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Abstract: In the Southern Indus Basin, Pakistan, the Nari Formation of Oligocene age represents an important
stratigraphic unit that preserves a classical regressive depositional sequence, recording a significant transition
from marine to continental environments. This study analyzes the lithofacies and grain-size parameters of the Nari
Formation from the Benir anticline section, Southern Indus Basin, to interpret its depositional environments. A 65
m thick stratigraphic section was measured and divided into non-clastic and clastic lithofacies groups. Non-clastic
lithofacies group observed in the lower part of the Nari Formation and consists of compacted limestone, coquinoidal
limestone and arenaceous limestone lithofacies, indicating deeper outer-ramp to near-shore depositional environments.
The clastic lithofacies group was identified in the upper part, which consists of calcarecous sandstone, variegated and
gypsiferous shale, lateritic sandstone and friable sandstone lithofacies, suggesting continental fluvial depositional
conditions. Shale-bearing lithofacies were identified in the middle part of the Nari Formation, reflect evaporitic and
oxidizing continental settings. Grain-size analysis of eleven samples from friable sandstone facies supports a river-
dominated origin. The vertical transition from marine to continental facies in the Nari Formation reflects a significant
depositional shift, documenting a regressive sequence from marine ramp to fluvial settings. This study contributes to
the broader understanding of the stratigraphic evolution of the Southern Indus Basin in relation to Oligocene regional
tectonic background.
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1. INTRODUCTION analysis is generally supplemented with grain-size
analysis, petrography, geochemistry and advanced
technologies, such as scanning electron microscope

(SEM), X-ray diffraction (XRD) and X-Ray

The analysis of lithofacies has long been an
essential tool in deciphering sedimentary

processes and depositional environments [1-4].
By examining sedimentary structures, texture,
mineral composition and fossils content, lithofacies
analysis enables the interpretation of various
depositional systems such as fluvial, deltaic and
shallow marine environments [4-6]. Lithofacies

Computed Tomography [2, 6-9]. Among these,
the grain-size analysis is widely used to determine
sediment transport mechanisms, energy conditions
and depositional settings [6, 10-12]. The Oligocene
is a crucial epoch in the geological history of the
Indus Basin, marked by significant tectonic and
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depositional changes [12-14]. These changes
were driven by progressive continent-continent
collision of the Indian and Eurasian Plates [13-17].
The Nari Formation is a key stratigraphic unit that
preserved exceptional record of these tectonic and
depositional changes. Therefore, understanding its
lithofacies characters and depositional environment
is vital for reconstructing the Oligocene geological
history of the region. The Benir anticline, a doubly
plunging, north-south trending structure located
in the southeastern Kirthar Fold Belt, offers
well-preserved exposures of the Nari Formation.
Previously, Nari Formation was studied in terms
of provenance [18, 19], depositional environment
[10, 12, 20, 21] and diagenesis [22-24]. During
previous studies, textural, mineralogical and
geochemical attributes of the Nari Formation have
been explored from different exposed sections in
the Southern Indus Basin. However, a systematic
lithofacies record capturing the full spectrum of
depositional environments and their stratigraphic
transitions within the Nari Formation is not yet
clearly understood. The present study aims to bridge
this research gap by conducting its comprehensive
lithofacies and grain-size analysis from the Benir
anticline section, Southern Indus Basin. The
results of this study will not only enhance our
understanding of the sequential changes in the
depositional environment during the Oligocene in
the study area, but also contribute to understanding
the depositional environment shift from marine to
continental settings in response to plate collision
along the western margin of the Indus Basin,
Pakistan.

2. GEOLOGICAL BACKGROUND

The Indus Basin is situated in the northwestern part
of the Indian Plate [17, 25]. It is bordered by the
Indian Shield in the east, the Himalayas in the north,
the Suleiman and Kirthar ranges in the west and the
Arabian Sea in the south [26-31]. The western part
of the Indus Basin became the foreland basin in
response to continent-continent collision between
the Indian and Eurasian Plates during the Cenozoic
[12, 16, 17, 29]. The Indus Basin is divided into
upper and lower parts by the Precambrian Shield
elements, exposed in the Sargodha High [25, 26].
The Lower Indus Basin is further divided into central
and southern parts by the “Sukkur Rift Zone” [26,
30]. The Southern Indus Basin comprises four most
dominant tectonic units, which are the Precambrian

Indian Shield (“Nagarparkar Igneous Complex
(NIC)”, the Indus Platform, the Kirthar Foredeep
and the Kirthar Fold Belt [17, 27, 31, 32]. The
NIC is composed of an-orogenic (A-type), igneous
(I-type) granite, low-grade metamorphic rocks,
acidic and basic dikes and rhyolite plugs [33, 34].
The NIC is part of the basement of the Southern
Indus Basin, which is overlain by Mesozoic and
Cenozoic rocks [17, 25, 26].

The Indus Platform is a gently west-dipping
platform that consists of Mesozoic sedimentary
rocks cut by Late Cretaceous normal faults [17, 26,
35]. The Mesozoic rocks of the Indus Platform are
unconformably overlain by generally undeformed
Tertiary rocks [25, 36, 37]. The Kirthar Foredeep
is a down-warped segment of the Southern Indus
Basin due to lithospheric flexure in front of the
growing Kirthar and Suleiman ranges [17, 26, 38].
It consists of thick post-Eocene sedimentary rocks,
particularly the Neogene Molasses of the Manchar
Formation. The western part of the Southern Indus
Basin is structurally deformed due to its oblique
collision with the Afghan Block along the Ornach-
Nal Fault [39-41]. This deformed part is called
the “Kirthar Fold Belt” [17, 26, 31]. The western
part of the Kirthar Fold Belt consists of exposed
Bela Ophiolites and Mesozoic sedimentary rocks,
whereas Cenozoic rocks are predominantly exposed
in its eastern part [28, 42, 43] (Table 1). The present
study area is located in the southeastern part of the
Kirthar Fold Belt (Figure 1).

3. MATERIALS AND METHODOLOGY

Detailed geological fieldwork of the Nari Formation
was carried-out from the Benir anticline (Latitude
25°27°18.50” N, Longitude 67°36°51.12” E). The
lower contact of the Nari Formation is not exposed
in the study area; therefore, measurement was
started from core of the Benir anticline (Figure
2(a)). Individual lithofacies were identified and
their thickness in the stratigraphic section were
measured with help of measuring tape. The total
measured thickness of the Nari Formation in study
area is 65 m (Figure 2(b)). All lithofacies were
described based on their outcrop and lithological
attributes, such as lithology, texture, fossils and
sedimentary structure. During the measurement
of the stratigraphic section, thirty-five lithological
strata were identified and sampled, which included
16 limestone, 11 sandstone, 4 shale and 4 lateritic
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Fig. 1: Location map of the Benir anticline (Image
Source-National Geo-graphic, Esri, Garmin, HERE,
UNEPWCMC, USGS, NASA, ESA, METI, NRCAN,
GEBCO, NOAA, increment P Corp. & gisgeography.

com).
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or oxidized sandstone. These strata were broadly
classified into two lithofacies groups, i.e., non-
clastic and clastic lithofacies groups. The non-
clastic lithofacies group is further divided into
three distinct lithofacies based on their lithology
and relative abundance of fossils contents. The
clastic lithofacies group is further classified into
four lithofacies based on their lithological aspects.
From the thirty-five samples, 11 loose and friable
sandstone were selected for grain-size analysis
(Figure2(b)). Most ofthe loose and friable sandstone
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Fig. 2: (a) Geological map of the Benir anticline, showing
the location of the measured section marked with a bold
red line (after [17, 42]). (b) Lithological column of the
measured section indicating formation thickness and
sample numbers.
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Table 1. Exposed stratigraphy of the Southern Indus Basin (after 128, 42]).

Age Formation Lithology
Pleistocene Dada Conglomerate Conglomerate, Boulders and Pebbles
Neogene Manchar Formation Sandstone, Shale and Conglomerate
Miocene Gaj Formation Sandstone, Shale, Limestone
Oligocene Nari Formation Limestone, Shale and Sandstone
Eocene Kirthar Formation Limestone
Tiyon formation Limestone, Shale, Marl
Laki Formation Limestone, Shale, and Sandstone
Paleocene Lakhra Formation Limestone, Shale and Sandstone
Bara Formation Sandstone, Claystone and Shale
Khadro Formation Sandstone, Shale and Limestone
Khaskheli Basalt Basalt
Cretaceous Pab Sandstone Sandstone

Fort Munro Formation

Limestone and Marl
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is observed in the upper part of the measured
section, which lacked depositional features, such
as bed geometry, sedimentary structures, or fossils
contents. Therefore, their samples were analyzed in
terms of their grain-size distribution. The standard
sieving method was adopted to process, classify
and analyze different groups of grain-sizes in the
studied samples [10, 44-46]. The grain-sizes in
millimeters, obtained through sieve analysis were
converted to “phi (¢)” scale, which is a logarithmic
scale to base 2 [6, 47]. Cumulative frequency curves
for each analyzed sample were drawn from the
weight percentage of each grain size in the sample.
Different grain-size parameters, such as mean,
median, standard deviation, skewness, kurtosis etc.,
of each sample were calculated from cumulative
frequency curves. Different bivariate interpretation
diagrams were prepared by plotting grain-size
parameters against each other to understand the
textural character, transportation mechanism and
depositional environment of the loose and friable
sandstone of the Nari Formation [6, 12, 45].

4. RESULTS
4.1. Lithofacies Analysis

The lower contact of the Nari Formation is not
exposed in the Benir anticline section, whereas it
has either a sharp upper contact with the Miocene
Gaj Formation, or its upper contact is covered with
the Holocene deposits. The Nari Formation exhibits
diverse and distinct patterns of lithologies from
base to top, which are broadly classified into non-
clastic and clastic lithofacies groups (Figure 2).

4.1.1. Non-clastic Lithofacies Group

The lithofacies of this group were identified in
the lower part of the Nari Formation in the study
area. These lithofacies are dominantly composed
of limestone and are further classified into three
lithofacies types based on lithological features and
the relative abundance of fossils contents.

(a) Compacted Limestone Facies

These lithofacies were identified in the lower part
and consists of eight strata (BNR-1, 3, 6, 10, 11,
12, 14 and 27) with a cumulative thickness of 12 m.
These are characterized by orange-yellow to creamy
yellow, well compacted and jointed limestone,

fossiliferous, but it contains rare larger benthic
foraminifera (Figure 3(a)). These lithofacies are
dominantly composed of fine-grained calcareous
and bioclastic material along with mega-fossils of
gastropods, echinoids and bivalves. These contains
fibrous sparry calcite, which forms flower-shaped
structures within limestone (Figures 3(b), 5(b)).
The texture of these lithofacies resembles with
the mudstone-wackstone, because they consist
of higher fine-grained calcareous content than
larger bioclasts. The dominancy of fine-grained
calcareous material indicate deposition under low-
energy marine environment, below storm weather
wave-base [48, 49]. The gastropods, echinoids
and bivalves are generally tend to live in shallow
coastal areas to deep marine environments, around
the world [50-52]. Therefore, these lithofacies of
the Nari Formation are interpreted to be deposited
in the open-marine, distal part of the outer-ramp,
under low-energy depositional environment.

(b) Coquinoidal Limestone Facies

These lithofacies were also identified in the lower
part of the Nari Formation in the studied section.
These consists of four strata (BNR-2, 4, 7 and
9) with a cumulative thickness of 6 m. They are
characterized by orange-yellow well compacted
and in places, moderately compacted limestone.
These lithofacies are dominantly composed of
tests of larger benthic foraminifera, particularly
Discocyclina and Nummulites, and broken shelly
fragments. The abundance of foraminiferal
tests gives the limestone a distinctive biogenic
character. The bioclasts are generally poor to
moderately sorted and aligned horizontally to the
bedding planes (Figure 3(c-e)). The texture of
thess lithofacies resembles with the wackstone
packstone, because it consists of lower mud matrix
content than bioclasts. Discocyclina is reported
to occur in the outer-ramp, low-energy and under
lower photic zone depositional settings [53-56] The
abundance of Discocyclina with Nummulites has
been reported from the middle to outer ramp of the
Eocene carbonates [57-59]. Therefore, Coquinoidal
limestone lithofacies of the Nari Formation are
interpreted to have been deposited in the middle to
outer ramp depositional environment. Alternation
of coquinoidal and compacted limestone facies
suggest middle to distal part of outer-ramp
depositional environment during deposition of
lower part of the Nari Formation in study area.
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Fig. 3: Non-clastic lithofacies of the Nari Formation in the studied section and their respective positions in the
lithological column. (a, b) Compacted limestone facies. The black polygon in (b) outlines sparry calcite. (c, d)
Coquinoidal limestone facies dominantly composed of bioclasts of Discocyclina. (e) Coquinoidal limestone facies
dominantly composed of Discocyclina and Nummulites tests. (f) Arenaceous limestone facies.

(c) Arenaceous Limestone Facies

These lithofacies were identified in the middle
part of the Nari Formation in the study area.
These consists of four strata (BNR-16 and 18-20)
with a cumulative thickness of 10 m. These are
reddish-gray, well-compacted limestone facies,
which consist of a significant proportion of sand.
These lithofacies contain worm-burrows, fossils of
plecypods and bivalves (Figure 3(f)). The presence
of a significant proportion of medium-grained sand
in these lithofacies suggest enhanced sediment
supply from the continent [58, 60]. The presence
of worm-burrows associated with plecypods and
bivalves is an indication of a coastal environment
[51, 61]. Therefore, arenaceous limestone facies of
the Nari Formation were deposited in the near-shore
depositional environment. As these lithofacies
overlie the middle to outer-ramp deposited-facies,
hence indicate progressively decreasing sea-levels
during the deposition of the Nari Formation in the
study area.

4.1.2. Clastic Lithofacies Group

The lithofacies of this group were identified in
the middle to upper part of the Nari Formation in
the study area (Figure 4(a)). These lithofacies are
dominantly composed of sandstone and shale.
Lithofacies of this group are further classified
into four lithofacies types based on differences in
lithological features.

(a) Calcareous Sandstone Facies

These lithofacies were identified in the middle
part of the Nari Formation and it overlies the
arenaceous limestone facies. These consists of
six strata (BNR-13, 15, 17, 21, 23 and 24) with a
cumulative thickness of 8 m. These are light-yellow
to grayish-yellow, moderately compacted to friable
sandstone facies, which consist of calcareous
material, possibly as cementing material. No
primary sedimentary structures and fossils were
identified in these strata (Figures 4(b, d, e)). The
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depositional environment of these lithofacies
could not be precisely determined due to lack of
primary sedimentary structures and fossil contents.
Therefore, friable samples of these lithofacies were
studied through grain-size analysis.

(b) Variegated and Gypsiferous Shale Facies

Four strata of shale were identified, one in the basal
(BNR-8) and three in the middle part (BNR-22, 25
and 26) of the Nari Formation in the studied section.
These lithofacies have a cumulative thickness of 6
m, and exhibit diverse color ranges (Figures 4(c, f)).
BNR-22 and 25 are variegated and contain abundant
gypsum veins (Figure 4(f)). BNR-26 is oxidized,
dark red to reddish-brown and it does not contain
any evaporitic mineral (Figure 5(a)). Shale deposits
in low-energy depositional settings of floodplain,
lake, lagoon or deep-marine environments, where
fine sediments settle out of slow-moving or quite
water [62-64]. Gypsum often forms in arid or semi-

e A

arid regions due to evaporation of sea-water [65,
66]. The oxidized nature of shale also suggests the
continental oxidizing environment. This evidence
suggests, these lithofacies of the Nari Formation
were deposited in a continental shallow-water
evaporative lagoon.

(¢) Lateritic Sandstone Facies

These lithofacies were identified in the upper
part of the Nari Formation in the studied section.
These consists of four strata (BNR-28, 29, 34, and
35) with a cumulative thickness of 9 m. These
are pinkish-brown, light pink and brownish-red,
moderately compacted to friable, highly oxidized
and jointed sandstone (Figures 5(c, d)). No primary
sedimentary structures were identified in these
strata, but their lithological character suggests
oxidizing continental deposition or prolonged
exposure of sediment surface to oxygen-rich
environmental conditions. Its stratum BNR-28

)
.:4'
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=
65
60 =
40
............. BNR-21
BNR-20

Fig. 4: Clastic lithofacies of the Nari Formation in the studied section and their respective positions in the lithological
column shown within red rectangle. Field photograph (a) showing lithofacies stacking pattern. (b) Calcareous sandstone
facies. (c) Gypsiferous shale facies. (d, ) Calcareous sandstone facies. (f) Variegated and gypsiferous shale facies.
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overlies the compacted limestone facies stratum 27,
indicating sharp transition from deeper distal outer-
ramp environment to continental environmental
conditions. Grain-size analysis of friable samples
of these lithofacies has been carried out to support
the lithofacies interpretation.

(d) Friable Sandstone Facies

These were identified in the upper part of the Nari
Formation and consists of four strata (BNR-30-33)
with a cumulative thickness of 13 m. These are light
gray to reddish-gray, friable to loose and massive
sandstone (Figures 5(e, f)). No primary sedimentary
structures were identified in these facies; hence, their
depositional environment could not be determined.
Therefore, friable samples of these lithofacies were
studied through grain-size analysis to understand
their depositional environment.

4.2. Grain-size Analysis

Grain-size analysis of loose and friable sandstone
involves the systematic measurement and statistical
characterization of grain diameters to determine
their textural properties. The grain-size distribution
provides critical insights into depositional
environment and transport mechanisms [6,
12]. Well-sorted sandstones with narrow grain-
size distributions typically indicate uniform
depositional conditions, such as Aeolian or mature
beach systems, while poorly sorted samples suggest
rapid deposition or limited transport distances. The
presence of bimodal or polymodal distributions may
indicate mixing of different sediment sources or
multiple depositional episodes [12, 45]. Statistical
parameters calculated from grain-size analysis of
the Nari Formation during the present study are
presented in Table 2.

Samples

Lithology

o Thick. (m)

60

40

Fig. 5: Clastic lithofacies of the Nari Formation in the studied section and their respective positions in the lithological
column shown within red rectangle. (a) Variegated and oxidized shale facies. (b) Compacted limestone facies. (c, d)

Lateritic sandstone facies. (e, f) Friable sandstone facies.
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Table 2. Grain-size parameters (“phi (¢)” unit) of the Nari Formation from Benir anticline.

S. Standard

No. Sample Mean Median Deviation Skewness Kurtosis C M

1 BNR. 5 2.06 2.2 1.74 -0.21 1.33 846.75 217.64
2 BNR. 8 0.56 1 1.03 0.08 1.29 716.98 500.00
3 BNR.13 1.96 1.9 1.75 -0.13 0.53 812.25 267.94
4 BNR. 17 0.96 1.8 1.18 -0.15 1.49 687.77 287.17
5 BNR. 25 0.86 0.9 1.28 -0.05 0.65 737.13 535.89
6 BNR. 26 0.23 1.5 1.26 0.01 0.83 747.42 353.55
7 BNR. 28 1.93 1.8 1.68 -0.01 1.54 870.55 287.17
8 BNR. 30 1.7 1.6 1.32 0.08 1.36 933.03 329.88
9 BNR. 31 1.43 1.4 1.15 0.04 1.7 870.55 378.93
10 BNR. 33 1.7 1.6 1.3 1.23 1.48 972.65 329.88
11 BNR. 34 1.9 1.8 1.81 -0.08 2.28 768.44 287.17

4.2.1. Mean any positive integer more than 2 is considered as

The mean grain size values suggest the relative size
of clasts, where a 0 value of phi (¢) indicates coarse
sand and 3 indicates very fine sand. The studied
samples show mean grain size in the range of 0.23-
2.06 ¢ (coarse to fine), with an overall average of
1.39 ¢ (Table 2) (Figures 6(a-c)). The average mean
size of the studied samples indicates the medium-
grained sand. Mean grain size reflects the average
energy conditions during deposition, with finer
grains indicating lower energy environments. The
variations in the mean grain-size value indicate
fluctuationsinthedepositionalenergylevel[6,11,63].

4.2.2. Median

It is the central grain size of a studied sample, for
which half of the grains in that sample are larger
than it, and half are smaller. The median grain-size
value gives a good approximation of grain-size of
studied strata. The studied samples show median
size value in the range of 0.9-2.2 ¢, with an average
median size of 1.6 ¢. This average median value
indicates presence of medium-grained sand in the
studied samples [6, 12, 45].

4.2.3. Standard Deviation (Sorting)
This statistical parameter determines level of sorting

of the sediments [63]. The standard deviation value
of 0 is taken as very well sorted sediments and

very poorly sorted [63]. Sorting in turn is used to
understand the hydrodynamic conditions or degree
of reworking in the depositional system. Sorting is
determined by transport processes, deposition and
post-depositional processes such as winnowing or
reworking [62, 63]. The standard deviation values
of the Nari Formation in the Benir anticline section
range between 1.03 to 1.81 ¢, having an average
of 1.40 ¢. The standard deviation range of studied
sediments indicate poor sorting (Figure 6(b)). This
suggests that analyzed sediments were deposited
in low-energy conditions and, therefore, didn’t
experience significant reworking during their
deposition.

4.2.4. Skewness

The skewness is another statistical grain-size
parameter of sorting, which indicate symmetry
of grain size distribution in the studied samples.
Measured skewness values of the studied samples
of the Nari Formation ranges from -0.21 to 1.23 o,
having average of 0.07 ¢. The skewness range of
the studied sediments shows coarse-skewed to near
symmetrical, while average skewness represents
near symmetrical nature of sandstone of the Nari
Formation (Figures 6(a, d)). The coarse-skewed
to symmetrical nature of the sediments suggest
the presence of poorly-sorted clasts, which were
deposited in medium to low-energy conditions [12,
67-70].
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Fig. 6: Plots of grain-size parameters of the Nari Formation. (a) Mean versus skewness. (b) Mean versus standard
deviation. (c) Mean versus kurtosis. (d) Skewness versus kurtosis.

4.2.5. Kurtosis

The kurtosis range of the Nari Formation in the
studied section ranges from 0.53 to 1.50 ¢ with
an average of 2.28 ¢. Most samples of the Nari
Formation show leptokurtic to very leptokurtic
nature, while some samples indicate very
platykurtic and platykurtic (Figures 6(c, d)). The
kurtosis pattern indicates medium to low-energy
depositional conditions during the deposition of the
Nari Formation in the study area [12, 45].

4.2.6. Bivariate Statistical Diagrams

The bivariate statistical diagrams of grain-size
distribution in the sedimentary rocks are valuable to
diagnose the energy of the depositional medium as
well as their depositional environment [44, 45, 67-
70]. The median diameter plotted against standard
deviation and mean diameter against skewness of
analyzed sediments to distinguish between fluvial
(river), shallow-marine (wave-dominated) and
deep water (quiet water) deposition [12, 45, 67].
All analyzed samples of the Nari Formation from
the Benir anticline fall in the “River” field of the
“median versus standard deviation” diagram (Figure

7(a)). All analyzed samples also occupy the “River”
field in the “mean versus skewness” diagram
(Figure 7(b)). Therefore, these diagrams suggest
that analyzed sediments of the Nari Formation were
deposited in a fluvial (river-dominated) depositional
environment.

4.2.7. Passega Diagram (CM Plot)

The CM plot (Passega diagram) was proposed by
Passega [68] to identify sediment transport and
depositional processes. These diagrams illustrate
the correlation between 1% or one percentile (C)
on the frequency curve of each sample and the
median grain-size (M). Both these variables are
first converted from ¢ (phi) in to pum and then M
is plotted on the x-axis and C is plotted on the
y-axis (Table 2). All the analyzed samples fall
on 2 field between 1 and 3 fields on the CM plot
diagram for transporting mechanism (Figure 7(c)).
This indicates that analyzed sediments of the Nari
Formation were transported through a rolling and
suspension mechanism. All the studied samples fall
between 4 and 5 fields on the CM plot diagram for
depositional mechanism (Figure 7(d)), indicating
deposition in fluvial conditions [6, 12, 45].
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Fig. 7: (a) Median diameter versus standard deviation. (b) Mean diameter versus skewness. (c) Transportation
mechanism. (d) Depositional mechanism of analyzed sediments of the Nari Formation, Benir anticline, Southern

Indus Basin, Pakistan.

5. DISCUSSION

The lithofacies and grain-size analysis of the
Nari Formation in the Benir anticline revealed
a fascinating record of marine to continental
depositional shift during the Oligocene in the
Southern Indus Basin. The systematic vertical
succession of lithofacies, which could be correlated
with other prominent sections of the Nari Formation
[21], demonstrates a clear regressive sequence
that documents the progressive retreat of marine
conditions and the establishment of continental
depositional systems.

5.1. Marine Depositional Phase: Outer Ramp to
Near Shore Settings

The lower part of the Nari Formation preserves
evidence of initial marine deposition under
outer-ramp settings. The compacted limestone
facies, characterized by fine-grained calcareous
material and mudstone-wackstone textures,
indicate deposition in the distal outer-ramp
environment below storm wave-base [48, 49]. This
interpretation is also supported by the presence of
marine fossils including gastropods, echinoids and

bivalves, which collectively suggest low-energy,
open-marine conditions [50-52]. The coquinoidal
limestone facies, dominated by larger benthic
foraminifera (Discocyclina and Nummulites),
represents deposition in the middle to outer-
ramp environment [53-56]. The abundance of
these foraminifera, particularly Discocyclina,
which thrives in outer-ramp, low-energy settings
within the lower photic zone, confirms the marine
origin of these sedimentary deposits [57-59]. The
alternation between compacted limestone and
coquinoidal limestone facies in the lower part
provides crucial insights into the depositional
dynamics of the marine ramp carbonate system
and indicates frequent environmental changes
from distal outer-ramp to middle to outer-ramp and
vice versa. The transition to arenaceous limestone
facies in the middle part of the Nari Formation
marks a critical shift in the depositional system.
The influx of significant proportions of sand, along
with the presence of worm-burrows and shallow-
marine fauna (plecypods and bivalves), indicates
enhanced terrigenous input and shoaling conditions
[21, 58, 60]. These facies represent deposition in
the near-shore environment and provide the first
clear evidence of marine regression and increasing
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continental influence. The marine depositional
phase of the Nari Formation in the Benir anticline
section resembles that of the Hundi anticline section
of the Nari Formation [21].

5.2. Continental Depositional Phase: Fluvial and
Evaporitic Settings

The upper part of the Nari Formation documents
a dramatic shift to continental depositional
conditions, as evidenced by the clastic lithofacies
group. The calcareous sandstone facies, lacking
primary sedimentary structures and fossils, required
grain-size analysis for environmental interpretation.
The grain-size parameters consistently pointed to
fluvial deposition, with bivariate diagrams placing
all analyzed samples within the “River” field,
confirming a fluvial depositional environment. The
variegated and gypsiferous shale facies suggest
deposition in evaporitic continental settings. The
presence of abundant gypsum veins indicate arid to
semi-arid climatic conditions with high evaporation
rates, typical of continental evaporative lagoons
or playa lake environments [62-64]. The oxidized
nature of these shales, particularly the dark red
to reddish-brown coloration, further supports
continental oxidizing conditions and suggests
periodic exposure to atmospheric oxygen [65, 66].
The lateritic sandstone facies represent the
culmination of continental conditions, with its highly
oxidized, pinkish-brown to brownish-red coloration
indicating prolonged exposure to oxygen-rich
environments. The sharp bedding plane between
these facies and the underlying compacted limestone
facies (stratum BNR-28 overlying stratum 27)
dramatically illustrates the abrupt transition from
middle to outer-ramp conditions to the continental
environments, suggesting rapid regression or
tectonic uplift. The continental depositional phase
of the Nari Formation in the Benir anticline section
is different than the Hundi anticline section of the
Nari Formation [21]. It indicates that the continental
depositional environments are highly unstable and
their characteristics vary from place to place.

5.3. Energy Conditions and Transport
Mechanisms

The grain-size analysis provides quantitative
support for the environmental interpretations
derived from lithofacies analysis. The mean grain-
size values (0.23-2.06 ¢) indicate predominantly

medium-grained sand, suggesting moderate energy
conditions during deposition. The poor sorting
(standard deviation 1.03 to 1.81 ¢) indicates limited
reworking and transport, consistent with rapid
deposition in relatively low-energy fluvial systems
[6, 12, 45]. The skewness values (-0.21 to 1.23 @)
range from coarse-skewed to near-symmetrical,
with an average near-symmetrical distribution. This
pattern, combined with the kurtosis values showing
leptokurtic to very leptokurtic distributions,
confirms medium to low-energy depositional
conditions [12, 67-70]. The Passega diagram
analysis reveals that sediments were transported
through rolling and suspension mechanisms and
deposited under fluvial conditions, providing
definitive evidence for the continental nature of the
upper Nari Formation.

5.4. Regional Sequence Stratigraphic
Significance

The marine to continental depositional transition
documented in the Nari Formation reflects broader
regional changes in the Southern Indus Basin
during the Oligocene. This regression likely
resulted from a combination of eustatic sea-level
changes, regional tectonic uplift and increased
sediment supply from the growing Himalayan
orogen. The timing of this transition is consistent
with the global Oligocene regression and the
intensification of Himalayan uplift [4, 13, 17, 21].
The vertical succession of lithofacies in the Nari
Formation represents a classic regressive sequence,
documenting the progressive shoaling and eventual
emergence of the depositional system [21]. The
sharp bedding planes between marine limestone
and continental sandstone facies suggest a rapid
regression, possibly related to tectonic uplift or a
significant drop in relative sea-level. This sequence
provides valuable insights into the timing and
mechanisms of basin evolution in the Southern
Indus Basin and contributes to our understanding
of the regional response to Himalayan orogeny.

6. CONCLUSIONS

The lithofacies and grain-size analysis of the
Oligocene Nari Formation in the Benir anticline
section has been carried out in order to shed light
on its depositional environments and their shift
from marine to continental conditions. The lower
part of the Nari Formation consists of limestone-
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dominated lithofacies, which were deposited in
a deeper outer-ramp to near-shore depositional
environment. Shale-dominated lithofacies were
identified in the middle part of the Nari Formation,
which are interpreted to have been deposited in
the evaporitic and oxidizing settings. The upper
part of the Nari Formation consists of sandstone-
dominated lithofacies, which indicate deposition
in continental conditions. Grain-size analysis
of the sandstone facies suggest that these were
deposited in fluvial or river-dominated depositional
environments. Overall, the Nari Formation in the
study area represents a well-preserved example of a
regressive depositional sequence, documenting the
progressive depositional regime shift from marine
to continental conditions during the Oligocene.
The marine to continental depositional shift was
controlled by the Himalayan orogeny in the region.
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