Range. The Nammal Gorge has
good exposure of the Upper Permian, Mesozoic,
and Cenozoic rocks. Marine siliciclastic-carbonate
mixed lithofacies from the Amb Formation, Wargal
Limestone, and Chiddru Formation, respectively,
make up the Upper Permian, Zaluch Group [15].

The Wargal Limestone likely formed in a
marine environment during a period of tectonic
stability, when sedimentation and the deposition
of limestone occurred. The boundary between
the Permo-Triassic is delineated by the Chiddru
Formation and the Mianwali Formation that lies
above it, both part of the Musakhel Group.

The Mianwali Formation, Tredian Formation,
and Kingriali Dolomite are all part of the Triassic
Musakhel Group. A paraconformity separates the
Permian and Triassic [10]. Above the Musakhel
Group is a sizable layer of the Jurassic Surghar
Group, which includes the Datta and Samana Suk
formations. The Paleocene succession is positioned
above the Surghar Group in an unconformable
manner, and the Cretaceous succession 1s lacking.
In a younging up sequence, the Patala Formation,
the Lockhart Limestone, and the Hangu Formation
make up the Makarwal Group.

The K-T Boundary (Cretaceous-Tertiary) is
missing here and Tertiary (Makarwal Group)
directly overlies the Jurassic (Surghar Group).
The Eocene succession includes the Chharat
Group that consists of the Nammal Formation
and Sakesar Limestone. The Miocene Murree and
Kamlial formations of the Rawalpindi Group and
the younger fluvial/alluvial sediments of the Chinji,
Nagri, Dhok Pathan and Soan formations constitute
the molasses sedimentation of the Siwaliks Group
[4]. The Eocene sequence comprises the Chharat
Group, which includes the Nammal Formation
and the Sakesar Limestone. The Miocene-aged
Kamlial Formation, belonging to the Rawalpindi
Group, along with the younger fluvial and alluvial
deposits of the Chinji, Nagri, Dhok Pathan, and
Soan formations, represent the molasse-type
sedimentation of the Siwaliks Group [5].

Materials and Methods

In addition to it we correlate the Wargal
Limestone into five sections; Nammal, Zaluch,
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Ganjaro, Chiddru and Chattuwala Nala. It
shows heterogeneity of facies throughout five
stratigraphic sections. Also studied its porosity
and permeability to check its reservoir potential.

The studied sections Nammal Gorge
(32°39'24”N 71°4740”E), Zaluch Nala (32°4703"N
71°38°37’E), Chattuwala section (32°3520”N
71°45’30”E), Ganjaro Hill (32°3520"N 71°49°50”E)
and Chiddru section (32°32’39"N 71°50°41”E)
present on western salt range, Mianwali Pakistan.
The thickness of Nammal is 150 m, Zaluch is 150,
Chiddru, Chattuwala, and Ganjaro. The Wargal
Limestone at the studied section is parted into nine
lithological divisions based on lithology and basic
sedimentary features. After making observations
with respect to field, we created a lithological
log that thoroughly explains the large features,
including lithological units, fossils, and patterns of
deposition. In order establish the microfacies eleven
thin slices of the Wargal Limestone were chosen
and examined using a polarizing microscope at the
centre of excellence, Islamabad. Thin slices were
examined as cross-polarizing light (XPL) and plane
polarizing light (PPL) to detect allochems, matrix
as well as the amounts of each. Furthermore, the
X-ray diffraction (XRD), analysis was done on four
powder samples from the intended beds to learn
these rocks’ mineralogy.

Results

Lithofacies Analysis. Wargal limestone’s
lithofacies are classified as carbonates. Later,

the grain-supported lithofacies were divided into
skeletal and non-skeletal components according
to grain type [14, 18]. The mud-supported
facies were categorized as mud stone. Based on
this criteria nine distinct lithofacies across all
examined sections, delineated by their lithology
and primary sedimentary characteristics. These
lithofacies are denoted by the WF code, where ‘W’
signifies the Wargal Limestone and ‘F’ denotes
the respective facies, numbered from 1 to 8. The
identified lithofacies are below (Table 1).

WF-1: sandy limestone.

WEF-2: fossiliferous limestone.

WF-3: argillaceous limestone.

WF-4: dolomite.

WF-5: sandy dolomite

WF-6: cherty dolomite

WF-7: argillaceous dolomite.

WF-8: shale

Outcrop Section. In western salt range, by
visiting the Wargal Limestone. Measuring the
whole section and gather outcrop pictures to get
the best record of field. Wargal has coal seams in
its base, organic shale and sandy limestone spot in
the bottom of the section. Passage ahead different
types of bedding having various ranges of thickness
observed. Minor faults and nodular limestone also
seen in this section. This is the richly fossiliferous
limestone having samples of brachiopods, broyozoa
and molluscs (Fig. 3).

At the base, shale rich in organic content

is found, indicating potential hydrocarbon
generation. The shale layer is bedded in a sandy

Fig. 3. (A) Outcrop image of Wargal limestone. (B) Coal seams at the basement of Wargal Limestone. (C) Highly Fractured Wargal
limestone. (D) Thick bedded limestone that is highly fractured. (E) Thick bedded limestone overlying carbonaceous shale. (F) Stratal
dipping style of Wargal Limestone. (G) Very thin bedded micritic limestone of Wargal limestone. (H) Contact mark between Wargal

Limestone and Chiddru Formation.
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limestone, indicating that it was deposited in a
mixed siliciclastic-carbonate environment. The
Wargal Limestone, which is also found in this area,
has organic matter in it that may be able to produce
coal seams in the right conditions. The combination
of the sandy limestone and the organic-rich shale
reveals a dynamic depositional environment where
different energy levels and sediment sources have
contributed to the formation of the rock record. After
it, Wargal Limestone changing into argillaceous
limestone as thin to thick bedding. This facies
is notable by a clay-rich matrix that gives the
limestone an argillaceous texture. The thin-to-thick
bedded structure indicates variations in the energy
and supply of dumped sediment, which are probably
impacted by irregular shifts in the environment
deposited. This argillaceous limestone is present
in the Wargal Limestone sequence, indicating a
dynamic and diverse sedimentary environment.
Periods of enhanced siliciclastic input, probably
from adjacent terrestrial sources, are interspersed
with more normal carbonate deposition.

As it goes, comes to nodular limestone, which
is identified by the presence of different fossils
and its irregularly shaped nodules. There are
fractures in this limestone that are connected
to a minor fault, signifying that there has been
tectonic activity close. The bedding style of this
nodular limestone is characterized by varying
dip angles, reflecting the influence of geological
forces over time. Additionally, calcitic veins are
visible, cutting through the limestone and filling

fractures with crystalline calcite. These features
suggest a complex depositional and diagenetic
history, where biological, sedimentary, and
tectonic processes have interacted to shape the
current structure and composition of the rock.
Facies Description of Wargal Limestone
having Facies in Nammal Gorge. A faulted
anticline’s north-eastern limb has a well-exposed
piece of Wargal Limestone, which is part of
Nammal Gorge (Fig. 4). Nevertheless, the lowest
few meters in the anticline’s centre are hidden.
154 meters measured thickness was investigated,
compared to 146 meters reported by [11, 15]. The
layers incline northeast. Turn left onto a dirt road
towards Nammal Dam after driving past Musa
Khel on the east side of Mianwali to reach the
portion. The portion starts at the northwest side
of the canyon, at the foot of the cliff. The depth of
154 meters revealed a colonial coral zone.
Wargal Limestone in Zaluch Nala.
Teichert [16] surveyed and characterized the
Wargal Limestone section at Zaluch Nala (Fig. 5).
He designated it as a provisional standard
until more research was done on the formation
near the Wargal settlement, which he thought
to be a suitable type locality. The formation is
174 meters thick overall, including the highest
nodular beds. Teichert (1966) reported that 179
meters was the section’s thickness. The slight
variation in thickness is probably the result of
different interpretations of the faulted portion
located about 40 meters above the base. To get to

Zaluch Nala Nammal Ganjaro Hill Chattuwala i

(160m} Gsige (120m) Nala (127m) .

g S (150m) 32°3520"N 32°32'39°N iR

S aart 32°39'24°N 71°49'50"E 71°50'41"E TSP
T4°AT'ANTE

Lower Shale
Upper Shale

Upper Dolomite
Lower Dolomite

Lower Limestone
Mid Limestone
Upper Limestone

Fig. 4. Lithological logs of Wargal limestone at Nammal gorge, Zaluch nala, Chiddru, chattuwala nala and Ganjaro Hill, having the
limestone, dolomite and shale. There are many fossils in these sections, including a large number of brachiopods, bryozoans,

molluscs, crinoids, and other families
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the part, take a car from Mianwali north to the
village of Paikhel, and then drive east for about
10 km to Zaluch Nala. The east side of the canyon
has the majority of the formation fully exposed,
but only the upper on the west side of the canyon,
nodular beds were measured.

Wargal limestone in Chiddru nala. The
Chiddru Nala section, situated near Mianwali,
Pakistan, provides a well-exposed outcrop of the
Wargal Limestone on the northeast side of the
nala, with the uppermost few meters covered
by alluvial sediments (Fig. 6). The Chiddru
Formation overlays the Wargal Limestone on
the southwest side. At this location, the Wargal
Limestone, including the upper nodular beds, is at
least 130 meters thick, supporting the observation
that the formation thins eastward through the
Salt Range. To access the section, drive east from
Mianwali, pass Musa Khel for approximately 5
kilometers, turn right onto a dirt road, proceed for
4 kilometers, turn right again, and continue for
1.5 kilometers. The section is located east of the
road. This detailed examination aligns with [11]
findings and highlights the geological significance
and reservoir potential of the Wargal Limestone
in the Salt Range.

Wargal Limestone in Chattuwala Nala.
The Chattuwala Nala section, 6.5 kilometers
northeast of Chiddru, is well exposed on the
northeast side of the nala, though the upper
few meters are covered by alluvial sediments
(Fig. 5). The Chiddru Formation overlies the
Wargal Limestone on the southwest side. The

Wargal Limestone at Chattuwala is at least 130
meters thick, consistent with [11] observation of
eastward thinning through the Salt Range. To
access the section, drive east from Mianwali past
Musa Khel for 5 kilometers, turn right onto a dirt
road, proceed 4 kilometers, turn right again, and
continue 1.5 kilometers. The section is east of the
road. Two colonial coral zones were collected at
5.2 meters and 126.5 meters.

Wargal Limestone in Ganjaro Hill. The
Ganjaro Hill section, 3 kilometers northeast of
Chattuwala Nala, begins at the edge of a jeep
road and extends up the hill (Fig. 5). The Wargal
Limestone here is at least 124 meters thick.
To reach it, drive east from Mianwali for 26
kilometers (5 kilometers past Musa Khel), turn
right onto a dirt road, and continue southeast
for 6.2 kilometers until the road ends. Walk 1.5
kilometers to the section base, starting just after
the last zigzag. A colonial coral zone is at 14
meters.

Correlation. The Wargal Limestone within
the salt range of Pakistan exhibits a variety
of lithological units that changes throughout
the different sections from Nammal to Ganjaro
that shows prominent heterogeneity. Seven
different units were identified after correlation;
lower shale, upper shale, upper dolomite, lower
dolomite lower, middle and upper Limestone
units (Fig. 5). The sequences stratigraphy of these
sections reveals both transgressive and regressive
phases, which reflect fluctuations in sea level and
offer a glimpse how Tethys Ocean evolved into

Zaluch Nala Nammal Ganjaro Hill Chattuwala Chidry Nels
1500 Gorge (120m) Nala (127m) {138m) .
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Fig. 5. Representative lithologs from the study outcrop sections showing vertical facies relationships, vertical scale in meters
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fine carbonates sequences during Permian. In
figure fossiliferous limestone interbedded porous
dolomitic layers suggesting significant diagenetic
alteration that could impact the reservoir quality.
Additionally minor coal bearing shales are
present. But advance research shows it is capable
to hold reservoir of hydrocarbon.

Transgressive-regressive  cycles of  this
formation are associated with relative rise and
fall of sea level, which are important to sequence
stratigraphy [13]. As a result of these cycles,
hydrocarbon accumulation depends on the
development of various sedimentary habitats,
from shallow shelves to deeper basins. The
trapping mechanisms created by these sequences,
together with dolomitization, fossil content and
carbonate phase development, set the stage for
hydrocarbon reservoir potential. Understanding
reservoir characteristics such as porosity and
permeability requires understanding how the
Wargal Limestone transformed from a siliciclastic-
dominated unit to a carbonate-dominated unit.
This transformation is reflected in changes in
deposition energy.

Depositional model. The Wargal Limestone,
which is mostly exposed in Salt Range Pakistan,
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is a significant carbonate sequence that was
deposited between the Middle and Late Permian.
This formation is well known for its varied
depositional habitats, which represent a very
active and varied marine system and vary from
lagoonal to reefal settings (Fig. 6 and Table 2).

1. Lagoonal Environment: Lagoonal areas
are typically located landward of coral reefs and
are characterized by restricted circulation and
poor energy conditions. The fine-grained micritic
limestone found in the Lagoon Wargal sediments
is most likely overlain by layers of dolomitic
strata, indicating a period when water flow was
restricted. This area is shown in the image by
the dark blue section, which suggests a calmer,
more sheltered depositional environment. Bone
fragments, agglomerated foraminifera, and algae
are typical of the fauna and sediment types
found in this environment, and the lithology is
dominated by fine-grained mudstone.

2. Reef Environment: The most dynamic
and diverse parts of the sedimentary system are
the reef facies. Reef structures serve as dividers
between lagoon and open ocean habitats and
were probably built from fragments of coral and
bone. In the Wargal Limestone, bioclasts such
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Fig. 6. Depositional Environment distribution across all five sections having fauna representation.
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Table 2

Comparison of Wargal Limestone with other stratigraphic units in the Tethys Region

Wargal Limestone
Pakistan

Panjal Traps India

Chia Zairi
Formation Iraq

Dalan Formation
Iran

Gharif Formation
Oman

Middle to Late

Early to Middle
Permian (Cisura-

Late Permian (Lo-

Late Permian

environment

shelf

basalts

shelf

carbonate platform

Age P.ermlan (QanaIu- lian to Guadalu- pingian) (Wuchlapmglan to Late Permian (Lopingian)

pian to Lopingian) pian) Changhsingian)

Limestone with Basaltic lava flows | Limestone with Izlcijke(r;\iret;o\r/:/if Sandstone, siltstone,
Lithology interbedded shale | with intercalated minor dolomite and quen and shale with minor

. . subordinate evap-
and dolomite sedimentary layers | shale orites carbonate
. Pale gray to dark . . .
Color Light gray to gray Dark gray to black gray Light gray to beige | Reddish-brown to gray
Thickness 150-200 m 500-800 m 200-250 m 300—400 m 300-350 m
. Fine to .medl- Basaltic grains with | Micritic and bio- Crystalline and Dolomitic and fine-

Grain Types | um-grained carbon- | . | lasti liti .

ates interbedded clay clastic carbonates | oolitic carbonates grained carbonates
E."’m'”"’.‘”t Carbonate Volcanic Carbonate Carbonate platform | Clastic
lithofacies
Depositional | Shallow marine Continental flood Shallow marine Shallow marine Fluvial to shallow marine

environments

Limited reservoir

Significant gas res-

during the Permian

the Indian Plate

during the Permian

Ocean

Reservoir Potential hydrocar- : Potential hydrocar- | ervoirs, especially A . .
. . potential due to - . Significant oil reservoirs
potential bon reservoir ) bon reservoir in the South Pars
volcanic nature )
field
Basinal . . . . . .
e Upper Indus Basin | Kashmir Basin Northern Iraq Zagros Basin Interior Oman Basin

distribution

Positioned at the Associated with Situated on the Part of the south- Deposited in fluvial to
Paleogeog- northern margin the rifting of the northern edge of ern margin of shallow marine settings
raphy of the Indian Plate | northern margin of | the Arabian Plate the Paleo-Tethys on the eastern margin of

the Arabian Plate

as bryozoans, brachiopods, and corals, which are
abundant in the Permian carbonate system region,
were often used to build coral reefs [1]. This Reef
referred as a geo-body, that significantly present
in area of Nammal Gorge and Zaluch Nala. The
blue area between the lagoon and shoal in the
figure represents the reef zone, which illustrates
the energy transfer from a low-energy (lagoon) to
a high-energy (shoal) ecosystem (Fig. 6).

3. Shoal Environment: The higher energy
conditions known as shoals are where coarse-
grained material is deposited. The shoal deposits
in the Wargal Limestone will consist of ooids,
peloids and oncoids, limestones supported by
grains [13]. This setting is represented by the pink
to light area in the diagram. Oolitic limestone is
common here, with characteristics such as large
grain size and cross-bedding. This habitat is
defined by tidal currents and wave action, which
continuously transform the sediments.

4. Shelf Environment: The continental shelf
1s an example of a shallow marine environment,
susceptible to tides and waves, and is usually
relatively open. More granular limestone
mixed with quartz and bioclasts may have been
deposited on the shelf of the Wargal Limestone
[14]. This depositional environment represented
by the lightest pink area in the image, which

27

moves outward and toward deeper marine
environments. The area affected by scattered
storms and tempests.

Discussion. Facies studies of the Wargal
Limestone and correlations between the Nammal
Gorge, Zaluch Nala, Chiddru Nala, Chattuwala
Nala and Ganjaro Hill sections provide important
new information on the Late Permian sedimentary
dynamics and sedimentation environment of the
Tethyan region. Each section exhibits a unique
lithological composition, reflecting the varying
depositional environments across the Pakistan Salt
Range. Several different lithofacies are found in the
Wargal limestone, such as shale, dolomite, sandy
limestone and fossiliferous limestone. For example,
the Nammal Gorge area is composed of dolomite
(10%), sandy limestone (12%), and limestone
(56%). In the Zaluch Nala and Chiddru Nala areas,
shale and dolomite formations are interbedded
with limestone. Nine different lithofacies, with
support ranging from mud-supported to grain-
supported, illustrate the depositional changes in
the formation. Different sedimentary energy and
environmental conditions in different periods are
reflected in changes in particle size, fossil content
and diagenesis of different phases.

Correlation of these sections shows stratigraphic
continuity but with some obvious changes in
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lithology and thickness. For example, the thickness
varies from 150 meters at Nammal and Zaluch
to about 130 meters at Chiddru and Chattuwala.
Chattuwala has a higher proportion of dolomitic
limestone (75%) than Nammal and Zaluch. These
differences show differencesin sea-level fluctuations
during deposition, tectonic effects, and sediment
supply in different areas. The depositional habitat
of the Wargal Limestone is primarily marine,
ranging from lagoons to coral reefs and shoal
environments. Fossil assemblages such as corals,
molluscs, brachiopods and bryozoans indicate
the presence of a strong marine environment
[13]. Interbedded dolomite, limestone, and shale
show periods of restricted circulation and salinity
fluctuations that characterize the transition from
lagoon habitat to an open marine environment.
Changes in sea level are reflected in the strata
through transgression-regression cycles, thereby
affecting sedimentary facies.

In order to establish a thorough depositional
model, the phase distribution and correlation of
these sections are critical and have implications for
hydrocarbon development [21, 23]. The presence
of fossiliferous limestone and porous dolomitic
layers suggests that diagenesis improved reservoir
quality. The tectonic and climatic environment
that formed the salt range during the Permian
period can be understood from the observed
heterogeneity in depositional patterns.

The formations of the Wargal Limestone exhibit
important transgressive-regressive cycles that are
driven by changes in sea level and may be influenced
by tectonic activity or global climate change. The
transition from low-energy lagoon deposition to
high-energy reef-flat habitats is characterized by
periodic shallowing and deepening phases, which
regulate sediment accumulation from siliciclastic-
dominated phases to carbonate-rich phases [8].

Fossil limestone and dolomite dominate the
carbonate lithofacies, indicating deposition
in a shallow marine environment. Fossils are
abundant, indicating the presence of powerful
marine life in stable shallow waters, creating
bioclast-rich reef and shoal facies in a high-energy
environment of currents and wave action [14].

Folds and faults seen in the outcrop show
that tectonic forces were the primary factor in
the deposition of the Wargal Limestone. The
distribution and thickness of limestone units
are determined by compressional structures,
which also play a role in diagenetic processes
such as dolomitization, altering permeability
and porosity. Older strata were also exposed by
tectonic uplift, which helped provide sediment
during the formation of the Wargal Limestone.

The initial appearance of the Wargal Limestone
has changed due to diagenetic processes such as
dolomitization and the production of chert dolomite.
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These changes result in improved reservoir quality
of the rock and are primarily caused by changes in
secondary porosity as well as pore water chemistry,
compaction and tectonic stress. The different
phases, diagenetic changes and structural style of
the Wargal Limestone make it a promising source of
hydrocarbons. Dolomitization and fossil dissolution
improve the reservoir quality of porous dolomitic
formations, especially in Chattuwala and Ganjaro.
Interbedded dolomite, shale, and limestone can also
create stratigraphic traps containing hydrocarbons.
Fossil limestone, rich in bioclasts, has high porosity
because dissolution of skeleton component. This
provides an optimal environment for hydrocarbon
migration and trapping, combined with secondary
porosity created by diagenesis. Certain sections
have fractures and calcite-filled veins that increase
permeability and facilitate fluid movement.
The tectonic setting of the Salt Range creates
the structural traps necessary for hydrocarbon
accumulation. Folds and faults in the Wargal
limestone may have been effective in trapping
hydrocarbons within porous dolomitic units. Due
to stratigraphic changes between sections, there is
an opportunity to find sealed reservoirs for possible
hydrocarbon extraction.

Conclusion

The combined facies analysis indicates the
Wargal Limestone was deposited in various
shallow marine environments, from inner ramp
to middle-ramp settings, which reflects dynamic
palecenvironmental conditions controlled by
relative changes in sea level along the Paleotethys
margin. Extensive stratigraphic correlation across
multiple outcrop sections provides evidence for
lateral facies continuity and supports a uniform
regional depositional framework, which enhances
the comprehension of the space-time evolution of
carbonate systems in the Permian.

The integration of facies architecture,
sedimentary structures, and fossil content is useful
in revealing the paleoenvironmental conditions
and tectonic stability of the northern Gondwanan
shelf and making contributions to more general
reconstructions of the Paleotethys paleogeography.

In the end, studies of facies and sedimentation
environments of the Nammal, Zaluch, Chiddru,
Chattuwala and Ganjaro sections provide
important insights into the stratigraphy of the
Wargal limestone. Correlations are needed to
grasp the depositional history and reservoir
potential of the area, which indicate major
lateral phase changes and reservoir potential, as
evidenced by its depositional history. Due to its
various facies, particularly fossiliferous limestone
and porous dolomite formations, and its structural
location within a salt range, the formation is a
viable target for hydrocarbon development.
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AHOTALUIA

Lle gocnimkeHHa mMae Ha MeTi BMBYMTU dhauii Ta cepegoBulle BigknageHb Mi3HbOroO
NepMcbKOro BarnHsiky B 6aceHi BepxHboro IHOy LUNSIXOM XapakTepucTUKM reomnoridyHux
i MiHepanoriyHux 3paskiB nopig, 3ibpaHuMx 3 pisHUMX MicueBocTel. [eoTina Ta
0cagoBy apxiTekTypy BanHsky Bapran poswwudpyBanu 3a LONOMOroK MNOMbOBUX
crnocTepexeHb. MeToam gocnimxeHb — dauianbHUi aHania, cTpaturpadivyHni KapoTax
i niTonoriyHa kopensidis, siki 6ynu BUKopUCTaHi Ans iHTepnpeTauii AaHWX BiACNOHEHb
i pekoHCTpyKUii cepepoBua BigknageHHs. Ha OCHOBI CKaM>SHINOCTEN, HasiBHUX Yy
nitTodpauisix, po3pobrneHo cepenosuLle Moro BiaknaaeHHs. CeaMMeHTOOri0 BUBYanu
3a JOMOMOro BMMIPIOBaHHS PO3pPi3iB pa3oM i3 MonboBMMM doTorpadisiMm BUCOKOT
po3noginbHoi 3a4aTHOCTI, siki 6ynu 3ibpaHi 3 BUKOpUCTaAHHSIM HeoAHOpPIAHOCTI dauiii Ta
apxitektypu. MoTim dauii 6ynun HaHeceHi Ha NonboBi hoTorpadii BUCOKOT po3noginbHoT
3aaTHOCTi. 3reHepoBaHuii Habip AaHWX BKIOYAE CEQUMEHTONONIYHI XXypHanu, 3pa3sku Ta
nonboBi choTorpadii Ans 3abe3neyveHHs BiATBOPOBAHOCTI Ta MabyTHIX NOPIBHANBHUX
cTpaturpadivyHux gocnigxeHn. MNMowwmpeHi dpauii ByrnucTux cnaHuis, nilaHmux BanHsKis,
IMUHUCTUX BanHsAKiB, BUKOMHMX BamnHsKIB i OONOMITOBMX BanHskiB. CkamysiHINocTi,
Taki SIK MLIAHKW, NeYeHori MOMIOCKM, ABOCTYMKOBI MOJSIOCKM, YE€PEBOHOr MOJHOCKM
Ta TpunobiTn, AaTylTb MOro cepeaHbo-Ni3HIM NepMcbkuM nepiogoM. MhsATb cekuii
BapranbCbKoro BamnHsiky 6ynu B3sTi Ana kopensuii. BiuHi 3mMiHM umx dauiii nokasyoTb
cTpaTturpadpiyHy Ge3nepepBHiCTb, ane 3 AEsKUMW OYEBUAHUMMK 3MiHaMu B niTonorii
Ta ToBWWMHI. Yepe3 cTpaTurpadiyHi Bapiauii iCHye MOXNUBICTb BUSIBUTU 30HOBaHi
pe3sepByapu Ans MNoTeHuiiHoro BMaobyTKy ByrneBoAHiB. PisHOMaHiTHI cepenoBuLia
BigknageHHs uiei dopmalii, sk BapiloloTbCA BiA4 NaryHHWX OO PpudOBUX, LLMPOKO
BiJOMi TMM, LLO NPeaCTaBNSATb OY>XEe aKTUBHY Ta Pi3HOMaHITHY CUCTeMy naneoTeTucy.
OocnigxenHs nigtpumye Linb cranoro possutky (LICP) 9 wnsxom nornubneHHs
reonoriYyHnx 3HaHb, NMoB’si3aHKX 3 OLIHKOK pecypciB Ta aHanizom ocafoBux 6aceriHis,
a Takox LCP 13 — wnsxoM NoKpalleHHs po3yMiHHA KniMaTy Ta HangaBHILLIMX YMOB
HaBKONMULLHbOTrO cepegoBuLla. Ockinbku dpopmadis cknagaeTbes 3 pisHUX TUMIB nopia,
BKITHOYAIOUN CKaM'STHINWIA BanHSK i TOPUCTUIA JOMOMIT, | OCKINbKM BOHa po3TalloBaHa B
consiHoMy Xpe6Ti, BOHa Mae XopoLUuiA NoTeHLian Anst po3Biakv HadTw i rasy B npunernmx
6aceiHax MoTBap, KoxaT i BaHHy. Pe3ynbTaTi Lboro 4oChiaXeHHst pEKOMeHAoBaHi Ans
aHarnoriB sik KepiBHULLTBO Mpy po3pobLii OCHOBM ANst MaibyTHIX 4OCHimXEHb NOPIBHAHHUX
kapboHaTHUX Nopig y AOCNigXKyBaHOMY PETIOHi.

IHPOPMALLIA MNPO CTATTIHO:

Pykonuc Haginwos
27 nuctonaga 2025

OTpumaHo nicns peueH3yBaHHA
13 ciuHa 2026

3aTBepaxeHo A0 ApYyKY
25 TpaBHA 2026

Ony6nikoBaHO OHNaMH
30 TpaBHsi 2026

KniwoyoBi cnoBa:

niTodauii, naryHa, pwudwn, kopensuis,
BapranbCbKuii BanHsik, reotina, pesepsy-
ap, AvHamika GacelHy, KOnvBaHHS piB-
Hsi Mopsi, ocajoBa apxitekTypa, LICP 9,
LICP 11.
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