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ABSTRACT: The carbon-rich Barakar and Barren Measures shale beds of the Jharia basin were evaluated for variation in pore size,
pore structure, and fractal dimensions. The shale core samples were obtained from exploratory boreholes drilled at the Jharia basin.
The shale samples were analyzed for organo-inorganic composition by FTIR, pore size, and pore structure using BET low-pressure
N, adsorption and pore geometry through FE-SEM photographs. The shale samples have significant carbon-rich content and are
intercalated-banded in nature. The pore structures were evaluated through N, isotherms and validated by SEM images, revealing the
mixed contribution of organo-inorganic matter in pore formations controlled by geochemical alteration, diagenesis, and mineral
interaction. The rough internal surfaces of the pore were evaluated by categorizing them into fractals D}, D,, and D;. It is observed
that the D, type of fractals is in abundance associated with mesopores. The positive trend of fractals with pore size, pore structure,
depth, fixed carbon, and TOC suggests the influence of different parameters on the formation of pore internal rugged surfaces in
shale beds. The FE-SEM images indicate shallow to deep pores with different pore structures with fair to good pore connectivity.
In summary, the shale beds of Jharia have heterogeneous complex pore structures, a rough surface, and sorption mechanisms
controlled by weathering/alteration, depositional conditions, and organo-inorganic content. In shale beds, gas storage and transport
phenomena are directly related to pore size distribution, pore structure, and associated fractal dimensions. The calculated values
using the proposed empirical models for porosity (EPOy) and permeability (EPE;) showed excellent linear correlation with the
measured porosity (MPOc, R* = 0.8577) and permeability (MPEc, R* = 0.8577), which are close to measured values. The curve
matching of EPO¢ with MPOc and EPE; with MPEc follows a similar path, validating the results and suitability of the models. Hence,
the proposed models may be considered to estimate the porosity and permeability of shale and coal beds.

1. INTRODUCTION pore structure, pore size, and pore fractals.”'"~'%%® The shale
matrix pore types and pore structures are mainly influenced by
depositional conditions, clay type, moisture, and volatile matter
5,88 7.1 . . .
content.””" Likewise, pore surface formation can be contingent
on the cracking of organic compounds, pore evolution, stages of

Shale gas is a natural gas, which dominantly contains methane
derived from shale deposits.' > The world energy scenario
has rapidly changed in the past few decades due to the shale
gas revolution. New technologies of horizontal drilling and
hydraulic fracturing have paved the way for the United States to
become an oil and gas exporter.” '° It has also changed the Received:  June 25, 2021
energy and fossil-fuel-governing geopolitics of the world."*™" Accepted:  September 30, 2021
The shale matrix has complex systems of pores of different sizes Published: October 21, 2021
from micro-, meso-, and macropores attributed to a heteroge-

neous mix of organo-inorganic content. "' 715790 The gas

storage and release mechanism in shale depends on pore type,
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Figure 1. Geological map of the Jharia coalfield showing the study area and shale core sampling borehole locations®? (reprinted in part with permission
from Elsevier-Publisher; Verma et al,, 1979). [Verma, R. K.; Bhuin, N. C.; Mukhopadhyay, M. Geology, Structure and tectonics of Jharia CoalField,

India-A 3-D Model. Geoexploration 1979, 17, 305—324].
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Figure 2. Profile and cross sections based on gravity and borehole data along the section lines in the geological map of the Jharia basin®® (reprinted in
part with permission from Elsevier-Publisher; Verma et al., 1979). [Verma, R. K.; Bhuin, N. C.; Mukhopadhyay, M. Geology, Structure and tectonics of
Jharia CoalField, India-A 3-D Model. Geoexploration 1979, 17, 305—324].

compactions, and thermal maturity.”’~>* Fourier transform
infrared spectroscopy (FTIR) provides crucial information
about the functional groups present in shale. The absorption
peaks also show the clay and mineral matters”* ™" and the
kerogen transformation level.”> ™" It also provides information
on the transformation of the aliphatic to aromatic components
due to the organic content and thermal maturation.******°
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In India, shale gas exploration and its commercial recovery are
emerging as a clean energy resource development. The govern-
ment is looking for improvements in shale gas development to
reduce its petroleum import and dependence and fulfill the
growing energy needs of 1.25 billion people.’®*” The Proterozoic,
Gondwana, and Tertiary sedimentary basins in India have
been assessed for shale gas potential and estimated 63 tcf of
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Table 1. Stratigraphic Succession of the Jharia Basin®> (Modified after Mukhopadhyay et al., 2010)

Age System/Peri | Series/ Stage/Age Formation/ Lithology
(Ma) od Epoch Thickness
66 Cretaceous Igneous Basaltic dykes and sills
110 Intrusive
Unconformity
252 o Canghsingian | Raniganj Fine to medium grained greenish
5 ‘g go (800 m) sandstone with shale and coal seams
IS =]
¥ 2
P2 § Wachiapingian I:l
260 o Barren Clay-rich and carbon-rich shale
v g g Measures dominated hetero-lithic sequence.
g ‘2 % Wordian (730m) Massive sandstone
S8 s
: ]
271 - Kungurian Barakar Dirty white coarse and medium grained
5 .§ S (1250 m) felspathic sandstones, grits, grey shale,
5 L . .
290 E g = Artinskian |:| carbon-rich shale with coal seams
= 3 .
Asselian
299 - Talchir White coarse grained sandstone, green
302 § Gzhellian (245 m) shales and fine grained sandstone,
& & conglomerate lenses and basal tillite
2.«
£ )
8
O
Unconformity
Chotanagpur | Granite gneiss, hornblende schist/gneiss,
= - X
RS Complex metabasic rocks, pegmatite and quartz
,‘.é veins etc.
s ]
‘i.'l

recoverable resources.” The exploration and exploitation of
Gondwana coal in India have continued since 1774.>*
However, associated shales were considered seal (cap-rock)
and not a resource; hence, scientific documentation has never
been done.’”®™*" Presently, gathering information on funda-
mental shale gas reservoir characteristics is in full swing in India.
The coal seams of the Jharia basin are placed in Category-I,
known for maximum future commercial methane potential
among Indian CBM blocks. There are thick shale horizons in
Barren Measures and the strata between coal seams of the
Barakar Formation. The micro properties of these shales are yet
to be understood. In this study, the carbon-rich Barakar and
Barren Measures shale beds of the Jharia basin have been
evaluated for variation in pore size, pore structure, and fractal
dimensions with significance to gas storage.

This study attempted an analysis of the pore structure,
associated fractal dimensions, and sorption mechanism variation
in thick shale sequences of Barakar and Barren Measures
Formation of the Jharia basin. Clay-associated pores significantly
store methane and play an important role in the adsorption and
desorption phenomena in shale.”' ~** The gas flow in shale rocks
is governed mainly by clay containing a pore network by the
non-Darcy effects.”*>*® Therefore, the porosity and perme-
ability of shale depend on clay type and mineral content.
Low-pressure N, adsorption/desorption isotherms and their
hysteresis patterns provide helpful information about the
physisorption mechanism, surface area, pore volume, pore

28680

. - 5,46
size, and pore structure characteristics of the shale/coals.*"

The fractal dimensions derived following FHH models indicated
a complex fractal system associated with a matrix containing
micro-, meso-, and macropores. The hysteresis patterns correspond-
ing to the shale sample correlate with the pore structure identified with
scanning electron microscopy (SEM). The study provides insights
into the variation of organo-inorganic formed pores, pore structures,
surface area, and fractal dimensions regarding shale gas storage and the

recovery mechanism.

2. GEOLOGY OF THE JHARIA BASIN

Jharia is one of the most prospective coking coal-bearing basins
of the Damodar valley, Jharkhand, and stretches over 450 km?.*/
It lies between latitudes 23°37" and 23°52’ and longitudes
86°06" and 86°30'. It occurs in a “half-graben” structure,***’
trending in an east—west direction and plunging in the west
curtailed by a key fault at the southern boundary having over
1500 m throw.’®~>* The geological map of the Jharia basin
showing the study area and shale core sampling boreholes
is given in Figure 1.>> The profile and cross sections based
on gravity and borehole data along the section lines in the
geological map of the Jharia basin have been modified after™
and are given in Figure 2. The Jharia basin is roughly sickle-
shaped, and the dip of the formations usually is 10 & 5°. The
lineament corresponding to the depositional belt has been
considered a predepositional zone of weakness with syntectonic
activity*® others have considered it postdepositional faults.>*

https://doi.org/10.1021/acsomega.1c03340
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Table 2. Results of FTIR Analysis of Shale Core Samples”

C-C
stretch/kerogen

OHstretching/-  hydroxyl
phyllosilicate group

sample no. formation

JHK-1
JHK-2
JHK-3
JHK-4
JHK-$
JHK-6
JHK-7
JHK-8
JHK-9
JHK-10
JHK-11
JHK-12
JHK-13
JHK-14
JHK-15

Barren
Measures

Barakar

LR LR L L R L L = ==
LR LR R R = = = =

LR LR LR L ===

aromatic
C=C

carbonates kaolinite stretclfilng(/)quartz A-factor C-factor IAL IAR
v v v 042 054 035 053
v v v 038 041 024 062
v v v 041 017 020 045
v v v 035 007 003 061
v v v 052 038 021 055
v v v 038 024 013 048
v v v 034 032 018 062
v v v 018 026 014 051
v v v 032 029 016 048
v v v 029 029 016 045
v v v 030 027 015 038
v v v 044 038 015 064
v v v 036 019 010 047
v v v 042 018 008 052
v v v 049 041 022 056

“Explanations: A-factor = {(2940 + 2850) cm™/(2940 + 2850 + 1604) cm™'}; C-factor = {1740 cm™'/(1740 + 1604) cm™'}; IAL, aliphaticity

index; IAR, aromaticity index.
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Figure 3. FTIR spectra showing different stretchings of aliphatic and
aromatic chains in shale samples of the Jharia basin. (1) C—Br stretch,
alkyl halides. (2) Aromatic CH, out-of-plane deformation. (3) C—O
stretch. (4) Aromatic carbon C=C. (5) Oxygenated groups. (6)
Aliphatic CH,, stretching. (7) Aromatic CH, stretching. (8) O—H
stretch, hydrogen-bonded. (9) O—H stretch, free hydroxyl.

According to Varma et al,>® internal basin tectonics played a

significant role in folding the formations. The gradual decrease

in thickness of the Barakar formation can be observed from the
east to the west. The maximum thickness of the Barren Measures
has been recorded in the central part of the basin, decreasing
westward and eastward. The stratigraphic succession of the
Jharia basin, modified after®>*° showing the lower Gondwana
sequence comprising shale and coal horizons, is presented in
Table 1.

3. RESULTS AND DISCUSSION

3.1. Organo-Inorganic Composition by FTIR Spectros-
copy. The results of FTIR analysis of shale core samples are
offered in the tabular form showing the presence of O—H
stretching, C—C stretch, C=C, carbonates, kaolinite, Si—O
stretching, etc. (Table 2). Organic matter in shale is a complex
mix of components of numerous physico-chemical assets shown
by FTIR spectra, which replicate features inbred from the
original organic matter and also assimilated during subsequent
diagenesis.”''***7>® The facets of the microscopic organic
constituents (macerals) of shale/coal are fundamental in
defining economic utility, oil and gas-generating potential, and
a congregation of other properties. The small peaks between
3610 and 3640 cm ™" indicate the hydrous kaolinite intermixed
with organic compound hydroxyl (O—H) groups. The O—H
stretch of hydrogen bond (3300 cm™') with aliphatic to
aromatic chain signifies the organic matter thermal gas genesis
pattern in shale. The minor peak of aromatic stretch (CH,,) at
3100—3000 cm ™" indicates initiation of aromatization at an early
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Figure 4. Relation of IAL and IAR with TOC content in shale, (a) Barren Measures and (b) Barakar Formations. IAL, aliphaticity index; IAR,

aromaticity index; TOC, total organic carbon.
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Figure 5. Relation of A-factor and C-factor derived from FTIR analysis of
shale showing the presence of mainly type III/IV kerogen32 (after Ganz
and Kalkreuth, 1987). [Ganz, H.; Kalkreuth, W. Application of infrared
spectroscopy to the classification of kerogen types and the evolution of
source rock and oil shale potentials. Fuel 1987, 66, 708—711].

stage under reducing conditions. The annihilation of the
aliphatic chain can be attributed to the aromatic constituents’
enrichment at the peak of 2800 cm™. The CO stretch of
carbonates associated with oxygenated groups is shown at the
peak of 1800 cm™. It accentuates the aggregation of secondary
mineral carbonates due to the increase in salinity approaching
dry conditions in macropores and fractures of shale. The well-
developed aromatic chain with trivial absorption (C=C)
recorded between 1600 and 1550 cm™' specifies that the
studied shale passed through the moderate stage of thermal
maturation (Figure 3).

The distinct peak of C—O of organic compounds, mainly the
aromatic chain, indicates the significant conversion of aliphatic
components to aromatic (oil/gas) accentuated by the liberation
of volatiles and dry gases through organo-inorganic pores. Also,
the more or less uniform symmetric peaks observed between
1250 and 1000 cm ™" denote the deformation of the —CH, group
during alteration of aliphatic to aromatic components.””~®* The
peaks of aromatic regions between 900 and 750 cm ™! illustrate
the removal of aromatic substitutes while attaining the thermal
maturity >1.20% (bituminous stage) resulting upsurge in the
aromatic condensation. Further, it is concluded that the
substantial aromatization show a very good gas genesis pattern
in shale, and it might have been stored in the pore-associated
matrix system.”®*>** During the late stage of aromatization, the
hydrous kaolinite clay and the moisture interacted with the
organic matter. Hence, the water influx from the associated
aquifer further alters the organic matter as a geochemical
alteration. The visible peaks of kaolinite at stretch S00 cm™" and
quartz (silicates) at 650—700 cm™ confirm that the active
geochemical process played a vital role in altering the sediments
during postdepositional conditions from diagenesis to cata- and
meta-genesis phases (Figure 3).”%%7%

The FTIR spectra have been used to draw the indications on
thermal maturity and kerogen type in the studied shale. The
comparative ratio of aliphatic and aromatic bands is defined as
the A-factor. A part of a carbonyl or carboxyl and the aromatic
bands are calculated as the C-factor following the equation

suggested by ref 69.

JHK-1 61 JHK-2
12 =
~ —8—Adsorption curve _ 51 —e—Adsorption curve
3 10 { -o-Desorption curve %“ 4 { ~© Desorption curve
§ <
: £ )
® 6 ®
@ g2
-E. 4 Lo 2
S, | g 21
09 . . . : . . 9
00 02 04 06 08 10 12 00 02 04 06 08 10 12
Relati P/PO;
Relative pressure (P/P0) elative pressare € )
“ JHK-3 14 JHK-4
——Adsorption curve 12
% 12 —o-Desorption curve » @ " —8-Adsorption curve
3 10 < s —o-Desorption curve
E s 5
n
© 6 &
@ H 4
22 » 2
0% T T T T T d 0 T T T T T "
0.0 0.2 0.4 0.6 08 1.0 12 0.0 0.2 0.4 0.6 0.8 1.0 12
Relative pressure (P/P0) Relative pressure (P/P0)
14 JHK-5 14 4 JHK-6
® 12 —e-Adsorption curve ® 12 1 —e—Adsorption curve
2 10 {-o-Desorption curve 3 10 4 -o-Desorption curve
E s E 84
7 1)
® ¢ ® 6
2 g
E s 2 4
Gl
IS 3 > 24
0¥ . . . . . s 0
00 02 04 06 08 10 12 00 02 94 05 48 10 a2

Relative pressure (P/P0)

Relative pressure (P/P0)

Figure 6. Adsorption and desorption curve showing variation in the hysteresis pattern due to different pore structures in Barren Measures shale

samples.
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Figure 7. Adsorption and desorption curve showing variation in the hysteresis pattern due to different pore structures in Barakar shale samples.

A-factor (aliphatic/aromatic groups) = (2940 + 2850) cm™'/
(2940 + 2850 + 1604) cm™.

C-factor (carboxyl and carbonyl/aromatic groups) =
1740 cm™/(1740 + 1604) cm™.

Similarly, the aliphaticity index (IAL) and the aromaticity
index (IAR) are calculated using the distinct CH, and CH,
stretching peaks as given in eqs 1 and 2.

B (2950 + 2940 + 2850) cm ™
(3050 + 2950 + 2940 + 2850 + 1604) cm™"

(1)

B (3100 + 1600) cm™"
(3100 + 3000 + 2850 + 2800 + 1600) cm ™"

2)
The values of the A-factor, C-factor, IAL, and IAR indicate a very
narrow range due to uniform transformation of the organic
content in the shales of Barakar and Barren Measures Formations
(Table 2). According to ref 70, the absorption peaks of different
functional groups have changed uniformly between 2800 and
3300 cm™, revealing continuous reduction in aliphatic compounds
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(during transformation of kerogen I and II to III and IV), a general
phenomenon obtained in matured carbon-rich shale or coal.
Thus, the IAL and IAR values of the studied shales can ascertain
the relative abundance of aliphaticity and aromaticity over the
total aliphatics and aromatics.”””> The relation of IAL and IAR
with the TOC content indicates the hydrocarbon generation
trend in the studied shale (Figure 4a,b). There is a very minute
difference in the Barakar and Barren Measures shale hydrocarbon
genesis patterns when converting aliphatic to aromatic rings.
However, the slightly higher expulsion of the aliphatic in the
Barakar shale can be attributed to greater thermal maturity, which
improved the relative aromaticity. The relation of A-factor and B-
factor derived from the FTIR analysis of shale shows mainly type
III/IV kerogen (Figure S). It is interpreted that the organic matter
of both shale formations significantly transformed and achieved
moderate to matured thermal maturity.

3.2.Sorption Pattern and Pore Structures. Low-pressure
N, adsorption and desorption curves give information on the
free pore surfaces, fractals, pore openings, pore types, and pore
structures present in the shale matrix.””""*"”> The gas is
adsorbed and stored mainly in micro- (<2 nm), meso- (2—50 nm),

https://doi.org/10.1021/acsomega.1c03340
ACS Omega 2021, 6, 28678—28698


https://pubs.acs.org/doi/10.1021/acsomega.1c03340?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03340?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03340?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03340?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
JHK-1
0.0014 - ! 0.020
' i
0.0012 ) , ®
£ R B 1 g 0.016
_ 2 =3 1 e
g o001 £ 3 | g
g8 K] g
K2 = = )
2 0.0008 = ' 0012 ¥
E| 1 £
E : &
00006 | s =
£ ' s
0.0004 ' 2
i 0.004
0.0002 I
1
0.0000 . - 0.000
1 10 100 1000
Pore diameter (nm)
0.0025 1 ¢ 0.020
1
1
0.0020 { o 1 ® b 0.016
2 g
g 5
8 gl g
2 00015 5 | g Looz @
@
g =1 = £
5 3
2 000004 1 b 0.008 8
> | ~
: ! s
£ 000054 | 0.004 2
1
1
0.0000 : 0.000
1 1000
0.0014 ! 0.020
1
0.0012 !
! 0.016
= 00010 { & 1 ® © _
8 £ £ ) 5
g 0.0008 | £ ! : g 0012 g
z = 3 & 3
£ 000064 1 = 0.008 _
£ =
5 00004 i 2
! 0.004
0.0002 :
1
0.0000 0.000

1000

Pore diameter (nm)

c/g)

2
Py
£
2
S
=
2
5

Pore volume (cc/g)

£ 0.00002

Pore volume (cc/g)

JHK-2

0.00008 r 0.008

0.00007

0.00006 r 0.006

0.00005

Micropore
Mesopore
Macropore

0.00004 r 0.004

0.00003

dV(d) (cc/nm/g)

F 0.002
0.00001

0.000
1000

0.00000 T
1 10 100

Pore diameter (nm)

0.0025 r 0.020

0.0020 r 0.016

0.0015 r 0.012

Micropore
Macropore

0.0010 r 0.008

dv(d) (cc/nm/g)

0.0005 F 0.004

0.0000 0.000

100 1000

0.0025 - r 0.016

0.0020 -
r 0.012

0.0015 -

Micropore
Mesopore
Macropore

o
e
=
V(d) (cc/nm/g)

0.0010 -

 0.004

0.0005 - &

0.0000 0.000

1000

1 10 100

Pore diameter (nm)

Figure 8. BJH plot for determination of pore size distribution and pore volume of Barren Measures shale samples.

and macropores (>50 nm). However, some of the macropores
>50 nm and fracture interconnections provide a path for the gas
to flow and seep into the shale. The adsorption pattern indicates
the type II isotherm with desorption hysteresis of H2 and H3
(Figures 6 and 7). The likely cause for the hysteresis pattern
was that capillary condensation happened in the major pores,
signifying that the shale sam4p1es have abundant mesopores of slit
and cylindrical structures.””* The larger loop of the adsorption
and desorption hysteresis pattern indicates a cylindrical pore
with a slit type of opening. The unusual sorption pattern of the
sample JHK-2 has mesopores mainly >10 nm, as shown in BJH
plots in Figure 8. The negative adsorption in shale is due to the
narrow and blind opening micropores that are difficult to admit
N, gas, bearing low kinetic energy of adsorption between relative
pressure (P/P,) range 0.2 and 1.0. In JHK-12, JHK-13, and
JHK-15, open curves of adsorption and desorption indicate that
the hysteresis phenomenon in low-temperature N, adsorption
isotherms is usually associated with capillary condensation in
mesopore structures. Generally, different shapes of hysteresis
loops are caused by different types of adsorbents. Moreover,
swelling/shrinking of the sample due to interaction with N, can
result in low-pressure hysteresis. The pore types are classified
into four categories taking into account the pore structures and
openings, such as (i) cylindrical, (ii) slit, (iii) combined, and (iv)
condensate (Table 3). The shale samples of Barren Measures
having cylindrical (samples JHK-1, JHK-3, JKH-4, JHK-S, and
JHK-6) and condensate (sample JHK-2) pores are suitable for
gas adsorption and release. However, the shale belonging to
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the Barakar Formation has cylindrical (samples JHK-7, JHK-8,
JHK-9, and JHK-10), slit (samples JHK-13 and JHK-15), combined
(samples JHK-11), and condensate (sample JHK-15) pores due
to the comparatively complex geochemical properties. Barakar
shale has these properties because it is older and has passed
through a higher degree of thermal maturity than the Barren
Measures shale, as discussed in section 3.1. Further, the desorption
pattern presents a downward modulation point between the
relative pressure (P/P,) range of 0.4 and 0.6, suggesting that a
significant quantity of adsorbed gas may be released into the free
wide space condensate pore structure (Figures 6 and 7). The
combined pores replicate the interconnectivity of pores attributed
to the organo-inorganic content (maceral and clay/mineral pore
interaction) due to geochemical alterations.”® The minute variation
in the surface area indicated by single-point BET and multipoint
BET ranges from 1.38 to 13.38 and 1.38 to 13.95 mz/g,
respectively, for Barren Measures and from 3.38 to 10.91 and
3.75 to 11.26 m?/g for the Barakar shale, respectively,
demonstrating the similar influence of volatile and moisture
contents on rugged (fractal) surfaces of pores (Table 3). The
comparatively low surface area in Barakar shale pores specifies
the abundance of aromatic ring numbers associated with the
aromatic series comprising the narrow pore openings and con-
densate structures due to the higher degree of thermal maturation.
Likewise, the surface area was also determined using methods and
processes such as Langmuir, BJH, DH, t-method, DR, and DFT
(Table 3). The DFT method is always considered a reliable
method for determining the surface area, pore size, and pore
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Table 3. Low-Pressure N, Adsorption Isotherm Type, Hysteresis Pattern, Pore Structures, and Results of Surface Area Derived
from Different Methods
surface area (m?/g)
single- adsorption
sample  point  multipoint t-method  t-method isotherm  hysteresis
no. BET BET Langmuir  BJH DH external  micropore DR DFT type pattern pore structures pore types
JHK-1 13.38 13.95 22.6 7.32 7.40 9.95 4.00 38.99 10.19 type 11 H1 open-end cylindrical
cylinder
JHK-2 7.97 8.24 13.24 4.81 4.86 8.24 25.72 6.66 type II H2 open condensate  cylindrical-slit
wide
openings
JHK-3 12.97 13.3 20.11 3.67 3.71 6.53 6.77 23.30 13.05 type II H1 open-end cylindrical
cylinder
JHK-4 1.38 1.38 2.75 0.34 0.38 0.57 0.81 2.61 0.67 type 11 H1 open-end cylindrical
cylinder
JHK-S 1.53 2.60 2.10 0.48 0.51 1.40 1.20 0.08 3.46 type II H1 open-end cylindrical
cylinder
JHK-6 2.88 3.07 4.87 2.03 2.06 3.07 6.30 3.96 type 11 H1 open-end cylindrical
cylinder
JHK-7 8.93 9.15 14.49 4.36 4.40 3.73 1.42 25.64 8.20 type II H1 open-end cylindrical
cylinder
JHK-8 6.29 6.53 10.83 3.10 3.13 S.64 0.88 6.46 5.22 type 11 H1 open-end cylindrical
cylinder
JHK-9 8.92 9.35 16.14 5.18 523 7.10 225 8.96 822 type II H2 open- slit
interconnected
JHK-10 5.09 9.11 47.41 4.89 4.95 S.13 3.98 19.02 3.61 type 11 H1 open-end cylindrical
cylinder
JHK-11 7.25 8.59 2.04 6.02 6.09 8.18 0.41 2.64 5.22 type II H1 combined combined
interconnected pores
JHK-12 8.17 9.29 19.54 6.04 6.10 8.14 11§ 27.94 5.90 type 11 H2 open end—slit large
condensate
pore
JHK-13 3.38 3.75 6.69 2.94 2.97 3.75 12.52 3.40 type II H2 open end—slit medium
condensate
pore
JHK-14 5.38 7.98 24.35 6.59 6.66 5.88 2.10 22.68 3.84 type 11 H1 combined combined
interconnected pores
JHK-1S 1091 11.26 18.05 5.98 6.04 8.53 2.73 21.98 9.48 type II H2 open- slit
interconnected

Table 4. Results of Pore Size and Pore Volume Determined Using Different Methods from Low-Pressure N, Adsorption

Isotherms
pore size (nm) pore volume (cc/g)
sample no. avg. BJH DH DR DA DET BET BJH DH t-method DR DFT
JHK-1 8.69 2.98 2.98 11.68 2.90 3.97 0.022 0.018 0.017 0.002 0.014 0.019
JHK-2 9.46 2.99 2.99 12.88 3.14 3.97 0.019 0.017 0.017 0.009 0.016
JHK-3 7.38 5.09 5.09 1.82 1.68 3.97 0.018 0.013 0.012 0.003 0.008 0.016
JHK-4 4.27 3.16 3.16 6.21 2.10 1.41 0.002 0.002 0.002 0.001
JHK-S 9.46 19.22 2.99 3.14 1.38 0.78 0.017 0.006 0.006 0.004
JHK-6 8.97 3.53 3.53 2.36 1.98 1.41 0.007 0.006 0.006 0.002 0.006
JHK-7 8.17 2.99 2.99 11.89 2.98 3.97 0.019 0.016 0.016 0.009 0.016
JHK-8 8.13 3.16 3.16 1.66 1.70 3.97 0.008 0.011 0.011 0.002 0.011
JHK-9 6.77 2.99 2.99 1.70 1.68 3.97 0.016 0.013 0.013 0.001 0.003 0.014
JHK-10 4.52 2.98 2.98 12.56 3.00 3.17 0.006 0.009 0.009 0.007 0.009
JHK-11 8.12 3.33 3.33 13.12 3.12 3.97 0.017 0.016 0.015 0.009 0.014
JHK-12 7.26 2.99 2.99 12.76 3.06 3.97 0.017 0.015 0.015 0.009 0.014
JHK-13 5.48 3.34 3.34 13.29 3.16 3.80 0.008 0.004 0.008 0.004 0.007
JHK-14 5.26 3.32 3.32 13.37 3.08 2.77 0.010 0.010 0.010 0.008 0.009
JHK-15 6.74 2.99 2.99 2.09 1.84 3.97 0.019 0.016 0.015 0.001 0.007 0.016

volume of the shale samples. The average surface area determined
by DFT varies from 0.67 to 13.05 and 3.40 to 9.48 m?/ g for Barren
Measures and Barakar shale, respectively. Hence, it is concluded
that shale beds of Jharia have heterogeneous complex pore
structures, a rough surface, and a sorption mechanism controlled
by weathering/alteration, depositional conditions, and organo-
inorganic content.”"

28685

3.3. Evaluation of Pore Size and Its Distribution. The
pore size distribution and pore volume were determined from
N, adsorption data following BJH and DFT methods (Table 4)
according to the pore classification suggested by ref 76. The BJH
curves show pore size distribution and cumulative pore volume,
mainly the presence of mesopores in Barren Measures and
Barakar shales, the nontraceable micropores, and a small
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Figure 9. BJH plot for determination of pore size distribution and pore volume of Barakar shale samples.

quantity of macropores (Figures 8 and 9). The average pore
sizes are determined to be 5.38—9.46 and 4.52—8.17 nm for
Barren Measures and Barakar Formation shales, respectively.
In DFT plots, the major part of the pore volume in Barren
Measures shale is attributed to mesopores having a diameter
between 2.00 and 6.00 nm. However, the Barakar shale also has a
comparatively larger size mesopore distribution between 2.00
and 8.00 nm, except for shale sample JHK-13, which has a
relatively more significant variation in pore distribution due to
its sandy characteristics (Figures 10 and 11). According to pore
abundance, the studied shale ensures that the successive trend is
mesopores > macropores > micropores. Also, the DFT curves’
trimodular pattern and the pore surface area concerning pore
size contributed similarly to the pore volume.””” Moreover, the
variation in pore size indicates the increase in pore volume with a
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decrease in pore size distribution in the shale, which suggests
that the adsorption capacity in shale is highly related to the pore
size difference, openings, and their structures.*”?° In general, it
is recorded that pores of small size have a large pore volume with
a greater adsorption capacity.78

The pores observed from SEM photographs compared with
the low-pressure N, sorption pattern validate the presence of
cylindrical, combined, pore-pipes, and slit pores in shale (Figure 12)
such as JHK-1: large open cylindrical pores, JHK-10: combined
fractured pores, JHK-11: deep rounded pore-pipes, and JHK-13:
wide spacing slit pores. These pores associated with organic matter,
clay, and silt are formed from the framework of organo-inorganic
content and microfractures. Hence, the microfractures have a higher
complexity due to the heterogeneity attributed to the banded nature
of the shale. Therefore, it is summarized that Barren Measures and
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Figure 10. DFT plot for determination of pore size distribution of Barren Measures shale samples.

Barakar shale have a complex pore morphology and a narrow
variation in pore size that vary from nanometers to micrometers and
may significantly influence the gas storage and fluid flow mechanism
in the shale.

3.4. Types of Fractal Dimensions. Identifying the type
of fractal pore surfaces in the shale matrix system helps char-
acterize the complex structures and gas storage capacity.
Different researchers propose several models to determine
pore fractal dimensions based on gas adsorption and desorption
patterns like the BET model, the Langmuir model, the FHH
model, and the thermodynamic model. In this study, the FHH
model has been used to determine the fractal characteristics of
shale pores, which can be expressed as eq 3

In v = A(ln(ln(&))] + constant
% P (3)

where V is the adsorbed gas volume, V|, is the monolayer
adsorbed gas volume, P is the equilibrium pressure, P is the
saturated vapor pressure of gas, and A is the slope depending on
the adsorption pattern and pore fractals. Thus, the values of
fractal dimensions (D) can be calculated using eqs 4 or S

D=A+3 4)
or
D=3A+3 (3)

The equation D = A + 3 was applied for the hollow portion in shale
pores shown by hysteresis loops initiating capillary condensation;
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however, the equation D = 3A + 3 applies to the van der Waals
force.>””** The In(V) vs In[In(P,/P)] plots of Barren Measures
and Barakar shale samples displaying three distinct fractal
dimension surfaces corresponding to micro-, meso-, and macro-
pores are shown in Figures 13 and 14. The fractal dimension D,
was calculated from linear sections at P/P, between 0.0002 and
0.0090, D, was calculated from linear sections at P/P, between
0.0090 and 0.3000, and D; was estimated from the linear
sections at P/P, between 0.3000 and 1.0000. The fractal fitting
equations and fractal dimension values for the studied shale
samples are given in Tables 4 and S, respectively. The values of
D,, D,, and D; of the Barren Measures shale are in the range of
1.25-2.17, 2.09-2.55, and 2.57—2.76, respectively, while the
Barakar shale fractal values varying in the range of 1.45—2.09,
1.11-2.53, and 2.69—2.76, respectively (Table 6). The
correlation coefficient of fractal fitting equations (R, and R;?)
of D, and D; is greater than 0.95, indicating Barren Measures
and Barakar shale pore systems with noticeable fractal surfaces
mostly from meso- and macropores. However, it is interpreted
that both the formation shales have composite pore internal
structures attributed to three different kinds of fractals. The
Barakar shale with a comparatively higher thermal maturity
developed more irregular pore surfaces during dehydration and
devolatilization. It results in the amalgamation of complex
macropores to mesopores (Figure 14). Also, the fractal surfaces
amplified with increasing P/P,, specifying that compared with
the bigger pores (macropores), the smaller pores (micro- and
mesopores) are more complex and composite. The D, and D,
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Figure 11. DFT plot for determination of pore size distribution of Barakar shale samples.

represent the meso- and macropores with a fractal value near 3.
Mainly, the intergranular pores that occur between grains of
organic and inorganic contents dominate the meso- and macro-
pores. However, the organic pores, kaolinite fissility openings

along the bedding planes, and the subrounded to rounded
spacing in grains of quartz, feldspar, and carbonate minerals also
contribute to the meso- and macropores. Numerous researchers
have stated that the clay mineral content is an important factor
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Figure 12. Low-pressure N, sorption isotherms showing the presence of different types of pores validated by SEM photographs.

influencing the shale pore structure; hence, the clay mineral also
contributes to the fractal dimension.”" >

3.5. Relationship of Fractal Dimensions with Shale
Properties. The different properties of shale directly influence
fractal pore surfaces.”"""’”*® The fractal dimensions D;, D,, and
D; show successive transitions due to change in thermal
maturity (Figure 15a,c). The release of volatiles due to the
cracking of hydrocarbon compound of shale matrix leads to the
formation of rugged pore surfaces. A similar trend shown by the
relation of fractals with fixed carbon specify succeeding carbon
enrichment due to thermal transformation of organic matter
contributed to the rough pore surfaces (Figure 15b,e). The TOC
content influences the advancement of pores in shales. More pores
evolved in higher TOC content shales, and the complex pore
surfaces and structures led to greater fractal dimensions. Earlier
investigations had shown that the clay and mineral content are a
vital aspect controlling the pore types and pore structure of
shale.”">*>®! The increasing trend of fractal dimension with the

28689

ash content of shale demonstrates that inorganic content also
contributed to the formation of pore surfaces (Figure 15d). The
rounded to subrounded grains of minerals (e.g., quartz, feldspar,
etc.) associated with clays shaped pore surfaces. The variation in
fractal dimensions (D;, D,, and Ds) with depth indicates that
heterogeneity in lithotype, organo-inorganic content, and
thermal maturity controls the construction anomaly of fractal
surfaces (Figure 15f).

3.6. Empirical Model for Estimation of Porosity and
Permeability. The measurement of porosity and permeability
of shale is time-consuming and expensive. Therefore, an
empirical method is formulated and proposed to estimate
porosity and permeability considering the fractal dimensions,
pore size, and pore volume considering their constructive and
adverse influences. The relations of measured porosity (MPOc)
and measured permeability (MPEc) were evaluated with fractal
dimensions, pore size, and pore volume. The moderate linear
relationship of MPOc with MPEc (R = 0.4165) indicates pore

https://doi.org/10.1021/acsomega.1c03340
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Figure 13. Presence of three distinct fractal dimensions derived by the FHH method for Barren Measure shale samples showing region I (P/P, =
0.0002—0.0090; D), region II (P/P, = 0.0090—0.3000; D,), and region III (P/P, = 0.3000—1.0).

connectivity suitable for gas flow in a shale (Figure 16a). The D,
showed a negligible relationship with MPOc, emphasizing that
plane surfaces seldom contribute to porosity in shales (Figure 16b).
However, the very good linear relation of D, (R = 0.8442) and D,
(R* = 0.6809) with MPOc (Figure 16¢,d) specifies that these
fractals are mainly remunerating the porosity in shale through the
active rough surfaces of pores formed by the heterogeneous content
of organo-inorganic matter.

Similarly, fractals D, and Dj; also showed a direct moderate
correlation with MPEc, indicating the combined effects of
rugged surfaces on the gas flow mechanism in the pore-
associated matrix system of the shale (Figure 16fg). The poor
relation of D, fractal with MPEc suggests that smooth surfaces
have a trivial influence on permeability due to low affinity
(Figure 16e). The moderate positive relationship of average
pore size and MPEc illustrates that the larger pore opening
supports the gas flow because of low turbulence and low
capillary pressure (Figure 16h). The MOPc and MPEc showed a
linear moderate to very good relation with the BET pore volume
(R* = 0.5213 and 0.8422), signifying that matrix containing
pores are mainly interconnected (Figure 16ij) and interde-
pendent. However, the maceral, mineral, and clays have different
porous features due to intricacy in their chemical composition;
pore size variation led to fractal dimensions appropriate for
adsorption, storage, and flow of gas in shales.””"
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Considering the significance of the above-explained param-
eters, the following empirical equation is drawn to estimate
porosity and permeability in shale™""

estimated porosity (EPO;)

( (02 X PVgpr + D, + D3)
(40 — 02 X D; — 0.7 X D,)

]+100 X 100)

-13 (6)

where EPOy is the estimated porosity by an empirical method
using pore fractals, PVygy is the pore volume determined by the
BET method, and D, and Dj are fractal dimensions.

estimated permeability (EPE;)

_ (0.3 X PVyyy)
02 X (PSy + 0.5 X Dy + 5.8 X D, + 0.5 X D))
(7)
where EPE; is the estimated permeability by the empirical
method using pore fractals, PVygy is the pore volume deter-
mined by the BET method, D,, D,, and Dj are fractal dimensions,
and PS, is the average pore size.

The estimated porosity (EPOf) and permeability (EPE;)
derived from the suggested empirical formula (Table 7) vary
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Figure 14. Presence of three distinct fractal dimensions derived by the FHH method for Barakar shale samples region I (P/P, = 0.0002—0.0090; D),

region II (P/P, = 0.0090—0.3000; D,), and region III (P/P, = 0.3000—1.0).

porosity (EPOy) and permeability (EPE;) showed an excellent
linear correlation with the measured porosity (MPOc, R*

from 0.98 to 1.58% and 0.35 to 0.63 mD for Barren Measures;

however, for Barakar Formations, it is estimated to be 0.75—

0.8577), which are close

0.8577) and permeability (MPEc, R*

1.65% and 0.41—0.62 mD, respectively. The estimated values of
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Table S. Fractal Fitting Equations for the Studied Shale Core Samples

region T (P/P, = 0.0002—0.0090; D,)

region II (P/P, = 0.0090—0.3000; D,)

region III (P/P, 0.3000—1.0000; D)

fractal fitting equation

y=-0.5272x + 0.2703
y =—0.4836x + 0.3075
y = —0.5698x + 0.4832
y =-0.9088x + 0.1244
y = —0.4459x + 0.3409
y=—0.7861x + 0.2063
y=—0.4674x + 0.1849
y = —1.8906x — 0.2567
y =—0.4908x + 0.4138
y=—17666x — 0.1912
y=-0.5285x — 0.1779
y = —0.8194x — 0.1849

y = —0.8893x — 0.0225

sample no. fractal fitting equation fitting coefficient
JHK-1 y=—13182x + 0.5154 0.9945
JHK-2 y=—L1512x + 0.6154 0.9921
JHK-3 y=—1.865x + 0.9167 0.9926
JHK-4 y=—0.955x + 0.1428 0.9953
JHK-S y=—L1711x + 0.5782 0.9974
JHK-6 y=—0.8538x + 0.2375 0.9981
JHK-7 y=—13709x + 0.4676 0.9991
JHK-8 y =—1.4593x — 0.4656 0.9836
JHK-9 y=—1.0196x + 0.5872 0.9990
JHK-10 y=—12325x — 0.4412 0.9828
JHK-11 y=—1.5888x + 0.1515 0.9900
JHK-12 y=—14401x + 0.0168 0.9943
JHK-13 y=—0.8673x — 0.7013 0.9886 y =—1.025x — 0.6337
JHK-14 y=—12138x + 0.0593 0.9490
JHK-15 y = —1.4966x + 0.6539 0.9976 y = —0.4908x + 0.321

fitting coefficient

fractal fitting equation

fitting coefficient

0.9996 y=-03141x + 0.367 0.9789
0.9845 y=—0.3602x + 0.463 0.9208
0.9998 y = —0.2366x + 0.637 0.9252
0.9988 y=—02974x + 0.3845 0.9264
0.9992 y=-—0.2751x + 0.4189 0.9890
0.9982 y=-0.2821x + 0.4313 0.9247
0.9988 y=—02811x + 0.2644 0.9859
0.9924 y =—0.2487x + 0.2932 0.8280
0.9987 y=-02517x + 0.5371 0.9450
0.9860 y =—0.2605x + 0.3426 0.7366
0.9886 y=—0.3102x — 0.0503 0.970S
0.9963 y=—0.2897x + 0.0618 0.9179
0.9933 y =—0.1509x — 0.3863 0.7249
0.9929 y=-02352x + 0.2773 0.8481
0.9930 y =—0.2495x + 0.4587 0.9415

Table 6. Results of Fractal Dimensions of Shale Core Samples

region I (P/P, = 0.0002—0.0090; D,)

region II (P/P, = 0.0090—0.3000; D,)

region IIT (P/P, = 0.3000—1.0000; D;)

sample no. A, D, =3+A, D =3+34, R/ A, D,=3+A, D,=3+3A, R, Ay Dy=3+A; D;=3+3A; RS
JHK-1 -1.3$§ 1.85 -1.0§ 0.99 —0.50 2.50 1.49 1.00 —0.31 2.69 2.06 0.98
JHK-2 -1.51 1.38 -1.22 0.98 —0.61 2.47 1.60 0.99 —-0.35 2.72 2.14 0.97
JHK-3 -1.7§ 128 —2.24 0.99 —0.57 243 1.29 1.00 —-0.24 2.76 229 0.93
JHK-4 —0.99 1.11 0.03 1.00 —-091 1.85 0.28 1.00 —0.43 2.27 1.71 0.93
JHK-S -1.14 1.86 —-0.42 1.00 —0.45 2.55 1.66 1.00 —-0.28 2.72 2.18 0.99
JHK-6 —0.83 2.07 0.52 1.00 -0.79 221 0.64 1.00 —0.28 2.72 2.15 0.92
JHK-7 -1.37 1.63 -1.12 1.00 —-0.47 2.53 1.60 1.00 —-0.28 2.72 2.16 0.99
JHK-8 -1.42 1.58 -1.27 0.98 —-1.89 1.61 —2.67 0.99 -0.25 2.18 2.25 0.83
JHK-9 -1.02 1.98 —0.05 1.00 —-0.49 2.51 1.53 1.00 -0.25 2.75 224 0.95
JHK-10 -1.20 1.80 —0.60 0.98 -1.77 1.63 -2.30 0.99 —0.26 2.44 222 0.74
JHK-11 -1.55 145 —1.64 0.99 -0.53 2.47 1.41 0.99 —0.31 2.69 2.07 0.97
JHK-12 —1.41 1.59 —-1.24 0.99 —0.82 2.18 0.54 1.00 -0.29 2.71 2.13 0.92
JHK-13 -0.91 2.09 0.28 0.99 —-1.01 1.99 —0.04 0.99 -0.27 2.73 2.18 0.72
JHK-14 -1.17 1.83 —0.50 0.95 —0.89 2.11 0.33 0.99 —-0.24 2.76 2.30 0.85
JHK-1S -1.51 1.49 -1.53 1.00 —0.49 2.51 1.53 0.99 -0.25 2.75 225 0.94
to the measured values. It is concluded that the proposed ii. The fractal dimensions D,, D,, and D showed successive
empirical formula for EPO¢ and EPE; may be a suitable indirect transitions due to change in thermal maturity.
method for the estimation of porosity and permeability of shale iii. The values of A-factor, C-factor, IAL, and IAR indicate a
samples (Figure 17a,c). Further, the validation of EPO; and very narrow range due to the uniform transformation of
EPE; calculated values has been done through a curve match organic content in the shales of Barakar and Barren
with measured porosity and permeability and are presented in Measures Formations.
Figure 17b,d. The excellent curve matching demonstrates that iv. The FE-SEM images indicated shallow to deep pores with
the proposed empirical models can be used for the estimation of different pore structures having fair to good pore con-
porosity and permeability. nectivity.
v. The shale beds of Jharia have heterogeneous complex
4. SUMMARY AND CONCLUSIONS pore structures, rough surface, and sorption mechanism
The carbon-rich Barakar and Barren Measures shale beds of the controlled by weathering/alteration, depositional con-
Jharia basin were evaluated for organo-inorganic composition by ditions, and organo-inorganic content.
FTIR, pore size, and pore structure using BET low-pressure vi. The variation in pore size indicates the increase in pore
N, adsorption and pore geometry through FE-SEM photo- volume with a decrease in pore size distribution in the
graphs. The study provides insights into the variation of organo- shale, which suggests that the adsorption capacity in the
inorganic formed pores, pore structures, surface area, and fractal shale is highly related to the pore size difference, openings,
dimensions regarding the gas storage and recovery mechanism and their structures.
from shale. The following conclusions have been drawn from the vii. The slightly higher expulsion of the aliphatic in Barakar
study. shale was attributed to the greater thermal maturity,
i. The shale samples have significant carbon-rich content which improved the relat?ve aromaticity.
and are intercalated-banded in nature. indicatin viii. The calculated values using proposed empirical models
L ) . o ’ & for porosity (EPOy) and permeability (EPE;) showed an
fluviatile-lacustrine facies of deposition. P ty £ p ty £
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excellent linear correlation with the measured porosity
(MPOc) and permeability, which are close to measured
values. The proposed models may be considered to
estimate the porosity and permeability of shale and coal

beds.

5. MATERIALS AND METHODS

5.1. Shale Core Sampling and Preparation. A total of
14 shale core samples were obtained from four boreholes (BH-1,
BH-2, BH-3, and BH-4) drilled in the Jharia basin with laterally
varying depth and thickness of the beds. The shale samples were
manually crushed and sieved for further analysis like TOC,
low-pressure N, sorption, and scanning electron microscopy
(SEM) and in the sizes of 72 mesh (212 ym), 0.8—1.0 mm, and
1.0—2.0 mm, respectively.

5.2. Total Organic Carbon (TOC) Analysis. The prepared
shale samples of size 212 pm were analyzed for TOC using the
Vinci Technologies “Rock-Eval 6 Plus TOC module” system.
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The TOC content of the shale was measured through oxidation
under air. The contents of the pyrolyzable carbon and mineral-
carbon were determined by thermally disintegrating the sample
using a pyrolysis oven. More details about TOC determination
using the Rock-Eval 6 system have been explained by different
researchers.””""

5.3. Low-Pressure N, Adsorption Isotherm. The
Quantachrome Autosorb iQ was used to measure the low-
pressure N, adsorption and desorption isotherm following the
Brunauer—Emmett—Teller (BET) method. The surface area,
pore size, pore volume, and fractal dimensions of micro-, meso-,
and macropores were determined following the procedures and
models like multipoint BET, density functional theory (DFT),
Langmuir, Barrett—Joyner—Halenda (BJH), t-test, and Fren-

kel—

Halsey—Hill (FHH).

5.4.FTIR Spectroscopy. The shale samples were crushed to
—75 pm, and 1 mg was mixed with 100 mg of KBr, followed by
grounding the mixtures in an agate mortar pestle. The homo-
genized mixture was pressed in an exiled die to form pellets
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Table 7. Results of Measured Permeability and Porosity under Reservoir-Simulated Confining Pressure and Proposed Empirical

Model of Shale Core Samples

estimated porosity and

measured permeability measured porosity permeability
inlet
sample  depth pressure confining permeability equilibrium confining porosity ermeability porosity
no. m) (psi) pressure (psi) (MPEc) (mD) pressure (psi) pressure (psi)  (MPOc) (%) EPE;) (mD) (EPOy) (%)
JHK-1 197 260.11 282.74 0.63 123.45 285.33 1.48 1.73 0.84
JHK-2 289 396.45 412.18 0.58 285.02 415.23 1.28 1.71 0.74
JHK-3 329 448.69 468.75 0.55 310.56 458.69 1.32 1.67 0.63
JHK-4 331 458.05 472.23 0.35 328.96 475.02 0.98 0.53 0.0S
JHK-S 343 462.85 486.32 0.49 368.42 483.79 1.58 1.86 0.68
JHK-6 351 480.69 500.21 0.48 394.08 502.14 1.28 1.28 0.25
JHK-7 408 565.23 582.76 0.62 412.26 585.36 1.48 1.82 0.71
JHK-8 416 575.26 592.63 0.44 436.85 594.65 0.76 0.26 0.23
JHK-9 431 595.18 615.49 0.52 456.78 614.96 1.65 1.81 0.57
JHK-10 450 605.14 635.29 0.41 485.12 636.32 0.75 0.42 0.14
JHK-11 476 660.47 680.12 0.59 512.20 682.45 1.32 1.68 0.63
JHK-12 496 686.69 706.58 0.52 528.67 708.29 1.28 1.23 0.56
JHK-13 594 827.30 845.36 0.48 645.29 848.25 1.22 0.99 0.23
JHK-14 646 894.55 919.05 0.45 746.95 922.85 1.37 1.17 0.30
JHK-1S 904 1270.08 1286.36 0.56 1052.52 1288.20 1.62 1.81 0.67
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Figure 17. Validation of estimated porosity and permeability, (a) estimated porosity (EPOy) vs measured porosity (MPOc), (b) matching curve of
measured and estimated porosity, (c) estimated permeability (MPE;) vs measured permeability (MPEc), and (d) matching curve of measured and

estimated permeability.

following the procedure described in ref 25. Pellets were dried in
a vacuum oven for 48 h to remove extra moisture and minimize
their influence on FTIR spectra. FTIR analysis was conducted
under a Bruker, 3000 Hyperion Microscope with a Vertex 80
FTIR system at IIT Mumbai in the wavelength range of 4000—
400 cm™" in the absorbance mode.

5.5. FE-SEM Analysis. SEM is an advanced tool to study the
microfeatures of shale/coal. SEM photographs were used to find
out the pore morphology, pore structures, secondary mineral
infillings in fracture-pores, organo-inorganic homogeneity,
and cleat spacing. The Carl Zeiss-make “FE-SEM Supra 55”
with an EDX attachment under magnifications ranging from
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4kX to 40kx was used. We took out small chips of shale samples
from the core with the help of a chisel. The chips were mounted
on brass stubs using silver glue paste and coated with platinum.
The photographs were taken from a focused ion beam of
different magnitudes. The SEM photographs were marked with
2D surface features (e.g., pore types, openings, structures, aperture,
spacings, organo-inorganic allied pores, and fractures).

5.6. Measurement of Porosity and Permeability under
Reservoir-Simulated Confining Pressure. The porosity and
permeability determination of core samples under confining
pressure with accuracy is very vital to design and plan gas
recovery from a shale reservoir. The whole core permeameter
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and pycnometer systems used in this study were installed at
CSIR-CIMFR Dhanbad. It is a very fast, precise, and non-
destructive determination of permeability and porosity of core
samples under confining pressure.*”*> Shale core samples
having diameter 52 mm and length 150 mm were taken and
polished on both ends with the help of a rotator machine. The
core was fixed into the core holder, and it was allowed to
maintain the desired confining pressure. An extremely delicate
pulse-decay permeameter devoted to the setup was used to
measure the trivial gas flow through the core. It is an unsteady-
state permeameter intended to measure permeability in the
range of 1 milli Darcy (mD) to 10 nano Darcies (10 nD).#+%
The details of the procedure have been described by ref 4, 87.
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