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ABSTRACT: Unconventional hydrocarbon exploration is needed in the
current oil and gas crisis scenario. Therefore, the development of conditions ’ ‘ i
for unconventional hydrocarbon exploration is needed. In the Upper Indus L~ H ﬂﬁ — R
Basin (UIB), Pakistan, the Patala Formation is one of the potential \ L b
candidates for this unconventional exploration. It is a proven source rock at §: I||; Ge== pEma
the regional level in the Kohat-Potwar sub-basin of UIB. This study aims to L r H ) 19T
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evaluate the shale gas potential of the rock in the Minwal-Joyamair area of H-E 3
the sub-basin. Developing a shale rock physics model is important for —re
exploring and developing shale reservoirs due to the difference between ——g
unconventional shale and conventional sand reservoirs. These differences
include mineral types, mineral characteristics, matrix pores, and fluid
properties. To achieve the study’s objectives, an integrated strategy provides
for evaluating rock physics parameters, petrophysics, and geochemical
analyses. This integrated approach indicates that the Patala Formation is a good potential reservoir for shale gas exploration. The
Formation has a significant thickness (around 40—S0 m), higher total organic carbon content (02—10%), higher brittleness index
(0.44—0.56), and relatively shallow depth (2136—3223 m). These research findings suggested that the presence of organic and
quartz-rich lithofacies can be considered as highly favorable “sweet spots” for shale-gas exploration in the UIB, Pakistan. Through
proper understanding of the spatial and temporal distribution of these “sweet spots”, shale-gas exploration can be developed as an
effective strategy to exploit shale gas.

1. INTRODUCTION

Shale gas exploration and research are becoming increasingly
popular due to the global energy shift, depletion of
conventional hydrocarbon resources, and their long-term
potential and financial sustainability.' One crucial element
influencing the distribution of oil and gas resources is the
spatiotemporal distribution of source rocks.” The Patala
Formation in this basin is a proven principal source rock and
is considered a potential unconventional resource. Past studies
do not provide comprehensive information regarding the
presence of unconventional resource potential of the sub-basin.
The lithologic attributes, total organic carbon (TOC) content,

mechanical properties, such as permeability, compressive
strength, and tensile strength.” The lower primary porosity
and extremely low permeability of organic-rich shale, the
abundance of clay minerals (platy), the density of the minerals,
the variability in the brittle and ductile zones, and preservation
conditions are the critical factors of a potential shale gas
resource.””® These petrophysical and geomechanical parame-
ters are important for unconventional hydrocarbon exploration
and development, requiring a detailed analysis of shale-gas
°~12 A complete suite of well logs is essential for
understanding the detailed petrophysical characteristics such as

reservoirs.

and greater stratigraphic thickness of the Formation make it a
potential candidate for shale gas in the sub-basin. Fewer wells
are drilled up to the level of the Patala Formation. Therefore,
an in-depth study is required to evaluate the suitability of this
formation for the shale gas potential.”*

Hydraulic fracturing has been extensively utilized in global
oil and gas exploration and production. It has developed into a
vital method in the past 10 years for increasing the output of
hydrocarbons from unconventional reservoirs. In this study, we
learn more about how bedding characteristics affect shale’s
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TOC estimation, kerogen type, porosity, density, velocity, and

resistivity of shales. The mineral classifications of the given

. . 13-1
shales are also an essential factor for this purpose.””™ "
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Figure 1. (a) Geological map with index map of Pakistan showing the position of Minwal-Joyamair with adjoining fields (modified and updated
from refs24 and2S. (b) Base map of the study area with 2D seismic profiles and wells.

In recent years, the oil and gas industry has experienced a
significant surge in interest in extracting unconventional
hydrocarbons from shale source rocks. This increased interest
can be attributed to the depletion of conventional resources
and the state-of-the-art technologies in directional drilling and
hydraulic fracturing techniques.'®'” Assessing unconventional
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shale-gas reservoirs poses several exploration challenges,
primarily due to their heterogeneous lithology, which reflects
long-term changes in depositional environments and spatially
varying diagenetic influences that alter the permeability values,
which makes it more complex to explore them.” Unconven-
tional (shale-gas) reservoirs require advanced technologies
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Figure 2. Borehole stratigraphic column for the Joyamair Oil Field, Kohat-Potwar Plateau, Pakistan.

such as multistage hydraulic fracturing to attain maximum
hydrocarbon production, as the shales have less effective
permeability. * This operation of multistage hydraulic
fracturing creates a fracture network swamp that depends on
the brittle and ductile behavior of the shale. Several studies
have characterized shale gas reservoirs using petrophysical and
geochemical approaches.”"”

Shale gas reservoirs have been examined extensively over the
years. Still, little is known about the origin and development of
their pore systems, which is a crucial parameter from an
exploration point of view. Characterizing shale characteristics,
whose sizes range from nm to ym, is challenging.zo The shale-
gas potential of organic-rich shale is affected by its permeability
(a function of its porosity and pore structure). The
permeability affects gas flow rates and mechanical properties
(e.g, elastic properties, which affect in situ stresses and
brittleness). These impact the hydraulic fracturing operations
typically required to achieve the economic production rates.
Different types of porosity systems exist within organic-rich
shales (e.g, kerogen pores, interparticle, intraparticle, and
fracture-type pores). Permeability provides a direct estimate of
shale gas potential and can be used to determine the
productivity of shale gas reservoirs.”' ~**

In this study, integrated research was established by utilizing
the fundamental petrophysical and geomechanical rock
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properties studies to determine the detailed potential of Patala,
focusing mainly on Minwal and Joyamair areas (Figure lab).
Empirical equations utilizing well logs, such as density, sonic,
and resistivity, have demonstrated rapid predictions and
achieved reasonably accurate results through the AlogR
method. However, seismic data sets have not been thoroughly
investigated as potential inputs for reliable predictions of TOC
in the study area. Additionally, while several studies have
estimated TOC using well-logging data for different
formations, there is limited research conducted on predicting
TOC for the Patala Formation. In this study, the source rock
potential of the Patala Formation was evaluated using
conventional well logs. The shale-gas reservoir attributes
such as TOC, porosity, thickness, and depth were determined.
Additionally, rock physics and geomechanical parameters such
as brittleness cross-plots were yielded to distinguish the
Formation’s brittle, ductile, and transitional zones.

2. GEOLOGICAL SETTINGS AND STRATIGRAPHY

Potwar sub-basin is a part of the Upper Indus Basin (UIB) in
which the Precambrian Indian Shield (basal crystalline rocks)
is covered by a substantial sedimentary succession of
Phanerozoic to recent rocks.”’®?’” The UIB is further
subdivided into Potwar (East) and Kohat (West) sub-basins,
which the Indus River separates. Both sub-basins are

https://doi.org/10.1021/acsomega.4c00465
ACS Omega 2024, 9, 15573—-15589
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Table 1. Patala Formation Thickness in the Surrounding Wells

well name surface formation top (MD) thickness (m)
Balkassar Oxy-01 Patala 2602.87 21.33
Chak Naurang-01 Patala 2312.50 13.70
Joyamair-03 Patala 2212.80 40.00
Joyamair-04 Patala 2136.65 39.62
Turkwal Deep-01 Patala 3223.56 26.83
Khaur Oxy-01 Patala 1869.86 68.57
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Figure 3. (a) Stratigraphically well correlation of available well log data facilitating comprehensive well logs interpretation. This correlation
provides invaluable insights into the distribution of subsurface petrophysical properties. (b) Well correlation for Patala Formation thickness is a
crucial component of subsurface analysis in this study. This correlation enables the identification of regional trends and variations in the thickness

within the target formation.

tectonically deformed and represent facies variations (Figure
1). Potwar sub-basin was formed as a result of a head-on
collision between Eurasian and Indian plates during the
Eocene, and it depicts the active deformation of the Himalayan
foreland in Pakistan.”® It is bounded by Main Boundary Thrust
(MBT), Salt Range Thrust (SRT), and Jehlum and Kalabagh
strike-slip faults in the north, south, east, and west directions,
respectively.” It is considered to be one of the most prolific oil
provinces in northern Pakistan.

The Cambrian to Eocene platform sequence is deposited
over the Salt Range Formation in the study area, as shown in
Figure 2. The Salt Range Formation (Eocambrian) is overlaid
by the Early to Middle Cambrian Jehlum Group in the study
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area. The Cambrian Khewra and Kussak Formations are part
of the Jehlum Group. These units were deposited in marine to
shallow marine sedimentary environments. No sediment was
deposited in the Salt Range Potwar Foreland Basin because the
basin was raised during the Ordovician to Carboniferous
period. The Permian Nilawahan Group disconformably
overlies the Jehlum Group, which comprised Tobra, Dandot,
Warcha, and Sardahi Formations. In the sub-basin, the Late
Permian Zaluch Group was either not deposited or eroded due
to uplift (Pre-Paleocene). The Paleocene to Eocene carbonate-
shale series was thickly deposited due to early Paleocene
marine transgression. The Lockhart, Patala, Sakesar, and
Chorgali formations are part of it. The primary reservoirs for
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Figure 4. Patala Formation thickness map.

oil buildup in the region are the carbonates of these
formations."*”

Potwar Basin includes some significant formations from a
hydrocarbon perspective, such as the Late Paleocene Patala
Formation. The Patala Formation’s carbonaceous shales and
coal beds serve as a possible source rock for numerous tertiary
reservoirs in the Kohat Basin. These resources enhance the
Patala Formation’s hydrocarbon source rock assessment in the
Potwar Basin. The formation is well developed and exposed in
the Salt Range, Kala-Chitta Range, Kohat, and Hazara
localities.”"~>* The Early Paleocene Hangu, Middle Paleocene
Lockhart, and Late Paleocene Patala formations are among the
shallow marine depositional units.”> The Patala Formation
predominantly comprises gray to greenish-gray color splintery
shale units. Shales are organically rich and bear glauconite.”
The Patala Formation exhibits a stratigraphy characterized by
thin layers of marl and gypsum intercalations alongside
medium- to thick-bedded carbonaceous (rich in organic
content) shale. The shale is notably fossil-rich and occasionally
displays laminations.”

3. MATERIALS AND METHODS

Borehole logs data from Balkassar OXY-01, Joyamair-04, and
Chaknaurang-01 wells were utilized to estimate TOC, porosity,
mineral content, kerogen volume, and rock elastic properties of
the Patala Formation. Well-top information was used to
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develop a thickness map. Additionally, 2D seismic lines were
interpreted for structural analysis, focusing mainly on the
hydrocarbon accumulation and preservation of the shale gas
(Figure 1b). Table 1 describes the well data used for Patala
Formation thickness mapping. The gamma ray (GR) log curve
and other composite logs were utilized to create a cross section
along the regional line, which extends from the east (Balkassar)
to the west (Chaknaurang) (Figure 3a). According to
structural analysis, the Patala Formation exhibits a considerable
thickness increase from the east to the west of the study area
(Figure 3b).

3.1. Estimation of the TOC from Well Logs. The density
(Schmoker’s) method calculates TOC values using a linear
relationship between bulk density and TOC. The Passey
AlogR method estimates TOC by incorporating porosity and
resistivity.”® This study used the Schmoker and Passey
methods for better correlation and estimation.

3.1.1. Schmoker’s Method. Generally, a shale matrix has an
average density of 2.7 g/cm’®. In comparison, the density of the
organic matter ranges from 1.1 to 1.39 g/ cm?®, which means
that density log values are affected by organic contents. This
method categorized shale content into four categories: rock
matrix, pyrite, inter pores, and organic matter.’” The following
expression (eq 1) can give bulk density:

https://doi.org/10.1021/acsomega.4c00465
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TOC(wt. %) — §7.261

Py

where py, is bulk density.

3.1.2. Passey AlogR Method. The AlogR method®® is
considered more appropriate in the petroleum industry. This
Passey’s method requires multiple well-log data to calculate the

(1)

organic content of a formation. This method uses sonic,
neutron, and density logs (eq 2) with resistivity logs and
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Figure 6. Spectral gamma ray log (SGR) correlation for mineral classification for the Patala Formation.

coeflicients to calculate TOC. Then, AlogR can be estimated
with the appropriate trendline to establish a relationship
between TOC and AlogR.

The following are commonly used equations to estimate
TOC by the AlogR method:

baseline

Alog Rsonic = logl({i] + 002*(At - Atbaseline)

)

] + 40*(®N - (DN—baseline)

©)

AlOg RNeutron = Ioglo[L

baseline

k)
] + 2.5 (,Db - pb—baseline)

(4)

where R is resistivity, Ry,jne 1S resistivity when resistivity
and sonic curves baseline in a nonsource shale (ohm-m), At is
sonic transit time (us/meter), Aty . is travel time when
resistivity and sonic curves baseline in a nonsource shale (us/

R
Alog RDensity = loglo[—

baseline

meter), @y is neutron porosity, @y_p,eerine IS Neutron porosity
when resistivity and neutron curves baseline in a nonsource
shale, and py,_p,qeiine is bulk density when resistivity and density

o 8
curves baseline in a nonsource shale (g/ cm®).?

In the present study, the following equations were used to
determine AlogR and TOC using sonic and resistivity logs,

respectively:

TOC = Alog R x 103770168L0M) 4 ATOC

©)

where LOM is amount of level organic metamorphism and
ATOC is regional background level.”®

Schmoker and Hester (1983)* correlated both TOC and
density log. The usefulness of the density log can be limited
due to its sensitivity to the conditions within the borehole and
the presence of heavy metals like pyrite, which challenges its
applicability.”® TOCs are calculated by using the regression
method of density and AlogR. TOC_final is the average
output of all of the computed log curves used in different
iterations. S, was calculated from AlogR. A cross-plot between
S, and TOC gives the kerogen type and its maturity.
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1 2 3 4 5 6 7 8 9 10 1 12
CURVE:GR (gAPI) |DEPTH| TOC CURVE:LLD CURVE:DT {us/ft) TOC_DEN1 wids) LogRT LogRT LogRT TOC_DLRS (wids) TOC_DENAVG TOC (wids)
0. ———— 500. (M} 0.2 2000. | 140. 40, | o 12. | -1 3| -1 3| -1 3 |o 1z |0 1z ]o. 12,

CURVE:RHOE TOC_DENZ (with) DTovi RHOBov NPHIov] TOC_DLRD {wid) TOC_DENREG VHVY_EMP {v/v)
1.35 255 |0 12 1. 3 |- 3| -1 3|0 1z | 0. 12. J0.12 0.
CURVE:NPHI_HCC TOC_DEN3 (with) TOC_DLRM {widh) TOC_DLRCME
045 ~0.5 | 0. 12 ‘ Toc | | Toc | | Toc | 0o — 2 |o— 1
] oot 11 S
0. 12 0 ——12
TOC_DENS (with)
| -
TOC_DENS {widh)
0. 12
TOC_HEND (wi%h)
0. 12,
TOC_SCHM (wit)
0, 12,
TOC_COL {with)
0. 12
TOC_ILNA (wi%)
0. 12.
TOC_ILNZ (wit%)
0. 12
TOC_SCHD {widh)
0. 12,
TOC_MODE (wi%h)
0. 12
TOC_MDPY [wies)
0. 12.
=
=
=
=
E
E
E |
<
=)
*
I
i )
Figure 8. TOC calculations performed by using different methodologies and different well logs.
Previous studies have reported that the conventional well log estimate the TOC and the S, and S, content. Since individual
data sensitive to organic content primarily include natural log parameters can be influenced by factors such as mineral

gamma ray, resistivity, transit interval time, density, and
neutron Iogging. Higher organic matter content may generally
lead to more pronounced deviations in these logs. Applying
this principle makes it possible to identify source rocks and accurately.®

composition, water, and pressure, it is necessary to utilize

multiple log parameters to predict the TOC content
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Figure 9. Regional well correlation for the TOC estimation.

3.2. Elastic Properties. Rock physics was computed from
the given well logs, which output different types of moduli,
which can help determine the physical and petrophysical
properties of a given formation (Patala Formation). The result
rock physics log curves are then populated in the static model,
generating the distributing maps. The Lambda-Rho attribute is
a fluid indicator, and as demonstrated in the well-based cross-
plot analysis, a low value indicates the presence of sand, while a
much lower value indicates the presence of hydrocarbon-
bearing sand, while a high-value response corresponds to shale
lithology. In most of the research related to the shale gas play
exploration, rock elastic parameters such as Young’s modulus
(eq 6) and Poisson’s ratio (eq 7)*' in addition to mineralogical
variation in a rock are used to define brittleness index (BI).

Py X VI(3V; — 4V))

2 2
(v, = V) ()
2 2
o Vo -2V,
- 2 2
2V, - 2¥) @)

where E is Young’s modulus, v is dynamic Poisson’s ratio, py,
is bulk density, and V,, and V| are compressional and shear
wave velocities, respectively.

Some researchers referred to it as a helpful correlation
between the quartz content and fracture density. A higher
content of clay minerals and an increased abundance of organic

matter result in decreased BL*

4. RESULTS AND DISCUSSION

4.1. Thickness and Depth of the Formation. It is widely
recognized that shale, which is extensively distributed, serves as
a good candidate for shale gas generation. A specific thickness
of shale is a prerequisite for the enrichment of shale gas.
Additionally, shale thickness plays a significant role in

15581

determining the abundance of shale gas resources. The
deposition thickness serves as a prerequisite, ensuring the
presence of organic matter and the reservoir space. The
commercial accumulation of shale gas necessitates an adequate
thickness and specific burial depth of shale.** The thickness of
the Patala Formation varies from 12 to 95 m in the Minwal-
Joyamair Field.*" Therefore, the Minwal-Joyamair Field is
suitable for shale-gas exploration with moderate depth and
clean shale content within the Formation. Although the
thickness of the Patala Formation is more significant compared
to the neighboring fields (ie., Balkassar and Chaknaurang)
(Figure 4), the depth of the Formation is less as compared to
those of these fields, which makes the study feasible for shale-
gas potential assessment (Figure Sa). Patala Formation top and
its thickness corresponding to wells show a considerable
change in the Patala Formation thickness from Balkassar to
Turkwal Field (Figure la,b). The depth of the Formation
determined from the well top information and the one from
the seismic data were quite comparable. The depth of the
Patala Formation is not much more profound, which is also a
positive aspect of unconventional exploration (Figure Sb).

4.2. Petrophysical Analysis. Petrophysical character-
ization of the unconventional shale-gas reservoir is still
challenging due to their lithological and facies heterogeneity
and anisotropic properties.45 Petrophysical interpretation was
performed on available well-log data. The unconventional
reservoir has low effective porosity and microscale perme-
ability, which must be considered. Available well-log data were
utilized in the present study to conduct petrophysical analysis.
Despite the data limitations, the petrophysical model was to
derive the empirical relationships to estimate the TOC using
the well log information on available well sites.

4.2.1. Shale Volume Estimation. The volume of shale can
be estimated through well-logging data. The best logs for
estimating the volume of shale are the gamma-ray log and its
spectral components.”® Uranium (U) content can help to
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Figure 10. Neutron porosity (NPHI) vs density (RHOB) log cross-plot for TOC porosity estimation.

assess the organic matter abundance, and the TOC increases
with the decrease of the uranium—thorium ratio. Therefore,
using the regression analysis method, a natural gamma ray log
can give TOC values."” The first step to calculate the volume
of shale (Vsh) is to analyze and calibrate the GR in light of
prospective shale units. The estimate of shale volume in the
respective formations can be obtained by normalizing the
gamma ray log (GRn) and porosity logs (neutron and density).
Spectral gamma ray log (SGR) correlation for mineral
classification for the Patala Formation is shown in Figure 6.
4.2.2. Porosity and Saturation. Porosity is the main
component in estimating hydrocarbon saturation (%) and its

15582

existence. Density, neutron, and other logs commonly can be
used to calculate porosity, whereas shale and its organic
component affect the density.”® Estimating total porosity in
shale gas reservoirs poses a challenge due to high clay minerals
and fine-grained texture.”” Log porosity was used to generate a
distribution map and to understand the regional porosity
behavior. It can help understand the prospective of the Patala
Formation compared to the surrounding fields having available
logs. The geostatistical modeling of lateral porosity distribution
in the Patala Formation reveals favorable porosity levels
ranging from 10 to 44% in the study area, as shown in Figure 7.
Notably, regions exhibit porosity levels ranging from 10 to 12%
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Figure 11. (A) Function for TOC vs S, for Patala Formation zone. (B) Kerogen types and qualitybased on a TOC-S, cross-plot.

and identified zones with porosity ranging from 40 to 44%. It
may be due to the shallow depth of the formation experiencing
less compaction, resulting in higher porosity.

After examining the relationship between the TOC and bulk
density of formation and density data of some areas, Schmoker
found an inversely proportional relationship (Figure 8).
Regional well correlations for TOC estimation are shown in
Figure 9. The linear relation between TOC and bulk density
was established, and subsequently, it was found that shale rock
density falls as the TOC value drops.>’

Theoretically, the shale’s organic matter density (1.02—1.11
g/cm?) is less than that of the other part of the rock matrix.
Therefore, because of the presence of organic matter in low

porosity and permeability shale, rock formation density
decreases as the organic content increases.’"

4.3. Total Organic Carbon (TOC) Calculations.
Accurate quantification and characterization of the TOC are
crucial in exploring and developing hydrocarbon resources. To
quantify TOC, various techniques have been employed,
including laboratory-based geochemical analysis of source
rock on core data and the utilization of well logs to develop
mathematical correlations. These approaches aim to accurately
estimate the TOC content and enhance our understanding of
organic matter distribution in hydrocarbon reservoirs. In the
case of unconventional and tight-rock systems, where
extraction is more challenging, higher TOC values generally
indicate larger volumes of hydrocarbons in place. By
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Figure 12. Bulk, shear, Young’s moduli, Poisson’s ratio relationship, and TOC estimation.

establishing a correlation between hydrocarbon storage and
TOC, it becomes possible to comprehensively understand
kerogen’s connectivity and internal porosity, providing valuable
insights for further exploration activities.””>’

The conditions within the depositional settings influence the
quantity and composition of TOC present in the source rocks.
The initiation of hydrocarbon generation typically occurs when
organic matter is deposited in stagnant water conditions.
Formations abundant in clay minerals, such as shale rocks, are

often favorable for finding significant amounts of TOC.
Generally, carbonate rocks may also contain relatively high
levels of organic matter.”* TOC calculation relies on many
factors, such as gas adsorption, maturity, carbon content, and
organic porosity. TOC is also affected by the pore texture and
shale wettability. There are many methods to estimate TOC
using well-log data, as petrophysical properties of the TOC are
different in rock matrix parts.>
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Figure 13. (A) V,/(V,) ratio property map for the Patala Formation. (B) Patala Formation acoustic impedance property map. (C) TOC property
map for the Patala Formation. (D) S, property map for the Patala Formation.

Table 2. Comparison of Different Methods for TOC Calculation

sample interval (m) TOC value log calculated (wt %)

2165 0.10
2166 0.00
2167 0.55
2168 0.33
2169 0.27
2170 0.43
2171 7.56
2172 18.48
2173 6.68
2174 6.02
2175 4.96
2176 5.54

avg. log calculated (wt %)

literature value of TOC (wt %)
1.12-5.0

kerogen volume

0.03
0.03
0.04
0.03
0.1

0.12
0.16
0.37
0.15
0.14
0.12
0.1

4.5

Bulk density methodology was chosen to evaluate organic
content. However, previous studies suggest that the improved
and natural gamma spectroscopy methods are poor in
accuracy.56’57

The neutron-density cross-plot shows specific variations of
the Patala Formation as higher NPHI values and low RHOB

15585

values correspond to the net pay zone. It also depicts a more
porous region as a preferable potential zone (Figure 10).
The cross-plot between TOC and S, shows that the Patala
Formation lies mainly in the Type-II to Type-III zone and
mostly has oil with minor gas. This also depicts the
depositional environment of Formation, marine to the
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Figure 14. Brittleness index property map for the Patala Formation.

submarine environment (Figure 1lab). The classification
adopted from ref’® is shown in Figure 11ab).

The average calculated TOC value ranges from 4 to 6 wt %,
with the TOC derived from sonic (TOC_DLRS) and Neutron
(TOC_DLRN) log values less than 0.1 wt %, which can be due
to the presence of disturbed borehole conditions (Table 2).
Hence, the impact of the hole condition and logging errors
were minimized by taking the average of all the calculated
TOC values (TOC_DENAVG). The calculated TOC from
the density logs is calibrated with available literature values for
the Patala Formation, which is close to the estimate.

4.4. Elastic Moduli Relation with TOC Calculation.
Elastic moduli are essential for unconventional shale reservoir
characterization;”” when integrated with other petrophysical
properties, they become a valuable tool for reservoir character-
ization. Elastic moduli have some specific responsibilities
related to the TOC value change.

Young’s modulus and Poisson’s ratio are considered crucial
mechanical properties in the assessment of hydraulic fracture
design, and these properties play a primary role in transforming
vertical stress into horizontal stresses within the target
Formation.”’ Previous studies conducted worldwide also
indicate that as TOC content increases, Young’s modulus
and Poisson’s ratio tend to decrease. Conversely, an increase in
clay volume leads to a decrease in Young’s modulus and an
increase in Poisson’s ratio.””*” Trends of decrease in Young’s
modulus with increasing TOC are expected since kerogen is a
softer material than most other rock mineral constituents.’®
Poisson’s ratio and Young’s modulus cross-plot are used to

determine the zone of brittleness in the Patala Formation. This
cross-plot shows that the middle part of Formation (blue) is
more ductile, which can be preferable for the future
prospectively. It can also be depicted that a very small part
of the Formation is brittle, making the Patala Formation
prospective for unconventional exploration. In the current
study, comparisons have also examined the relationship
between TOC and Poisson’s ratio, and Young’s modulus,
and these relationships are displayed in Figure 12.

Rock physics alone cannot be estimated for the highest
TOC values but can give the best result combined with all of
the petrophysical logs. Rock physics moduli are plotted along
with the estimated TOC (Figure 12). The Patala Formation
exhibits a strong correlation between Young’s modulus and the
TOC content, which depicts values decreasing as the TOC
value increases. However, the TOC depends on elastic and
petrophysical properties such as density, porosity, and
saturation. These plots show different behavior as Spectrom-
etry Gamma Ray (SGR) and CGR value changes affect the
elastic moduli and ultimately affect the TOC values.

Previous studies suggest that the marine deposits found in
the late Paleocene Patala Formation could serve as significant
unconventional reservoirs for shale oil and gas in the Kohat-
Potwar Plateau.” The Vp/(V s) ratio property map for the
Patala Formation is displayed in Figure 13a, which shows
0.85—2.2 values. The acoustic impedance property map for the
Patala Formation is displayed in Figure 13b, which shows
6000—18000 values. TOC and S, properties from well logs
have been upscaled and populated in geomodel for regional
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correlation along the Minwal-Joyamair Field (Figure 13c,d).
The property map of TOC shows higher values around the
Joyamair-04 and Minwal X-01 wells, as shown in Figure 13c. S,
values need to be correlated with core data, which is not
available for the current study, but log analysis of S, values
shows higher prospective values around the Minwal X-01 well.

4.5. Brittleness Index. Shale geomechanical properties are
essential for the effective design and application of hydraulic
fracturing plans. Brittleness index (BI) is a crucial mechanical
characteristic that plays a key role in assessing the fracturing
potential of shale gas reservoirs, thereby influencing the
selection of the appropriate hydraulic fracturing intervals. BI is
a necessary tool for unconventional rock formation explora-
tion. This method helps identify subsurface strata with a
potentially high hydraulic fracturing susceptibility.*”**~%

The effective exploration of unconventional shale reservoirs
by effective hydraulic fracturing is the basis for an economic
and complete development. The most brittle rocks are
essential for the successful hydraulic fracturing identification.
For this reason, it is necessary to determine shale zone ductile
and brittle zones. The BI has been calculated and estimated to
identify the brittle and ductile zones based on brittleness
indices. The predicted BI values ranged from 0.20 to 0.56 in
the Patala Formation, as shown in Figure 14.

The brittleness index is upscaled along the model, and
average maps are generated along each target horizon
(formation). The BI property map shows this, which can be
interpreted as most of the area being brittle in nature (Figure
14). These zones can be a potential zone of interest for future
shale gas hydraulics stimulation for hydrocarbon production.
Shale reservoirs that exhibit high porosity, high TOC, and high
concentrations of brittle minerals are considered the “sweet
spot” for optimal shale exploration.

5. CONCLUSIONS

The assessment procedure of shale gas reservoirs, which
applied both well logs and seismic data, yielded a
comprehensive comprehension of essential elastic and
petrophysical characteristics. Research confirms that the Patala
Formation is a proven source in this field. It can also be a
potential for unconventional reservoir exploration. Petrophys-
ical, rock physics, and geomechanical properties confirm that
the Patala Formation can be a candidate for unconventional
shale-gas exploration in the Potowar region. The petrophysical
attributes extracted in this study of the Patala Formation
characteristics provided the foundational groundwork for
extensive shale resource exploration on the Kohat-Potwar
Plateau. The organic matter, porosity, and brittleness index
results make the Patala Formation an organic shale potential
reservoir. In a nutshell, it has been concluded, based on an
integrated study, that the Patala Formation possesses favorable
factors (e.g, TOC content, thickness, and brittle mineral
content) for a shale gas play that has the capacity to generate a
significant volume of gas. It has been concluded that the
Palaeocene Patala formation sediments demonstrate a high
hydrocarbon potential.
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