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The enrichment of coalbed methane (CBM), in-situ stress field, and permeability
are three key factors that are decisive to effective CBM exploration. The
southern Junggar Basin is the third large CBM basin in China but is also
known for the occurrence of complex geological structures. In this study,
we take the Fukang area of the southern Junggar Basin as an example, coalbed
methane accumulation and permeability, and their geological controls were
analyzed based on the determination of geological structures, in-situ stress, gas
content, permeability, hydrology and coal properties. The results indicate that
gas contents of the Fukang coal reservoirs are controlled by structural
framework and burial depth, and high-to-ultra-high thickness of coals has a
slightly positive effect on gas contents. Perennial water flow (e.g., the Baiyanghe
River) favors gas accumulation by forming a hydraulic stagnant zone in deep
reservoirs, but can also draw down gas contents by persistent transportation of
dissolved gases to ground surfaces. Widely developed burnt rocks and sufficient
groundwater recharge make microbial gases an important gas source in
addition to thermogenic gases. The in-situ stress field of the Fukang area
(700-1,500 m) is dominated by a normal stress regime, characterized by
vertical stress > maximum horizontal stress > minor horizontal stress. Stress
ratios, including lateral stress coefficient, natural stress ratios, and horizontal
principal stress ratio are all included in the stress envelopes of China.
Permeability in the Fukang area is prominently partitioned into two distinct
groups, one group of low permeability (0.001-0.350 mD) and the other group
of high permeability (0.988-16.640 mD). The low group of permeability is
significantly formulated by depth-dependent stress variations, and the high
group of permeability is controlled by the relatively high structural curvatures in
the core parts of synclines and the distance to the syncline core. Meanwhile,
coal deformation and varying dip angles intensify the heterogeneity and
anisotropy of permeability in the Fukang area. These findings will promote
the CBM recovery process in China and improve our understanding of the
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interaction between geological conditions and reservoir parameters and in
complex structural regions.
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gas content, permeability, in-situ stress, burnt rocks, hydrogeology, structural
curvature, coal deformation

1 Introduction

Recovery of coalbed methane (CBM) from coal seams can
not only benefit mining safety, reduce greenhouse gas emissions,
and also increase clean energy supply (Karacan et al, 2011;
Moore, 2012). In the Junggar Basin, the CBM resources have
been estimated at 3.83 trillion cubic meters, which is the third
largest CBM basin in China after the Qinshui Basin and Ordos
Basin (Fu et al, 2016; Ou et al, 2018; Yu and Wang, 2020).
Exploration of CBM in the Junggar Basin has made significant
progress in recent years, among which the Fukang area of the
southern Junggar Basin is one of the most successful and typical
representatives. The previous investigation demonstrated that
coal seam gas-in-place (GIP) resources in the Fukang area are
about 682 x 10® m?, which account for more than twenty percent
of the known CBM resources in the southern Junggar Basin
(Yang et al, 2005; Ou et al, 2018). The highest daily gas
production of vertical wells in China, 27,896 m®, was archived
and gas production has reached 100 million cubic meters
annually in this area (Cao et al,, 2012; Zhang B et al,, 2021).
However, before the massive CBM development of this area, coal
mining safety issues once seriously threatened coal mining
activities in this area because of the coal-and-gas-outburst
risks. About 83 workers were killed in the coal-and-gas-
outburst accident at the Qimei No.2 mine in 2005 (Yin,
2009), and among the 29 coal mines in the Fukang area, 13 of
them are outburst-prone coal mines (Figure 1). Despite the
abundant CBM resources, severe coal mining safety situation,
and active CBM exploration activities in the Fukang area,
complex geological conditions, like, complicated tectonic
structures, varying in-situ stress, large dip angle, occurrence of
deformed coals and widely-developed burnt rocks all make this
area a special CBM development case and has aroused great
interests among researchers. Understanding how these factors
control gas accumulation and permeability, which are critical to
CBM exploration and development, is urgent to be solved.

Sedimentology, organic geochemistry, and petroleum and
gas potential of Jurassic coal measures in the Junggar Basin, NW
China were firstly investigated by Graham et al. (1990), Hendrix
et al. (1992) and Chen et al. (1998). Recently, diverse databases
have been reported on the geology and reservoir properties of
coal reservoirs in the complex structural regions of the southern
Junggar Basin. In terms of gas enrichment and origin, Fu et al.
(2016), Ou et al. (2018), and Yu and Wang (2020) evaluated the
CBM potential of the southern Junggar Basin. Zhi et al. (2013),
Fu et al. (2019), Fu et al. (2021) and Wang et al. (2022)
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investigated the origin and distribution of coalbed gas in the
Jurassic coal reservoirs from different parts of the southern
Junggar Basin by isotopic and compositional analysis. Several
enrichment patterns were further proposed by Li et al. (2018) and
Hou et al. (2021). In the aspect of coal properties, Wang et al.
(2018) and Zhang T et al. (2021) studied the permeability
anisotropy of high-dipping coals from the southern Junggar
Basin based on laboratory experiments and numerical
simulations. Li et al. (2019) and Fu et al. (2020) reported
several datasets of in-situ stress from the eastern part of the
southern Junggar Basin and discussed vertical permeability
trends. Zhou et al. (2016) and Li et al. (2017) conducted
experimental studies on the pore structure characteristics of
coals in the southern Junggar Basin. Meanwhile, Kang et al.
(2020, 2022) studied the in-seam variation of permeability and
coal structures through analysis of geophysical Logging in the
western Fukang area, southern Junggar Basin.

Although significant contributions have been made by
previous researchers, these published studies were mostly
experimental research or investigations based on unilateral
production data, and important issues concerning gas
accumulation and permeability, and their geological controls
from tectonic structures, in-situ stress, hydrology, burnt rocks,
and coal deformation in the complex structural region are thus far
poorly understood due to a lack of sufficient data. In this study, we
take the Fukang area of the southern Junggar Basin as an example,
55 datasets of field-measured gas contents, 141 datasets of
permeability by injection/fall-off well tests, eight datasets of in-
situ stress by multi-cycle hydraulic fracturing tests, 11 datasets of
gas composition were determined, combined with observation and
statistics of tectonic structures, fractures/macro-fractures, burnt
rocks, coal macerals, and hydrological conditions, we hope to
address important issues mentioned above, and further the
understanding of gas accumulation and heterogeneity of
permeability of the steep-dipping coals in complex structural
regions. This work will contribute to the CBM exploration of
the southern Junggar Basin, northwestern China, and other CBM
basins with complex geological structures.

2 Geological setting
2.1 Tectonic background

The Fukang area is located in the eastern part of the
southern Junggar Basin, with an East-West extension of
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FIGURE 1

(A)-Geographical location of the Junggar Basin. China. (B)-Tectonic units of the southern Junggar Basin and location of the Fukang area. (C)-
Distribution of major coal mines and its potential of coal-and-gas outburst in the Fukang area. (1-Mopangou mine, 2- Qimei No. 2 mine, 3-
Dingjiawan mine, 4-Gangou mine, 5-Xinshiji mine, 6-Qimei No. 1 mine, 7-Taipingtan mine, 8-Guangyuan mine, 9-Liuyun mine, 10-Sangongjianjiang
mine, 11-Tianchi No. 1 mine, 12-Tianchi No. 3 mine, 13-Wugongmine, 14-Xiaohuangshanmine, 15-Huangcaogou mine, 16-Jinlong mine, 17-
Xinlong mine, 18-Kanglong mine, 19-Shizhuanggou mine, 20-Quanshuigoumine, 21-Dahuangshan No. 3 mine, 22-Xigou No. 1 mine, 23-Xigou No.
2 mine, 24-Dahuangshan No. 1 mine, 25-Jintai No. 1 mine, 26-Jintai No. 2 mine, 27-Dongfengfusheng mine, 28-Dahuangshan mine, 29-

Choumeigou mine).

57 km and a North-South extension of 3-15 km (Figure 1).
The total coal-bearing area is approximately 310 km*. The
Fukang area is tectonically situated in the eastern portion of
the south margin piedmont thrust zone of the Junggar Basin
(also known as North Bogda Mountain Thrust Zone; Hu et al.,
2010; Wu, 1989), and is characterized by a series of
compressional synclines and anticlines sandwiched by the
two approximately parallel boundary faults, including the
Fukang Reverse Fault to the north and the Yaomoshan
Reverse Fault to the south. Abundant secondary reverse
faults that strike south and southeast are present in these
folds and are cut by a series of strike-slip faults (Figure 2; Yang
and Tian, 2011; Yin, 2009).

Fault and fold intensity generally increase westward, with
the most intense folds and faults occurring at the central
portion of the Fukang area, that is, the arcuate structural zone.
Compressional thrust from the south by the Bogda Mountain
has resulted in large formation dipping angles in the Fukang
area, averaging greater than 40°. Coal-bearing strata in the
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north limbs of these synclines dip towards the south or
southeast with an angle of 20°-55°, whereas for strata in the
south limbs, the dip is generally 30°~-85°NW, or even reverses

(Figure 2).

2.2 Coal-bearing sequences and coal
seams

Coal-bearing sequences were deposited along the southern
Junggar Basin due to tectonic extension and subsidence during
the Early and Middle Jurassic, when warm and humid climates
were developed (Graham et al., 1990; Carroll et al., 2010; Hou
et al,, 2022a). The Lower and Middle Jurassic coal-bearing
sequences of the southern Junggar Basin have a total
thickness of about 2000 m (~6,600 ft). In the Fukang area,
coal measures consist of the Lower Jurassic Badaowan
Formation and Sangonghe Formation, and the overlying
Xishanyao Formation of the Middle Jurassic (Figure 3). The
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FIGURE 2
Structure outline map (A) and two cross-sections (B) of the Fukang area showing the occurrences of major faults, folds and coal seams, and
distribution of burnt rock zones.

Badaowan Formation is characterized by thick coal seams
interbedded with coarse-grained clastic rocks, which were
deposited in fluvial deltaic and lacustrine environments
(Hendrix et al, 1992; Hou et al, 2020). The younger
Sangonghe Formation is typically composed of mudstones,
siltstones, medium-to-coarse sandstones, and conglomerates,
deposited on the alluvial and flood plains. The Xishanyao
Formation consists of sandstones, siltstones, mudstones, and
thick coal seams, which are of fluvial-deltaic origin (Hendrix
et al., 1992; Hou et al., 2022b).

The Badaowan and Xishanyao formations are the major coal-
bearing strata in the study area. Up to 44 coal seams, namely,
Nos. B44 to BI, from bottom to top, occur in the Badaowan
Formation. The Xishanyao Formation includes 45 coal seams,
namely, Nos. X45 to X1 from bottom to top. Due to differential
erosion, the Xishanyao Formation is only residual to the west of
the Sigonghe River in the study area. Considering the stability
and depth of coal as well as coal reservoir properties, gas
exploration, and production, by now, were dominantly
targeted in the Badaowan Formation in the Fukang area.

Due to the widespread outcropping of coal seams and extremely
hot and dry weather of northwestern China, spontaneous combustion
of coals occurred frequently in the shallow part of the Fukang area,
which led to the formation of coke, and hard, tight, porous burnt rocks
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which constitute the burnt rock zones in the shallow subsurface area
(Figure 4A). Burnt rock zones were frequently developed in the Fukang
area and have a strong ability for water storage. In the west part, burnt
rock zones are distributed in the limb portion of the Fukang Syncline
and the axis portion of the South Fukang Anticline with a width of
30-120 m and a depth of 50-250 m. In the east part, burnt rock zones
occur along the north coal outcrops with a width of 30-170 m and with
a depth of 250-590 m (Figures 2, 5, 6).

2.3 Characteristics of coal reservoirs

The major coal seams of the Badaowan Formation for
coalbed methane exploration are Nos. B14-B15, B19-B21, B39,
B41, B42, B43, and B44 coals, of which No. B42 coal is the most
stable and continuous seam and has been given priority for
fracturing and recovery (Figure 3). But all these major seams are
thick (3.5-8.0 m) to ultra-thick (greater than 8 m) coals, with an
average accumulated thickness of 76.76m, and are widespread in
the entire study area. Nos. B14-15, B19-21, B42, and B44 coal
seams are ultra-thick coal and have average thicknesses of 19.48,
8.22, 16.54, and 16.33 m respectively. Nos. B39, B4l, and
B43 coals are thick coal seams, with an average thickness of
5.60, 5.18, and 5.41 m respectively. The thickness of the No.
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FIGURE 3

Stratigraphic column of the Lower-Middle Jurassic coal-
bearing sequences in the Fukang area, southern Junggar Basin,
China

B42 coal ranges between 3.5 and 51.0m, with an average
thickness of 18.5m. A prominent increasing trend of coal
thickness of Coal B42 is recognized (from less than 6.0 to
51.0 m), with coals thicker than 30 m (depocenter) situated in
the west part of the study area (Figure 5). Meanwhile, economic
coals of the Xishanyao Formation include Nos. X41, X43, and
X45 coals with thicknesses averaging 6.74, 18.00, and 33.24 m
respectively.
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Taking coal No. B42 and X45 as examples, burial depths of
coal reservoirs of the Badaowan and Xishanyao Formations were
illustrated in Figure 5B and Figure 6B. The burial depth of the
Badaowan Formation ranges from zero to about 2000 m
(0-6,562 ft) and generally increases towards the south and
west, and that of the Xishanyao Formation ranges from zero
to about 1000 m. Both burial depths of these two coal measures
reach the maximum at the syncline axis portion.

The rank of coals in the Fukang area is dominated by high-
volatile C-D bituminous with vitrinite reflectance (Ro) ranging
from 0.54% to 0.72%. The macro-lithotype is represented by
semi-bright and bright coals. Coal macerals are dominantly
composed of vitrinite (ranging from 51.70% to 96.03%) and
inertinite (ranging from 0.39% to 45.20%). Exinite is rare and
shows a range from 0.1% to 4.94%. The inorganic components of
coals consist of carbonate minerals, clay minerals, and pyrites
(Supplementary Table S1).

3 Samples and methods

A series of coal cores and blocks were obtained from CBM
exploration boreholes as well as underground coal mines in the
Fukang area, southern Junggar Basin. Observation of tectonic
structures, burnt rocks, fractures, coal deformation, and
determination of in-situ stress, gas content, and permeability
were conducted in the field, while coal composition, vitrinite
reflectance, and coalbed gas composition were determined based
on collected samples in the laboratory. Vitrinite reflectance
measurements were made using a Zeiss microscope with
a x40 oil immersion objective by the national standard of
‘Method of determining microscopically the reflectance of
vitrinite in coal’ (GB/T 6948-2008). Maceral analyses of the
samples were made using a point counter by the Chinese
National Standard of ‘Determination of maceral group
composition and minerals in coal’ (GB/T 8899-2013). The
minimum number of points counted is 500 and the amounts
of organic and mineral components determined from point-
counting are given as volume percent. Gas contents were
determined using the ‘direct method’, according to the
Chinese National Standard of ‘Method of determining coalbed
gas content’ (GB/T 19559-2008). A total of 11 gas samples from
field CBM wells in the Fukang area were collected directly from
the wellhead. All these

volumetrically and analyzed for gas composition (CH,, CO,,

gas samples were quantified
N,, C,Hg, and longer-chain hydrocarbons) based on the Chinese
National Standard of ‘Analysis of natural gas composition-gas
chromatography’ (GB/T 13610-2014).
The test

measurements were conducted for the determination of

injection/fall-off ~ well and in-situ  stress

reservoir properties after well completion and before

production. The injection/fall-off well test in this study was
performed according to the Chinese National Standard of
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FIGURE 4

Tectonically deformed coals, coal fractures and coal macerals in the Fukang area. (A)-Burnt rocks in the Qimei No.1 coal mine. (B)-Coal seam
outcrops in the western Fukang area. (C)-Strong-brittle cataclastic coal in the Huangcaogou mine. (D)-Strong-ductile granulated coal in the
Wugong mine. (E,G)-High-frequency fractures developed in coals from the Jintai No.1 mine (E) and Sangongjianjiang mine (G). (F)-Well-developed
macrofractures at outcrops from Qimei No. 1 mine. (H)- Interconnected fractures under microscope of coals from the Qimei No.2 mine.).

‘The method of injection/falloff well test for coalbed methane
well’ (GB/T 24504-2009). Through the injection/fall-off well test
process, reservoir parameters including reservoir pressure,
permeability, and geothermal status were recorded and
calculated. To ensure the accuracy of the data, the well test
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data in this work were primarily analyzed using the semi-log and
log-log curves and were further verified using historical matching
pressure curves as discussed by Hopkins et al. (1998). After the
injection/fall-off well test, the in-situ stress measurements were
carried out using multi-cycle hydraulic fracturing tests based on
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Thickness (A), burial depth (B) and gas content (C) of the Coal B42 of the Badaowan Formation in the Fukang area.

the Chinese Earthquake Industry Standard (DB/T14-2000). To
ensure the data are representative and comparable, the
measurement of in-situ stress was performed for four cycles.
During the in-situ stress measurement, the balance pressure that
can just keep the fracture open is called closing pressure (P.) and
is considered to be equal to the minimum horizontal principal
stress (0},) (Haimson and Fairhurst, 1970; Haimson and Cornet,
2003),

O'h:PC

o

At the moment a coal seam cracks, because the liquid cannot
be timely supplemented, the pressure will greatly decrease;
therefore, the critical pressure value recorded by the electric
pressure gauge is the breakdown pressure (Py) of coal seams.
According to the theory of elastic mechanics, the maximum
horizontal principal stress (o) can be expressed as

0y =3P, ~P;—Py+T @)

where Py is the breakdown pressure, MPa; P, is the reservoir
pressure, MPa; and T is the tensile strength of coal or rock, MPa.

The vertical stress can be estimated according to the weight of
overlying rock as discussed by Hoek and Brown (1980) who
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combined 116 in situ stress test results worldwide and established
the prediction formulas of vertical stress (o,) as Eq. 3.

0, = 3yD =~ 0.027D 3)

where vy is the bulk density of rock in KN/m?, and D is depth in m.

4 Results
4.1 Gas content

To investigate the gas accumulation of the Fukang coals, the
lateral distribution of gas content of the total coal measures in the
Badaowan Formation has been illustrated in Figure 5C. Gas
contents of coal reservoirs from the Badaowan Formation show a
great variation, ranging from about 0.29 to 16.64 m*/t with an
average of 8.15 m’/t (Supplementary Table S1). Gas contents of
the Badaowan Formation are typically greater in the western
Fukang area, mostly ranging from 10 to 17 m*/t, while that of the
central and eastern Fukang area is generally from 8 to 14 m*/t.
Variations of gas contents in the Fukang area show clear
variation with structure. High gas contents are dominantly
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Vertical variation of permeability with burial depth.

found in the axis portion of synclines where the burial depths
increased dramatically due to the high dip angle of coal seams in
the limb portion of the synclines. For example, the highest gas
content occurs around the axis portion of the Fukang Syncline,
ranging from 14 to 17 m*/t (Figure 5C). These areas include the
Guangyuan mine, Liuyun mine, Sangongjianjiang mine, and
Qimei No.l mine. Meanwhile, the gas content of coal seams
adjacent to the outcrop or burnt rock zones generally has gas
contents less than 8 m’/t.

4.2 Permeability

Permeability is a critical control of effective and economical
coalbed methane production (Pan et al., 2010; Anggara et al,,
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1100 m

2016; Niu et al., 2021). Previous studies illuminated that the
permeability of low-to-medium-rank coals is generally favorable
despite a high degree of heterogeneity (Wang et al., 2009; Li et al.,
2017). The maximum permeability of 16.640 mD was found in
the Qimei No.1 mine where the maximum daily gas production
of 2.7 x 10*m*/d was achieved in the Fukang area, southern
Junggar Basin. On the whole, permeability in the Fukang area
shows a high degree of dispersity and is prominently partitioned
into two distinct groups behaving different trends with burial
depth, one group of high permeability (0.988-16.640 mD) and
the other group of low permeability (0.001-0.350 mD) (Figure 6;
Supplementary Table S2). In the high permeability group, a
positive co-relationship between permeability and depth was
found where permeability increases from 1mD to over
10 mD. However, this group of high permeability only exists
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at burial depths shallower than 1,100 m. In the low permeability
group, permeability shows different variations as burial depth
increases. At depths shallower than 500 m, permeability is
generally stable at around 0.01-0.02mD. From depths of
500-800 m, permeability begins to decrease with depths, and
down to an extremely low value (0.004 mD) at depth of around
750 m. From depths of 800-1,000 m, permeability shows an
evident increase, and shifts to a relatively high value ‘plateau’
(>0.01 mD). Between this high permeability interval, two levels
of relatively high permeability occur at depths of 850 and
1,000 m. than 1,100 m,
permeability but a gradually
deteriorated trend was found through this strata range, and

reservoirs
great

For coal deeper

shows dispersion,
permeability reduces to extremely low at the deeper reservoirs
(0.001 mD ~ 0.01 mD) (Figure 6). In addition, permeability also
shows a high degree of variation in the horizontal direction due
to different reservoir properties around the Fukang area.
Permeability is typically high in the axis portion of the
Fukang Syncline and Huangshan Syncline (Figure 7), where
permeability is mostly greater than 1 mD even for some deep
coal seams (depth > 1000 m).

4.3 In situ stress field

With Eqs 1-3, in-situ stress of eight datasets were derived
from depths between 700 and 1,500 m in the Fukang area,
southern Junggar Basin (Supplementary Table S3). The
(o,) ranges from 20.49 to
38.18 MPa with an average of 27.04 MPa. The maximum

vertical principal = stress
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horizontal principal stress (oy) is mainly from 12.66 to
35.57 MPa with an average of 23.28 MPa, and its stress
gradient is 1.67-2.66 MPa/100 m. The minimum horizontal
principal stress (op,) is 8.26-24.67 MPa with an average of
16.22 MPa. By an arithmetic average of the maximum
horizontal principal stress, minimum horizontal principal
stress, and vertical stress, the total average in-situ stress
(04y) of the Fukang area was calculated, which is from
13.80 to 32.81 MPa, (Figure 8).
Compared with the magnitudes of in situ stress of the

averaging 22.18 MPa

eastern Ordos Basin where o,, is 19.81 MPa, the southern
Qinshui Basin where o,, is 18.92 MPa and the western
Guizhou where o,, is 15.79 MPa(Meng et al., 2011; Zhao
et al., 2016; Chen et al., 2017; Chen et al., 2018), the in-situ
stress of the Fukang area, southern Junggar Basin is relatively
high, which may result from the intense tectonic activities
during the Yanshan and Himalaya movements (Li et al., 2019;
Fu et al., 2020).

Vertically, the maximum and minimum horizontal principal
stresses, and the vertical principal stress are all positively
correlated with buried depth with varying trends at specific
burial depths. The maximum principal stress and minimum
principal stress markedly decrease at depths of 750 m, 850 m,
and 1,000 m, while varying trends of vertical stress with depth do
not change. The average in-situ stress (0,,) also shows evident
decreases at depth of 850 and 1,000 m, which means the in-situ
stress at these levels are relatively low, and this is well coincident
with the relatively low values of reservoir pressure between
850 and 1,050 m. It is reasonable to conclude that it is the
relatively low in-situ stress that contributes to the low
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reservoir pressure at these levels. On the whole, the measured
results show that the in-situ stress of the Fukang area is
characterized by o, > oy > o0y, revealing a normal stress
regime (Anderson, 1951; Hoek and Brown, 1980). Although
the tectonic structure of the southern Junggar Basin is
dominated by a series of thrust fault systems, the current in-
situ stress regime of the Fukang area, at least from depths of
700-1,500 m, is advantageous for normal faulting activity and
indicates an extension zone which is favorable for developing
high permeability.

To characterize the variation of in situ stress field, several
stress ratios, including lateral stress coefficient (A) and natural
stress ratios (Ky and Kj) were introduced (Brown and Hoek,
1978; Hoek and Brown, 1980). The lateral stress coefficient is
defined as the ratio of average horizontal principal stress to
vertical stress, expressed as
_ Oy + 0y
- 20,

A (4)

The natural stress ratios (K, K},) are defined as the effect of
tectonic movement on the stress and can be expressed as

K = 2 5)
Oy

K = 2 ©6)
Oy

And the horizontal principal stress ratio (K) reflects the
degree of anisotropy of the horizontal stress, expressed as

On

Oh

K (7)
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The lateral pressure coefficient (\) is an effective parameter to
characterize the in-situ stress distribution characteristics. The
lateral pressure coefficient (\) of coal reservoirs (700-1,500 m)
in the Fukang area is in the range of 0.51-0.85, with an average of
0.72, and all the lateral pressure coefficients are included between
the in-situ stress envelopes of China (Figure 9) (Zhao et al., 2016).
Overall, A is lower than 1, which means that the Fukang CBM
reservoirs are dominated by overburden stress. At depths of
750-825m, A shows a remarkable increase from 0.51 to 0.85,
indicating a vertical-stress-dominated stress regime. From
depths >825m, A is relatively high (averaging 0.8), except for
two levels of low values at 850 and 1000 m, indicating that
horizontal stresses begin to play an important role at
depths >825m despite fluctuations of stress field at specific
depths. The value of oy/o, ranges from 0.62 to 0.98 with an
average of 0.85, and that of ay,/0, is from 0.40 to 0.72 (average of
0.60). The horizontal principal stress ratio (K) ranges from 1.36 to
1.53, with an average of 1.45, indicating relatively low variation of
in-situ stress in the horizontal direction (Figure 9).

5 Discussions

5.1 Influencing factors of gas
accumulation

5.1.1 Coal thickness and sealing performance

The dissipation of coalbed methane is dominated by
diffusion, deriving from differential concentration between
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two points (Fick, 1995; Pillalamarry et al,, 2011; Fu et al., 2019).
Concerning Fick’s Law and Principle of Mass Balance, as coal
thickness increases, the time lasting for achieving the median
concentration when diffusion is terminated will be lengthened
accordingly (Fick, 1995; Pillalamarry et al.,, 2011). In the Fukang
area, a slightly positive correlation between coal thickness and gas
contents was revealed which indicates a high resource potential
due to the ultra-thickness of the Fukang CBM reservoirs
(Figure 10A). Meanwhile, CBM reservoirs are known as ‘self-
generation and self-accumulation” reservoirs, a well-sealed
surrounding condition will undoubtedly improve gas
accumulation. The roof of coals in the study area is

dominated by mudstones, carbonaceous mudstones, siltstones,

10.3389/feart.2022.1076076

and muddy siltstones. Hou et al. (2021) analyzed the surrounding
rock condition of coal reservoirs in the middle section of the
southern Junggar Basin and subdivided it into four types. The
surrounding rocks of the Fukang coals can be classified as Type
III and IV which are mainly developed in the distributary bay of
the lower deltaic plain and deep-water facies. This indicates a
good reservoir sealing performance, and is in favor of the
development of high gas content. However, intensely
occurring faults increase the likelihood of gas escape through
these discontinuous gaps of coal seams. But no evidence shows
faults have enhanced gas escaping from coal seams by comparing
tectonic structures in Figure 2 and variations of gas contents in

Figure 5C, probably due to the compressional properties of the
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occurring reverse faults in the southern Junggar Basin. In
addition, steep coal seams in the Fukang area with large dip
angles (30°-85°, even reverse) and associated fractures are
possible factors that are unfavorable for the preservation of
coalbed methane. Decreasing gas contents adjacent to coal
outcrops dominatingly resulted from the high dipping
properties of coal measures.

5.1.2 Tectonic structure and burial depth

Burial depth has been proven to have a profound effect on
gas accumulation which can be summarized into three aspects,
1) reservoir pressure generally increases as deepening burial
depth, and gas storage capacity at deep coal reservoirs can be
enhanced due to the dominance of adsorption over desorption
at high pressures (Faiz et al., 2007; Scott et al., 2007; Xu et al,,
2021). 2) gas flow can be limited due to the generally weakened
permeability of coal reservoirs in deep positions (as discussed in

10.3389/feart.2022.1076076

4.2), and the increasing distance of gas diffusion and escaping
from deep coals to the ground surface is beneficial to gas
accumulation (Bustin and Clarkson, 1998; Palmer and John,
1998; Yao et al, 2013; Kang et al., 2020). 3)However, with
further increases in depth, temperature increases and will
account for more free, soluble gases due to elevated
desorption capacity beyond adsorption at high temperatures
(Liu et al., 2013; Kang et al., 2018; Fu et al., 2019). As a result,
the occurrence of more free, soluble gases adds the chance of gas
leakage which might override the positive effects of increased
pressures in deep coal reservoirs. As shown in Figure 10B, the
gas content of the Fukang coals is positively related to burial
depth, but the rate of gas content increase with depth is
gradually reduced from depth deeper than 800 m, which
might result from the increasing negative effect of elevated
temperature. In general, at depths shallower than 600 m gas
contents are mainly lower than 8 m’/t, and at depths greater
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Gas accumulation model showing the effect of burnt rock zone, hydrology, biogenic gas formation and coal seam structures on gas contents.
(A)-Contour map of gas content showing the distribution of geological factors. (B)-Diagram of section I-I' in diagram (A) showing migration of
coalbed methane and formation water controlled by hydrogeology and tectonic structures. (C)-Variation of gas content in section I-I'.
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(A) Burial history of the southern Junggar Basin, showing basin wide subsidence during the Jurassic-Cretaceous, and Late Cretaceous-
Quaternary uplift (modified after Wang et al., 2009). (B) Genetic characterization of coalbed methane from the southern Junggar Basin using
§"C(CH,) versus hydrocarbon index [CH4/(C,Hg+C3Hg)l. Data of blue circles are from Zhi et al. (2013) and that of red diamonds are from Wang et al

(2022). Compositional fields are from Whiticar (1999).

than 600 m gas contents are mostly over 8 m*/t. However,
behind the positive trend between gas content and burial
depth, their covariation behaves a large scatter, from which
we can infer that combined effects from the three different
aspects mentioned above might coexist in the Fukang area.
Interestingly, there are two erratic dots at depth of around
250 m in Figure 10B, which exhibit extremely high gas contents
(14.21 and 13.00 m?/t, respectively). Concerning the high gas
content at such a shallow burial depth, late-stage biogenic gases
might occur in these positions which have been confirmed in
literature in the southern Junggar Basin (Hu et al., 2010; Zhi
et al,, 2013; Wang et al., 2022), and will be discussed in the
following section. As a result, late-stage biogenic gases might
also contribute to the scatter correlation between gas content
and burial depths.

5.1.3 Hydrogeology and burnt rocks

Regional structures and basin hydrodynamics can
significantly affect the gas generation and accumulation in
coal reservoirs (Bustin and Clarkson, 1998; Pashin, 2010;
Gentzis, 2013; Li et al., 2022; Wang et al., 2022). In the
Fukang area, groundwater recharges are dominated by
glacial melt-water runoff from the Bogda Mountain
perennial snow areas, and burnt rock hydrops in the burnt
rock zones (Li et al., 2018). Both glacial melt-water runoff and
burnt rock hydrops flow down into the deep Jurassic aquifers.
Burnt rocks are characteristic of porous fissures which can
naturally connect coal outcrops and aquifers in the deep strata
(Figures 4A,B). Glacial melt-water runoffs generally flow from
south to north and across the coal outcrops, which include the
Shuimohe, Sangonghe, Sigonghe, Baiyanghe, and Xigou
Worth to note,

perennial water flow only exists at the Baiyanghe River

Rivers in the Fukang area (Figure 1).

which has an average discharge rate of 2.50 m*/s and a
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clear flow direction. The Baiyanghe River (water level at
+1,060 m) normally occurs as a watershed and forms the
groundwater recharge source of the Fukang coal reservoirs
(Figure 11). On the west side of the Baiyanghe River,
groundwater moves from west to east, through the
Baiyanghe River, to burnt rock hydrops, and eventually to
the Quanshuigou Springwater outlet (water level at +970 m).
In these areas, continuous water flow can transport dissolved
coalbed gases away from coal reservoirs to the groundwater,
and ultimately to the ground surface. After hundreds of
thousands of years of persistent gas loss, gas content can be
drawdown to relatively low. For instance, gas content to the
west of the Baiyanghe River is generally lower than 10 m’/t
(Figure 11). On the east side of the Baiyanghe River,
through the
Baiyanghe River, to aquifers in the deep part, where a

groundwater flows from east to west,
hydraulic stagnant zone was formed. Overpressure in the
deep stagnant zone and opposite-direction transportation
of water flow compared to gas migration in coal reservoirs
can significantly prevent upward gas escaping and favor gas
accumulation. As a result, relatively high gas content is
developed to the east of the Baiyanghe River, for instance,
gas content in the Xigou No.l and Xigou No.2 mines is

generally greater than 11 m’/t.

5.1.4 External factors

Coal rank and composition are two factors controlling the
potential of gas generation (Scott et al.,, 2007; Yao et al,, 2013).
However, no clear correlation between gas content and maceral
component and coal rank (vitrinite reflectance) was discovered
(Figures 10B-F). this may probably result from the narrow range
of coal rank, and vitrinite-dominant composition or their effects
on gas accumulation were covered by other effects from the
factors mentioned above.
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Composition (A) and dryness (B) of coalbed gases in the Fukang area.

5.2 Origins of coalbed methane

The Lower-Middle Jurassic coal-bearing succession in the
Fukang area reached its maximum burial depth in the Late
Cretaceous when the first coalification event took place, and
maximum vitrinite reflectance reached about 0.8% at that age.
After the Late Cretaceous, the coal sequences were continuously
uplifted and coalification ceased (Chen et al., 1998; Zhi et al,,
2013) (Figure 12A). due to differential burial depth, the vitrinite
reflectance of the Fukang coals is from 0.54% to 0.72%, which
indicates a thermogenic stage of coalbed gas generation. In
addition, components of coalbed gases from the desorption of
drilling coal cores were determined, which include CHy, N,, CO,,
C,Hg, C3Hg, C4Hyo, Ar, and He (Figure 13). The percentage of
methane ranges from 89.16 to 95.78%, and that of carbon dioxide
ranges from 0.04% to 24.71%. Air dryness of well extracted gases
shows C,/C,.5 ranges from 0.96 to 1.00, indicating a coal-type,
dry gas. These characteristics of coalbed gases further manifest
that thermogenic coalbed gases from the Fukang coal reservoirs
are mainly thermal degrading gases (Graham et al., 1990; Rice,
1993; Whiticar, 1999).

Recently, carbon isotopic analyses were conducted in the
southern Junggar Basin by several researchers. The isotopic
composition of methane from the southern Junggar Basin
indicated that methane 8“C value ranges between —41.9%o
and —64.6%o (Figure 12B) (Hu et al, 2010; Zhi et al., 2013;
Wang et al., 2022). In general, thermogenic methane has §"°C
values higher than —55%o and biogenic methane has values lower
than —60%o because of preferential depleted carbon consumption
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by methanogens (Whiticar, 1996, 1999; Rice et al., 2008). The
Intermediate carbon isotopic value has been interpreted to be a
mixture of coexisting biogenic and thermogenic gases (Hu et al.,
2010; Fu et al, 2021; Zhang B et al.,, 2021; Wang et al., 2022).
Biogenic gases in the study area have been demonstrated to be
dominated by second-stage biogenic gases and a combined
microbial pathway of methane generation via both CO,
reduction and acetate fermentation was proposed by Wang
et al. (2022). Fu et al. (2021) pointed out that CO, reduction
is the main pathway for generating microbial gas based on the
identification of bacterial and archaeall6és rRNA genes in
formation water (Fu et al, 2021). What is worth noting is
that burnt rocks are widely developed around coal outcrops in
the Fukang area and other places of the southern Junggar Basin.
Freshwater abundant in microorganisms can be easily
transported to the deep coal reservoirs through these porous
burnt rocks. Coal reservoirs beneath the burnt rock zones, where
sufficient groundwater supply exists, can make microbial gases
formation for a persistent long period, and high gas content
reservoir ‘sweet spots’ can be developed. High gas content
(greater than 13m’/t) and methane concentration in the
Choumeigou mine confirm the contribution of burnt rocks to
gas accumulation in the Fukang area. Wang et al. (2022) further
demonstrated that microbial gas is mainly present at
depths <800 m, while thermogenic gas primarily occurs at
buried depths greater than 1,000 m, and a mixture of the two
was present at buried depths of 800-1,000 m. As a result, analyses
of widespread burnt rocks and regional hydrodynamic
conditions along coal outcrops could be an effective way to
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Lateral stress coefficient (1)

Diagram showing influences of in-situ stress field (A—C), effective stress (D), reservoir pressure (E), and lateral stress coefficient (F) on

permeability.

determine areas with enriched coalbed methane in the southern
Junggar Basin.

5.3 Influencing factors of permeability

5.3.1 Fractures/macro-fractures

Naturally occurring fractures in coal are deemed to be the
single most important physical attribute governing gas flow in
CBM reservoirs (Bustin, 1997; Zhou et al., 2016; Wang et al.,
2018; Niu et al, 2022). Fractures are very developed in the
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Fukang coals, which is consistent with the published cognition
that high-density of fractures are generally formed in low-to-
medium-rank coals (Dawson and Esterle, 2010; Moore, 2012;
Wang et al.,, 2018). Field observation shows the density of face
cleats in the Fukang area ranges from 7 to 49 in every 5 cm while
that of butt cleats are from 8 to 29 in every 5 cm (Figure 4H). In
addition to these millimeter-centimeter-scale cleats, macro-
fractures with magnitude from several centimeters to tens of
meters can be obviously found at outcrops in the Fukang area
(Figure 4F). Macro-fractures can cut through more than one type
of coal sublayers or the whole coal seams. The well-developed
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(A) Diagram showing distribution of deformed coals and measured permeability of Coal B42 from coalbed methane wells. (B) Enlargement of

diagram (A) at the core part of the Fukang Syncline.

fractures in the Fukang coals of the southern Junggar Basin are
partly due to the semi-bright and bright coal (vitrinite group)
dominated coal composition on the one hand, and the relatively
high intense tectonic stress condition (before present) also has a
profound effect on the formation of fractures. Although high-
frequency fractures are revealed in the Fukang area, but one thing
should bear in mind that all the measurements of fractures are
not at the in-situ status of geo-stress and depth anymore. The
apertures and interconnectedness of the original fractures could
be extraordinarily different from the measured fractures. So, in-
situ permeability determination should be conducted based on
analyses of in-situ stress, depths, and other external effects. And
this appropriately explains why the permeability of the Fukang
coals in the southern Junggar Basin exhibit a high range from
0.001 to 16.640 mD despite the high-frequency fractures.

5.3.2 In-situ stress

Coal reservoir permeability is basically controlled by
fractures and its connectivity, and in-situ stress field, but will
be dynamically regulated by changing effective stress, matrix
shrinkage, and gas slippage during the depletion of CBM wells
(Smyth and Buckley, 1993; Pan and Connell, 2011; Chen et al.,
2018; Niu et al, 2021; Zhang T et al, 2021). Magnitude,
heterogeneity, and anisotropy of initial permeability before
CBM production generally determine the potential production
rate of CBM wells and have become the core of exploring CBM
‘sweet spots’ and optimizing CBM well types. Based on
measurement of in-situ stress and permeability, the influence
of in-situ stress on the magnitude and heterogeneity of
the
fracturing method adopted in this work cannot be used to

permeability was analyzed. Considering hydraulic

derive in-situ stress orientation, therefore, the effect of in-situ
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stress on the anisotropy of coal permeability is not included in
this paper.

Figures 14A-C shows the relationship between principal
stress and permeability. As increases in vertical stress, and
maximum and minimum horizontal principal stress, the
corresponding permeability perform exponential decline
except for two erratic dots (discussed in the following
section). Many studies pointed out it was the effective stress
that fundamentally formulates the magnitude of permeability
(Palmer, 2009; Meng et al., 2011; Liu and Harpalani, 2013). To
further quantify the influence of effective in-situ stress on
permeability, we take the average total in-situ stress minus
reservoir pressure (P,) as effective in-situ stress (EIS),

expressed as,

Oy + 0y + 0y
3

EIS = P, ®)
An exponential decline of permeability with increases in
the Fukang

(Figure 14D), which is also verified by the cases from the

effective  stress was discovered in area
Qinshui Basin, Ordos Basin, western Guizhou province in
China, and other basins of the globe (Jasinge et al., 2011;
Meng et al.,, 2011; Chen et al., 2017; Chen et al., 2018). In the
Fukang area, when EIS <11 MPa, permeability dramatically
reduces from 16.64 to 0.17 mD with the increase of EIS,
which reconfirms the significant effect of effective stress on
the permeability of coal reservoirs. When EIS >11MPa,
permeability declines to extremely low, mostly below 0.2 mD,
which means the major fracture systems in coal seams tend to be
closed under high effective stress.

Furthermore, distinct varying trends between lateral stress

ratio (\) and permeability were analyzed here. As shown in
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FIGURE 15

Permeability variation model showing the combined effects of in-situ stresses and coal structures on permeability in the Fukang area, southern

Junggar Basin.

Figure 14F, where A < 0.75, permeability is generally greater than
0.1 mD, but when X > 0.75, permeability is lower than 0.1 mD.
The lateral stress ratio actually reflects the change of the in-situ
stress regime, when X < 0.75, the horizontal stresses are relatively
low as vertical stress dominates the in-situ stress field, and low
stress in the horizontal direction favors the development of
relatively high permeability. When A > 0.75, the in-situ stress
from both the horizontal and vertical directions are tending to
converge, and the consistency of in-situ stress from three
directions in a normal faulting stress regime enhanced the
compression and closures of fractures in coal reservoirs, which
resulted in the relatively low permeability. In addition, the
relationship between coal permeability and reservoir pressure
was plotted in Figure 14E. When reservoir pressure is low
(2-8 MPa), permeability is relatively high (=1 mD), however,
when reservoir pressure is >8 MPa, permeability decreases
rapidly to less than 0.2mD. As shown in Figure 8, low
reservoir pressures (2-8 MPa) generally distribute at depths
shallower than 1,100 m where the total in-situ stress is low.
As a result, it can be inferred that it is the low in-situ stress
(EIS), not the low reservoir pressure, that eventually accounts for
the relatively high permeability in the shallower coal seams
(<1,100 m).

At the same time, as mentioned above, permeability can be
partitioned into two separate groups with distinct relationships
with depths, and the low group of permeability performs a
distinct variation trend with depth. Associated with vertical
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variation of in-situ stress field, the co-relationship between
depth-dependent in-situ stress field and permeability was
discussed here. At shallower coal reservoirs (depths <500 m),
in-situ stress measurements in major Chinese coal basins have
revealed that in-situ stress field at this depth range is dominated
by tectonic compression, and the major principal stress
normally exhibits the trend of oy>oy>0, (Chen et al.,, 2017;
Chenetal, 2018; Lietal., 2019). As a result, the reverse faulting
stress regime reflected by the principal stress field is decisive to
the low permeability at depths shallower than 500 m
(0.01-0.02 mD) (Figures 6, 8). When coal reservoirs go
deeper, in-situ stress in the Fukang area shifts to the regime
of o,>0>0y, and is dominated by gravitational loading but
with distinctive variation of stress field as shown in Figure 8. At
depths of 500-800 m, with deepening coal reservoirs, in-situ
stress increase gradually, and a decreasing trend of permeability
with depth were found at this depth range. Then, as burial depth
increases, horizontal stress behaves a prominent decline at
depths of 800-1,000 m, especially at levels of 850 and
1,000 m, this causes the effective stress acted on coal seams
to attenuate, as a result, a relatively high permeability ‘plateau’
was developed. Finally, as depth increases to deeper than
1,000 m, the in-situ stress regime transfers to the normal
increasing stress field and persists to decrease with depth, so
a persistent decline of permeability was discovered at depths
below 1,000 m. Therefore, the variation of permeability of the
low permeability group with depths actually reflects the co-
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variation between depth-dependent stress field change and
permeability.

5.3.3 Geometry and attitude of coal seams

As a layered energy reservoir, the geometry and attitude of
coal seams also have a great impact on permeability. The
frequency of fractures, apertures, interconnectedness, and
orientation of fractures can be quite different in different
parts of the coal seams, and all these factors can significantly
influence the heterogeneity and anisotropy of reservoir
properties. The Fukang area of the southern Junggar Basin is
characterized by intense tectonic structures as shown in Figure 2,
and varying strike and dip angles shaped the complex attitude
and frequently changing morphology of coal seams. Kang et al.
(2022) calculated the structural curvature of coal seams in the
western Fukang block, which ranges from 0.0001 to 0.005 and
can be classified as high structural curvature as discussed by Shen
et al. (2010). It is worth noting that in the core parts of folds,
where high structural curvature occurs, extraordinary high-
frequency fractures and favorable apertures have been
developed due to the relatively tensile stress regime (Figures
4E,G; Figure 15). The distribution of measured permeability from
CBM wells shows a remarkable increase of permeability in CBM
wells in the core parts of synclines compared to that in the lime
parts of synclines (Figure 7). Measured permeability from CBM
wells in the core parts of synclines is mainly greater than 1 mD,
while that in the lime parts of synclines is mostly lower than
0.1 mD. Moreover, the closer to the core of synclines, the higher
permeability is prone to be developed. The highest permeability
(16.64 mD) has been discovered in the CBM well CSD-01 which
is located just at the core of the Fukang syncline. So, it is not
difficult to infer that the high group of permeability in Figure 6
represents measured permeability from CBM wells proximal to
the fold core, and the correlation between permeability and
depths reflects the covariation between measured permeability
and the distance from the operating well to the core of the
corresponding folds. Additionally, these high permeability dots
erratically exhibited in Figures 14A-D are from CBM well
CSDO03 and Fk17 with permeability of 5.76 mD and 7.14 mD
respectively. It can be seen in Figure 14 that both of these two
wells are distributed at the core part of the major synclines in the
Fukang area, actually, it is the high structural curvature of coal
seams that accounts for the high permeability in these coal
Ieservoirs.

Furthermore, the dip angle of the Fukang coal has a high
range from 20° to 90°, or even reverse. The orientation of
fractures/cleats in coal seams, and the stress and strain of coal
reservoirs vary with dip angle changes, and this can significantly
increase the anisotropy of permeability. Zhang B et al. (2021)
demonstrated that the rate of permeability decrease had a
tendency of first decrease and then increase with dip angle
gradually increased from 0° to 90°. This will increase the
the

difficulty of permeability prediction and upgrade
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uncertainty of optimization of sweet pot for CBM exploration.
However, detailed field observations and measurements of
fractures and microfracture at outcrops and underground coal
mines will help determine the heterogeneity and anisotropy of
permeability. Statistical analysis of macro-fractures in the
western Fukang area shows that a group of macro-fractures
along the strike are more developed than another group of
macro-fractures perpendicular to the strata strike, which
indicates prevailing permeability will be developed along the
strike, and fracturing in the Fukang area should be conducted
along this direction.

5.3.4 Coal deformation

Tectonic deformation can lead to obvious alteration of pore-
fracture systems in coal reservoirs, and can significantly change
the seepage capacity of gas flow (Karacan and Okandan, 2000; Li
et al., 2003; Li et al., 2021). Deformation of coal structure in a
brittle or cataclastic manner can enhance permeability by the
magnitude of 3-8 times above the surrounding reservoir (Li and
Ogawa, 2001; Jiang et al., 2010). This kind of relatively weak
deformation tends to open up existing cleat apertures and
increase their interconnectedness, thus increasing permeability
(Kang et al.,, 2022; Li et al,, 2003; Pan et al, 2015). On the
contrary, in sheared coals behave in a more ductile or mylonitic
manner, permeability has been demonstrated to be dramatically
deteriorated (Li and Ogawa, 2001; Li et al., 2021). With mylonitic
deformation, the coals tend to be tightly compressed and cleat
apertures collapse (Li et al., 2003). These types of shear zones
have also been related to a high risk of coal and gas outbursts
during mining activities (Li et al., 2016; Pan et al., 2019).

In the Fukang area, tectonic deformation is widely recognized at
both outcrops and heading stopes in underground mines.
Tectonically deformed coals in this area can be subdivided into
cataclastic coals (Deformation in a cataclastic manner), as well as
granulated and pulverized coals (Deformation in ductile and
mylonitic manners). All three types of deformed coals are
dominantly distributed in the central part of the Fukang area, as
known as the arcuate structural zone, that is to the west of the
Kanglong coal mine and to the east of the Wugong coal mine (Figures
4CD, 7). In these places, intense tectonic movement and high
shearing stress resulted in the high occurrences and intensity of
coal deformation. Kang et al. (2022) evaluated in-seam variation of
coal structures in the western Fukang area by logging data analyses
and found that the whole thick coal seams in the western Fukang area
are vertically composed of 5-10 sublayers with different coal
structures, and tectonically deformed coals are mainly developed
in the lower-middle part of coal seams (Kang et al., 2022). Although
the occurrence of cataclastic coals can improve the aperture of
fractures/cleats and enhance gas flow in coal seams, unevenly
distributed granulated and pulverized coals can profoundly
decrease the interconnectedness of fractures/cleats and hinder gas
flow. For instance, at the Qimei No.2 mine where granulated coals
were developed, extremely low permeability (0.023 mD) was
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discovered at CBM well CX5-X2, and a serious coal-and-gas-outburst
occurred in 2005. Overall, the development of deformed coals has a
profound effect on the permeability heterogeneity of coal reservoirs,
which increases the difficulty of coalbed methane stimulation and
recovery and increase the ever-existing risk of coal-and-gas-outburst
during the underground mining in the Fukang area. CBM
exploration and exploitation in the Fukang area should avoid
these places where deformed coals were reported.

6 Conclusion

1) Structural framework and burial depth generally control
gas contents of coal reservoirs in the Fukang area. Gas
contents increase with deepening burial depth, but the
rate of gas content increase with depth is gradually

effects

increased temperature beyond the positive effects from

reduced due to enhanced negative from
increased pressures in deep coal reservoirs. The high-to-
ultra-high thickness of coal reservoirs has a slightly
positive effect on gas content.

2) Perennial water flow of the Baiyanghe River is in favor of gas
accumulation to the east part of the Baiyanghe River by
forming a hydraulic stagnant zone in the deep coal
reservoirs. But gas contents can be drawdown by persistent
transportation of dissolved coalbed gases to ground surfaces
(Quanshuigou Springwater outlet) to the west of the
Baiyanghe River. Meanwhile, widely developed burnt rocks
make groundwater easily access the deep coal reservoirs, and
abundant microorganisms transported to the deep coal
reservoirs facilitate the generation of late-stage microbial
gases, which, together with thermal degrading gases,
account for the origin of coalbed gases in the Fukang area.

3) The in-situ stress field of the Fukang area is characterized by
vertical stress (0,,) > maximum horizontal stress (oy;) > minor
horizontal stress (0y,), indicating a normal stress regime. The
maximum principal stress, minimum principal stress, and
vertical stress generally increase with depth, but the
maximum and minimum principal stress show an evident
decline at depths of 850 and 1,000 m. All the stress ratios,
including lateral stress coefficient (A), natural stress ratios (Ky
and Kj,), and horizontal principal stress ratio (K) are included
in the in-situ stress envelopes of China.

4) Permeability in the Fukang area shows a high degree of
dispersity, ranging from 0.001 to 16.640mD, and is
prominently partitioned into two distinct groups, one group
of high permeability (0.988-16.640 mD) and the other group of
low permeability (0.001-0.350 mD). The low group of
permeability is prominently formulated by depth-dependent
stress field change. At depths of 500-800 m, permeability
gradually decreases with increasing in-situ stress as burial
depth deepens. From 800 to 1000 m, horizontal principal
stresses behaved a prominent decline which contribute to a

Frontiers in Earth Science

19

10.3389/feart.2022.1076076

relatively high permeability ‘plateau’. At depths deeper than
1,000 m, a persistent decline of permeability occurs with
deepening burial depth. For the high group of permeability,
relatively high structural curvature in the core parts of
synclines, and the distance to the syncline core significantly
dominate permeability in the Fukang area.

5) Furthermore, permeability shows exponential decline with
increasing effective in-situ stress and lateral stress ratio () has
a profound effect on permeability., When A < 0.75,
permeability is generally greater than 0.1 mD while
permeability is lower than 0.1 mD when A > 0.75.
Frequently occurring deformed coals increase the difficulty
of coalbed methane stimulation and recovery. High-ranging
dip angle of the Fukang coal seams can dramatically increase
the anisotropy of permeability. Analysis of the attitude of
fractures/macro-fractures will favor the determination of
preferred fracturing orientation and optimizing CBM well

types.
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