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Abstract

In this work, the sandstone facies of the Nari Formation from the Nari River Section in Southern Kirthar
Range, Pakistan are studied to decipher their diagenetic processes, stages, and associated tectonic events
using petrographic, mineralogical, and geochemical analysis. The field study encompasses outcrop
observations, section measurement and sampling. Laboratory work includes thin-section preparation and
analysis of the samples under a petrographic microscope, X-Ray Diffraction, Scanning Electron Microscopy,
and Energy Dispersive X-Ray Spectroscopy. During this study, different diagenetic processes, such as
cementation, compaction, quartz dissolution, quartz overgrowth, and grain deformation porosity are
identified. Results indicate that iron oxide is the most abundant cementing material in samples followed by
calcite and dolomite. The cement has completely destroyed the primary porosity. The sandstone of the Nari
Formation indicates poor to well compaction as exhibited by grain contacts. Identified diagenetic processes
are classified into three diagenetic stages, which are eogenesis, mesogenesis and telogenesis. Eogenesis is
contemporary to the deposition of Nari Formation. Nari Formation experienced mesogenesis during the
Pliocene. Deformation and uplifting of the north-western margin of the Indian Plate during the Pliocene-
Pleistocene brought the Nari Formation into the regime of telogenesis. This study suggests that the diagenesis
of the Nari Formation is controlled by the Oligocene-Pleistocene tectonic evolution of the study area. This
integrated and comprehensive investigation not only provides important constraints on the diagenetic history
of the Nari Formation but also accentuates the crucial role played by the Oligocene-Pleistocene tectonic
evolution to control the diagenesis of the Nari Formation in the study area. The present work will serve as a
demonstration of the critical interaction between diagenetic processes and tectonic events in the evolution of
sedimentary formations thereby offering valuable insights for both academic understanding and geological
resource exploration.
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1. Introduction Hence, it is imperative to gain a detailed
perceptive of those factors that control the

The economic significance of  reservoir quality of a rock to aid with the
sedimentary rocks like shale as a source rock  evaluation of the economic feasibility of
and sandstone as a reservoir rock for  petroleum discoveries (Selley, 1998; Ashraf et
hydrocarbons depends upon diagenesis al.,2020; Anees etal., 2022; Rashid etal., 2022;
(Worden and Burley, 2003). Nowadays, special Hansen et al., 2023). The reservoir quality in
attention is being paid to the exploration of new  clastic rocks is determined by several relevant
geological reservoirs for not only hydrocarbons factors such as mineralogy, pore water
but also for CO, sequestration and energy chemistry, diagenesis, temperature, fluid flow,
storage (Bickle, 2009; Kelemen et al., 2019; environment of deposition, tectonic setup,
Zhang et al., 2023; Chen et al., 2023; Bashiret ~ burial depth, uplifting, and geothermal
al., 2024). Reservoir quality is an important  gradient (Bjorlykke, 1988; Zou et al., 2012).
controlling factor in prospect evaluation.  Reconstruction of the diagenetic history of rock
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plays a vital role in understanding reservoir
porosity and permeability to envisage the
reservoir characteristics of clastic sedimentary
rocks (Salem et al., 2005; Honarmand and
Amini, 2012). Over the last twenty years,
several workers such as Bloch et al. (2002);
Worden and Burley (2003); Mackenzie
(2005); Reed et al. (2005); Gier et al.
(2008); Ajdukiewicz and Lander (2010); and
Baiyegunhietal. (2017) have acknowledged
the relationship between diagenesis and
reservoir quality of the sandstone. Petrography
has a key significance for the recognition of the
different diagenetic processes and their effects
on the porosity and permeability of sandstones
and other clastic rocks (Ajdukiewicz and
Lander, 2010; Umar et al., 2011; Dars et al.,
2020; Daretal.,2022; Ullah etal., 2022).

Nari Formation was deposited during the
Oligocene, which was the time of the India-
Eurasia collision and commencement of
Himalayan Orogeny (Powell, 1979; Bannert et
al., 1992; Ding et al., 2016; Jadoon et al., 2020,
Ghani et al., 2023; Jadoon et al., 2024). The
development of Kirthar and Suleiman fold belts
also started during the Oligocene. Kirthar Fold
Belt forms the southernmost part of the regional
Himalayan-Tibetan Orogenic Belt and is
located in the western part of the Southern
Indus Basin (Bannert et al., 1992; Smewing et
al., 2002; Hinsch et al., 2019; Halepoto et al.,
2023) (Figure la). Kirthar Fold Belt is
Contemporaneous to the Zagros Fold Belt of
Iran and the Carpathian Fold Belt of the Alps.
Kirthar Range is part of the Kirthar Fold Belt
(Kazmi and Jan, 1997). Nari Formation is
widely distributed in the Kirthar Fold Belt and
Southern Suleiman Fold Belt. However, it is
thicker in the Kirthar Fold Belt than Suleiman
Fold Belt (Cheema et al., 2009). The Nari Nai
(locally known as Nali Nai) section is located in
southern part of the Kirthar Range (Figure 1a).
Nari Formation consists of sandstone
interbedded with shale and minor claystone in
the studied section. The Nari Formation is
previously studied in terms of fossils (Duncan
and Sladen, 1884; Vredenburg, 1925), textural
evaluation (Khokhar et al., 2016), reservoir
potential (Mahmud and Sheikh, 2009),
composition and provenance (Ahmed et al.,
2020), depositional environment (Hakro et al.,
2021; Samtio et al., 2021), the influence of
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diagenetic features on petrophysical properties
(Shar et al., 2021a), petrography and
geochemistry (Shar et al., 2021b), petrography
(Paryal et al., 2020) and major element
composition (Hakro et al., 2022). All the
previous work on the Nari Formation is carried
out in the Karachi arc (Figure 1a) of Pakistan.
There is a significant difference between the
depositional and tectonic architecture of Nari
Formation between the Kirthar Range and the
Karachi arc of the Southern Indus Basin.
Distinct diagenetic features and stages of Nari
Formation sandstone and their relationship
with the late Tertiary and Quaternary tectonic
deformation of north-western edge of the
Indian Plate is poorly understood. In present
work, we carried out detailed diagenetic study
of sandstone of Nari Formation to identify
different diagenetic stages. Based on the results
obtained from the data, we discussed different
diagenetic processes, tectonic importance of
the diagenesis and reservoir quality of the Nari
Formation in the Kirthar Range, Pakistan.

1.1. Stratigraphy ofthe studied section

In the study area, the stratigraphic section
as per chronological order is Kirthar Formation
of Late Eocene age, Nari Formation of
Oligocene age, Gaj Formation of Miocene,
Manchar Formation of Mio-Pliocene and Dada
Conglomerate of Pleistocene (Hunting Survey
Corporation, 1960; Cheema et al., 2009)
(Figure 1b). Nari Formation overlies the
Kirthar Formation whereas its upper contact
with the Gaj Formation is unconformable and is
marked by alternating beds of laterite and
sandstone (Table 1). Khan (1968) proposed
Rupelian to the early Aquitanian age to the Nari
Formation.

Nari Formation is divided into lower and
upper parts based on bed thickness, interbedded
lithology, lithification and oxidation, in the
studied section. The lower part ranges from
sample number NR-1 to NR-16 in the columnar
section (Figure 2). The sandstone of the
lower part is thin to thick-bedded, well
lithified, interbedded with shale, oxidized and
calcareous. The upper part of the formation
ranges from sample number NR-17 to NR-33 in
the columnar section (Figure 2). The sandstone
of the upper part is thick-bedded to massive,



jointed, poorly compacted to friable, and
occasionally intercalated with gypsiferous
claystone (Figure 3a). Sandstone exhibits
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Fig. 1. (a) Shows locations of the study area (Rectangle) and (b) Geological map showing different
stratigraphic sections (bold red line represents studied section) of the Southern Kirthar Range,
Pakistan (modified after Hunting Survey Corporation (1960) and Ghani et al. (2023)

Table 1: General stratigraphic succession of the study area (After Hunting Survey Corporation, 1960;

Shah, 1977).

Era | Period Epoch Formation Lithology
> Recent Alluvium Sand, Silt, and Clay
<
5
§ Pleistocene | Dada Conglomerate Conglomerate
o
Q
'é Pliocene Manchar Formation Sandstone
)
=i
3 > Miocene Gaj Formation Sandstone and Shale
<
£ . _ _ Limestone, Sandstone
— Oligocene Nari Formation
and Shale
Eocene Kirthar Formation Limestone
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Fig. 2. Columnar Section of Nari Formation in Nari Nai section,
Southern Kirthar Range, Pakistan.
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Massive Sandstone

Fig. 3. Field Image showing (a) jointed (black lines) sandstone, (b) ripple marks and
(c) cross-stratification.

2. Materials and Methods:

The fieldwork of the Nari Nai Section has
been conducted, where formation has fine
exposure and displays its utmost lithological
features. Nari Formation is 230m thick in the
study section, measured by the Brunton and
tape method and Jacob's staff method
(Compton, 1962). Thirty-three lithological
units were identified, and measured and the
same number of samples (29 sandstone and 4
shale samples) were collected (Figure 2).
Sixteen samples of sandstone were moderately
to well compacted and suitable for thin section
preparation while thirteen samples were friable
to lose and not appropriate for petrography.

Standard Petrographic study of thin
sections, X-Ray Diffraction (XRD), Scanning
Electron Microscopy (SEM), and Energy
Dispersive X-Ray Spectrometry (EDS) were
carried out during the present study. All
the equipment used during the present
study is available at Advanced Research
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Laboratories, Centre for Pure and Applied
Geology University of Sindh, Jamshoro,
Pakistan. Before preparation of thin sections,
samples were engrossed in blue dye for 24
hours for prominent detection of porosity in
thin section. XRD analysis of these samples
was carried out for specific qualitative and
quantitative recognition of minerals and to aid
petrographic study. Selected samples were
grinded as powder, then sieved through mesh of
180 um and 03 grams of sieved powder was
taken for XRD. XRD was carried under
Germany-based company Bruker AXS
manufactured D8 Advance machine. XRD
results were evaluated using the computer-
based software “Eva”. Ten well compacted and
fine-grained samples were selected for SEM
and EDS analysis. These samples were studied
through SEM (model- JEOL JSM-6490LV)
fixed with XFlash Detector 4010 energy
dispersive X-ray analyzer (company-Bruker
AXS) for determination of chemical
composition. For porosity determination thin
sections are point counted to evaluate porosity.



ArcGIS software is used for the preparation of a
location map and geological map of the study
area. The columnar section was prepared using
log plot software. Picture marking and labeling
were done using different software such as
Canvas X, CorelDraw, Xara xtreme Pro and
Adobe Photoshop.

3. Results and Discussion
3.1. Petrography

Petrography is carried out to understand
the percentage of detrital grains, matrix, cement
and porosity in the studied sediments. The
results of petrography are tabulated in Table 2.
Quartz is the most dominant detrital grain
observed during petrography ranging between
66-85%. The studied samples contain varying
amounts of matrix between 5-26%. Broken
quartz fragments and clay minerals constitute
the matrix.

3.1.1. Cementation

Iron oxide is the most dominant cement,
and it is identified in every studied sample. The

sandstone of some of the samples is highly
oxidized, where iron oxide forms a continuous
network and quartz mineral gains are immersed
in it (Figure 4a). It indicates the prolonged sub-
areal exposure of the wet sediment surface
containing abundant iron-bearing minerals. In
some samples, the iron oxide cement occurs as
isolated patches or black outline cover around
quartz grains. Well lithified and compacted
samples of sandstone contain more iron oxide
(Figure 4a), than friable to moderately lithified
samples (Figure 4e). Calcite is the second
dominant cement that is observed in eight
studied samples and occurs as inter-granular
void-filling cement (Figure 4b). Dolomite is the
third dominant cement and is found in five of
sixteen studied samples. Dolomite generally
occurs as patchy and irregular (Figure 4c).
Some samples contain both iron oxide and
calcite or iron oxide and dolomite cement
(Figure 4b-c). Calcite cement is generally
observed in samples of the lower part of the
formation (Table 1). Dolomite cement is rarely
reported previously, but iron oxide and calcite
cement from the Nari Formation are reported

Table 2: Petrographic data of sandstone of Nari Formation from Nari Nai Section, showing the counted
percentage of detrital grains, matrix, cement, and porosity (MCP=Mean Counted Porosity).

. 0,
S. | Sample lée:;;:;l Matrix Cement (%) MCP | Total
No.] No. (%) (%) | Tron | o cite | Dolomite | Silica | 7° | 7°
Oxide

1 NR-2 78 8 5 1 4 0 4 100
2 NR-5 73 6 2 0 1 0 18 100
3 NR-6 80 5 6 8 0 0 1 100
4 NR-8 76 10 10 1 0 0 3 100
5 NR-9 70 17 11 1 0 0 1 100
6 | NR-11 76 10 1 8 0 0 5 100
7 | NR-12 80 7 3 1 1 0 8 100
8 | NR-14 78 12 4 1 1 0 4 100
9 | NR-16 85 5 2 0 0 2 6 100
10 | NR-18 82 10 2 0 0 1 5 100
11 | NR-19 80 12 3 0 0 1 4 100
12 | NR-24 73 8 2 1 0 0 16 100
13 | NR-25 75 16 8 0 0 0 1 100
14 | NR-28 72 18 2 0 4 1 3 100
15 | NR-30 66 26 3 0 0 1 4 100
16 | NR-31 70 20 3 0 0 0 7 100

06



different localities of the Southern Indus Basin
(Mahmud and Sheikh, 2009; Ahmed et al.,
2020; Sharetal.,2021a).

3.1.2. Compaction

In terms of compaction, long contacts are
very dominant and were observed in twelve of
sixteen studied samples. Point contacts are the
second-most dominant type of contacts. They
are observed in eleven samples, but their
relative concentration is less than long contacts.
Non-contacts are present in seven studied
samples. Occasionally concave-convex
contacts are also observed from some samples
of lower part of the Nari Formation (Figure 4 d-
e). The nature of grain contacts within the
sandstone of the Nari Formation has not
previously reported, however, mechanical
compaction been reported (Shar etal.,2021b).

3.1.3. Dissolution and Overgrowth

Dissolution and overgrowth of quartz are
also observed in samples of the Nari Formation.
Quartz dissolution is common in well-
cemented sandstone and it is observed in § out
of 16 samples. Where quartz is dissolved, it is
later filled with cement (Figure 4f). Quartz
overgrowth can be seen in those samples where
some pore spaces are preserved and not
destroyed by any cement (Figure 4g). Quartz
overgrowth is observed in 5 out of 16 samples.
Dissolution of different framework grains, such
as quartz and feldspar was earlier reported
(Shar et al., 2021b), however, quartz
overgrowths are only reported during this work.

3.1.4. Grain Fracturing

Fractured mineral grains are observed in 5
out of 16 samples (Figure 4h). Fracturing of
framework mineral grains from the Nari
Formation are previously reported (Mahmud
and Sheikh, 2009; Ahmed et al., 2020; Paryal et
al.,2020; Sharetal.,2021a; Sharetal., 2021b).

3.1.5. Porosity
The fine-grained and oxidized sandstone

of the Nari Formation contains negligible
porosity (Figure 4a). Medium-grained, poorly
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cemented sandstone contains significant
effective porosity, which ranges up to 18%
(Figure 4e). The point counting average of
porosity is shown in Table 2. Eleven studied
samples have 1 to 5% isolated porosity (Figure
41). Five samples contain 6 to 18% effective
porosity (Figure 4d, e, g). Those thirteen
samples which were friable to lose and not
studied under petrography contain more
porosity than the studied samples. Therefore, it
is clear that eighteen out of twenty-nine
samples of sandstone contain effective
porosity, which would prove good reservoir
horizons. Eleven of twenty-nine samples
contain 1 to 5% isolated porosity. Primary
porosity is prone to destruction due to
cementation and compaction. Primary porosity
and permeability of the Nari Formation are
reduced by diagenesis from the Jamshoro area
of the Karachi arc as reported by Shar et al.
(2021a).

3.2 XRD Analysis

Petrography is supported with XRD
analysis. This practice is employed to recognize
different minerals. This study also aided in the
confirmation of minerals, which were
identified during petrography. Iron oxide is the
dominant cementing material observed in
petrography, which is not recognized by XRD
due to its amorphous nature.

XRD results displayed that quartz is an
abundant framework mineral, and it ranges
from 88% (Figure 5a) to 100% (Table 3).
Calcite is identified in seven samples and it
ranges from 1-10% (Figure 5a-b). Dolomite is
detected in five samples and it ranges from 1-
5% (Figure 5a, c). Clay minerals are identified
by XRD in four samples. Kaolinite is identified
in three samples, ranging from 5-8% (Figure
Sa, d) and Illite is identified in two samples
(Figure 5a). Minerals observed during XRD
and their respective percentage are tabulated in
Table 3.

3.3 SEM and EDS Analysis

Iron oxide is the most abundant cement
observed during SEM. It forms a continuous
medium of cement in which framework
minerals can be identified either partially or



completely submerged (Figure 6a). It is also
observed as scattered grains in poorly cemented
samples (Figure 6b). Calcite is observed as
scattered patches (Figure 6¢) as well as forming
poikilotopic cement in which quartz grains are
surrounded (Figure 6d). Grain contacts are hard
to identify in highly cemented samples, but
long contacts (Figure 6b-c), point contacts, and
non-contacts (Fig. 6¢-d) are observed in some
samples.

EDS analysis of selected samples is
carried out for the precise identification of

heghpiiaze

framework minerals and various types of
cements. Quartz is the dominant framework
mineral present in studied samples. Peaks of
silicon and oxygen indicate the presence of
quartz (Figure 7a). Iron is recognized by EDS in
all studied samples that range from 2-12%
(Figure 7a). Calcium is part of calcite and is
detected in eight samples (Figure 7b). Higher
peaks of both calcium and magnesium are
observed in some samples along with peaks of
silicon and oxygen indicating the presence of
dolomite in these samples (Figure 7c¢).

WAL
*

Fig. 4 (a-1): Petrographic photomicrographs showing (a) Iron oxide cement {Fe}, {Q=Quartz};
(b) calcite cement {arrows}; (c) patches of dolomite cement; (d) concavo-convex contacts {arc line},
long contacts {straight lines} and point contacts {dotted lines}; (e) non-contacts and effective porosity
{blue color}; (f) dissolved quartz grains outlined yellow; (g) quartz overgrowths; (h) fractured quartz
grains; (i) isolated porosity.



Table 3: Percentage of mineral composition of sandstone of Nari Formation from Nari Nai Section,
observed during petrography and XRD method.

Percentage of detected minerals
Sample
S. No. N Quartz Calcite | Dolomite | Kaolinite | Illite
0.
(88-100%) | (1-10%) | (1-5%) (3-7%) | (5-8%)
1 NR-2 94 1 5
2 NR-5 100
3 NR-6 90 10
4 NR-8 100
5 NR-9 88 1 1 5 5
6 NR-11 88 9 3
7 NR-12 96 2 2
8 NR-14 97 1 2
9 NR-16 100
10 NR-18 100
11 NR-19 92 8
12 NR-24 98 2
13 NR-25 92 8
14 NR-28 97 3
15 NR-30 100
16 NR-31 100
Q (a) 2000 h (b)
2004 Q K] Q % o 500 ? )
! Ca| D " Qe Q Q Ca
Uy e ‘Z‘Z < RYS LY | 010 20 30 4 50 6 0 8
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Fig. 5: X-ray diffractograms showing different detected minerals in the sandstone of the Nari Formation
(Q=Quartz; K=Kaolinite; [=Illite; D=Dolomite; Ca=Calcite).
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3.4 Diagenesis of Nari Formation

Diagenetic episodes of sandstone of the
Nari Formation could be classified into three
stages, which are eogenesis, mesogenesis, and
telogenesis. Table 4 shows the inferred
paragenic succession of the major diagenetic
processes that operated on the sandstone.

3.4.1. Eogenesis

Eogenesis of the Nari Formation started
during the Oligocene, soon after the starting of
the deposition. The exact duration of eogenesis
of the Nari Formation is not exactly known, but
the conformable thickness of overlying strata
and the present geothermal gradient of the study

area indicates that the eogenesis might have
continued throughout the Oligocene and
Miocene. This stage of the sandstone of
the Nari Formation is controlled by a
depositional environment under a temperature
below 70°C. In this stage chemical composition
of pore water is generally influenced by
the depositional sedimentary environment
(Chapelle, 1993; Zhang et al., 2020; Qamar et
al., 2023). All processes of this stage occurred
at the interface of water-sediment or air-
sediment or only a few meters below the surface
of sediments after their deposition and before
lithification. Observed processes in this stage
are precipitation calcite iron oxide cementsand
minor compaction.

Table 4: Paragenetic succession interpreted from petrography for the major diagenetic processes, which

operated on the sandstone of the Nari Formation.

Temperature Range

15C - 70C

70C -250C 70C - 15C

Diagenetic Process

Calcite cement

Iron oxide cement

Non-contacts

Point contacts

Long contacts

Eogenesis

Mesogenesis

Telogenesis

Dolomite cement

Clay minerals

Quartz/Feldspar dissolution

Calcite/Dolomite dissolution

Quartz overgrowth

Concavo-convex contacts

Suture contacts

QGrain deformation
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Calcite and iron oxide cement occurs in
two modes, first is a continuous framework of
cement that surrounds framework minerals,
also called poikilotopic cement, and the other
mode is dispersed grains of these cements.
Continued framework of calcite and iron oxide
cement observed in samples indicates that they
are developed in eogenesis, where there is an
abundant supply of the sources of these cement.
Poikilotopic cement is only observed in
eogenesis (Boggs, 2009). Precipitation of
calcite requires warm alkaline water rich in
calcium-bearing minerals such as calcite and
aragonite. This condition stands in good
agreement with waters of tropical oceans
(Zhong and Mucci, 1989; Moore and Wade,
2013). The presence of calcite cement in the
sandstone of the Nari Formation suggests that
warm alkaline water was present in the Indus
Basin during the Oligocene. The skeleton and
shells of the majority of marine life are
composed of aragonite, which is chief source of
limestone and calcite cements in the sandstone.
Precipitation of early poikilotopic calcite
cement is related to the recrystallization of
significant amounts of skeletal debris present at
the time of deposition of sandstone (Imam and
Shaw, 1985; Zhang et al., 2020; Zhang et al.,
2022). Poikilotopic cement of calcite develops
when sediments are loose, and there are
sufficient intergranular spaces (Nichols, 2009).
Warm and alkaline water also facilitates the
dissolution of quartz and feldspar. Therefore,
some quartz and feldspar grains might have
dissolved during the eogenesis. However, early
indications of quartz and feldspar dissolution
could not be identified due to abundant
cementation in eogenesis and telogenesis.
Calcite cement developed during eogenesis
was worked out by Zaid and Al Gahtani (2015)
in the Triassic Hawkesbury Sandstone from the
southern Sidney Basin of Australia. Baiyegunhi
et al. (2017) also support the precipitation of
carbonate cement during the eogenesis.
Eogenetic calcite cement in the sandstone is
also reported by Zhu et al. (2018) from the
sandstone of the Upper Triassic Yanchang
Formation of the Ordos Basin of China.

Iron oxide is the dominant cement
observed in all studied samples of sandstone.
Iron oxide cement represents the second phase
of cementation during eogenesis because it
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corroded the calcite cement in some samples. It
seems to be deposited on the calcite cement and
quartz grains in some samples, which also
confirms that it precipitated after the calcite
cement. Iron in the depositional environment
might have been brought by rivers as a
weathering product of iron-rich rocks.
Dissolution and alteration of mafic minerals
such as hornblende, pyroxene, magnetite, and
biotite are the most presumed sources of iron
(Walker, 1974; Rudmin et al., 2022). These
minerals are mostly found in basic igneous
rocks. Outcrops of ophiolites in Balochistan
could be a source of this iron. Furthermore,
oxidizing conditions in the depositional
environment must have persisted during this
stage to allow the development of iron oxide
(Schmidt and McDonald, 1979; Saha and
Bhattacharya, 2022; Adamolekun et al., 2023).
This indicates that the development of iron
oxide occurred during eogenesis. Precipitation
of calcite cement is the indication of a marine
environment, while iron oxide indicates the
oxidizing sub-areal environment. The presence
of both types of cement in the same units
suggests the fluctuating sea water during the
time of sandstone deposition. This fact
establishes that the sandstone of the Nari
Formation is deposited in the tide-dominated
shallow clastic depositional setting. The
presence of ripple marks and cross stratification
also indicates the tide-dominated depositional
environment. The massive sandstone of the
Nari Formation is usually cliff-forming.
According to Nichols (2009), massive clift-
forming sandstone is deposited on the
shoreface of a tide-dominated shallow sea.

Precipitation of iron oxide or iron-bearing
minerals such as hematite and pyrite as cement
during the eogenesis is also supported by Gier
et al. (2008); Zaid and Al Gahtani (2015); and
Chima et al. (2018). Gier et al. (2008) reported
the eogenetic pyrite cement in the Miocene
sandstone of marine origin from the Vienna
Basin of Austria. Zaid and Al Gahtani (2015)
proved the presence of eogenetic iron oxide
cement in the Triassic Hawkesbury Sandstone
from the southern Sidney Basin of
Australia. Chima et al. (2018) reported the
eogenetic iron oxide cement from the Triassic
sandstones of the Stromberg Group of the
Eastern Cape province of South Africa.



Floating grains in cement and grains with
non-contacts and point contacts are observed as
indications of minor compaction in the early
stage of diagenesis. Compaction is rarely
observed in eogenesis due to a lack of
overburden. Cementation even further reduces
the compaction effects (Boggs, 2009; Nichols,
2009). In the global research on diagenesis,
little attention is paid to the nature of grain
contacts developed during the eogenesis. This
is because there are scant prospects of
preservation of epigenetic contacts. With the
increase of burial and overburden, grain
contacts progressively change from non-
contact to point contact, from point contact to
long contact and from long contact to concavo-
convex contact. Concave-convex contacts
become suture contacts in extreme diagenetic
environments (Baiyegunhi et al., 2017; Chima
etal.,2018; Baiyegunhietal., 2020).

3.4.2 Mesogenesis

Heavy influx of sediments from rising
mountain ranges deposited during the Miocene
and Pliocene brought the Nari Formation into
the realm of mesogenesis. If the thickness of the
conformable overlying sequence and the
geothermal gradient of that area are known,
then the diagenetic stage of the underlying
sequence during a particular geological time
can be determined. Determination of the
diagenetic stage during a particular geological
time would help to correlate the diagenesis,
tectonics, and basin evolution. The
conformable thickness of the Miocene and
Pliocene sequence in the Kirthar Range,
Pakistan is more than 2000 m (Shah, 2009) and
the geothermal gradient in the study area is
3.5°C/100m (Bender and Raza, 1995).
Therefore, it can be calculated that, by the end
of the Pliocene base of the Nari Formation
would be at depth of about 2500m and a
temperature of more than 70°C. Both these
conditions of depth and temperature belong to
mesogenesis (Worden and Burley, 2003;
Boggs, 2009). It suggests that by the end of the
Pliocene, Nari Formation was experiencing
mesogenesis. Kirthar Foredeep, a least
deformed tectonic entity of the Southern Indus
Basin is located in the east of Kirthar Range
(Figure 1a). The top and bottom of the Nari
Formation are encountered between the depths
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of 1500s to 2500m respectively in the wells
drilled in the Kirthar Foredeep. In the foredeep
region, Nari Formation is still in the regime of
mesogenesis. This stage covers all the changes
that sandstone of Nari Formation underwent
during and after lithification and before
tectonic deformation and uplifting. This regime
of diagenesis is characterized by a temperature
range between 70°C to 250°C, an increase in
overburden pressure due to burial under
successive layers of sediments, and a change in
pore water chemistry (Worden and Burley,
2003; Boggs, 2009). Observed processes of this
stage are continued cementation of calcite,
precipitation of dolomite and clay mineral
cement, dissolution of quartz, development of
quartz overgrowth and compaction.

Calcite and dolomite cement in poor to
moderately-compacted sandstone of the Nari
Formation occur as dispersed patches between
the grains. This shows that they are precipitated
in the preserved pore spaces after sufficient
compaction. The source of scattered calcite and
dolomite cement is connate alkaline water
containing calcium-bearing minerals. Poor
mesogenic carbonate cementation suggests a
lesser concentration of calcium-bearing
minerals in the connate water than that in the
depositional water. Unstable clastic grains
release cations to connate water, which allows
the precipitation of calcite and dolomite cement
in voids or replaces mineral grains during
myogenesis (Baiyegunhi et al., 2017).
According to Boggs (2009), dolomite cement
only precipitates in the mesogenesis.

Kaolinite and Illite are the clay minerals
present in some sandstone horizons of the Nari
Formation. Clay minerals detected during XRD
analysis are formed during mesogenesis due to
the breakdown of weaker lithic fragments such
as feldspar, and recrystallization of other clay
minerals (Nichols, 2009). Kaolinite and Illite
developed during the mesogenesis are reported
by different workers across the world in the
sandstone of different ages. For example,
Chima et al. (2018) reported the mesogenetic
kaolinite and illite from the Triassic sandstones
of the Stromberg Group of the Eastern Cape
province of South Africa. Mesogenetic
Kaolinite and Illite in the sandstone are also
reported by Zhu et al. (2018) from sandstone



reservoir of the Upper Triassic Yanchang
Formation of the Ordos Basin of China.

During petrography dissolution of whole
quartz grains as well as dissolution limited at
grain contacts (pressure dissolution) is
observed. Pressure dissolution indicates the
deeper burial of sediments under a thick pile of
overlying sediments. Under such conditions
increased temperature and overburden pressure
accompanied by pore water, quartz dissolved
along its margins. This is because maximum
stress is directed along the margins of quartz
(Nichols, 2009). The dissolution of quartz
occurs due to warm alkaline pore water under
mesogenetic realm (Nichols, 2009; Boggs,
2009). Pressure dissolution of quartz resulted
in concavo-convex and suture contacts
as observed during petrography. Silica
released due to quartz dissolution is
deposited in empty pore spaces as quartz
overgrowth at temperatures about 70°C to 90°C
after sufficient compaction of sandstone
(Baiyegunhi et al., 2017). The temperature
range of 70°C to 90°C marks the early phase of
mesogenesis. Precipitation of silica as quartz
overgrowth requires relatively cooler and
slightly acidic pore water saturated with silica
(Nichols, 2009). Cooler and acidic connate
water also facilitates the dissolution of calcite
and dolomite. Therefore, quartz overgrowths
are observed in those sediments, where calcite
or dolomite are scarce or absent. It is worth
mentioning here that warm alkaline pore water
rich in K, Si, and Al are ideal for the formation
ofillite and dissolution of quartz (Baiyegunhi et
al., 2017). Slightly acidic pore water is ideal for
the kaolinite formation and precipitation of
quartz overgrowth (Nichols, 2009; Baiyegunhi
et al., 2017). Therefore, the precipitation of
carbonate cement, quartz dissolution, and Illite
formation could be attributed as simultaneous
processes during the mesogenesis and same is
true for the precipitation of quartz overgrowth,
dissolution of carbonate cement, and kaolinite
formation. The presence of both alkaline and
acidic pore water during the mesogenesis is
poorly understood.

Both the physical and chemical
compaction is observed during petrography.
Compaction is revealed by contacts of mineral
grains (Taylor, 1950; Nichols, 2009). Chemical
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compaction is due to pressure dissolution,
which results in concavo-convex and suture
contacts (Boggs, 2009; Nichols, 2009).
Physical compaction of sediments of Nari
Formation continued during mesogenesis due
to the increase in overburden pressure. This
increased tightening of grains and decrease in
porosity. Signatures of physical compaction
during mesogenesis are point and long contacts
of minerals grains observed during petrography
and SEM. Little overburden pressure will result
in point contacts while significant compaction
will result in long contacts (Nichols, 2009). The
sandstones of Nari Formation were subjected
moderate to well mechanical compaction in
lower part during its progressive burial as
exhibited by grain contacts. Field observations
also indicate the sandstone of particularly lower
part of the Nari Formation is well compacted,
lithified and hard. Generally upper part of the
Nari Formation was found to be less compacted
because concentration of long contacts was
smaller than point contacts and non-contacts.
Field observations also indicate that sandstone
of upper part is generally moderately
compacted to friable.

3.4.3. Telogenesis

The Pliocene-Pleistocene was the
pinnacle of the tectonic deformation and
uplifting of the western mountains of Pakistan
(Auden, 1974; Schelling, 1999; Hinsch et al.,
2019). The Pliocene-Pleistocene deformation
brought the Nari Formation about 2000m above
its place of deposition and exposed it for
telogenesis. This uplifting brought the
sandstone to the oxidizing environment, hence
iron oxide precipitated during the telogenesis.
Dissolved quartz grains are replaced by iron
oxide indicating the oxidation during the
telogenesis (Figure 4f). Indications of the
telogenesis observed during fieldwork and also
petrography are the presence of joints and
fractured quartz grains respectively. Fracturing
and deformation of mineral grains is also a
process of mesogenesis as well. Fractures
formed during mesogenesis are later generally
filled by cement or other minerals, but
telogenetic fractures are not filled with
any mineral and remain empty in the
form of secondary porosity (Selley, 1998;
Bilal et al., 2022; Bello et al., 2022).



3.5 Regional Tectonic and Diagenetic
Correlation

Oligocene inhabits imperative pose in the
global tectonic framework in general and
regional tectonic framework in particular. In a
regional outlook from the Zagros Fold Belt of
Iran to the Eastern Fold Belt of Bangladesh
through Pakistan and China, different
depositional, diagenetic, and tectonic realms
existed during and after the Oligocene. Zagros
Fold Belt and Kirthar Fold Belt are the
continuation of Alpine-Himalayan Orogen. But
unlike Kirthar Fold Belt, carbonate-evaporite-
containing Asmari Formation was deposited in
the Zagros Fold Belt area of the Iran during
Oligocene-Miocene (Nader et al., 2009; Bigi et
al., 2018). Both the Nari Formation of Pakistan
and the Asmari Formation of Iran and Middle-
East were deposited in the same realm

of Neo-Tethys on the passive margins of
their respective tectonic plates during the
compressional episode (Raza et al., 1990;
Bender, 1995; Molinaro et al., 2005; Hakro et
al., 2021). Oligocene-Miocene Surma Group
of the Eastern Fold Belt of Bangladesh
is also a well-known petroleum system
(Farhaduzzaman et al., 2015). Oligocene
tectonics facilitated the deposition of Jenum
Shale in this area, which acts as source rock of
the system. In Pakistan Oligocene rocks exist
only in the Kirthar and Suleiman ranges. Due to
the uplifting of Himalaya-Tibet and western
mountain ranges of Pakistan, basin became
restricted only to the foot-hills of Kirthar and
Suleiman ranges (Raza et al., 1990) No
Oligocene sequence exists in the foothills of
Himalaya or the upper Indus Basin of Pakistan
(Shah, 2009). Apart from the regions of fold
belts in Pakistan, sandstone facies were also
deposited in the intra-cratonic Xihu sag of the
East China Sea Basin (Wang et al., 2021) and in
the Mouth Basin of South China Sea during
Oligocene (Wu et al., 2019) Sandstone of the
Nari Formation of Kirthar Range, E,H
Formation of the Xihu sag of the East China Sea
Basin and Zhuhai Formation of the Mouth
Basin of South China Sea has only lithological
and chronological similarities but having
different tectonic, depositional as well
as diagenetic histories. Therefore, their
comparative study will help to understand
the control of tectonics and depositional
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environment on the diagenesis. The sandstone
of the Nari Formation was deposited on a
colliding plate margin in a tide-dominated
shallow sea. E;H Formation was deposited
during the period of compressional and
inversion tectonics in a braided stream delta
lake setting (Wang et al., 2021). Zhuhai
Sandstone was deposited during the early
period of post-rift stage during the extensional
phase of tectonics. Zhuhai Sandstone was
deposited in the fan delta to tidal flat
depositional system (Wuetal.,2019). There are
also diagenetic distinctions between Asmari
Formation, Jenum Shale, E;H Formation,
Zhuhai Formation, and Nari Formation. All
these formations experienced mesogenesis up
to the late stage of diagenesis, except Nari
Formation. The Nari Formation experienced
mesogenesis. After experiencing mesogenesis,
Nari Formation deformed and uplifted to the
surface and experienced telogenesis. This
deformation and uplifting of the Nari
Formation occurred due to the climax episode
of deformation in the Kirthar-Himalayan-
Tibetan orogen during the Pliocene-Pleistocene
(Royden and Clark, 2004). Neither of the other
formations mentioned above underwent
tectonic uplifting nor experienced telogenesis.
The clastic Nari Formation of Kirthar Range,
Pakistan has not yet proven as a successful
reservoir rock, but on the other hand, carbonate-
evaporite Asmari Formation of the Zagros Fold
Belt, E,H Formation of the Xihu sag of the East
China Sea Basin and Zhuhai Sandstone of the
Mouth Basin of South China Sea are proved
excellent oil and gas reservoir rocks. Therefore,
this fact can be established that it is the tectonics
that dominantly controls the diagenetic stages
of a formation, and hence its source and
reservoir rock potential.

4. Conclusions

The present study has shown that the
sandstone of Nari Formation from Nari Nai
section, Kirthar Range, Pakistan experienced
eogenesis, mesogenesis, and telogenesis.
The diagenesis of the Nari Formation
is controlled by Oligocene-Pleistocene
depositional environment and tectonic events.
The important processes of diagenesis, which
affect the sandstone, are cementation,
compaction, dissolution, alteration, quartz



overgrowth and grain fracturing. During
eogenesis, sandstone mainly underwent
cementation and minor compaction.
Compaction, dissolution, alteration, and quartz
overgrowth are the major processes of
mesogenesis. Grain fracturing and oxidation
are the process of telogenesis. Iron oxide is the
most abundant type of cement observed in all
studied samples, followed by calcite and
dolomite cement. Sandstone of Nari Formation
subjected poor to well compaction as exhibited
by grain contacts. Long contacts and point
contacts are dominant and occasionally
concavo-convex contacts, suture contacts and
non-contacts of grains are observed. Primary
porosity ranges between 1-18% in studied
samples, while friable to poorly compacted
sandstone is also present. Nari Formation is
correlated with its chronostratigraphic
equivalent formations in the region in terms of
depositional environment, diagenesis, and
tectonics. It is concluded that it is the tectonics
that control the depositional environment,
diagenesis, and hence hydrocarbon
significance of the formation.
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