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ABSTRACT: To clarify the coal structure, spatial distribution, and
controlling factors of the 2# coal seam in Jiaozuo mining, the drilling
coal samples were collected to observe the coal type and coal
structure. The coal macerals were identified by a MPVSP microscope
photometer, and the spatial characteristics of the coal structure were
obtained through interpreting deep lateral resistivity logging, natural
gamma ray logging, density logging, and acoustic logging curves. The
influence of coal properties, burial depth, geological stress, and faults
on the coal structure were discussed correspondingly. The results
exhibit that granulitic−mylonite coal was most developed in the 2#
coal seam, followed by primary coal and cataclastic coal; the coal type
was dominated by semibright coal, followed by clarain and semidull
coal. Granulitic−mylonite, cataclastic, and primary coals were the
main components of clarain, semibright coal, and semidull coal, respectively. Higher vitrinite and organic matter contents were
conducive to the development of granulitic−mylonite. The coal structure combinations were spatially varied, and the granulitic−
mylonite combinations were the most common. Granulitic−mylonite coal was developed in the east and south parts of the study
area, and the coal structure was fragmented with a greater burial depth and larger thickness. The geological stress is the fundamental
cause of coal structure damage as well as the cutting of faults.

1. INTRODUCTION
The coal structure is a significant basis for the design of coal
seam mining, which also has an important impact on the
porosity and permeability of coal reservoirs.1,2 Hence, it is
necessary to clarify the coal structure characteristics before the
exploitation of the coal seam and coalbed methane. Coal
structure refers to the structural characteristics of coal seams
that have undergone various geological processes, and it is
categorized into primary coal, cataclastic coal, granulitic coal,
and mylonite coal with a gradually fragmented structure.3,4

Coal sample observation and logging curve interpretation are
the common methods to clarify the vertical coal structure
characteristics and their combinations, as well as the spatial
variation in different areas.5,6 The observation of coal samples
includes the coal type, coal structure, and maceral. The deep
lateral resistivity logging (LLD), gamma ray logging (GR),
density logging (DEN), and acoustic logging (AC) logging
curves are widely used in the exploration of coal fields, and the
coal structure can be identified according to the amplitude,
amplitude variation, shape, and peak of these curves.7,8 The
coal structure is influenced by coal spatial distribution,
properties, and geological conditions.9,10 The maturity of
coal increases with greater burial depth, resulting in variations
in molecular component, molecular structure, pore structure,
hardness, density, and ductility.11,12

Additionally, the thickness of the coal seam also has an
impact on the coal structure. There is also a specific
relationship between the coal type and the coal structure.
Primary coal is mainly found in semidull coal as well as some
semibright coal. Cataclastic coal is mostly developed from
semibright coal, followed by semidull coal and clarain.
Granulitic coal and mylonite coal are generally found in
clarain, as well as some semibright coal, while it is rare in
semiduall coal.5,13 The influence of geological conditions is
mainly reflected in the differences in geological stress, which
include maximum horizontal stress, minimum horizontal stress,
vertical stress, and horizontal stress difference.14,15 All of these
stresses would destroy the primary structure of coal.14,15 The
geological structures of faults and folds also influence the coal
structure significantly, especially the former.16,17 The cutting
effect of faults on the strata seriously damages its integrity,
leading to the fragmentation of coal seams.16,17
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Owing to the characteristics of high gas content, low
pressure, and high coal and gas outburst risk, the Jiaozuo
mining area was chosen as the research object of this work.
The main mining 2# coal seam has undergone multiple stages
of tectonic movements on different scales in the Mesozoic and
Cenozoic eras since its formation.18 It is generally suggested
that the more severe the structural damage to the coal, the
lower the strength of the coal, the more structural fractures
there are, and the greater the outburst risk correspondingly.5,19

Multiple sets of coal seams are developed in the study area,
with a complex coal structure and varying degrees of coal
damage. Jiaozuo mining area has experienced multiple rounds
of geological exploration and exploitation, and a large amount
of geological data has been collected. Nevertheless, there is
also a lack of targeted research on coal structure characteristics,
its spatial distribution, and controlling factors. Therefore, to
ensure the safe mining of the coal seam and provide a reference
for the exploration and development of coalbed methane, the
main mining 2# coal seam is selected as the research object. A
total of 56 drilling core samples are collected from ten wells,
and the coal type and coal structure of these samples are
identified. A MPVSP microscope photometer is utilized to
observe and calculate the maceral of coal samples, and the
correlation between it and coal structure is discussed.
Moreover, the DEN, GR, AC, and LLD logging curves are

used to analyze the spatial characteristics of the coal structure.
Finally, the influence of coal properties, burial depth, thickness
of coal, geological stress, and faults on the coal structure are
discussed correspondingly.

2. GEOLOGICAL BACKGROUND AND METHODS
2.1. Geological Background. Jiaozuo mining area is

located at the southeast edge of the Taihang uplift zone, North
China plate (Figure 1). It is generally a NE−SW trending
monocline, dipping to SE, and the dip angle is mainly in the
range of 10−25°. Faults are developed in the study area,
dominating the high-angle normal faults. According to the
strike of faults, they can be categorized into three groups, i.e.,
the NE direction (including the NNE direction), the nearly
EW direction, and the NW direction. The NE direction faults
are the most developed, which indicates that the Yanshanian
movement laid the tectonic foundation.18 Additionally, some
wide and gentle folds are found in the southern part of the
study area. The spatial distribution characteristics of the strata
and the boundaries of the mine field are mainly controlled by
the distribution of faults.
Thirteen to 15 layers’ coal seam were recognized in the

Carboniferous to Permian in the study area, in which the 2#
coal seam in the Shanxi formation of the Lower Permian has a

Figure 1. Location and structure outline of the Jiaozuo mining area.

Table 1. Logging Curve Characteristics of Different Coal Structuresa

type of coal
structure primary coal cataclastic coal granulitic−mylonite coal

LLD high amplitude, steep shape, and smooth
peak

the amplitude is lower than that of primary
coal and is in a stepped shape

low amplitude, and in a stepped, convex, or box shape

GR low amplitude, in a flat or wavy shape the amplitude is slightly higher than that of
primary coal

the amplitude variation is not obvious

AC high amplitude, and the peak is generally
in a gentle, wavy shape

the amplitude is slightly higher than primary
coal

the amplitude is higher than the former two, and the
peak is in an irregular or wavy shape

DEN high amplitude without significant
variation

the amplitude is slightly lower than primary
coal

the amplitude decreases significantly, and most of them
are in large, wavy shapes

aNotes: DEN, GR, AC, and LLD are density, natural gamma ray, acoustic, and deep lateral resistivity logging curves, respectively.
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large thickness and stable distribution, enabling it to be the
main mining coal seam. Its burial depth is mainly in the range
of 408.64 to 1156.28 m (658.71 m on average), with the
characteristic of being deep in the southeast and shallow in the
northwest. The vitrinite reflectance ranges from 3.34 to 4.78%,
which is at the stage of anthracite.19 The coal seam is extremely
sensitive to stress and strain, and its physical structure,
chemical structure, and optical characteristics change signifi-
cantly after being transformed by tectonic stress. 2# coal seam
underwent multiple stages of tectonic transformation, mainly
including the Hercynian, Indosinian, Yanshanian, and
Himalayan movements. Consequently, primary coal is
gradually transformed into cataclastic coal, granulitic coal,
and mylonite. Due to the differences in the intensity of tectonic
movements, the coal structure of the 2# coal seam in the study
area also exhibits strong heterogeneity characteristics.
2.2. Sample Collection and Experiments. A total of 56

drilling core samples were collected from ten wells, and coal
type, coal structure, and macroscopic fracture observations
were conducted on these samples. Subsequently, the coal
maceral tests were performed by using a MPVSP microscope
photometer. In this experiment, samples were ground into
particles with a size of less than 1 mm. Then, the particles were
mixed with the binder in a 2:1 ratio, and the mixed samples
were heated and compacted into coal bricks. Prior to
observation, a side of the coal brick needs to be polished,
and each maceral and fraction are observed and calculated
correspondingly. Specific processing methods and experimen-
tal procedures refer to standard GB/T 8899-2013.20

2.3. Identification of the Coal Structure. 2.3.1. Macro-
scopic Observation of Samples. The primary coal has the
characteristics of an intact shape, a uniform and dense
structure, a layered structure, and being hard. Cataclastic
coal shows a secondary cataclastic structure, which also has a
layered structure. Internal friction is relatively developed,
especially along joint planes. The granulitic−mylonite coal was
formed by serious damage to the primary coal and cataclastic
coal; hence, the primary structure disappeared completely. The
appearance is mostly fine-grained and fragile, with less
hardness and invisible bedding.
2.3.2. Identification of Logging Curves. The stratigraphic

information, such as composition and structure, could be
provided by logging curves with the advantages of high
sensitivity and continuity. Additionally, the evolution charac-
teristics of strata at the time and space levels are also recorded
by them. The data for the LLD, GR, DEN, and AC logging
curves are obtained from multiple rounds of geological
exploration in various wells in the study area. Then, the coal
structure is identified by these logging curves (Table 1) and
recorded according to the corresponding burial depth.

3. RESULTS AND DISCUSSION
3.1. Coal Structure Characteristics Based on Logging

Curves. The resistivity, density, acoustic time difference, and
diameter broadening of coal gradually decrease with a higher
damage degree, and the fluctuation of logging curves is more
apparent correspondingly (Figure 2). The structure of the 2#
coal seam is dominated by granulitic−mylonite coal, followed
by cataclastic coal and the primary coal (Tables 1 and 2),
which indicates that the 2# coal seam has undergone strong
tectonic deformation.
3.2. Coal Types and Different Structures of Coal.

Semibright coal is the main type, followed by clarain and

Figure 2. Logging interpretation of the coal structure based on the
data of Well MMCC-02 and EECC-01. PC, CC, and GMC are
primary coal, cataclastic coal, and granulitic−mylonite coal,
respectively; DEN, GR, AC, and LLD are density, natural gamma
ray, acoustic, and deep lateral resistivity logging curves, respectively.

Table 2. Ratios of Different Coal Structures in Different
Wells

Well ID
depth
(m)

thickness
(m)

primary
coal (%)

cataclastic
coal (%)

granulitic−
mylonite coal

(%)

MMCC-
01

1153.03 6.33 0 13.0 87.0

MMCC-
02

1056.13 7.82 0 29.6 70.4

MM-91 427.49 6.1 63.8 25.5 10.6
JJLL-08 458.69 6.01 27.9 32.5 39.6
JJLL-10 461.86 5.86 10.5 38.6 50.9
WW-02 532.65 6.45 0 44.5 55.5
WW-08 583.01 6.21 34.8 43.5 21.7
ZZGG-01 686.42 6.58 100 0 0
EECC-01 777.65 7.75 62.5 12.5 25.0
EECC-02 947.69 3.9 0 100 0

Table 3. Coal Types of Different Coal Structures

type of coal
structure

number of
samples

fracture
density(cm−1) coal type

primary coal 17 2.3−7.8 semibright coal and semidull
coal

5.05
cataclastic
coal

14 6.7−9.1 clarain, semibright coal,
semidull coal, and bleak coal

7.9
granulitic-
mylonitic
coal

25 clarain, semibright coal, and
semidull coal
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semidull coals (Table 3). The primary coal is mainly composed
of semibright coal and semidull coal, whereas the cataclastic
coal is dominated by semibright coal. The fractions of clarain
and semibright coal are close in granulitic-mylonitic coal. The
fracture density of primary coal is in the range of 2.3−7.8/cm

(5.05/cm on average), which is lower than that of cataclastic
coal (6.7−9.1/cm, 7.9/cm on average). However, the fracture
density of granulitic−mylonite coal cannot be observed.
Granulitic−mylonite coal is developed in the upper and

lower parts of the 2# coal seam (Figure 3). The middle part of
the 2# coal seam is relatively intact and is generally composed
of primary coal or cataclastic coal. The determination of the
vertical combinations of coal structures is according to ref 21
Eleven types of vertical combinations are identified in this
work (Figure 3), of which seven are related to granulitic−
mylonite coal. Also, significant heterogeneous features are also
found on the plane. From east to west of the study area, the
coal structure changes from simple to complex, whereas an
opposite trend is found from south to north (Figure 3).
Primary coal and cataclastic coal are beneficial to coal-bed
methane exploitation. Hence, it is necessary to clarify the
planar characteristics of coal structures in the entire mining
area. The fraction of primary coal and cataclastic coal increases
from east to west and from south to north (Figure 4). In the
southeast and north corners, their fractions are generally higher
than 75%, and the coal structure is relatively intact (Figure 4),
which can be deemed the sweet areas of coalbed methane from
the perspective of the coal structure.

Figure 3. Vertical combination types of coal structures in the study area. PC, CC, and GMC are primary coal, cataclastic coal, and granulitic−
mylonite coal, respectively.

Figure 4. Contour map of the fractions of primary coal and cataclastic coal in the study area.

Figure 5. Relationship between coal type and coal structure. PC, CC,
and GMC are primary coal, cataclastic coal, and granulitic−mylonite
coal, respectively.
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3.3. Impact of Geological Properties on the Coal
Structure. Primary structure and cataclastic structure are
mainly developed in the semidull coal in the study area, but the
granulitic−mylonite structure is not found. All three types of
coal structures are recognized in the semibright coal, whereas
the clarain is dominated by the granulitic−mylonite structure
(Figure 5). The vitrinite content of granulitic−mylonite coal
ranges from 70 to 95.14%, with an average of 81.25%, which is
higher than that of cataclastic coal (61.1−87.5%, 73.59% on
average) and primary coal (52.5−78.3%, 66.75% on average)
(Figure 6). Furthermore, the relationship between the macerals
of coal and the fractions of granulitic−mylonite coal is
analyzed. The results show that the fraction of granulitic−

mylonite coal roughly increases with higher vitrinite content
(Figure 7a), whereas it decreases with a rise in inertinite
content (Figure 7b). Additionally, coal is a type of aggregated
organic matter with a content ranging from 87.52 to 97.1%,
and there is a positive correlation between the fraction of
granulitic−mylonite coal and the organic matter content
(Figure 7c). Correspondingly, the inorganic matter content is
not conducive to the development of granulitic−mylonite coal
(Figure 7d).
The fraction of granulitic−mylonite coal increases with

greater burial depth (Figure 8a), and a similar trend is
recorded between the thickness of the coal seam and the
fraction of granulitic−mylonite coal (Figure 8b). Fu et al.22

Figure 6. Vitrinite fractions in primary coal, cataclastic coal, and granulitic−mylonite coal.

Figure 7. Relationship between the fraction of granulitic−mylonite coal and vitrinite content (a), inertinite content (b), organic matter content (c),
and inorganic content (d).
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and Li et al.23 also observed similar correlations, which
suggests that the coal seam becomes more fragmented with
greater burial depth and thickness. This is caused by changes in
geological stress, and the primary coal will be damaged when
the geological stress exceeds its yield limit.24 Consequently, the
relationship between geological stress (including the maximum
horizontal stress, minimum horizontal stress, horizontal stress
difference, and vertical stress, which are calculated using eqs 1-
325) and the fraction of granulitic−mylonite coal is discussed.
The results exhibit that the vertical stress of the 2# coal seam
ranges from 11.53 to 31.13 MPa, with an average of 20.65
MPa. The maximum horizontal stress and minimum horizontal
stress are in the range of 9.78−27.34 MPa (18.09 MPa on
average) and 7.72−22.87 MPa (14.71 MPa on average),
respectively. The horizontal stress difference ranges from 2.06
to 4.78 MPa, with an average of 3.23 MPa (Figure 9). There
are positive linear correlations between the fraction of
granulitic−mylonite coal and three types of geological stress
in which the regression coefficient of the maximum horizontal
stress is the highest, which implies that the maximum
horizontal stress is the main controlling factor of the
development of granulitic−mylonite coal, although the
minimum horizontal stress and vertical stress are also
important reasons. Additionally, the horizontal stress difference

is calculated to represent shear stress suffered by coal seams,
and a positive linear correlation is recorded. The development
of faults is also a significant controlling factor in the fraction of
granulitic−mylonite coal. In the central part of the study area
(near wells MM91, JJLL08, WW01, MMCC01, and
MMCC02), large- and medium-scale faults are developed
and cut into each other (Figure 1), resulting in the serious
damage to the integrity of strata. Consequently, the fraction of
granulitic−mylonite coal is clearly higher than that of primary
coal and cataclastic coal (Figure 4). In comparison, the density
of faults in the northern and western parts of the study area is
relatively small and usually does not intersect with each other.
Hence, primary coal and cataclastic coal are more developed.

=S g hd
H

V
0 b (1)

= + +i
k
jjj y

{
zzzS S P P

1
( )H V P P (2)

= + +i
k
jjj y

{
zzzS S P P

1
( )h V P P (3)

SV, SH, and Sh are the vertical stress, maximum horizontal
stress, and minimum horizontal stress, MPa; ρb is the coal
density with different depth, g/cm3; H is the burial depths, m;
g is gravitational acceleration, m/s2; ν is Poisson’s ratio; α is
the Biot coefficient; Pp is the pore pressure, MPa; β and γ are
the horizontal construction coefficients.

4. CONCLUSIONS
In this work, coal samples were collected from ten wells. The
coal type, coal structure, and maceral were observed and
calculated, respectively. Moreover, the DEN, GR, AC, and
LLD logging curves of different wells were interpreted to
discuss the spatial characteristics of the coal structure. The
main findings are as follows:
Granulitic−mylonite coal is the most developed in the study

area, followed by primary coal and cataclastic coal. From the
east to the west, the coal structure changes from simple to
complex, and there is a similar trend from south to north. The
coal structure is more fragmented, with greater burial depth
and a larger thickness due to the change in geological stress.
The proportion of granulitic−mylonite coal increases with
higher geological stress. Additionally, the development of faults

Figure 8. Relationship between the fraction of granulitic−mylonite coal and burial depth (a) and the thickness of the coal seam (b). GM is
granulitic−mylonite.

Figure 9. Relationship between the fraction of granulitic−mylonite
coal and geological stress.
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in the central area leads to higher fractions of granulitic−
mylonite coal.
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