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ABSTRACT

This study investigates the complex relationship between organic matter (OM), tectonic deformation,
and pore structure development in Eocene Bhainskati shale within the Lesser Himalayan foreland basin,
Nepal, to assess its implications for shale gas accumulation and preservation. We hypothesize that
tectonic deformation and variations in organic matter have a significant impact on pore size distribu-
tion, connectivity, and gas retention, thereby influencing shale gas potential. We characterized pore
types and quantified pore size distributions using scanning electron microscopy (SEM), mercury
intrusion capillary pressure (MICP) techniques, and low-pressure gas adsorption methods. Our findings
indicate a predominance of mesopores (1-10 nm range, with a notable peak at 4 nm), suggesting
substantial contributions to surface area from micropores and fine mesopores. Thermal maturity
negatively impacts porosity and surface area. At the same time, tectonic activity enhances microfracture
development, increasing permeability and gas transport, particularly in the Surkhet area, which exhibits
higher pore volume and specific surface area than the Tansen area. Tectonic forces shift the shale from
brittle to ductile behavior, altering pore connectivity. Himalayan tectonic forces significantly influence
shale structure, pore sizes, gas preservation, and migration, enhancing gas adsorption by increasing
surface area but posing challenges due to potential gas escape along faults and folds. Understanding the
impact of tectonic activity on shale deformation in similar basins within the Himalayas and the adjacent
region is vital for assessing shale gas potential and optimizing exploration strategies in tectonically
active Nepal Himalayan regions. This study highlights the dual role of tectonics in both promoting and
complicating the formation, accumulation, and preservation of shale gas reservoirs, offering critical
insights for future exploration efforts.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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1. Introduction

The global importance of unconventional natural gas, particu-
larly shale gas, has prompted extensive research into under-
standing the intricate pore structure of shale reservoirs, which
significantly influences gas distribution and preservation (Xu et al.,
2020). Shale constitutes various pore types, sizes, and distribu-
tions that influence hydrocarbon distribution (Slatt and O’Brien,
2011). Shale gas is stored mainly in organic matter within a
shale matrix, existing in compressed free gas, adsorbed gas, and
dissolved gas forms (Chalmers et al., 2012; Curtis, 2002; Xiong
et al,, 2017). The pore structure of shale significantly influences
its petrophysical properties, governing hydrocarbon accumulation,
preservation, and transmission (Chen et al.,, 2021; Ghanizadeh
et al., 2015). Characterizing pore types, structure, development,
and influencing factors is crucial for shale reservoir research (Josh
et al,, 2012; Medina-Rodriguez and Alvarado, 2021). Comprehen-
sive analyses of pore systems through methods such as MICP and
low-pressure gas adsorption (LPGA) provide quantitative assess-
ments of parameters like porosity, pore size distribution (PSD),
surface area (SA), and pore volume (PV) (Ma et al., 2022; Mastalerz
et al., 2018; Ross and Marc Bustin, 2009; Sun et al., 2020; Wang
et al.,, 2024). Nitrogen sorption isotherms are widely employed
to evaluate surface area, pore size, and connectivity in nanoporous
media, utilizing approaches like the Brunauer-Emmett-Teller (BET)
theory and the Barrett-Joyner-Halenda (BJH) method (Sing, 2001;
Xu and Prodanovi¢, 2018). Image analysis methods through
transmission/scanning electron microscopy (TEM/SEM) and other
high-resolution microscopes can be used to observe shale geom-
etry, microstructure characterization, and pore size (Bai et al,,
2024; Qian et al., 2022). The formation and evolution of shale
pore structures are influenced by various geological factors,
including mineral composition, total organic carbon (TOC), OM
type and chemical composition, diagenesis, and thermal maturity
(Chalmers et al., 2012; Clarkson et al., 2013; Curtis et al., 2012;
Liang et al., 2017; Ross and Marc Bustin, 2009). Shale is rich in
organic matter, which may deform at low pressure and tempera-
tures, and tectonic stresses can significantly influence its pore
structure and composition (Liang et al., 2017). Natural fractures in
shale gas reservoirs are influenced by tectonic stress and rock
composition, with shale quality and preservation crucial for gas
generation, especially near faults and thrusts (Shang et al., 2021).
Mechanical deformation primarily impacts the development and
evolution of the pore structure and increases the connectivity of
pore networks during the tectonic process. The development of
InterP pores, micro-channels, and micro-fractures is intimately
associated with the pore structure of the shale, which varies
significantly depending on the tectonic stress (Zhu et al., 2018).

Tectonic movements during the Himalayan orogeny enhanced
shale gas retention by shaping pore structures, increasing con-
nectivity, and influencing fracture networks. Late and low-
intensity tectonic uplift aids in gas preservation, affecting shale
fractures and overpressure (Chen et al., 2024; Gao et al., 2023; Guo,
2016). Intense Himalayan tectonic activity complicated the
geological setting of organic-rich shales, impacting their gas
retention through brittle and ductile deformations in southern
China (Sun et al., 2021; Sun et al., 2023; W. Sun et al., 2020; Zeng
et al., 2023). Tectonic deformations affect the source and reservoir
rocks through brittle deformation, ductile deformation, or a
mixture of the two according to their mineralogical composition.
Hydrocarbon reservoirs with dual medium pore fracture systems
serve as shale gas preservation and transportation, which could be
affected by the tectonic moments by reopening the existing
microfractures (Feng et al., 2022). Structural deformation and
tectonic stress impact shale’s pore surface area and adsorption
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capacity but do not affect shale mineral composition, maturity,
porosity, and total pore volume (Liang et al., 2017). The meso-
macropores are more significant than the difference in the
microporous volume, implying that geological tectonism sub-
stantially impacts the meso-macropores more than the shale
samples (Sun et al., 2023). The Himalayan thrust belt in Nepal is
characterized by significant tectonic activity and crustal short-
ening, manifested through key structural features such as the
frontal imbricate zone, synformal klippen of Greater Himalayan
Sequence rocks, and the Lesser Himalayan duplex (DeCelles et al.,
2020). The shale from the tectonic structures interacts with the
Proterozoic low-grade metasedimentary rocks from the Lesser
Himalayan Sequence, juxtaposed against the Eocene-Miocene
foreland deposit and the Siwalik Group due to the Main Bound-
ary Thrust (MBT) (DeCelles et al., 2020). Such tectonic movements
in the Himalayas have influenced the preservation and enrichment
of hydrocarbons in the Eocene shale, with distinct effects on
different hydrocarbons preserved in strata (Singh et al., 2016).
Despite some research on Eocene shale in the Himalayas focusing
on source potential and reservoir characterization (Craig et al.,
2018; Hafiz et al., 2022; Khadka et al., 2024, 2025; Li et al., 2022;
Mani et al., 2014; Ping et al., 2021; Wang et al., 2022, 2023; Yang
et al.,, 2021), there remains a gap in understanding the pore char-
acteristics of Himalayan foreland Eocene shale.

This research explores gas adsorption and preservation of
organic black shale, thermally mature and ductile within the
tectonically active Eocene foreland, Lesser Himalayas, aiming to
understand how significant tectonic activity affects shale pore
structures, porosity, and permeability, impacting shale gas po-
tential. This study involves characterizing pore network proper-
ties, quantifying matrix pores and fractures, and analyzing
geological factors’ effects on porosity, pore size distribution, and
permeability of the Eocene foreland shales within the Lesser
Himalayas in the Tansen and Surkhet regions of Nepal (Fig. 1)
through imaging techniques and fluid intrusion methods. This
research aims to unravel how TOC, mineralogy, thermal maturity,
and porosity of Eocene shale interplay with Himalayan tectonics,
impacting gas accumulation and preservation. Finally, this study
conducts a comparative analysis of the Bhainskati Formation shale
in the tectonically active Nepal Himalayas with analogous forma-
tions, including the Subathu Formation (India), the Patala Forma-
tion (Pakistan), and shales in the Sichuan and Guizhou regions
(China), to investigate the influence of structural deformation on
pore structure and its implications for shale gas accumulation and
preservation.

2. Geology

The Lesser Himalayan sequence comprises a diverse range of
formations spanning from Precambrian-Proterozoic rocks to
Permian to Cretaceous layers, including the Gondwana sequence
and Eocene to lower Miocene foreland deposits (De Celles et al.,
2004). Several peripheral foreland basins were created in
response to the initial India-Asia collision between the Late
Paleocene and Early Eocene. The Amile, Bhainskati, and Dumri
Formations are associated with the Surkhet/Tansen Group, which
extends from the Late Cretaceous to the Miocene age. Within this
sequence, the Eocene foreland deposit Bhainskati Formation
stands out, ranging from 90 to 150 m thick. It is characterized by
gray to black shales abundant in foraminifera, marine calcareous
fossils, coalified wood fragments, and carbonaceous flakes, often
exhibiting signs of bioturbation (Sakai, 1983). The thin and spo-
radic coal seams and laminated black shale were deposited during
the early transgressive phases in the Eocene, predating the colli-
sion of the Indian and Eurasian plates (Singh et al., 2016). The
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Fig. 1. Generalized geological map of Nepal with the study area modified after DeCelles et al. (2004).

Bhainskati Formation lies above the Amile Formation, and the
Dumri Formation is overlained to it (Fig. 2).

The intricate tectonic deformations found in the Tansen and
Surkhet areas’ foreland basins within the Lesser Himalayas result
from multiple cycles of tectonic activity. Following the significant
hydrocarbon generation period, the Main Central Thrust (MCT)
caused the Greater Himalaya to thrust over the Lesser Himalaya,
and the MBT caused the Lesser Himalaya to thrust over the
younger sedimentary foreland strata. This evolution unfolds
through multiple stages, including the Indian-Asian plate collision
around 55-50 million years ago, initiating sediment deposition in
the shallow marine Tethys sea from both south and north high-
lands (Fig. 3(a)-(c)) and leading to significant geological trans-
formations (DeCelles et al., 2004). Various thrusts sandwich the
Lesser Himalayan imbricates, including the Lakharpata, Gond-
wana, and Eocene-Miocene foreland units. The MCT and Ramgarh
fault (RT) were active during the early to middle Miocene period.
The RT extends southward in the footwall, reaching
Paleocene-Lower Miocene rocks from the northern exposures of
the Lakharpata Group (DeCelles et al., 2020). The Lesser Himalayan
duplex expanded primarily between 11 and 5 Ma, whereas the
MBT started to operate after 5 Ma (Fig. 3(d)—(f)) and is probably
still active in some locations (DeCelles et al., 2004; Robinson et al.,
2001). These tectonic movements have significantly affected the
underlying strata, including increased erosion, basal friction, and
changes in lithological composition and fluid pressure within the
wedge (DeCelles et al.,, 2004, 2020). In the Tansen area, the
geological landscape is characterized by the rocks of the Tansen
Group, forming an approximately doubly plunging synclinorium,
displaying moderately folded structures, mainly influenced by
longitudinal faults associated with the overthrust of the Palpa
Klippe (Sakai, 1983). This Klippe interfaces predominantly with the
Amile Formation and also with the Bhainskati and Dumri
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Formations towards its southeastern and eastern edges (Fig. 2(a)).
Consequently, the resultant faults and folds have notably influ-
enced the Bhainskati Formation, leading to alterations in pore
structures and shale deformation, impacting the origin and pres-
ervation of shale gas resources (DeCelles et al., 1998).

3. Samples and methods

Three fresh outcrop samples from the Tansen (Fig. 2(a)) and
Surkhet (Fig. 2(b)) areas were meticulously collected, focusing on
the Eocene foreland Bhainskati Formation. Minimizing surface
weathering and degassing, which can significantly alter original
petrophysical properties, we collect samples exclusively from
fresh, unweathered exposures (road cuts and river cuttings) and
mechanically remove the weathered rind to access the pristine
rock interior. Color, organic matter content, texture, and
morphological characteristics were carefully considered to study
pore structure, mineralogy, and tectonic influences. The shale
samples are dark gray to black and exhibit a platy structure.
Furthermore, two samples from the Gondwana Sisne Formation in
the Tansen area were taken for comparative study with the Eocene
shale.

3.1. X-ray diffraction and organic geochemistry

We meticulously tested six fresh outcrop shale samples from
the Eocene Bhainskati Formation of the Tansen and Surkhet areas
for their mineralogical and geochemical assessments. Additionally,
we examined two samples from the Gondwana Group to conduct a
comparative study with the Eocene samples. X'Pert Pro MPD
DY3794 was used for X-ray diffraction (XRD) analysis in the Lab-
oratory of Coal Geology Bureau of Guizhou Province, China, to
examine the bulk mineralogical composition of the samples.
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Fig. 2. (a) Geological map with sample location of Tansen, modified after Sakai (1983), Dhital (2015), (b) geological map of the Surkhet area with sampling location modified after
DeCelles et al. (2020), (c) the lithological columnar section of foreland deposits in Tansen is modified after Sakai (1983), and (d) the Geological profile of the Surkhet area modified

after Yang et al. (2021).

Before the XRD analysis, we ground all samples into a powder with
an average particle size of less than 300 mesh. After that, about
10 g of powder shale samples were mixed with ethanol, hand-
ground, and then smear-mounted on glass slides for XRD anal-
ysis. The detection method followed the X-ray diffraction analysis
method for clay minerals and common non-clay minerals in
sedimentary rocks, SY/T 5163-2018. We utilized the Infrared sulfur
analyzer (LECO CS-230) to test the TOC content. Rock-Eval VII in-
struments were used for pyrolysis parameters at Wuhan Xin-
shengji Technology Co., Ltd, China, following the GB/T 18602-2012
“Rock Pyrolysis Analysis” guidelines. Vitrinite reflectance is
determined by the Polarizing microscope Scope Al, following the
SY/T5124-2012 standard method at the Laboratory of Coal Geology
Bureau of Guizhou Province.
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3.2. Field emission-scanning electron microscopy (FE-SEM)

Scanning Electron microscope conditions included room tem-
perature (17-25 °C), humidity <65%, circulating water cooler
temperature of 20 4+ 2 °C, air compressor output pressure of
5-6 bar, high purity nitrogen (99.999%), gun vacuum <5 x 10~°
mBar, system vacuum <5 x 107> mBar, high voltage (EHT) of
12-18 kV, and working distance (WD) of 8-10 mm was used for
SEM analysis. A German ZEISS SIGMA field emission scanning
electron microscope, combined with the UK OXFORD X-Max20
energy spectrum, was used to analyze shale pore-fracture systems
at the Geology and Mineral Resources Design Institute of Jiangsu
Province, China. These images facilitated the examination of
reservoir pore structures and microfractures, analyzing
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Fig. 3. Himalayan foreland deposition with sediment provenance model diagram ((a)-(c) modified after DeCelles et al. (2004) and ((d)~(f)) Tectonic model diagram describing the
formation of the Lesser Himalayan duplex LHD, Ramgarh Thrust sheet RT, Main Central Thrust sheet MCT, Main Boundary Thrust MBT, and Main Frontal Thrust MFT sheet in Nepal
Himalaya (modified from Robinson et al. (2006)). Dashed lines in (f) mark the positions of stratigraphic units before erosion. Abbreviations: TH-Tibetan Himalayan; GH-Greater

Himalayan; LH-Lesser Himalayan; STDS-South Tibetan Detachment system.

characteristics such as size, shape, connectivity, and surface
morphology. SEM provides high magnification, resolution, sharp-
ness, and stereoscopic images, enabling observation and descrip-
tion of pores at different levels and of various genetic types.

3.3. Mercury intrusion capillary pressure (MICP) analysis

The Micromeritics Autopore IV 9500 V 1.09 instrument was
used to conduct MICP experiments with pressures up to 60,000 psi
after drying samples at 70-80 °C for 12 h. MICP primarily analyzes
macropores in shale samples, with mercury filling occurring from
0.0036 to 387.4574 MPa. Pore diameters ranging from 349 to
3.2 nm were calculated using the Washburn equation, employing a
surface tension of 0.48 N/m and a contact angle of 130°. Pore size
distributions were quantified at the Laboratory of Guizhou Coal
Field Geological Bureau, Guizhou, China. The shale samples un-
derwent rigorous testing for porosity, permeability, pore diameter,
rock density, intrusion pore volume, and pore area.

3.4. Low-pressure gas adsorption (LPGA) analysis

Gas adsorption methods encompass nitrogen adsorption (Nz)
and carbon dioxide (CO;) adsorption, which are utilized to char-
acterize nano-scale open pores based on the shape of the
adsorption-desorption curve (Liu et al., 2015). N, adsorption as-
sesses mesopore distribution (1-200 nm) in shale, while CO,
adsorption detects micropore characteristics (<2 nm) due to its
small diameter and strong adsorption potential (Yin et al., 2019).
Tests utilized a Nova 4200e gas adsorption instrument (Quan-
tachrome, America), measuring specific surface areas (SSA), PV,
and pore diameters (0.35 nm-400 nm). High-purity liquid nitrogen
was employed as the adsorbate in the low-pressure nitrogen
adsorption analysis, which was carried out at 77.35 K with a
relative pressure (P/Pg, where P is the current pressure and Py is the
saturated vapor pressure of nitrogen at —77 K) ranging from 0.005
to 0.995. The adsorbate in the low-pressure CO, adsorption
experiment was carbon dioxide, and the experiment was con-
ducted at 273.15 K with a P/Py range of 0.00003-0.035 at the
Laboratory of China University of Mining and Technology, Xuzhou,
China. PSD, SSA, and PV were determined using multi-point Bru-
nauer-Emmett-Teller (BET) and Langmuir analysis, and the CO;
adsorption provided the BJH microporous data (Chalmers et al.,
2012).

107

Integration of MICP and LPGA evaluated the shale reservoir’s
pore size distribution. The mercury first enters the macropore
under low pressure, then the mesopore and micropore under high
pressure. High pressure may cause pore deformation. Therefore,
the MICP experiment is the most accurate representation of
macropore distribution, and CO> is first filled in the micropore and
then adsorbed in the mesopore. However, because the saturated
vapor pressure of CO in the ice water bath condition is extremely
high, it can more easily enter the micropore than N;. Hence, CO,
adsorption experiments are more suitable for characterizing the
micropore, and N adsorption experiments are ideal for describing
the mesopore. N, and CO, adsorption-desorption curves charac-
terize pore structure type, volume, and specific surface area of
mesopores and micropores.

4. Results
4.1. Organic geochemistry and physical properties of shale

The results of total organic content, thermal maturity, and Tpax
are summarized in Table 1. The experimental findings of the
analyzed shales indicate the average TOC of shale samples extends
from 0.63% to 1.56% with an average of 1.25%. The Tpax values
range from 480 to 507 °C based on the Rock-Eval data, and the
thermal maturity (R,) values vary from 1.05% to 2.955% (Table 1),
revealing that the samples are thermally over-matured within the
dry gas window. Based on the results of TOC and Rock-Eval py-
rolysis data, the organic matter is mainly type IIl kerogens.

The bulk mineralogical composition analysis done by XRD is
listed in Table 2. The shale is dominated by clay minerals (illite)
and quartz (Table 2). The Bhainskati shales comprise quartz
(22.33%-40.55%) and clay (48.51%-62.54%). Among the clay min-
erals, illite has an average of 73.51%, followed by chlorite (8%-19%)
and kaolinite (5%-11%) as significant clay minerals (Table 2). Pyrite
is observed only in sample F304 with 1.87%. The brittleness index
(BI) is widely used to characterize the fracability of rock masses
and is expressed as (Jarvie et al., 2007):

Q

Bl=Grcra

(1)

where Q is the weight content of quartz minerals, Ca is the weight
content of carbonate minerals, and Cl is the weight of clay
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Table 1

R,, TOC, and other pyrolysis data of the shale samples.
Sample ID Location Formation/Group TOC Ro Tmax

Longitude Latitude Area

F298 LHS19 83.541 27.796 0.71 1.626 481
F304 S22 83.533 27.796 Tansen Bhainskati 0.84 2.955 480
F280 LHS20 83.516 27.800 1.56 1.721 501
F301 LSS1 81.513 28.738 1.49 1.515 500
F302 LSS13 81.615 28.642 Surkhet Bhainskati 0.93 2.495 507
F303 LSS7 81.518 28.739 0.63 1.055 480
F300 LHS32 83.491 27.792 Tansen Gondwana 0.75 2.000 480

Longitude-Latitude, degree decimal; R,, vitrinite reflectance, %; Tmax, °C; TOC, %.

minerals. Bl of shale in the Eocene Bhainskati Formation is within
the ductile zone except for one sample, LHS20, shown in the
brittle-ductile transition zone (Table 2). Calcite is observed in the
Eocene and Gondwana shale samples within the range
(2.23-27.29) wt.%, but not in all samples. The Gondwana shale
sample is also within the same clay and quartz content range, but
consists of plagioclase of (13.76-19.65) wt.% (Fig. 4).

4.2. SEM image analysis

The internal pore structures of the Eocene shale samples were
examined using FE-SEM imaging, as depicted in Fig. 5. Shale pores
are categorized into matrix pores and fractures. The major pore
types observed in the analyzed shale samples are interparticle
(InterP), intraparticle (IntraP), and OM. Matrix pores consist of
InterP pores between clay particles or quartz, IntraP pores within
quartz, clay, and OM pores within organic matter (Loucks et al.,
2012). InterP pores range from tens to hundreds of nanometers
and come in elongated, rounded, angular, and slit-like shapes
(Fig. 5(a)—(c), (e)). IntraP pores are observed within quartz, clay,
and organic matter and can appear as dissolution pores
(Fig. 5(c)~(f)). OM pores are smaller and round or oval in shape.
InterP pores are interconnected by microfractures, which are
parallel to each other and the bedding plane (Fig. 5(a)). These
features, along with fractures, are visible in the FE-SEM images of
Bhainsekati shales (Fig. 5). Fractures are found within splits of
flake clay minerals or at the edges of brittle minerals, often
exhibiting a jagged or irregular border or a zigzag shape.

4.3. MICP analysis

MICP analysis shows that representative shale samples from
the Eocene Bhainskati Formation and the Gondwana Sisne For-
mation ranged in density from 2.39 to 2.685 g/cm?, averaging
2.51 g/cm®. Effective porosity varied between 2.40% and 8.41%;
dense shale typically shows low permeability, in the range of
0.925-9.01 mD (Table 3).
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Fig. 4. Mineralogical composition of shale samples of the Eocene Bhainskati and
Gondwana Sisne Formation.

Similarly, the total intrusion pore volume ranges from 0.009 to
0.035 cm?/g. The total pore area of shale from Surkhet is the
highest at 5.361-9.791 m?/g, and that in the Tansen area is
1.148-7.243 m?/g. The average pore diameter ranges between
14.3 nm and 20 nm in the Surkhet area and 19.2-40.6 nm in the
Tansen area. Fig. 6(a) and (b) illustrates the pore size distributions
of seven shale samples analyzed using MICP. Shale pores range
from about 5 to 100 pm, with nanopores (<300 nm) comprising a
significant portion and pore-microfractures (>1000 nm) making
up a smaller portion. The pore network, governed by primary pore
conservation and secondary pore development, determines the
reservoir quality. Fig. 6 presents the diverse PSD curves of all bulk
shale samples, exhibiting distinct peak patterns. All the peaks are
centered in mesopores. Sample LSS1 from Surkhet shows the
highest peak at 10 nm diameter with pore volume up to 0.06 mL/g.

Table 2

Elemental mineralogical composition (%) of the shale samples.
Sample ID Quartz Pyrite Siderite Pl Ca Total clay Clay BI

Kaolinite Chlorite Illite I/S

F298 29.85 0 0 0 0 70.15 10 16 74 0 0.30
F304 22.33 1.87 0 0 27.29 48.51 9 13 78 0 0.23
F280 40.55 0 0 0 0 59.45 11 17 58 14 0.41
F301 38.57 0 0 0 0 61.43 5 8 87 0 0.39
F302 2332 0 0 10.93 3.21 62.54 7 19 74 0 0.30
F303 30.47 0 0 0 0 69.53 9 13 72 6 0.26
F300 26.83 0 0.89 19.65 2.23 50.40 9 19 72 0 0.33
F306 29.26 0 0 13.76 9.48 47.00 12 18 68 0 0.34

Pl, Plagioclase; 1/S, Illite-Smectite ratio; BI, Brittleness Index.
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Fig. 5. FE-SEM images showing OM pores observed in the shale samples. Fractures are parallel to each other. (a)-(c) Shale samples of the Bhainsekati Formation from the Tansen
area. (d)-(f) Bhainsekati shale images from the Surkhet area. Pyrite framboids are observed in samples. Sample F301 is rich in grain dissolution pores, InterP pores are in the
nanometer to micrometer range, and fractures are common.

4.4. Low-pressure N, and CO; gas adsorption isotherms The analysis method combines mercury intrusion and gas
adsorption to determine the relative content percentage of mi-
The nano-scale pore parameters of carbon dioxide adsorption cropores, mesopores, and macropores. The BET-specific surface
and nitrogen adsorption experimental results are shown in Table 4. area of the shale obtained from N, adsorption ranges from 7.78
Table 3
Summary of MICP analysis data, bulk/grain density, porosity, and permeability values measured on outcrop shale samples from different formations.
Sample Fm. Bulk Apparent (skeletal) Total Permeability, Total intrusion Total pore  Median pore Median pore Average pore
density density, g/cm® porosity, % md pore volume, g/cm® area, g/cm® diameter (volume), diameter (area), diameter (4 V/A),
nm nm nm
F298 Bk 2423 2.645 8.413 1.025 0.035 7.243 29.9 9.90 19.20
F280 Bk 2598 2.682 3.148 9.018 0.012 1.196 1102.2 7.80 40.60
F304 Bk 2.685 2.768 2.999 1.389 0.011 1.148 881.1 6.40 38.90
F301 Bk 2391 2610 8.395 0.925 0.035 9.791 13.8 9.80 14.30
F303 Bk 2486 2.663 6.671 2.468 0.027 5.361 29.1 9.70 20.00
F306 Si 2.632 2.696 2.405 3.016 0.009 0.637 2709.9 5.90 57.40
F300 Si 2637 2.696 2.181 0.0001 0.008 1.039 1727.6 6.80 31.80

Fm., Formation; Si, Sisne; Bk, Bhainskati.
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to 31.21 m?/g, with an average value of 14.55 m?/g, whereas the
surface area obtained from MICP analysis is 1.038-9.79 m?/g
(Table 5). The maximum amount adsorbed in the Eocene shale,
calculated as CO, isotherms, ranges from (0.557-12.95) x
1072 cm®/g, whereas that of the N, isotherm BJH pore volume is
(9.27-39.9) x 102 cm?3/g (Table 5). The BJH pore volume of shale
varies from 0.01 to 0.418 cm>/g, with a mean value of 0.019 cm?/
g, and the pore volume obtained from MICP analysis ranges from
0.0082 to 0.0351 cm?/g. The average pore diameter of the shale
sample, calculated by CO, adsorption ranges from 1.11 to
1.40 nm, by N5 adsorption is 35.37-76.90 nm (Table 4), and MICP
analysis ranges from 14.3 to 21.72 nm (Table 3). Tables 5 and 6
present these values, with mesopores as the reference point. The
multi-point BET model (based on the multilayer adsorption
theory) was used in this study to calculate the specific surface
area.

The pore size distribution plotted in the relative percentage of
pores to specific surface area (Fig. 7(a)) shows that the concen-
tration of mesopores and micropores is higher than macropores.
Concerning the relative percentage of pores to pore volume, the
concentration of macropores is greater than that of micropores
and mesopores (Fig. 7(b)) based on setting the mesopores as the
referenced value.

The study employed low-pressure gas adsorption and high-
pressure mercury injection methods to examine pores of
various shale diameters, yielding pore diameter distributions.
Fig. 8 illustrates a wide-ranging distribution of pore sizes and
structures from micropores to macropores in the Eocene and
Gondwana shale samples determined by all three fluid analysis
techniques. Micropores with a pore diameter <1.5 nm was
measured by CO,, and micro to mesopores with a pore diameter
ranging from 1.5 to 5 nm were measured by N, gas adsorption
techniques. MICP techniques measured pore diameters greater
than 3 nm. Most of the samples are concentrated in mesopore
size, as seen in Fig. 8. To ensure consistency across various
methods, CO, and N; gas adsorption along with MICP data are
integrated, aligning units and scales for effective comparison of
overlapping pore size areas in shale characterization. Specifically,
N, mesopores normalize data from N, and MICP analyses. This
normalization method uses mesopore SA and PV as reference
values in Tables 5 and 6 to calculate the relative contents of
different pore size distributions.
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5. Discussion

5.1. Impact of mineral composition and organic matter on pore
structure

The factors influencing pore structure development and evo-
lution of gas shale through diagenesis are its mineral composition
and organic matter (Liang et al., 2017; Ross and Marc Bustin, 2009),
and play a crucial role in determining gas adsorption capacity
(Aringhieri, 2004). The representative Eocene shale samples have
higher clay content (>55% on average) followed by quartz, and the
illite constitutes over 73% of the clay minerals (Table 2). From the
mineralogical and organic carbon analysis, samples with high
quartz content have relatively high TOC, especially in samples
LHS20 and LSS1. The quartz in the Bhainskati Formation is
terrigenous clastic, sourced from Himalayan detritus, with minor
authigenic quartz resulting from diagenetic processes (DeCelles
et al., 2004). In contrast, biogenic quartz is unlikely due to the
absence of siliceous fossils. The study illustrates that clay mineral,
mainly illite content, notably impacts the pore structure parame-
ters, precisely SSA, and PV (Fig. 9(a)-(c)). The linear correlation
coefficient (R?) for the Eocene shale samples falls between 0.57
and 0.63 (Fig. 9(a)-(c)), suggesting that pore development within
clay minerals consists of micropores and small mesopores. How-
ever, a negative correlation is observed between illite content and
macropores (Fig. 9(d)), but it is positive for mesopores, indicating
that illite mainly influences mesopores. The specific surface area of
clay minerals, particularly illite is more significant than that of
quartz minerals, which profoundly affects shale reservoirs’ phys-
ical and chemical characteristics (Milliken et al., 2013). As the clay
mineral content increases, the shale’s pore structure becomes
more intricate, increasing pore volume and surface area, signifi-
cantly impacting shale gas’s adsorption content and capacity
(Loucks et al., 2012). In various forms of structural deformation,
the SSA falls as the quartz content rises. The clay minerals devel-
oped many micropores because of ductile shear deformation.

TOC is a significant factor in shale deformation due to its highly
ductile nature, well-cleaved structure, and the overpressures
produced by maturation processes (Morley et al., 2017). This study,
as well as the previous study, shows that the Eocene Bhainskati
shale exhibits 0.7%-5.56% TOC on an average of 1.61% and R, of
1.83%-2.14% indicating over-maturity (Yang et al., 2021). Porosity, a
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Fig. 6. Pore size distribution of the shale samples. (a) Incremental pore volume versus pore diameter and (b) differential pore volume versus pore diameter through MICP analysis.
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Table 4

Summary of the CO, and N, Isothermal analysis data of the shale samples.

Petroleum Science 23 (2026) 103-126

Sample CO,, isotherm analyses N isotherm analyses
Micropore Micropore volume, Average pore surface area, BJH pore volume, Average pore
surface area, m?/g x 107> mL/g diameter, nm m?/g x 1072 mL/g diameter, nm

F280 21.7 7.49 1.38 7.78 9.27 47.67

F300 16.6 5.83 1.40 6.94 133 76.90

F301 46.81 12.95 1.11 31.21 39.9 51.09

F302 1.95 0.557 1.14 14.86 19.5 52.54

F304 21.496 7.57 141 11.979 10.6 35.37

Table 5

Pore size distribution through pore surface area characteristics of the shale samples.

Sample Gas adsorption N, DFT MICP Relative content, %
Surface area, m?/g Micropore Mesopore Mesopore Macropore Surface area, m?/g Micropore, % Mesopore, % Macropore, %

F298 8.560 5.960 2.600 7.240 0.184 7.424 51.2 47.0 1.8
F280 7.780 5.075 2.705 1.139 0.057 1.196 48.3 48.2 3.5
F304 11.979 8.600 3.379 1.088 0.060 1.148 51.8 44.4 3.8
F300 6.940 3.134 3.806 1.009 0.029 1.038 36.4 61.3 23
F301 31.212 19.814 11.398 9.698 0.092 9.790 48.0 51.3 0.7
F303 22.350 12.430 9.920 5.348 0.012 5.360 435 56.3 0.2
F302 14.860 1.950 12.910 6.516 0.035 6.550 12.3 87.2 0.5

* The relative contents of different pore size distributions with SA were calculated by setting the mesopore SA (DFT) as the referenced value.

Table 6

Pore size distribution from pore volume characteristics of the samples.

Sample Gas adsorption N, DFT MICP Relative content, %
Pore volume, mL/g Micropore Mesopore Mesopore Macropore Pore volume, mL/g Micropore, % Mesopore, % Macropore, %

F298 0.012 0.004 0.009 0.020 0.015 0.035 215 47.4 31.1
F280 0.010 0.002 0.008 0.003 0.009 0.012 16.2 34.5 49.3
F304 0.013 0.004 0.009 0.003 0.008 0.011 20.7 30.2 49.0
F300 0.011 0.002 0.009 0.002 0.006 0.008 09.9 39.5 50.5
F301 0.042 0.009 0.032 0.028 0.007 0.035 18.6 64.1 17.3
F303 0.035 0.008 0.027 0.016 0.011 0.027 174 52.0 30.6
F302 0.021 0.004 0.016 0.017 0.006 0.023 17.5 62.4 20.1

* The relative contents of different pore size distributions with PV were calculated by setting the mesopore PV as the referenced value.
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Fig. 7. The pore size distribution based on (a) pore surface area and (b) pore volume for shale samples.

critical property of shale gas reservoirs, measures the void space
within organic-rich rocks, governing gas storage capacity and fluid
flow dynamics. The plot of porosity with clay, quartz, and TOC
exhibits a positive correlation (Fig. 10), suggesting that the overall

m

porosity of shale is dependent on mineral content (Chalmers et al.,
2012) and TOC, while the correlation is negative with the thermal
maturity (Fig. 10(c)). The Bhainskati shale is clay-rich, which could
reduce porosity despite increasing maturity (IKhadka et al., 2024).
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Porosity increases with increasing quartz content (Fig. 10(b)). The
plotted data might represent samples where TOC is insufficient to
drive significant porosity development. The Bhainskati shale’s in-
verse porosity-maturity trend likely results from compaction/
cementation dominating over OM porosity creation, possibly due
to low initial TOC and clay diagenesis (Khadka et al., 2025).

SEM observations corroborate this finding. High mineral con-
tent and numerous interparticle pores between quartz grains and
clay particles may contribute to the porosity in these Eocene
Bhainskati shale samples (Fig. 5). A series of tectonic movements
has widely deformed the Eocene Bhainskati shale strata. The
interplay between mineralogy, TOC content, and thermal maturity
significantly influences shale pore structure and gas sorption
characteristics. Shale pore structure and gas storage are influenced
considerably by shale composition, with hydrocarbon generation
from organic matter driving pore development. This process is
minimal below a thermal evolution threshold (R, < 0.90%) and
increases substantially until R, exceeds 6.36% in the Woodford
shale samples (Curtis et al., 2012; Ju et al., 2018). Fig. 11(a) shows a
positive correlation between TOC and porosity in the Shale of the
research area, which indicates that organic carbon is a key pore
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Fig. 9. The correlation between Illite content and various pores of shale samples. (a) Illite versus specific surface area. (b) Illite versus micropores. (c) Illite versus mesopores.

(d) Illite versus macropores.
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Fig. 10. Correlation of porosity with mineral content and thermal maturity. (a) Porosity versus clay content. (b) Porosity versus quartz content. (¢) Porosity versus Vitrinite

Reflectance (%R,).

controlling factor. However, with the moderate correlation
(R? = 0.47), shale pore development is also influenced by other
factors. Thermal maturation processes are influenced by tectonic
movements such as the Himalayan orogeny, further shaping the
shale pore structure. Compaction during early diagenesis densifies
pores, while later pyrolysis generates hydrocarbons, developing
organic pores (Loucks et al., 2012). Tectonic activity in the Hima-
layan region induces fractures in shale, significantly enhancing
permeability despite porosity reduction from compaction. This
alteration redistributes and aligns pores and fractures to create
efficient flow pathways, emphasizing connectivity and distribu-
tion of microfractures and organic pores in the complex Eocene
foreland shale. The Bhainskati shales are dense with low perme-
ability, ranging from 0.925mD to 9.01mD (Table 3). Tectonic stress
generates microfractures and reactivates existing fractures,
creating high-conductivity pathways (Ju et al., 2018). This results
in higher permeability despite lower porosity (Fig. 11(b)). Hima-
layan tectonics produces preferential fracture alignment along
shear zones (Dhital, 2015).

The total organic carbon and gas content have a direct rela-
tionship with tectonic disruption, and the gas content has a pos-
itive relationship with the TOC as free gas or absorbed gas in or on
the organic matter pores (Loucks et al., 2009; Milliken et al., 2013).
The complex relationships between compaction, tectonic activity,
and varied preservation and destruction of pore structures are the
primary contributing factors to the fragile relationship between
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TOC and porosity in the Eocene foreland shale samples (Fig. 11(a)).
As shown in Fig. 11(a), the expected positive correlation is over-
printed by the competing effects of tectonic deformation,
explaining non-linear relationship observed in our analyzed
samples. Under tectonic stress, OM pores are especially prone to
collapsing. InterP pores can be compressed and reshaped by tec-
tonic forces, breaking the correlation between TOC and porosity
(Xiao et al., 2021). In addition, the pore network of the shale is
diverse, and differences in thermal age affect how OM pores form
and collapse. Even in samples with high TOC, porosity decreases as
newly created pores contract as thermal maturity increases.
Furthermore, the multiscale and stages of tectonic movements
in the study area have formed thrusts, faults, and klippes, signifi-
cantly impacting shale gas preservation conditions within the
same rock strata. Many previous studies have proved that the TOC
has influenced the total pore volume and the micropores and
mesopores (Chalmers and Bustin, 2007; Zhang et al., 2020). A
positive correlation exists between shale gas content and
adsorption capacity with TOC concentration (Ross and Marc
Bustin, 2009; Xiong et al., 2017; Zhang et al., 2012). Fig. 12 shows
the impact of TOC content on shale pore structure parameters. In
this study, the TOC content of the representative samples shows a
positive relation with pore volume and surface area but a hostile
relation with average pore diameter (Fig. 12), implying that the
organic matter micropores are easily affected. The linear correla-
tion coefficient of the TOC content and specific surface area is
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Fig. 11. Correlation of porosity of shale with TOC and permeability. (a) Porosity versus TOC. (b) Porosity versus permeability.
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(@) TOC versus specific surface area. (b) TOC versus total pore volume. (c) TOC versus average pore diameter.
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Fig. 13. Relationship between thermal maturity (R,) and pore structure characteristics. (a) R, versus specific surface area. (b) R, versus total pore volume. (c) R, versus average

pore diameter.

greater than that of the pore volume (Fig. 12(a)-(b)), indicating
that the effect of the TOC content on the surface area is more
significant than that of the pore volume.

The micropores of organic materials were the primary source of
the large specific surface areas in the shales with higher TOC
contents. The relationship between specific surface area, pore
volume, and pore size and thermal maturity (R,) in different gas-
content shales is illustrated in Fig. 13, where no perfect relation-
ship was observed in the analyzed samples. With increased

Organic matter Pores formation

maturity often enhancing organic porosity and surface area in
many shale systems, our data from the tectonically active Hima-
layan setting reveal a different trend. As illustrated in Fig. 13(a) and
(b), both specific surface area and pore volume exhibit a clear
negative correlation with vitrinite reflectance (%R,), indicating
that these properties decrease as thermal maturity increases. This
deviation from the conventional trend may be attributed to the
unique geologic history of the Eocene Bhainskati shale, where
intense tectonic compression and associated thermal stress have

Growth § pores

Minerals filling

Fig. 14. Organic pore evolution schematic model showing (a) organic pores related to hydrocarbon maturation and (b) the impact of tectonic deformation on organic pores.
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likely promoted excessive organic matter condensation and pore
collapse during overmaturation, reducing surface area and meso-
pore volume despite advanced maturity. In contrast, the increase
in thermal maturity has a slow decline in average pore diameter
(Fig. 13(c)). This relation exhibits the positive impacts of the Hi-
malayan tectonism on the thermal maturity of the Eocene shale,
leading to dry gas generation and causing a decrease in specific
surface area, pore volume, and pore diameter.

The pore structure and gas sorption characteristics of the
Eocene foreland Bhainskati shales are influenced by a combination
of factors, including mineralogy, TOC, and thermal maturity. For
this reason, the shale’s TOC content is also insufficient (<2%). The
tectonic impact has influenced the gas adsorption capacity of the
shale. The limitation of the outcrop sample analysis in the current
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study suggests further research and exploration with drilling,
which can enhance our understanding of shale pore characteristics
and reservoir behavior in the tectonically deformed area of the
Himalayas Eocene shale.

5.2. The shale reservoir formation and effects of tectonic
deformation on pore structure

The Bhainskati Formation shale reservoir originated in a syn-
collisional foreland basin during the Eocene, where marine to
shallow-marine deposition under restricted circulation preserved
organic matter sourced from terrestrial detritus and marine
plankton (Sakai, 1983). In many foreland basin shales, inorganic
pores (e.g., clay-related, intergranular) often dominate over OM
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Fig. 16. Comparative pore characteristics through MICP and SEM analysis of different gas-bearing shale samples. (a) High gas-bearing sample LSS1, Surkhet area. (b) Low gas-
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pores due to high clastic input and diagenetic overprinting
(Decelles, 2012; DeCelles et al., 2004). As the India-Eurasia colli-
sion progressed, rapid subsidence and burial (3-5 km depth)
subjected these OM-rich silty shales to temperatures within the
gas window (120-200 °C), driving thermal maturation of Type II/III
kerogen (Wang et al., 2023). The organic carbon content in shale
affects the development of pores in shale through hydrocarbon
generation. Hydrocarbon generation via kerogen cracking pro-
duced organic-hosted nanopores (20-200 nm), predominantly
bubble-shaped and isolated within OM (Fig. 14(a)). These pores,
critical for adsorbed gas storage, formed as volatiles escaped
during OM transformation, creating a network of nano-to micro-
scale voids. Early diagenetic processes, including smectite-to-illite
conversion and quartz cementation, reduced primary porosity but
enhanced brittleness, while maturation-induced microfractures
improved pore connectivity. High mechanical stress in foreland
basins preferentially collapses OM pores, leaving fractures as the
primary voids. The resulting pore structure, comprising OM pores,
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interparticle voids, and microfractures, dictated the shale’s dual
capacity for gas storage, adsorbed in micropores, and the migra-
tion of free gas in fractures. While hydrocarbon generation created
isolated OM-hosted nanopores (Fig. 14(a)), their limited connec-
tivity suggests that gas storage and flow rely more on fractures and
interparticle pores (Fig. 14(b)), which is also observed in the SEM
images shown in Fig. 5. The primary role of OM may be gas
adsorption rather than porosity development.

The development of organic pores is controlled by the thermal
evolution degree (Curtis et al., 2012). Organic pores in shale, often
bubble-shaped and isolated within organic matter (Fig. 14(a)),
facilitate the creation of interconnected pore networks (Zhu et al.,
2018). These pores are vulnerable to external factors like fluid
injection, cementation, and tectonic stress due to the soft nature of
the surrounding organic matter. As hydrocarbon maturation pro-
gresses, organic pores evolve through development, growth, and
mineral infilling (Fig. 14(a)). The structure of organic pores changes
with the increase of burial depth during pyrolysis and hydrocarbon
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generation of organic matter. As the shales undergo compaction
and tectonic deformation, the pores become less rounded, exhib-
iting more branch-like and line-like edges in directional alignment
due to the absence of mineral support and protection (Fig. 14(b)).
Post-depositional Himalayan tectonics dynamically reshaped OM
pore networks. Syn-orogenic thrust loading (MCT) accelerated
burial and thermal stress, optimizing OM pore development dur-
ing peak gas generation. However, subsequent tectonic compres-
sion and shear induced ductile deformation, dispersing OM within
clay matrices and elongating pores into branch-like structures
(Fig. 14(b)), reducing roundness and increasing specific surface
area for enhanced adsorption. Tectonic deformation is one of the
important reasons for the occurrence of reservoir pore deforma-
tion (Li et al., 2021). The regional thrust and faults increase the
pressure and temperature, eventually providing sufficient thermal
maturity for gas generation of the Bhainskati shale in the Paleo-
cene (Wang et al., 2023). The gas starts to migrate and accumulate
in the source rocks, with the fracture developed by local faults
helping to migrate to the upper sandstone layers for preservation
(Fig. 15(a)—(b)). In the Eocene shale in the Lesser Himalayas, Nepal,
the organic matter pores and microfractures were crucial for gas
retention, as these features provided storage space and pathways
for gas migration (Fig. 15(c)).

Gas-bearing shale features numerous organic pores, ranging
from nanometers to micrometers, with minimal micro-fractures.
Based on pore diameter (D), macropores (D > 50 nm), mesopores
(D = 2-50 nm), and micropores (D < 2 nm) can be identified
(IUPAC, 1994). Mesopores have the most significant average pore
volume, followed by macropores and micropores. However, as
shale shifts from brittle to ductile deformation, there’s a gradual
increase in the contribution of mesopores and micropores while
macropores diminish (Ju et al., 2018). Similarly, mesopores
dominate the average specific surface area, followed by micro-
pores, with macropores showing a negligible contribution that
wanes with increased deformation. Mesopores and micropores
collectively contribute the most to the average specific surface
area, and concerning pore volume, macropores and mesopores are
higher than that of the micropores (Fig. 7). From the analysis, it is
observed that the mesopores contribute the highest pores both in

A

¥

S, AL r‘é‘.-&» %

- Microfracture
AR,
A‘OM"pores
e o

, r,»/h\terP p

Petroleum Science 23 (2026) 103-126

pore surface area and pore volume. However, in the case of the
samples close to the tectonic zone, the macropores contribute
more to pore volume. This variation in pore size could be a reason
for a tremendous change in the morphology and structure of the
area due to the immense tectonic activity that produces local and
regional structures. These representative samples in the study area
clearly show that pore volume is more affected by tectonism than
surface area, contributing to a higher percentage of macropores.
Micropores and mesopores primarily facilitate gas adsorption and
storage, while organic and intergranular pores are predominant in
gas adsorption and microfracture for free gas storage (Xu et al.,
2020). Consequently, shale reservoirs evolve into complex dual-
porosity systems comprising various pore types, including mi-
cro-, meso-, and macropores, and microfractures, which are crucial
for gas transport and storage (Feng et al., 2022). The proportion of
meso- and macropores increases with deformation, accompanied
by enhanced permeability, while micropores gradually decrease.
In the sample analyzed, we observed that most of them are
concentrated in mesopores, with a pore diameter of 5-10 nm
(Fig. 8). Furthermore, shale reservoirs exhibit regional variability
in pore characteristics influenced by geological tectonics. This pore
network is more connected and open (W. Sun et al., 2020). During
the pyrolysis and hydrocarbon generation of organic matter, the
structure of organic pores changes with the increase in thermal
maturity, with micro and meso pores shrinking under extrusion
and becoming directionally aligned as indicated by the red circle in
Fig. 16(a). The distinct spongy, bubble-like morphology of the
features observed in Fig. 16(a) is characteristic of secondary
organic porosity formed during hydrocarbon generation. This is
inconsistent with the sharp, angular, or cleaved surfaces typical of
brittle mineral detachment.

Gas movement in highly porous shale primarily occurs through
sorption and diffusion, with microfractures acting as conduits for
free gas migration via Darcy flow and serving as storage sites if
sealed by mineralization. In contrast, low gas-bearing shale relies
on Darcy flow, mainly containing free gas. Pore throat size controls
both the flow mechanism and, indirectly, the gas storage capacity.
The MICP study indicates that high gas-bearing samples exhibit a
tiny pore throat diameter compared to low gas-bearing samples

Fig. 17. SEM images showing fractures and microstructural fractures in strongly deformed shales from the Tansen area (a)-(c) and the Surkhet area (d)-(f).
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(Fig. 13). Shale with better pore connectivity facilitates gas trans-
port, enhancing reservoir permeability. Internal micro-fractures,
detected through FE-SEM imaging, serve as dominant pathways
for gas transport despite their small volume contribution (Fig. 5).
The fracture aperture of the Bhainsekati shale is found to be almost
one um (Fig. 16). Microfractures, alongside the pore system, play a
pivotal role in governing gas storage and transport processes,
influencing the Eocene shale permeability anisotropy under
varying stress conditions. FE-SEM imaging confirms the presence
of microfractures with apertures of ~1 pm (Figs. 5 and 16); their
effectiveness under subsurface stress conditions is a function of
their mineralogy and connectivity. The high quartz content and
early cementation observed in the Bhainskati shale (Table 2, Fig. 4)
suggest that many fractures may be ‘propped’ open by brittle
minerals, enhancing their sustainability. Furthermore, the align-
ment of fractures relative to the present-day in-situ stress field
will ultimately determine their contribution to permeability
anisotropy. Organic porosity is contingent on thermal maturity
and organic matter composition, significantly impacted by tecto-
nism (Loucks et al., 2012). Overmaturity can weaken organic
porosity and damage the microstructures of OM pores. The pores
between organic grains and clay flakes are significantly impacted
by tectonic deformation, but other rigid mineral pores don’t suffer
such a drastic loss of shape (Zhu et al., 2018).

The pore structure of shale samples seems less affected by
deformation if the samples are away from significant tectonic
structures like MCT, MBT, and other locally developed structures
such as fault, thrusts, joints, and other linear features. However,
both organic and inorganic pores in fold-related and near-fault
shale samples have the characteristics of increasing pore size,
better connectivity, and growing microfractures, as observed in
SEM images (Fig. 17). The presence of pyrite crystals (Fig. 17(f)) and
the development of nanoparticles and organic layers are regarded
as signs of the occurrence or enhancement of faults or shear.

SEM images reveal a diverse range of interparticle pores,
spanning from 200 nm to 2 pm, with an irregular spatial distri-
bution. These pores may originate from various processes such as
bioturbation, hydrocarbon generation, and tectonism (Loucks
et al., 2012). In the Eocene Bhainskati shales, remnants of bio-
turbation are evident, alongside significant regional and local
tectonic effects. Interparticle pores typically form at the triple
junction of mineral grains, exhibiting higher connectivity and
interconnection compared to intraparticle pores (Fig. 17(e)).
Intraparticle pores, mainly found in carbonate particles due to late
diagenetic dissolution, possess moderate connectivity but are less
abundant and smaller in size. Tectonic deformation strongly in-
fluences pores within or between organic grains and clay flakes,
contrasting with rigid mineral pores that maintain their shape
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more effectively. These open microstructures, often exceeding
0.1 pm in width and 10 pm in length (Fig. 17(a)), serve as migration
pathways for hydrocarbon molecules. Notably, heart-shaped py-
rite accumulations in the shale sample contain numerous micro-
channels and fractures within their oriented and fractured struc-
ture, significantly impacting shale porosity and permeability
(Figs. 17(f) and 5(c)). The SEM images (Figs. 5 and 17) depict
various pore types and micro-channels, possibly attributed to
tectonic activity. Interconnected microfractures of varying sizes
serve as vital transport channels for shale gas, facilitating its
enrichment and migration. The connectivity of interparticle pores
via microchannels and fractures establishes pathways for gas
storage and migration, highlighting the significant impact of
tectonism on deformed Himalayan shale. Furthermore, this
tectonism affects the different strata within the same formation
and the pore structure and accumulation pattern within the same
rock strata.

Notably, a significant amount of gas is adsorbed in small micro-
mesopores, indicated by the continuous rise in [dV/d(d)] from
macropores to mesopores (Fig. 18). Pore sizes between 3 nm and
10 nm exhibit the highest pore frequency accompanied by a
decrease in pore size and an increase in pore volume, suggesting a
significant influence of pore size and geometry on adsorption ca-
pacity. The pore size distribution in the Tansen and Surkhet re-
gions is similar (Fig. 18), but the pore area and volume in the
Surkhet area are higher than in the Tansen area. Micropores and
mesopores mainly occupy the pore volume. Additionally, a larger
pore volume corresponds to a smaller pore size and a higher
storage capacity, as evident from Tables 5 and 6 Notably, the PSDs
of shale samples reveal single prominent peaks in the curves of dV/
dlog(D), dS/d(D), and dS/dlog(D) (Fig. 18(a)) around the artificial
4 nm peak. Furthermore, the curves exhibit unimodal pore peaks
within the range of 1-10 nm (Fig. 18(b)-(d)), indicating that mi-
cropores and fine mesopores (<10 nm) predominantly contribute
to surface area development of the Eocene Bhainskati shales.

The N, physisorption isotherms exhibit notable hysteresis
patterns (P/Py > 0.5) without a plateau at high pressure (P/Py >
0.95), suggesting the presence of both mesopores (resulting in
hysteresis) and macropores (lack of plateau) according to IUPAC
classification. The International Union of Pure and Applied
Chemistry (IUPAC) provides six different types of isotherms and
their interpretation to relate them with characteristics of the
porous system (IUPAC, 1994; Thommes et al., 2015). The hysteresis
in bulk shale samples indicates the predominance of mesopores,
while mineral compositions, particularly clay minerals, contribute
to the presence of macropores. Moreover, all isotherms show
adsorption at shallow relative pressures (P/Py < 0.01), indicating
the existence of micropores. Fig. 19(a)-(c) displays the N
adsorption isotherm for the samples examined in this study from
the Eocene Bhainskati Formation, characterized by a reversed S-
shaped curve, classified as type II curves, and sample LSS13 from
Surkhet exhibits a Type I isotherm curve (Fig. 19(b)) according to
BET classification. At relative pressures below 0.3, the adsorption
volume gradually increases with pressure, showing a slightly
convex curve indicating the transition from monomolecular to
multimolecular layer adsorption. Between relative pressures of 0.3
and 0.8, the adsorption volume increases slowly, indicating a
multilayer adsorption process. However, in the sample LSS1 from
the Surkhet area, the adsorption volume increases relatively faster
than the other shale samples and reaches more than 30 cm?/
gm@STP. When the relative pressure exceeds 0.8, there’s a sudden,
rapid increase in adsorption volume, suggesting the presence of
large pores or fractures in the shale samples, facilitating significant
N, influx. At the middle-pressure zone, the separation degree is
highest.
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The adsorption and desorption curves tend to overlap, indi-
cating the development of conical and slit-shaped pores in the
shales (Fig. 19). The pressure corresponding to the adsorption and
desorption of the same pore is not the same, which causes the
adsorption and desorption curves not to coincide. The adsorption-
desorption curves for the Eocene shale samples from the Tansen
and Surkhet areas differ because of the local tectonic activity. The
pore structure characteristics can be determined according to the
type of the desorption curve. This observation suggests that the
gas adsorption and desorption within the same formation also
have differences, mainly due to the different stages of tectonics
from the collision to the evolution and post-evolution of the
Himalayas. A few faults and thrusts are still active in the Hima-
layas, continuously impacting the structure of pores and gas
accumulation and migration along the reservoir rocks.

5.3. Himalayan tectonic impact on rock strata, shale pore structure,
gas accumulation, and preservation

The geological evolution driven by tectonic events significantly
impacts shale formations, influencing their mechanical properties,
fracture development, and gas preservation (Slatt and O’Brien,
2011). In the Tansen and Surkhet areas, the Eocene shale has
been subjected to intense tectonic stress from the Himalayan
Orogeny, resulting in NS-trending strike-slip faults, thrusts, and
folds (Li et al., 2020). The collision of the Indian and Eurasian plates
initiated episodic tectonic activity, beginning with the activation of
the MCT at 23-18 Ma, which emplaced large thrust sheets
(>100 km) and caused significant crustal thickening and defor-
mation of the Lesser Himalayan Sequence (LHS) and Greater Hi-
malayan Sequence (GHS) (DeCelles et al., 2020; Khanal et al.,
2015). During the Late Miocene (11-5 Ma), deformation shifted
to the Lesser Himalayan Duplex, accommodating ~12 km of slip
and transitioning to subcritical taper (DeCelles et al., 2020). By the
Pliocene-Pleistocene (<5 Ma), the MBT and frontal imbricate zone
became active, concentrating shortening in the Siwalik Group
foreland basin. The MBT, initially active at ~10 Ma, was reactivated
at ~3 Ma, further eroding Lesser Himalayan rocks and exhuming
the Himalayas (Khanal et al., 2015; Meigs et al., 1995). These tec-
tonic processes created local-scale structures, such as anticlines
and fault-bounded closures, which are critical for hydrocarbon
accumulation (Mishra and Mukhopadhyay, 2012). The combined
effects of these processes dictate the overall dynamics of the hy-
drocarbon system, affecting where and how hydrocarbon gases
accumulate and are preserved within the Nepal Himalayas. The
thrust faulting and duplexing in the Lesser and Sub-Himalayan
zones create structural traps, such as anticlines and fault-
bounded closures, which are critical for hydrocarbon accumula-
tion (Mishra and Mukhopadhyay, 2012). While tectonic forces
initially enhance porosity by generating fractures and pathways
for fluid and gas migration, proximity to major faults (MCT, MBT)
often increases tectonic stress, altering pore structures and
reducing reservoir quality (Fan et al., 2022; Xiang et al., 2024).
While tectonic deformation enhances macropore connectivity, it
also impacts micropores and nanopores. In the Eocene shale of the
Lesser Himalayan foreland basin, tectonic stress has led to the
development of nanometer-sized pores (smaller than 4 nm), as
evidenced by SEM image analysis, MICP, and gas adsorption data
(Fig. 18(a)~(d)). These small pores, while beneficial for gas
adsorption, pose challenges for gas flow due to high capillary
pressure, especially in over-mature organic matter zones (Ma
et al,, 2014).

Tectonic deformation enhances the connectivity of pore net-
works (Zhu et al., 2018), while intense late tectonic reworking
impacts shale gas diagenetic and preservation mechanisms,
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Fig. 20. Field photographs showing the outcrops and rocks of the Eocene shale in the study area. Bedding and joints in an outcrop shale of the (a)-(b) Tansen area with the impact
of Pappa Klippe, (c)-(d) Surkhet area, (e) gas seepage evolves as bubbles in the Nabisthan river, and (f) gas burning flames near the river indicating gas seepage in the Dailekh area

along the ridge of the anticline and Padukasthan Fault, north of Surkhet.

potentially leading to unfavorable conditions for shale gas pres-
ervation (Gou et al., 2021; Sun et al., 2023; Zhu et al., 2018). The
impact of tectonic deformation on pore morphology may be either
ductile deformation or brittle deformation. Tectonic deformation
fundamentally alters the shale’s pore structure, with ductile
deformation resulting in a complete mixing of organic and clay
minerals, forming the mylonite structure. In areas subjected to
ductile deformation, such as the Palpa Klippe region (Figs. 2(a) and
20(a), (b)), the Eocene shale exhibits a mylonitic structure due to
the complete mixing of organic matter and clay minerals. This
process increases the SSA and enhances adsorption capacity, but it
also reduces pore connectivity, particularly in nanopores (Ma et al.,
2014). The dispersion of organic matter particles within clay
minerals due to mylonitization further complicates the pore
network, making gas flow more challenging. In contrast, brittle
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deformation, characterized by the development of fractures and
joints, enhances macropore connectivity. The Eocene shale in the
Tansen and Surkhet area displays diverse joint orientations and
bedding plane crossings, accompanied by numerous fractures
(Fig. 20). These intricate tectonic deformations can negatively
impact shale gas reservoirs by allowing gas to escape through large
open fractures, causing damage to the shale strata, floor, and
sealing roof. Gas seepage in the Nabhisthan area along the Nab-
histhan anticline and the Padhukasthan fault is proof of gas
escaping from the faults in the sharp anticline (Fig. 20(e)-(f)).
Proximity to faults results in stronger tectonic stress and defor-
mation, adversely affecting porosity by altering the pore structure
and reducing reservoir quality are negative impacts. Intense
deformation and uplift typically reduce porosity by damaging the
shale’s pore structure (Fan et al., 2022; Xiang et al., 2024). Tectonic
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stress associated with Himalayan tectonic movements induces
alterations in shale macromolecular structures, affecting gas
adsorption and storage capacity (Feng et al., 2022; Guo et al., 2017).
The continued tectonic deformation led to a complex pore
network, vital for gas transport and storage but also prone to gas
leakage (Han et al.,, 2022; Zhu et al., 2018). As the intensity of
tectonic deformation superposition increased, the gas content in
the shale gas gradually decreased (Hou et al., 2024).

The impact of tectonism on shale pore structure and gas pres-
ervation is evident through various stages of deformation, as
depicted in the schematic cartoon model in Fig. 21. Shale gas
production is stimulated by an enhanced seepage flow of gas
adsorption and desorption when the small micro-fractures do not
extend to the roof and floor of the shale strata, which preserves
gases rather than allowing them to escape through the channel.
Fig. 21(b) shows the possible pattern diagram of the develop-
ment of the pore network in OM-clay aggregate shale during tec-
tonic deformation. The development of micro-fractures with
cement or veins can also contribute to the sealing ability of shale
gas reservoirs, impeding free gas movement and enhancing pres-
ervation. However, intense tectonic deformation and uplift typi-
cally reduce porosity by damaging the shale’s pore structure. Gas
escapes through thrusts and faults, such as the Padukasthan fault,
damages and enlarges shale structures, reducing the preservation
capacity of pore spaces (Fan et al., 2022). The hydrocarbon gen-
eration leads to the formation of OM pores crucial for gas storage
(Loucks et al., 2012). Gas production depends on natural fracture
development, often influenced by tectonic events (Curtis, 2002).
The tectonic stress during the dry gas generation stage leads to a
notable decrease in organic pores and an increase in micro-
fractures, following the pattern diagram of pore network devel-
opment in OM-clay aggregate shale during tectonic deformation
(Fig. 21(b)). Fault activity and sealing are crucial for the preser-
vation of shale gas. Gas escapes through thrusts and faults, dam-
ages and enlarges shale structures, reducing the preservation
capacity of pore spaces (Fan et al., 2022). While multi-stage and
multi-oriented tectonic features facilitate the development of
extensive fractures and fissures, they can also lead to gas leakage
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from the source and trap. The degree of pore development in the
Eocene shale of the Tansen and Surkhet areas is strongly controlled
by tectonic activity. While tectonic deformation enhances mac-
ropore connectivity and fracture development, it also damages the
shale’s pore structure, particularly in nanopores, reducing porosity
and reservoir quality.

5.4. Comparative analysis with a similar complex tectonic setting

The Eocene Bhainskati Shale of the Lesser Himalaya, Nepal, is
significantly impacted by the Himalayan tectonics, exhibiting
similar characteristics comparable to other well-studied shale
formations in the NW Himalayan region and SE China. The com-
plex tectonics of the Northwest Himalayas significantly influence
shale gas formation, accumulation, and preservation. The region’s
fold-and-thrust belt, shaped by the MBT and Main Central Thrust
(MCT), creates various hydrocarbon traps like ramp anticlines and
buried duplexes. Carbonaceous shale from the key formations,
including the Patala and Nammal in Pakistan’s Kohat-Potwar area
and the Subathu and Lower Dharamsala in India, shows fair un-
conventional reservoirs (Craig et al., 2018; Hafiz et al., 2022; Khan
et al., 2022; Mani et al., 2014), developed substantial hydrocarbon
potential around 22-14 Ma, peaking in oil generation between 11
and 10 Ma during the establishment of the MBT (Craig et al., 2018).
Structures formed approximately 6 Ma likely received gaseous
hydrocarbons, while those linked to the 5 Ma MBT splay are prime
targets for gas accumulation. The Subathu Formation extends from
Pakistan’s Potwar Basin to Nepal, varying in thickness from 50 to
1800 m due to tectonic complexity. The samples from Subathu Fm
under SEM show abundant dispersed organic matter and are
mainly composed of clay minerals with pyrite crystals (Hafiz et al.,
2022). The Patala Shale is thermally less mature, whereas the
Subathu and Bhainskati Shales are thermally overmature, possibly
due to friction tectonics (Hafiz et al., 2022). These shales generally
exhibit low to moderate porosity (2%-8%) and very low perme-
ability, though natural fractures in the Patala and Subathu shales
enhance permeability. The Patala Shale, located in the tectonically
active Potwar Basin, is highly fractured, which enhances
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permeability but poses risks to preservation (Khan et al., 2022).
The highly thermally mature coal seams and carbonaceous shales,
with low Hydrogen Index (HI), suggest deep burial and potential
over-maturity from thrust tectonics. These Type III and IV kero-
gens generated gas in deeply buried subsurface areas over 6 km
deep. The tectonic compression and uplift have enhanced gas
generation by causing deep burial and increased thermal maturity,
though they also lead to brittleness and frequent disruption of
formations (Craig et al., 2018). This intense tectonic activity often
breaches original traps, resulting in the loss of early-generated
hydrocarbons. However, the Bhainskati Shale is more intensely
deformed due to thrust faulting, which may compromise seal
integrity while creating structural traps. Despite these challenges,
the areas near the MBT and late-stage thrust structures remain
promising for shale gas exploration, underscoring the dual role of
Himalayan tectonism in facilitating and complicating hydrocarbon
preservation in this research area.

In China, the Guizhou and Sichuan provinces, adjacent to the
northern part of the Himalaya, exhibit the complex tectonic activ-
ities crucial in shale gas accumulation and preservation. These re-
gions have experienced significant tectonic events, including the
Yanshanian and Himalayan periods, resulting in well-developed
faults and varied geological structures. In Guizhou, tectonic uplift,
regional faults, strike-slip faults, and synclines facilitate gas
migration to higher structural points, enhancing gas retention at
greater burial depths despite reduced permeability. The Weiyuan
and Zhaotong areas in Guizhou exhibit synclinal structures that act
as natural traps for shale gas, with uplifted regions providing
migration pathways for hydrocarbons (Sun et al., 2021). However,
intense deformation in some areas can lead to permeability issues
and gas dissipation, like the challenges faced in the Himalayan re-
gion. In contrast, the Sichuan Basin, influenced by multiple tectonic
periods, displays variable preservation conditions. Anticlines in this
region typically show higher gas enrichment than synclines due to
better structural trapping. Favorable exploration targets include
deep syncline cores and slopes with reverse faults, which provide
effective seals for gas accumulation (Xiao et al., 2021). Samples from
the Wufeng-Longmaxi Formation in the Xiushan region exhibit
varying deformation strengths, with increasing deformation leading
to a gradual reduction in micropores and a corresponding increase
in macropores (Li et al., 2021). The Longmaxi Formation in Sichuan,
for instance, benefits from less intense deformation compared to
the Himalayan region, enabling large-scale commercial production
through hydraulic fracturing. The tectonic stress and structural
deformation in the Wufeng-Longmaxi formations of the south-
eastern Sichuan Basin, Yongshun, influence pore surface area and
adsorption capacity by compressing mesopores and generating
macropores through microcrack development. At the same time,
total porosity and micropores remain relatively constant (Liang
et al., 2017). The intense tectonism in the Himalayan region, char-
acterized by thrust faults, folds, and uplift, has a similar impact on
shale gas reservoirs as observed in Guizhou and Sichuan. The
Eocene Bhainskati Shale in the Nepalese Lesser Himalayas experi-
ences significant deformation, which enhances gas adsorption but
often leads to permeability challenges and gas escape through
fractures and faults. This mirrors the tectonic uplift in Guizhou,
where gas migration is facilitated, but preservation is compromised
in highly deformed zones. Furthermore, in Sichuan, the complex
tectonic history, including the influence of Himalayan orogeny,
creates mixed preservation outcomes. The interplay between
compression and uplift in the Himalayan foreland basin is analo-
gous to the tectonic dynamics in Sichuan, where anticlines and
reverse faults play a critical role in gas enrichment. The Himalayan
thrust systems, such as the MCT and the MBT, create structural traps
similar to those in Sichuan, where fault-bounded closures and
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anticlines are key to hydrocarbon accumulation. Regarding organic
matter and thermal maturity, both regions exhibit high organic
matter content and thermal maturity, which are essential for shale
gas generation. In Guizhou, the Lower Silurian Longmaxi Formation
is rich in organic matter, with thermal maturity levels conducive to
gas generation (Sun et al., 2021). In Sichuan, the Longmaxi Forma-
tion benefits from optimal thermal maturity and less intense
deformation (Xiao et al., 2021), allowing for effective gas retention
and production. The Himalayan tectonism, however, often pushes
organically rich Eocene Bhainskati shale formations to higher
maturity levels, increasing gas generation but also risking gas
escape through fractures and faults. The structural complexity is
driven by Himalayan tectonism, which influences gas preservation.
In Guizhou, synclines and faults create natural traps, but intense
deformation can lead to gas dissipation. In Sichuan, anticlines and
reverse faults provide favorable conditions for gas accumulation,
but variable tectonic stress can compromise preservation in some
areas (Xiao et al., 2021). The tectonic activities in the Sichuan and
Guizhou regions, influenced by Himalayan tectonism, provide
valuable analogs for understanding shale gas accumulation and
preservation in the Eocene shales of the Nepalese Lesser Himalayas.

6. Conclusion

This study comprehensively characterizes the pore structure of
shale from the Eocene Bhainskati Formation within the Lesser
Himalayas, revealing the impacts of tectonism, mineralogy, and
thermal maturity. Furthermore, it offers valuable insights into the
pore structure and distribution of highly matured and tectonically
deformed shales, providing implications for understanding gas
reservoir behavior and optimizing shale gas exploration and
extraction strategies.

1. SEM analysis reveals the presence of OM hosted pores, mineral
matrix pores (InterP, IntraP), and organic pores with micro-
fractures exhibiting apertures exceeding 100 nm to 1 pm in size
in the Eocene Bhainskati shales. The plot between TOC and
porosity in the Eocene shales does not show a direct correla-
tion. However, thermal maturity negatively impacts specific
surface area, pore volume, pore diameter, and porosity. Low
TOC levels and over-maturity are associated with extensive
tectonic activities in the Himalayan Orogeny.

. The specific surface area of the shale samples ranges from 24.34
to 29.93 m?/g, with BJH pore volume varying between 0.0855
and 0.1297 cm?/g. Tectonic activity raises the pores’ SSA,
enhancing their tectonically deformed shale adsorption capa-
bility. Tectonic deformation alters shale pore structure by
shifting from brittle to ductile deformation, leading to changes
in pore size distribution and connectivity.

. MICP and gas adsorption methods identify the presence of all
three types of pores in the Eocene Bhainskati shale, with a
higher proportion of mesopores than the others. Based on
surface area, micropores constitute 48.01%-51.83%, mesopores
44.39%-51.27%, and macropores 0.71%-3.78%. Meanwhile,
based on pore volume, micropores represent 16.91%-20.72%,
mesopores 30.24%-64.07%, and macropores 17.30%-49.34%. The
analysis reveals significant pore volumes and surface area
variation within the same rock strata.

. The Eocene Bhainskati shale is a composite reservoir system
whose character is fundamentally shaped by its tectonic his-
tory. While thermal maturity generated gas by creating isolated
organic nanopores for adsorption, the intense tectonic
compression of the Himalayan foreland basin dictated the final
pore architecture. This deformation plays a dual role: it
destructively collapses and reshapes organic porosity yet



K. Khadka, S.-J. Han, S.-X. Sang et al.

constructively enhances the reservoir's permeability by
generating a pervasive, propped network of microfractures.
Consequently, the capacity for gas storage and migration is not
solely a function of organic content. Still, it is governed by the
tectonically modified pore system, where fractures provide the
critical pathways for gas flow.

5. The Himalayan tectonic forces, including regional thrusts such
as MCT, MBT, and RMT, alongside local features like the Palpa
Klippe in the Tansen area, impact the Eocene source rock and
the sealing behavior of overlying shale. These tectonic activities
significantly influence shale gas preservation and gas dynamics
by altering pore structures, promoting the escape of gases along
the faults and ridge of folds. Understanding the impact of tec-
tonic activity on shale deformation is vital for assessing shale
gas potential and optimizing exploration strategies in tectoni-
cally active Himalayan regions.

6. The Eocene shale within the Lesser Himalayas, characterized by
complex tectonics like those in the Northwest Himalayas and
Southern China adjacent to the Himalayas, reveals significant
impacts in shale gas formation, accumulation, and preserva-
tion. Tectonic forces such as thrusting and multiple uplift
events enhance gas retention by altering pore structures.
However, they also pose challenges, such as gas dissipation and
reduced permeability. These findings highlight the dual impact
of tectonic activity, which both facilitates and complicates the
potential for shale gas across various geologically active zones.

7. This study provides a foundational characterization of the
Bhainskati shale’s pore system; however, its findings are con-
strained by the inherent limitations of outcrop-based analysis.
The reliance on surface samples means that the petrophysical
properties measured are likely to differ from those in situ, and
the absence of direct gas content measurements prevents a
definitive assessment of net gas retention versus tectonic escape.
Consequently, these conclusions underscore the need for future
subsurface validation through drilling and core-based studies to
accurately quantify shale gas potential and the impacts of the
Himalayan tectonics on shale’s pore structure.
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