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The methane trapped in the coal seams has emerged as an unconventional clean energy resource worldwide in this century. The
proximate composition, ultimate content, cleat structure, porosity type, and pore structures are the debatable components for its
trapping mechanism. Further, the brittle and ductile properties of minerals influence in the extraction of the methane from the
coal seams. In this research, Coalbed methane prospect is demonstrated by analysing the Hangu Formation’s coal seam of
Trans-Indus Ranges, Pakistan. This case study is helpful to find the occurrence, trapping ability, and methane extraction
capacity in its cleat structures and pores. A number of samples were tested from the different coal mines in terms of these
debatable components. The results indicate that the rank of studied coal is bituminous to subbituminous in which the carbon
ratio, volatile matter, and sulfur contents are increasing with depth towards the south. The transitional connected face and butt
cleats are partially filled with minerals and the intergranular, dissolved, and tissue pore types are also identified in it. It can be
helpful for the occurrence, migration, and trapping of methane. Furthermore, the higher surface areas and cumulative pore
volumes enhance the capacity of gas adsorption with depth in the study area. Moreover, the increasing brittle minerals in the
coal composition towards the south can be helpful for the fracking of coal seams for economical gas extraction. It is suggested
that this workflow can be implemented in any region with same coal rank and cleat types.

1. Introduction

Worldwide, the Coalbed Methane (CBM) is known as the
unconventional energy resource which consists of mainly
methane that trapped in coal seams during the coal forma-
tion. [1]. For the past 22 years, CBM is considered a signifi-
cant energy resource globally as it is cost-effective and emits
less CO2 per unit of energy as compared to the combustion
of coal, oil, or even wood [2]. To overcome the world’s
energy demand, the extraction of economic methane which
is trapped in coal seam is necessary. The United States, Rus-
sia, China, Australia, United Kingdom, Germany, and others

contain approximately 30,000 TCF of gas trapped in vast
coal deposits [3]. The coal seam of shallow depth of Bowen
Basin, Australia, has been drilled with over 500 wells and
has an estimated annual production of 100 BCF. Similarly,
the CBM industry in China is also growing and has an esti-
mated production of 130 BCF per year [4]. On the other
hand, Canada did not reach its full potential for CBM
extraction but still, Alberta consists of almost 3500 CBM
wells and produces 100 BCF (annually) of methane from
bituminous to low volatile coal [5]. In the US, the San Juan
Basin and Powder River Basin consists of low to high volatile
bituminous rank coal and producing methane [3].
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The coal seams mostly consist of moisture, organic mat-
ter, and mineral matter. These contents are trapped in the
cleat structures having a complex pore system [6–8]. The
coal is determined into four ranks including lignite, subbitu-
minous, bituminous, and anthracite ordered from lowest to
high rank, respectively. Bituminous coal is considered as
the maximum capacity to adsorb economical methane [9].
The methane (CH4) in the subsurface coal seams is trapped
in the cleat structures and adsorbed in the pores of coals.
These cleat structures are formed due to the development
of natural fractures, whereas the micropores present in these
seams are responsible for the generation of porosity and per-
meability [10]. Moreover, the cleat structures (fractures) and
the porosity including the pore connectivity and pore throat
size are important features for accumulation of unconven-
tional reservoirs [11]. These features generate the permeabil-
ity which increases with time and act as the pathways within
the reservoir [12, 13]. However, the higher brittle minerals
are ideal for artificially induced fractures and help in less
energy loss for the extraction of methane [14–17].

Pakistan is suffering from a shortfall of energy and con-
sistent efforts are needed to exploit the new economic
resources [18]. The country has one of the largest coal
reserves in the world which consists of more than 186282
million tons (Mt) [19]. The extraction of methane from the
coal seams can be an important solution to fulfill the energy
demands. In this research, the coal seam of the Hangu For-
mation (Paleocene age) of Trans-Indus Ranges are studied
to find their potential to act as coalbed methane. The gross
calorific value of Makarwal coalfield ranges between 10500-
14000 (Btu/lb) which almost ranges to the heating value of
productive coalbed methane of Illinois bituminous
(12770Btu/lb) and Wyoming subbituminous (8683Btu/lb)
of Powder River Basin [20]. It is believed that the methane
is trapped in the coal seams of the Hangu Formation which
was identified during the Kuch iron exploratory tunnel and
caused the losses in an explosion at the tunnel. The flamma-
ble gas is also identified during drilling at Chichali Pass with
artesian water in Hangu Formation which is believed to trap
along the faults in the study area [21]. The extensive tectonic
activities resulting in folding and faulting [22–26] are the
cause of the thermal maturity of coal seams [27]. Keep this
in mind, the objectives of this research are to find the rank
of Hangu Formation coal and the internal cleat structures
to identify its type, retention, and flow of methane. Further,
the type of porosity (dual porosity) and pore structure of
coal is also studied to understand the adsorption capacity
of methane, whereas the mineralogical identification is stud-
ied to find the brittle minerals in the coal of the Hangu For-
mation to investigate its potential for methane extraction in
the study area.

2. Study Area and Geological Setting

This case study was conducted at Makarwal coalfield in
Mianwali district, Punjab, Pakistan (Figures 1(a) and 1(b)).
The coalfield was mined as early as 1903 and plays an
important role in energy resources and manufacturing by-
products [28]. The total reserves of Makarwal and neighbor-

ing Salt Range coalfields are about 235Mt, in which the mea-
sured reserves are 57Mt [19]. The depth of the coal reserves
above the sea level is 450m which includes the mineable
reserves [29], whereas the working depth of coal mines is
up to 300m above sea level and designated the reserves of
7.5Mt below; whereas, from the altitude of 300m to 600m
inferred reserves are 9.2Mt [28].

Geologically, the Makarwal coalfield consists of a sinu-
ous fold and thrust belt, located in the Surghar Range of
Trans-Indus Ranges, Pakistan (Figure 1(a)). These ranges
consist of Kalabagh hills, Surghar-Shinghar Ranges,
Marwat-Khisore Ranges, and the Pezu-Bhitani Range. It is
bounded by the Kohat Plateau in the north, Punjab Foreland
in the south, whereas the Indus River forms its eastern
boundary and its western part is bounded by Sulaiman
Range [33]. The Kalabagh hills are situated in the eastern
part of the Trans-Indus Ranges and consist of a structural
transect of Surghar Range. The Kalabagh Fault (KF) is situ-
ated in the eastern part and formed due to transpressive
right-lateral strike-slip movement in Northern Pakistan
[34–37], whereas the Marwat-Khisore Ranges bound the
Bannu Basin in the south and characterize by east-west to
east-northeast structural trends. Furthermore, the Pezu-
Bhitani Range is the westernmost surface expression of the
Trans-Indus Ranges and formed the northeastern extension
of the Sulaiman Ranges [38]. Regionally, these events are
representing the tectonic impact due to the Himalayan orog-
eny towards the north of the study area [21]. The Surghar
Range is shoe-shaped south-plunging anticlinal structure
(Figure 1(a)) with a series of ridges bounded by the Indus
River. The range consists of an east-west structural trend
along the southern margin of the Kohat Plateau, whereas it
is transformed into a north-south trend along the eastern
flank of Bannu Basin [33]. The Surghar Anticline is detached
at the base of the Jurassic sequence in which the forelimb of
the anticline is characterized by a south-verging thrust [39].
The stratigraphy of the Trans-Indus Ranges consists of
marine and nonmarine sources of sedimentary rocks rang-
ing from Permian to Pleistocene sequences which are
exposed along with these ranges due to compressional tec-
tonics [28]. The exposed stratigraphic succession in the Sur-
ghar Range comprised of Musa Khel group, Baroch group,
Surghar group, Makarwal group, Cherat group, and Siwaliks
group ranging from Triassic to Miocene/Pliocene age [38].

This research is conducted on Hangu Formation Paleo-
cene age coal of Makarwal group [39]. It has a lower uncon-
formable contact with the Lumshiwal Formation of
Cretaceous age and upper contact with the conformable
Lockhart Formation [40]. The Hangu Formation mainly
consists of interbedded shaly sandstone, coal, interbedded
shale and siltstone, and carbonaceous shale (Figure 1(c)).
Overall, the sedimentary structures and lithology is indicat-
ing a shallow marine and deltaic depositional environment
[21]. The laterite exposure at the base of the Hangu Forma-
tion indicates the break in the deposition. Hence, the laterite
specified the higher exposure to varying weathering environ-
ments [41]. The coal, carbonaceous shale, and interbedded
shaly sandstone overlie the laterite. The coal seam (almost
2m) is identified above the carbonaceous shale in the lower
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part of the Hangu Formation. Meanwhile, the upper part
also consists of a coal seam with less thickness bounded by
sandstone beds. It is indicated that the coal was deposited
in a humid vegetated swamp area. Hence, it is the ultimate
environment for the deposition of coal and carbonaceous
shale [42]; whereas the sandstone is medium to thick-
bedded and consists of cross-bedding and bioturbation. It
is indicating the fining upward sequence deposited in high-
energy fluvial settings. The high bioturbation in the upper
part of the Hangu Formation is showing a tidal flat environ-
ment [43]. The Hangu Formation coal exposures are situ-
ated on the east scarp gradient of the Surghar Range which
is situated at its south-western extremity [44]. The coal is
also mapped and extracted from the western limb on the
subsurface on the eastern plain. The thickness of the exposed
Hangu Formation is variable (2 feet to 10 feet) from north to
south. However, the average coal strata thickness is 4 feet
[45]. Generally, the Makarwal Anticline contains the major-
ity of coal and dip 30W. The rank of coal is high volatile

subbituminous [45]. This research is an addition to the eval-
uation of the CBM resources in the coal seam of the Hangu
Formation.

3. Materials and Methods

The methodology used for this research mainly consists of
field and laboratory work. In the field study, the coal samples
of the 8 mines were collected at different depths of the
Makarwal coalfield. The sampling of the coal was based on
the procedures set in the American Society for Testing and
Materials specifications (ASTM, 1967, D388-66) [46]. The
overall 40 samples (5 samples from each mine) of the coal
seam were collected and stored in the gunny bags to avoid
the loss of moisture content in the samples. In this study,
the two representative samples of each mine were used.
The representativeness of these samples are based on the
fresh coal samples which do not have the exposed weathered
surface and loss of moisture content for the laboratory
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analysis. Further, the coordinates of each coal mine location
were marked to understand coalbed methane response based
on its lateral thickness with depth as the thickness of the
Hangu Formation coal is increasing with depth.

The laboratory work includes the proximate and ulti-
mate analysis, Scanning Electron Microscope (SEM) analy-
sis, Energy Dispersive X-ray Spectroscopy (EDX) analysis,
Pore size analysis, and X-ray Diffraction Spectroscopy
(XRD) analysis. For the proximate and ultimate analysis,
the 16 representative coal samples were prepared by grind-
ing the samples into a powdered form that can easily pass
through the mesh size of 60 numbers. The proximate and
ultimate analyses were majorly used to find the rank of coal.
Specifically, the proximate analysis was conducted to iden-
tify the content of carbon as compared to the moisture con-
tent, volatile matter and ash content within the coal samples.
The moisture content is based on the mass loss of each sam-
ple after heating in a seven-moisture oven, whereas the fixed
carbon content was evaluated from the solid combustion
residue after heating the coal sample in which the volatile
matter has been discarded. Similarly, the volatile matter
was also measured in a fluid furnace that works at 1000o

C, as it is one of the most commonly measured coal param-
eters [47]. It has the reverse trend of solid carbon. The
amount of fixed carbon that exists in a coal sample was
determined by nonvolatile carbon. The ash content is closely
linked to the potential for methane adsorption and it is also
known as coal combustion residuals. It was determined by
calculating the amount of material left after the burning of
coal in the ash stove at almost 750oC. On the other hand,
the ultimate analysis was used to identify the elemental com-
position of coal in which the major carbon elements were
compared to hydrogen, sulfur, nitrogen, and oxygen [48,
49]. While the total oxygen and ash contents were calculated
according to the ASTM standards (D3176-09), in compari-
son to noncombustible ash of coal, the overall oxygen con-
tent is the primary constituent of the five main elements of
carbon, hydrogen, oxygen, nitrogen, and sulfur.

The SEM analysis and EDX analysis were performed by
placing the sample in a solid form inside the JSM-5910 elec-
tron microscope having tool INCA-200. The resolving
power was 2.3 nm and the zooming capacity was 30000x
and maximum at an accelerating voltage of 30 k. It helped
to find the cleat patterns in the coal samples, whereas the
EDX was used for the detection and quantification of filling
elements within these cleat patterns [48]. For the surface
area and pore size identification of the solid coal samples,
the pore size analyzer, namely, Micromeritics ASAP 2020
was used to identify the type of pores, pore volume, and sur-
face area. For this purpose, the samples were kept in the
atmosphere for extraction of moisture and cooled in vacuum
conditions. Further, the nitrogen (N2) gas was injected into
the samples to identify the adsorption capacity in the pores
of coal samples in the equipment [50]. Hence, gas adsorp-
tion is a well-established tool for the characterization of
the available surface area and its capacity to absorb the
methane. The surface area of coal was measured by the Bru-
nauer, Emmett, and Teller (BET) method by using the Equa-
tions (1) and (2), whereas the Barrett, Joyner, and Halenda

(BJH) model was used to find the porosity and pore volume
by using the Equation (3), [51].

po/prΟ
V tot 1 − p/pΟð Þð Þ =

1
VmonCad

+
Cad − 1p

VmCad prΟ
, ð1Þ

Sarea =
VmonNavAnitmsam

2240m
, ð2Þ

rk = −
vv

RTln po/prOð Þ , ð3Þ

Where po/pr0 is the relative pressure; V tot is the total volume
of adsorbed nitrogen (cm3/g); Vmon is the monolayer
amount of gas adsorbed (cm3/g); Cad is the constant related
to adsorption; Sarea is the specific surface area (m2g); Nav is
the Avogadro constant (6:02 × 1023); Anit is the nitrogen
molecule surface area (m2); msam is the weight of the coal
sample (g); rk is the Kelvin radius (m); Vv is the molar vol-
ume (L/mol); and γ is the surface tension (N/m).

For the XRD analysis, the solid coal samples were con-
verted into powder form, and the detection process was per-
formed to identify the ductile and brittle minerals in coal
samples. The test conditions were as follows: temperature
25°C, 50 percent (%) relative humidity, the target made of
copper (Cu), 40 kV voltage of X-ray tube, current 40mA,
minimum scanning step size 0.001° (2θ), and minimum step
size omega 0.001°. The peaks generated from XRD analysis
were used for the identification of the minerals through the
height (cts), pos. (°2Th.), and d-spacing [52]. The percentage
of different minerals (clay, brittle mineral) was acquired
from the data intensity of each sample obtained from XRD
analysis. For the interpretation of the XRD results, the Ori-
gin© software was used to generate the peaks of different
minerals.

4. Results and Discussions

4.1. Coal Rank Identification. The methane trapped in the
coal seam is majorly dependent upon the quality of coal.
Hence, the different rank of coals has different sorption
capacity. The sorption capacity and rank of Hangu Forma-
tion coal were identified based on proximate and ultimate
analysis. From mines M1 to M3, the thickness of coal seams
is varied by approximately 2-5m in shallow depth. However,
from the mines M4 to M8, it varies up to 8-10m towards the
south of the study area. The proximate analysis indicates
that the coal samples of shallow depth mines (M1-M2) have
a moisture content of almost 25% (average), which is
decreasing with the thickness and depth towards the south.
In the deeper section, from M3 mine, it decreases by almost
6% (Figure 2), whereas the identified volatile matter is 35%
(avg.) in the shallow depth mines and has a maximum value
of 45% in the deeper depth mines (M3-M8). Overall, the
increased ratio of volatile matter is identified from the
M2S2 sample of M2 mine which reached up to 42%. How-
ever, the fixed carbon in the M1 mine is almost 23%, and
it is increasing towards the deeper part of the Hangu Forma-
tion. The fixed carbon ratio in the deeper mines has an
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average ratio of 45%. Moreover, the shallower depth coal
mine (M1) consists of almost 13% ash content which has a
decreasing trend of 8% (average) towards the deeper depth
(Figure 2). It is interpreted that the higher moisture content
identified in the shallow depth mines indicates the lower
sorption capacity of gases, which in turn, can reduce the flow
of gas; whereas, in the deeper mines, the lower and equilib-
rium moisture content can increase the gas sorption capacity
of Hangu Formation coal seam. Similarly, the higher carbon
content and volatile matter with a decrease in ash content
with the depth indicates the good gas sorption capacity in
the deeper mines (Figure 2).

The ultimate analysis is based on the elemental composi-
tion of the carbon, hydrogen, oxygen, sulfur, and nitrogen
identified in the coal samples of different mines (Figure 3).
Overall, the carbon content in all the samples of the mine
varies from 49 to 60.25%. However, the hydrogen varies
between 8.89 and 4.84% in all the samples. The higher car-
bon content and lower hydrogen content in the studied sam-
ples are indicating the higher gas adsorption capacity.
Hence, the higher hydrogen has a negative impact on the
sorption capacity of methane [53]. It is interpreted that the
lower hydrogen content enhanced the gas adsorption capac-
ity in Hangu Formation coal in the study area. Furthermore,
the oxygen content in the study samples ranges from 26
to34.24%. The higher oxygen content has a depressing effect
on the capacity of methane adsorption in the coal seams [7].
The sulfur percentage is high and ranges between 2.74 and
4.75%. The higher sulfur percentages of coal also indicate
the existence of methane content trapped.

Based on the above analysis, it is interpreted that the
Hangu Formation coal in the study area can adsorb gas,
whereas the deeper mines have ideal conditions to trap
methane. Furthermore, the ultimate and proximate values
(ASTM standards) are indicating the rank of Hangu Forma-
tion coal is bituminous to subbituminous. Bituminous coal
has good storage capabilities and can contain methane
[54]. Hence, the bituminous coal is not less compacted
(intermediate rank coal) as compared to the anthracite rank
and can generate good internal structure and adsorb gases
due to the possibility of open spaces for gas storage.

4.2. Internal Structure and Mineralization within the Coal.
The internal cleat structures and mineral content filled
within these cleats of the coal seam of the Hangu Formation
were interpreted to understand the generation, migration,
and trapping of methane in the studied formation. The sam-
ples majorly consist of both face and butt cleats having
medium interconnectivity in all the analyzed samples
(Figure 4). The face cleats are more continuous as compared
to the butt cleats. Further, the butt cleats are of a shorter
extent and are perpendicular to the face cleats. Precisely,
the I2 irregular reticular cleat subpattern is identified in all
the samples. The samples collected at shallow depth consist
of both the micro- and macrocleats (Figures 4(a)–4(d)).
However, the samples of deeper depth consist of a majorly
S-type cleat pattern (Figures 4(e)–4(h)). The multiple micro-
scopic pores are also identified in the samples. The pores in
the coal are divided into four classes and different types [55,
56] based on genetic type classification. In the study area, the
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pores are mostly intergranular, dissolved pores, and tissue
pores, partially filled with minerals. These pores are also con-
nected with the microfractures developed during the coal-
forming processes and can act as the main seepage channel.

It is assumed that the major episodes of these cleat pat-
terns (face and butt cleats) are formed due to coalification
and tectonic stresses. The cleat patterns in the coal samples
indicate the compaction and dehydration of peat (coalifica-
tion) during burial. These processes were the main reason
for the shrinkage and caused the local tectonic stresses.
Hence, the I2 irregular reticular subpattern is indicating
the impact of tectonic stresses in the study area; whereas
the samples from the deeper depth mines also consist of
II2, isolated S subpatterns which are assumed to be formed
under tectonic impact and shear stresses. These episodes
helped to generate the cleats and their medium interconnec-
tivity which contributes to the increase in porosity and per-
meability, whereas the intergranular pores are of different
pore sizes and shapes which are developed due to diagenesis
of various coal-forming materials. The dissolved pores are
formed due to the dissolution of minerals which majorly
include carbonates, quartz, and feldspar (Figure 4). The dis-
solved minerals can be the result of postdepositional pro-
cesses such as the impact of compressional tectonic and
trapped fluid and gases. The cleats and pore spaces can be
helpful for the flow of methane in the Hangu Formation coal
in the study area. However, the face and butt cleats (macro-
cracks) are also filled with minerals which majorly include
quartz, calcite, and other minerals (Figure 4). These minerals
are filled in the form of veins and are considered authigenic
minerals. The minerals in the filled cleats generate the locally
wider fractures due to effective stress in the study area.

It is assumed that the diagenesis of various coal-forming
materials creates the pore spaces. The multiple mineral
phases indicate that the cleats remained open over the long
geological periods. Further, the tectonic influence in the

study area causes the opening of cleats periodically and
allows the fluid to migrate. The precipitation of authigenic
minerals helped to maintain fracture porosity and enhance
the ability to conduct fluid or gases. It is concluded that
the cleat network and drying out within cleats are indicating
large compaction during coalification which creates stresses
and forms fractures. These fractures and pore spaces are
ideal for methane accumulation and maintain reservoir
permeability.

4.3. Identification of Pore Size and Its Surface Area. The stor-
age matrix of methane consists of complex nanopore sys-
tems (micropore, mesopore, and macropore) and surface
area, which has a direct impact on the sorption capacity of
methane and acts as the interface between the methane
and the coal seams. To keep this in mind, the representative
samples (M1S1, M3S2, M4S1, and M6S1) were analyzed to
identify the surface area and the pore geometry of Hangu
Formation coal in the shallow and deeper depth mines.
The samples M1S1 and M3S2 are from shallow depth mines,
whereas the samples M4S1 and M6S1 are from deeper depth
mines. During the analysis, the injection of N2 gas experi-
enced three pressure intervals having absorption at relatively
low pressure (<0:004 + e00). Once the adsorption ended,
more N2 was injected to find the adsorption capacity of each
sample. Firstly, the nitrogen molecules disperse in the
micropore at incredibly low pressure, adsorbed as condens-
ing with relative precision continuously rising in the mono-
layer state and subsequent layers. The analysis indicates the
higher adsorption capacity of studied coal with the increased
surface area along with the cumulative pore volume, whereas
the adsorption curves of the studied coal samples of the
Makarwal area are of type II adsorption isotherm curve
[57] indicating the physical adsorption of the N2 gas on
the micropore matrix (Figure 5). On the other hand, hyster-
esis loops are interpreted as the combination of type H3 and
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Figure 4: Continued.
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Spectrum 3 Element Weight %
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Spectrum 3
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Legend
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Butt cleat S K: FeS2
S type cleat K K: Feldspar

C K: CaCO3, Ti K: Titanium

O K: SiO2 Fe K: Iron

Al K: Al2O3

Pore spaces Ca K: Wollastonatite

(f)

Figure 4: Continued.
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H4, which indicates the open cracks with well-developed
micropores and their good connectivity [58].

The sample weight of M1S1 and M3S2 were 0.0896 g and
0.0585 g, whereas the volume of each sample is 0.02297 cc
and 0.015 cc, respectively. According to the BET analysis,
the surface area of both samples ranges between 69.612m2/
g and 109.965m2/g (Figure 6). The pore volume of the
M1S1 sample is 0.017 cc/g and the pore radius is 1.50 nm.
However, the pore volume of M3S2 is 0.029 cc/g and the
pore radius is 1.63 nm (Figure 6). On the other hand, the
samples M4S1 and M6S1 of deeper depth mines consist of
0.0576 g and 0.066 g weights having the volume of
0.0147 cc and 0.0169 cc, respectively. The BET analysis indi-
cates that the surface area of both samples ranges between
111.797m2/g and 109.641m2/g (Figure 6). However, the
pore volume of M4S1 is 0.029 cc/g and the pore radius is
1.78 nm. Furthermore, the pore volume of M6S1 ranges
0.025 cc/g and its pore radius is 1.95 nm.

From the pore size analysis of the studied samples, it has
been observed that the surface area in Makarwal coal sam-
ples varies from 69.61 to 111.79m2/g. However, the pore
diameter is increasing from shallow to the deeper depth
mine (Figures 6(a) and 6(b)). According to the International
Union of Pure and Applied Chemistry (IUPAC) classifica-
tion [59], the pores are classified as micropores (<2nm),
mesopores (2-50 nm), and macropores (>50 nm). Based on
this classification, the Hangu Formation coal of the study
area consists of micropore system. Furthermore, these pores
act as the transitional pores and can be helpful in providing
the transport pathways for the methane which can be stored
in the adsorbed state. Hence, these adsorbed gases consist of
80-90% of the coal methane percentage [60]. Further, the H3
and H4 hysteresis loops suggested the relatively well-
developed micropores with open cracks. The results indicat-
ing that such conditions are helpful for the gas flow in the
pores of the studied samples.

Spectrum 4 Element Weight %
C K 80.94
O K 15.81
Al K 0.19
S K 2.84

Ca K 0.22
Totals 100

Legend
Face cleat Si K: SiO2
Butt cleat S K: FeS2
S type cleat K K: Feldspar

C K: CaCO3, Ti K: Titanium

O K: SiO2 Fe K: Iron

Al K: Al2O3

Pore spaces Ca K: Wollastonatite

(g)

Spectrum 3 Element Weight %

C K 77.01
O K 18.62
Al K 1.27
Si K 1.10
S K 2.00

Totals 100

Legend
Face cleat Si K: SiO2
Butt cleat S K: FeS2
S type cleat K K: Feldspar

C K: CaCO3, Ti K: Titanium

O K: SiO2 Fe K: Iron

Al K: Al2O3

Pore spaces Ca K: Wollastonatite

(h)

Figure 4: The SEM images and EDX analysis for the identification of cleat patterns, genetic type of pore classification, and mineral
distribution within the cleats in the study area on different samples (a) M1S1, (b) M2S2, (c) M3S2, (d) M4S1, (e) M5S1, (f) M6S1, (g)
M7S1, and (h) M8S1.
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4.4. Mineralogical Identification. The brittle and ductile min-
erals associated with the Hangu Formation coal were evalu-
ated to understand its drilling potential for the extraction of
methane. For this purpose, the associated brittle minerals

should be 50% wt. [61, 62]. The mineralogical peaks gener-
ated based on XRD analysis of representative samples are
shown in Figures 7(a–7(d). The major minerals identified
in all the samples are smectite, illite, kaolinite,
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Figure 5: The nitrogen adsorption isotherms of selected coal samples (a) M1S1, (b) M3S2, (c) M4S1, and (d) M6S1 of Hangu Formation.
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montmorillonite, quartz, and dolomite. The clay minerals
(smectite, illite, kaolinite, and montmorillonite) are the duc-
tile minerals, whereas the quartz and dolomite are consid-

ered the brittle minerals. The shallow coal mine (M1)
consists of majorly clay minerals and ranges up to 85%.
However, it is decreasing towards the south (deeper coal
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Figure 7: The XRD pattern of the Hangu Formation coal indicating minerals identified in (a) M1S1, (b) M3S2, (c) M4S1, and (d) M6S1
samples and (e) the presence of brittle and ductile minerals within the Hangu Formation coal.
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mines) and ranges up to 44% in mine M6 (Table 1). On the
other hand, the brittle minerals are also increasing towards
the south and reach up to 56%. The decrease in the ductile
minerals and increase in the brittle minerals towards the
south indicate the good potential of methane extraction in
the south of the study area (Figure 7(e)). Hence, it is consid-
ered that the brittle minerals associated with coal seams
experience lower permeability damage which is favorable
for the better fracturing processes.

On the basis of above analyses, a model of coal seam
with its lateral thickness of the study area is prepared
(Figure 8). Overall, in the shallow depth mines towards
the north consist of higher moisture, volatile matter, and
ash contents. Further, the lower surface area of pores with
less pore volume is not suitable for the trapping of meth-
ane in the cleat structures. On the other hand, the thick-
ness of the coal seam is increasing towards the south.
The increasing fixed carbon ratio, surface area, and pore
volume with higher brittle minerals are ideal for the
coalbed methane trapping and its extraction in the study
area.

5. Conclusions

The proximate composition indicates that the carbon ratio
and volatile matter is increasing, whereas moisture and ash
content is decreasing towards the south (deeper depth) of
the study area. Similarly, the ultimate analysis including
the higher carbon and sulfur content with a lower hydrogen
ratio is favorable for the higher adsorption capacity of gas in
the coal seam of the Hangu Formation. Both analyses help to
identify that the coal is ranked between bituminous and sub-
bituminous, which is favorable for the generation of good
internal cleat structures for gas storage, whereas the identi-
fied medium interconnected face and butt cleats, with the
wide distribution of intergranular, dissolved and the tissue
pore type generates the permeability and can be helpful in
the flow of methane. The interpreted I2, irregular reticular
subpattern, and II2, isolated S subpatterns, are representing
the impact of tectonic and shear stresses in the study area.
Hence, the cleat structures are partially filled with minerals
demonstrating the cleats remained open over the long geo-
logical periods. It can be helpful to maintain fracture

Table 1: The ductile and brittle minerals identification based on the XRD analysis.

Sample ID
Ductile minerals Brittle minerals

Smectite (%) Illite (%) Kaolinite (%) Montmorillonite (%) Total (%) Quartz (%) Dolomite (%) Total (%)

M1S1 22 18 32 13 85 15 0 15

M3S2 21 18 17 0 56 44 0 44

M4S1 19 19 15 0 43 46 11 57

M6S1 13 11 20 0 44 34 22 56
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Figure 8: The model generated (a) shallow depth mines area and (b) deeper depth mine area on the basis of different analyses indicating the
good potential of trapping of methane towards the south of the study area having good fracking abilities.
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porosity and enhance the ability to conduct fluid or gases.
While the transitional micropore system identified in the
coal samples is considered the primary mechanism for
retaining gas due to adsorption in coalbeds. It acts as a trans-
port pathway and can store gas in the adsorbed state. In
addition, the higher surface area with cumulative pore vol-
ume enhanced the capacity of gas adsorption in the deeper
depth. The type II adsorption isotherm curve indicates the
adsorption potential of the Hangu Formation coal will easily
trap free methane molecules and enhance its storage ability.
Lastly, the Hangu Formation coal consists of both brittle and
ductile minerals. The brittle minerals are increasing towards
the south which is indicating the favorable conditions for the
extraction of economical methane in the study area.
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