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TouHas omeHKa comepkKaHu ¥ HHAEKca XPYIKOCTH MUHEPATIOB UMEET BaKHOE 3HAaYE€HHE IS Pa3paboTKH
3¢ GeKTUBHBIX METONOB I'NAPOPa3PHIBA YTOIBHBIX IIACTOB, HEOOXOIMMOTO Ha YTOIBHOM MeCTOpOXIeHHN Boc-
Tounblif bokapo B nanu. B nacrosimiem ncciieioBanny 00beINHEHbI JaHHBIE H3yIeHHs KepHa O0KOBOTO CTBOJIA
n nansble ['MC B ckBaxxnHax. OCHOBHOE BHUMAaHHE YIEIE€HO CKBaXXKHHE A-1, I1e ObUI IPOBECH PEHTICHOCTPYK-
TYpPHBIII aHaJIM3 KepHa OOKOBOTO CTBOJIA JUIsl ONPEISIICHUsI COAEpKaHKsl MUHepasioB. [lomydeHHble MUHEpaIo-
THYECKHUE JTaHHbIe OBUIM SKCTPANOIMPOBAHBI Ha CKBaXHMHY A-2 myTeM KOMOMHHpoBaHuUS pesyinbratoB [UC,
PEHTIeHOCTPYKTYPHOTO aHAJIM3a U NPEAbLAYIIMX HCCIeI0BaHUNA. YpaBHEHUs JIMHEHHON perpeccuu, BKIJIIOYa-
oImue u3BecTHbIe MUHEepass! U JanHble [ IC B kadecTBe BXOAHBIX ITapaMeTpPOB, UCTIONB30BAINCEH JUIS pacde-
Ta 00BEMHOTO COofiepyKaHMsI MHHEpaoB B Iuactax. HagexxHocTs Mozeny Oblia MOATBEpKAEHa ITyTeM OIEHKH
MHHUMAJIHOH Pa3HUILBI MEXIY IIPOrHO3UPYEMBIMH M MOTyYSHHBIMH JIOTapu(PMHUISCKUMH KpUBbIMH. VHIEKC
XPYHIKOCTH OIPEACIAIICA KaK NF€OMEXaHUYCCKUMU METOAaMHU, OCHOBAHHBIMU Ha CKOPOCTU IPOJAOJIBHBIX BOJIH,
TaK ¥ MHHEPAIOTMYECKUMU METOAMH C yUETOM COAEPKAHHS KBapIia, TOJIEBOTO0 IImaTa u foiaoMuta. CpaBHH-
TENbHBIN aHAIN3 3HAYSHUH HHIEKCA XPYIKOCTH MPOAEMOHCTPHPOBAI YCTOHUNBYIO TEHACHIIUIO NX N3MEHEHHS
1 WX 3aBHCHMOCTH OT COJIep>KaHUSI MUHEpasoB. JlaHHOe HCCIIeIOBaHIE ITO3BOJISIET MOCTPOUTE HETPEPHIBHYIO
MYJIFTUMHUHEPAIBHYIO MOZENb ISl CITydaeB, KOTa JaHHBIE 110 KEPHY OTCYTCTBYIOT, @ TaKXKe JaeT Ipe/ICTaBlIe-
HHE O BapUallUsIX CofiepKaHusi MUHepanoB. Kpome Toro, Koppessiiys Mexay N3MEHSHUsIMHU 3HAYeHUH HHJIeKca
XPYIKOCTH U COAEPKAHMEM MUHEPAIIOB TO3BOJISET MOMYUUTh JOMOTHUTEIbHbBIE CBEACHNS O TEOMEXAHHUECKUX
CBOICTBaX, HEOOXOANMBIX AN MPOEKTHPOBAHHS THAPOpa3phIBa YTONBHBIX MIacToB. IIpencraBnenHble 31ech
Pe3yabTaThl AAIOT NEHHYI0 MH()OPMaNnio AT ONTUMU3AIUH TeXHOIOTHH THAPOPa3phIBa IIACTA HA YTOTBHOM
MecTopoxieHn Bocrounsiit Bokapo u ciryxar 0CHOBOH IIst JalbHEHIINX NCCIIEA0BAHHI B aHAJIOTHYHBIX T'e0-
JIOTUYECKHX 00CTaHOBKaX.

MynemumunepanbHas Mooenb, 2eo0MeXaHU4ecKuti UHOeKC XPYRKOCMU, MUHEPAT02UYeCKUll UHOeKC XPYRKOCHU

MULTIMINERAL MODELING AND BRITTLENESS INDEX ESTIMATION USING CORE
AND GEOPHYSICAL WELL LOG DATA IN THE EAST BOKARO COALFIELD OF INDIA

A. Banerjee

Accurate assessment of mineral content and the brittleness index (B/) is crucial for designing effective hy-
draulic fracturing treatments in coal seams, a parameter required in the East Bokaro Coalfield in India. This study
combines sidewall-core and well log data, focusing on well A-1, where X-ray diffraction analysis of sidewall
cores was conducted to identify mineral content. The obtained mineralogical data were extrapolated to well A-2
through a synthesis of well log parameters, X-ray diffraction analysis, and prior research results. Linear regres-
sion equations incorporating known minerals and well log data as input parameters were employed to calculate
volumetric mineral content in the formations. The reliability of the model was validated by assessing the minimal
difference between predicted and observed log curves. Furthermore, the brittleness index was determined using
both geomechanical methods based on compressional wave velocity and mineralogical methods incorporating
quartz, feldspar, and dolomite content. Comparative analysis of B/ values demonstrated a consistent trend, while
variations in the mineralogic B/ were observed in relation to mineral content. This study not only establishes a
continuous multimineral model for cases with unavailable core data but also contributes to advancing the under-
standing of mineral content variations. Additionally, the correlation between B/ variations and mineral contents
enhances our knowledge of the geomechanical properties essential for design of hydraulic fracturing in coal for-
mations. The results presented herein offer valuable insights for optimizing hydraulic fracturing strategies in the
East Bokaro Coalfield and provide a foundation for further research in similar geologic settings.

Multimineral model, geomechanical brittleness index, mineralogic brittleness index
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INTRODUCTION

Minerals form in the surface and subsurface rock owing to volcanic eruption, transportation of rock, pres-
sure, and temperature in the formation. That is why the mineral composition in sedimentary, metamorphic, and
igneous rock is different. Analysis of minerals in rock formations is important in understanding the deposi-
tional processes occurring in the Earth’s system. The estimation of minerals using conventional well logs is
difficult and less accurate. There are few cross-plotting techniques using well logs, such as neutron-density-
sonic plots, and matrix identification plots separately cannot identify the minerals correctly in the formation
(Clavier and Rust, 1976). For accurate identification, direct methods of X-ray diffraction (XRD) mineralogical
tests are executed in core samples. However, the feasibility of extracting the core and its mineralogical analysis
in every well is a constraint. Besides, continuous core extraction requires more time and involves more cost, so
that it becomes challenging to extract continuous core. Therefore, an alternative method is used to determine
the volume of multiminerals in a lithologic formation using conventional well logs and prior information on the
minerals present in the area. The multimineral model visualizes the variation of mineral content in the subsur-
face formation. The mineral content can also provide a quantitative output of the brittleness in the formation
which is expressed by an index known as the brittleness index (B/). The geomechanical and the mineralogical
methods are two commonly used methods for estimating the BI. Although there is no accurate method for esti-
mating the B/, the geomechanical and multimineral method acts as a guiding technique for estimating the B/
without core sample analysis (Wang et al., 2015; Zhang et al., 2016).

The East Bokaro Coalfield is located in the Jharkhand state of the eastern part of India. The Bokaro Coal-
field exhibits a complete succession of Gondwana sediments from the Basement to the Mahadeva Formation.
The sequence is Basement, Talchir, Barakar, Barren, Raniganj, Mahadeva, and unconformity (Banerjee et al.,
2023). For example, the Barakar formation is significant for the coalbed methane (CBM) reservoir develop-
ment, as it contains all the coal seams inclusive of shale and sandstone. Generally, the lithology of the Bokaro
Coalfield is categorized into coal, shale, and sandstone. In literature on the Bokaro Coalfield, a mineralogical
study is conducted using XRD analysis, which shows that quartz and kaolinite are dominant while illite, mont-
morillonite, siderite, and analcime are intermediate minerals. Also, pyrite, dolomite, and calcite are observed in
minor quantities in coal (Equeenuddin et al., 2016). Figure 1 represents the Bokaro Coalfield illustrating the
surface exposure of various formations and the well location. The study area consists of two wells named A-1
and A-2 on the eastern side. In well A-1, a basic conventional well log suite including gamma-ray (GR), resis-
tivity (MLR), density (ZDNC = p), photoelectric index (PE), and neutron porosity (NPHI = ¢,) was recorded,
and X-ray diffraction (XRD) analysis was carried out in ten sidewall core (SWC) samples to determine the
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Fig. 1. The geological map of the Bokaro Coalfield illustrates the surface exposure of different formations
and two wells named A-1 and A-2 in the study area.

1 —Mabhadeva, 2 — Panchet, 3 — Raniganj, 4 — Barren, 5 — Barakar, 6 — Talchir, 7 — Archaeans, § — well.
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- Fig. 2. The adopted flowchart of the study in esti-
@ = mating the multimineral model and brittleness in-

dex along the well.

Models
Data 1. Coal
2. Shale

mineral contents. In well A-2, compressional sonic
slowness (SONIC = Af) is an additional log available

3. Sandstone

Well logs | Brittleness index | in the basic conventional well log suite.
The lack of understanding of mineral deposi-
\—. Multimineral tion and the absence of a standardized model has mo-
models tivated us to undertake this study with the objectives

(a) to determine the mineral contents from the XRD

study of SWC samples in well A-1, (b) to generate
multimineral models and volumetric estimation of minerals in well A-2 by solving linear equations using geo-
physical well logs and minerals as input parameter, and (c) to estimate the brittleness index of the formation
using the geomechanical and mineralogical approach. A flowchart was adopted to attain the objectives. Figure 2
depicts the adopted flowchart, which illustrates core and well log as input data in establishing the models. The
identified minerals from the XRD study of cores were incorporated with geophysical well logs to determine the
percentage of minerals in the wellbore. The lithology, such as sandstone, shale, and coal, was distinguished
based on well log parameters (Banerjee et al., 2023). In these zones, its mineral contents were classified, and
based on mineralogic volume, the Bl was estimated, and the same was compared with the geomechanical B/
estimated using a sonic log.

METHODS

X-ray diffraction (XRD) analysis. The XRD analysis in the laboratory provides accurate mineral iden-
tification by interpreting the characteristics of peak positions either through eye estimation or by an automated
computerized matching technique with the incident angle (Hillier, 2003). The presence of minerals from the
peak intensity in the XRD curve uses a generalized instrument that is independent of the semiquantitative
method (Fisher and Underwood, 1995; Gandhi et al., 2010). In this method, the percentage of the mineral pres-
ent in a sample is calculated from the XRD peak heights (7) and standard intensity factors (c) of the composite
minerals. The standardized equation is presented in the following equations:

m = {—J : (1)
n:lcnln

where m, denotes the abundance of the ith mineral; i, is the peak intensity of the ith mineral; ¢, is a constant
intensity factor of mineral used to transform intensity into abundance; and m is the number of minerals. Values
of the intensity factor (c,) of the identified mineral peaks were assigned as mentioned by Gandhi et al. (2010)
for the determination of mineral abundance. In well A-1, ten SWC at different depths were crushed for XRD
analysis (plot between intensity (counts per second) versus angle) to compute the mineral contents. In Table 1,
the SWC sample number, depth of extraction, mineral content, and respective well log magnitude of well A-1

Table 1. Mineral contents from XRD analysis and well log magnitude at respective depths
SWCNﬁmple Depth, m Minerals (XRD) GR(APD) | Ol\ﬁl.{m) éﬁﬁ% 1(\1551)1
SWC-01 674.0 | Illite, kaolinite, montmorillonite, mica, quartz 125 600 2.15 0.30
SWC-02 629.0 | Illite, kaolinite, montmorillonite, mica, quartz, feldspar 170 250 2.54 0.30
SWC-03 572.6 | Illite, kaolinite, mica, quartz, siderite 175 150 2.68 0.24
SWC-04 419.0 | Illite, mica, quartz, siderite, carbonaceous minerals 190 100 2.38 0.30
SWC-05 418.5 | Illite, montmorillonite, mica, quartz 162 10 2.60 0.24
SWC-06 418.0 | Feldspar, quartz, calcite, dolomite, siderite, and pyrite 135 0.3 0.21 2.55
SWC-07 417.5 | Illite, montmorillonite, mica, quartz, siderite 167 10 0.27 2.55
SWC-08 405.5 | Quartz, dolomite 60 300 0.09 2.74
SWC-09 404.5 | Illite, mica, dolomite, quartz 67 200 0.10 2.70
SWC-10 402.9 | Illite, kaolinite, mica, quartz, siderite 110 80 0.18 2.53
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are shown. The peaks on the intensity curves in the XRD pattern permit identifying illite, kaolinite, smectite,
montmorillonite, siderite, quartz, feldspar, mica, and dolomite in the SWC sample. Figure 3a—d illustrates a few
XRD patterns depicting the intensity (count per second) versus 26 (degree) plot drawn on the SWC samples: (a)
SWC-01 at 674.0 m, (b) SWC-02 at 629.0 m, (¢) SWC-07 at 417.5 m, and (d) SWC-09 at 404.5 m. Also, the
microscopy study of the SWC samples shows mineral contents. Figure 4a—d represents the study of sample
SWC-02 under the microscope (a) at 629.0 m and (b) the enlarged view of sample SWC-02 shows mica, oxi-
dized matter, and carbonaceous content, (c) similar study of sample SWC-09 at 404.5 m shows the presence of
mica and quartz.

Multimineral modeling. The identification of minerals is difficult from the quick-look analysis of the
conventional well logs, but the volumetric content of minerals can be modeled using geophysical logs provided
that the number and the type of minerals are known. Hence, to estimate the mineral volume and content, the
prior information on minerals in the formation is an input to solve the set of linear equations. Thus, multimin-
eral modeling utilizes the relationship between the set of known and unknown parameters in the set of linear
equations. Here, log measurements are known parameters, and the properties of the mineral constituents are the
unknown parameters. The log measurements used in the models are gamma ray, conductivity (C = 1/MLR),
density (p), photoelectric parameter (L = p.PE), compressional slowness (Af), and neutron porosity (NPHI = ¢,).
The proposed multimineral model uses seven equations to solve seven unknowns (six minerals and porosity).
The first six equations can be written as

6
X=¢Xf+zMiXia (2)
i=1

where X represents the log magnitude; ¢ is the porosity obtained from multimineral modeling; X, represents the
log magnitude in the fluid where subscript f'stands for fluid; M, represents the concentration of a respectlve min-
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Fig. 3. The XRD pattern depicting the intensity (count per second) versus 20 (degree) plot conducted on
the sidewall core (SWC) samples:

a — SWC-01 at 674.0 m; the peak intensity detects illite/mica, kaolinite, montmorillonite, and quartz; b — SWC-02 at 629.0 m; peak
intensity detects illite, kaolinite, montmorillonite, and quartz/feldspar; ¢ — SWC-07 at 417.5 m, shows the additional presence of siderite
mineral; and d — SWC-09 at 404.5 m, shows dolomite as additional content.
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eral; and X represents the log magnitude in the mineral formation, where the subscript (i = 1 to 6) in M,and X,
denotes the mineral concentration of six minerals. Equation (2) generates six separate equations for the different
log values, such as (1) GR, (2) p, (3) 9,, (4) L, (5) A¢, and (6) C. Thus, using the log values in equation (2), six
linear equations can be established. The seventh equation is established considering the sum of the effective po-
rosity and the mineral content equal to the total volume of the rock. Thus, the equation is expressed as

1=+ 3 M, 3)

where the notations are the same as described previously. Subsequently, solving the set of seven linear equa-
tions determines the seven unknown parameters. The equations are expressed in the matrix form as follows:

[GR, GR, GR, GR, GR, GR, GR,|[ ¢ | [GR]

P, Py Pr P P P Pr | M P

(I)n/' (I)nf ¢nf ¢nf ¢n_/ (by,/' (I)n/' M 2 ¢n

L L, L, L, L L, L, |M|=| L[|, 4)
At, At, At At A, A AL || M, At

c, ¢, ¢ C C C,  C, | M, C

1 1 1 1 1 1 Loj[Mm ] [ 1]

The matrix system presented in equation (4) illustrates the simultaneous matrix inversion calculation
performed for the mineral composition (Singh et al., 2013) which can be expressed as

FM =W, (5)

where F is the matrix of the physical properties of rock constituents; M is the matrix of the mineral constituents;
and W is the measured well log values. The dominant rock constituents that were applied in matrix F are listed
in Table 2. The mineral volume can be estimated by solving an inverse problem in equation (5):

M=F'W. (6)

Thus, by solving equation (6), the quantification of minerals can be executed. Banerjee and Chatterjee
(2022) discussed well log cutoff parameters in the Bokaro Coalfield to distinguish sandstone, shale, and coal,
based on this zonations were prepared in well A-2. Table 2 shows the mineral contents and well log parameters

Fig. 4. The study of sidewall core sample SWC-02
under the microscope (a) at 629.0 m; b — the enlarged
view of the same sample reveals mica, oxidized mat-
] ter, and carbonaceous content. ¢ — A similar study of
- SWC-09 at 404.5 m shows the presence of mica and
quartz content.

Strained quartz ﬁf"
. -
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Table 2. The mineral contents and well log parameters used in the shale, sandstone, and coal during processing

Models Minerals Density NPHI DTC U GR
Shale Illite 2.78 0.300 70 6.7 190
Kaolinite 2.62 0.300 70 6.5 180

Smectite 2.63 0.210 85 7.6 150

Quartz 2.65 0.090 50 5.0 90

Feldspar 2.67 0.090 53 8.7 130

Dolomite 2.84 0.025 43 9.6 50

Sandstone Illite 2.78 0.080 70 3.1 65
Kaolinite 2.62 0.450 85 53 104

Smectite 2.63 0.210 85 7.6 168

Quartz 2.55 0.070 70 5.0 85

Feldspar 2.60 0.060 53 8.7 165

Dolomite 2.84 0.025 43 9.6 30

Coal Coal 1.27 0.600 132 0.9 70
Illite 2.78 0.010 85 7.1 170

Kaolinite 2.62 0.010 85 5.5 180

Smectite 1.80 0.210 120 0.4 80

Quartz 2.65 0.050 50 5.0 15

Note. In shale and sandstone, illite, kaolinite, smectite, quartz, dolomite, orthoclase, and siderite were selected. Coal is
considered a special mineral with the inclusion of illite, kaolinite, smectite, and quartz.

used during the processing of the shale, sandstone, and coal lithology. In shale and sandstone, minerals, such as
illite, kaolinite, smectite, quartz, dolomite, orthoclase, and siderite, were selected. Coal is considered a special
mineral along with the inclusion of illite, kaolinite, smectite, and quartz. Solving the matrix equation (4) gives
the effective porosity, while the total porosity is calculated for comparing the effective porosity with the total
porosity. The total porosity (¢,) is calculated using the following equation:

Pima —Ps

¢ =———, (7
Poa _pf

where p,,, is the matrix density; p, is the bulk density obtained from the density log; and p,is the fluid density (1.0
g/cm?). Figure 5 represents the layout illustrating (1) the color code of lithologic formations in the first track,
such as illite, kaolinite, montmorillonite, quartz, dolomite, feldspar, siderite, and coal; (2) the volume of miner-
als (fraction) in the second track; (3) depth (m) in the third track; (4) variation in total and effective porosity in
the fourth track; (5) the fifth to ninth tracks validate the results from the correlation between actual and pre-
dicted log curve of NPHI, GR, ZDNC, PEF, and SONIC.

Brittleness index estimation. The estimation of the B/ using well log data is a preferred method, as it
involves low cost and provides continuity throughout the well. Both the geomechanical and mineralogical
methods can be used to estimate the B/. Previous studies by Jarvie et al. (2007) and Jin et al. (2015) show that
the brittleness estimated from the mineralogical method is more reliable compared to that estimated by the
geomechanical approach for a shale reservoir. The geomechanical approach relates the B/ in terms of Young’s
modulus and Poisson’s ratio empirically using sonic velocity, which is further implemented to estimate the B/
(Mallick, 1995; Lai et al., 2015). The empirical equations for the estimation of geomechanical parameters and
the BI are as follows:

Y V2(3V172 _4VszJ (8)
=p s 2 2 s
V-V,
sz - ZVS2 ©)
v = N
20, =V0)
Y-Y_ -
B[y — min s BIV — v vmax ,
Ymax - Ymin vmin -V max
BI, - BI
BIg = = b
2 (10)

where Y'is Young’s modulus; v is Poisson’s ratio; Bl and B/, are the brittleness indices obtained from Y and v,
respectively. B, is the average magnitude of the geomechanical BI. The notation ‘min’ and ‘max’ denote the
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Fig. S. The layout represents (1) the color code of lithologic formations, such as:

illite (1), kaolinite (2), montmorillonite (3), quartz (4), dolomite (3), feldspar (6), siderite (7), and coal (8) in the first track; (2) the volume
of minerals (fraction) in the second track; (3) depth (m) in the third track; (4) variation in total and effective porosity in the fourth track;
and (5) the fifth to ninth tracks validate the results from the correlation between actual and predicted log curve of NPHI, GR, ZDNC, PEF,

and SONIC.

minimum and maximum values, respectively. In the mineralogical approach, the volume of mineral content
estimates the B/ using established equations. Jarvie et al. (2007) proposed the BI as the ratio of the volume of
quartz content to the total volume of the minerals contained in the rock formation. However, Wang and Gale
(2009) modified the equation using the sum of the volume of quartz and dolomite divided by the total volume

Table 3. List of the equations considered in the previous
study in different formations

of mineral content. Later, Jin et al. (2015) consid-
ered the sum of the volume of quartz, feldspar,
mica, and carbonate minerals divided by the total

Formula Variable definition References volume of minerals in the rock formation. The pre-
) , viously used mineralogical approach for the B/ esti-
V. is the volume of quartz; | Jarvie et al., . .o .
y 7 mation is listed in Table 3. In our case, quartz, feld-
BI=2s 1 1s the total volume of 2007 . - ;
v, minerals. spar, and dolomite were present in the formation,
_— ¥, and , are the volumes of | Wang and Gale, agd based on thf: methpds presgnted in Table 3, the
Bl =t quartz and dolomite. 2009 mineralogic B/ is obtained by integrating the tabu-
lated equation. The equation is expressed as
VoAV, +Vy V., V is the volume of minerals: |Jin et al., 2015
Bl = v, q —quartz; F — feldspar; M — Vq +V. +V,
mica; carb — carbonate. BI = % 5 (1 1)
ViV 4V V is the volume of minerals: | Lai et al., 2015; T
Bl=— 1 4 : : .
VotV +Va+V,+V, |4~ quartz; cal - caleite; Gholami et al., where V represents the volume of minerals and the
“11 ’allb‘te; m —muscovite; | 2016 subscripts have the following meanings: ¢, quartz;
e F, feldspar; d, dolomite; and 7, total volume of the
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Fig. 6. The layout representing the (1) depth (m) in

. . BRITTLENESS
the first track; (2) the volume of minerals (fraction) £ V,\c,,)h\,UE“,gi,?SF INDEX (BI)
in the second track; (3) estimated geomechanical £ (FRACTION) Bl. g LITHOLOGY
brittleness index BI (g) in a black line and minera- a 5 =10 BI, m 2

logic brittleness index BI (m) in a blue line; and (4)
the fourth track represents the color code of illite, 430
kaolinite, montmorillonite, quartz, dolomite, feld-
spar, siderite, and coal.

E=]

minerals. The result from equation (13) is presented in
Fig. 6, where the layout shows the (1) depth (m) in the
first track; (2) volume of minerals (fraction) in the sec- | 440
ond track; (3) estimated geomechanical [BI (g)] in a
black line and mineralogic [BI (m)] in a blue line; and
(4) the fourth track represents the color code of litho-
logic formations, such as illite, kaolinite, montmorillo-
nite, quartz, dolomite, feldspar, siderite, and coal. The
BI estimated from both methods was cross-plotted. Fig- e e
ure 7 illustrates the cross-plot of the B/ (geomechanical) | 450 il F s
versus B/ (mineralogic) of (a) all formations where
color dots in red, green, and blue are shale, sandstone,
and coal, respectively, (b) shale formation only, (c)
sandstone formation only, and (d) coal formation only.
The cross-plots in Fig. 75 show scattered B/ dots, and
the BI in shale increases linearly up to 0.6, and then B/
(geomechanical) follows a trend toward a constant | 460 '
value 0.6-0.7, while the B/ (mineralogic) increases
from 0.6 to 1.0. Also, in some shale formations, the B/
(mineralogic) is estimated at a lower value compared to the B/ (geomechanical). In Fig. 7¢, the BI, both geome-
chanical and mineralogic, are concentrated toward the higher side in sandstone, and in Fig. 7d, the BI is con-
centrated toward the lower side in coal. The plot of the B/ (mineralogic) versus the sum of the volume of quartz,
feldspar, and dolomite [volume (Q + F + D)] is shown in Fig. 8. The plot of the B/ (mineralogic) versus volume
(Q + F + D) (a) for shale, sandstone, and coal, (b) for a shale formation, (c) for a sandstone formation, and (d)
for a coal formation. Summarizing Figs. 7 and 8, Table 4 shows the average range of the B/ (geomechanical),
the BI (mineralogic) and [volume (Q + F + D)] in shale, sandstone, and coal, respectively.

DISCUSSION

The use of the harmonic mean in equation (1) for XRD studies (specifically, in determining mineral con-
tent), is closely tied to the nature of crystalline materials and the analysis of their diffraction patterns. When ana-
lyzing XRD data in a laboratory setting to identify and quantify minerals in a sample, the harmonic mean is often
incorporated to account for the anisotropic nature of crystallite size in polycrystalline materials. Geologic sam-
ples are typically polycrystalline; that is, they consist of many small randomly oriented crystalline domains. Each
domain may have different crystallographic orientations and sizes. The harmonic mean is used to average the
sizes of these crystalline domains along different crystallographic directions, providing a more representative
measure of the overall crystallite size. Crystallites within a sample may exhibit different sizes along different
crystallographic directions. This anisotropy is especially relevant in geologic materials in which crystal growth
may occur preferentially in certain directions. The harmonic mean considers the reciprocal of the crystallite sizes

Table 4.The BI computed from geomechanical and mineralogical analysis with the volume of quartz, feldspar,
and dolomite in shale, sandstone and dolomite

Lithology BI, (average) BI,, (average) Volume (quartz + feldspar + dolomite)
Shale 0.45-0.75 0.15-0.95 0.01-0.90

Sandstone 0.50-0.75 0.60-0.95 0.50-0.95
Coal 0.01-0.35 0.01-0.30 0.01-0.40
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Fig. 7. The geomechanical brittleness index [BI (geomechanical)] versus the mineralogic brittleness index
[BI (mineralogical)] plot shows a scattered trend:

a — brittleness plot shown for shale, sandstone, and coal; b — brittleness plot in the shale formation; ¢ — brittleness plot in the sandstone
formation; and d — brittleness plot in the coal formation.

along different directions, emphasizing the influence of smaller sizes in the overall average. Thus, the use of the
harmonic-mean equation for mineral content determination enhances the accuracy of estimating the average
crystallite size in polycrystalline materials. At the same time, the arithmetic mean approach in equation (2) for
the determination of multimineral modeling from well log data is considered due to its simplicity, ease of inter-
pretation, and computational efficiency, making it suitable for quick assessments and initial screening of mineral
content in subsurface formations. The arithmetic mean is straightforward to calculate and computationally effi-
cient. In well log analysis, in which large datasets are often involved, simplicity and speed are essential for quick
and practical modeling. The arithmetic mean provides a single representative value that is easy to interpret. In the
context of well log data, mineral content is often presented as an average percentage, simplifying the understand-
ing of the overall mineral composition. Well log data are often measured at discrete depths along a borehole. The
arithmetic mean is well-suited for summarizing data at these discrete points and is particularly useful when deal-
ing with well log curves representing different minerals. The arithmetic mean also allows a rapid initial estima-
tion without the need for more complex and time-consuming modeling techniques.

The concept of matrix degeneracy is related to linear algebra, and it typically refers to a matrix that is
singular or nearly singular. A matrix is said to be degenerate if its determinant is zero or very close to zero,
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Fig. 8. The mineralogic brittleness index [BI (mineralogical)] versus the sum of the volumes of quartz,
feldspar, and dolomite [Volume (Q + F + D)] plot shows a linear trend:

a — the plot represents shale, sandstone, and coal formations; b — the plot represents the shale formation; ¢ — the plot represents the
sandstone formation; d — the plot represents the coal formation.

which implies that the matrix is not invertible. Proving the nondegeneracy of a matrix in equations (5) and (6)
is often crucial in various mathematical and computational contexts, including those dealing with multivariate
analysis, optimization problems, and systems of linear equations. A nondegenerate matrix is more likely to have
a unique solution, and its properties are generally better understood. Here, the determinant of a square matrix F
in equation (6) is denoted by |F], which is nonzero, proving that the matrix is nondegenerate. Also, the rank of
the matrix is equal to the size of the matrix, and F is a positive definite symmetric matrix, which proves that it
is nondegenerate.

The adopted methodology for generating a multimineral model within a well using available well logs
and prior inputs of mineral contents in the formation has proven to be robust and accurate. The resulting model
offers a comprehensive volumetric distribution of minerals along the wellbore, facilitating the estimation and
standardization of percentagewise mineral distribution in the subsurface formation. The reliability of this mul-
timineral model is underscored by the minimal difference observed between the observed and predicted log
curves, affirming its accuracy. Furthermore, our investigation into brittle behavior, indicative of quartz, feld-
spar, and dolomite presence, reveals a linear increase in the brittleness index with the volume of these minerals.
This result is consistent with those of previous studies that have shown a positive correlation between the B/
and quartz content in shale formations (Jin et al., 2015; Zhang et al., 2016). The B/ values obtained in this study
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can be used to identify the most brittle zones in the coal seams, which are ideal targets for hydraulic fracturing
treatments. The data in Table 4 show that the B/ values are the highest in the sandstone formation, followed by
those in the shale and coal formations. This suggests that the sandstone formation is the most brittle, which is
consistent with results of previous studies that have shown that sandstone formations are more brittle than shale
or coal formations (Zhang et al., 2016). The data in Table 4 also show that the volume (Q + F + D) values are
the highest in the sandstone formation, followed by those in the shale and coal formations. This suggests that
the sandstone formation has the highest porosity and permeability, which is consistent with previous studies
that have shown that sandstone formations are more porous and permeable than shale or coal formations (Jin et
al., 2015). Accurate assessment of mineral content and the brittleness index is crucial for designing effective
hydraulic fracturing treatments in coal seams. Our methodology provides a reliable and efficient way of gener-
ating a multimineral model within a well, which can be used to estimate the volumetric distribution of minerals
and identify the most brittle zones. This information can be used to optimize hydraulic fracturing treatments and
improve production rates in the East Bokaro Coalfield. Further research is needed to extend our results to other
coalfields.

CONCLUSIONS

A comprehensive investigation of the CBM reservoir was conducted to address the critical need for ac-
curate characterization of mineral content and the brittleness index. Utilizing known minerals and well log data
as input parameters, volumetric mineral content in the formations was obtained. The reliability of our model
was confirmed by the minimal difference observed between predicted and observed log curves. The correlation
established between B/ variations and mineral contents enhances our ability to predict and optimize hydraulic
fracturing treatments in coal formations. A comparative analysis of B/ values revealed a consistent trend, though
the mineralogic B/ exhibited variability concerning mineral content. These insights contribute to the broader
field of reservoir engineering and underscore the importance of integrating multiple methods for a comprehen-
sive understanding of subsurface formations.
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