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ABSTRACT: The gas content and permeability of the coal
reservoir are the key factors affecting coalbed methane (CBM)
productivity. To investigate the geological controls on the
permeability and gas content of coal reservoirs in the Daning
block, southern Qinshui Basin, geological surveys combined with
laboratory experiments, including coal petrology analysis, prox-
imate analysis, and methane isothermal adsorption experiments,
were carried out. The results show that the gas content of coals in
the Daning block ranges from 5.56 to 17.57 (avg. 12.83) m3/t, and
the coal permeability is generally above 0.1 mD, averaging 0.96
mD. The gas content of coal reservoirs shows decreasing trends
with the increase in ash yield and moisture content, while tends to
increase with the increase of vitrinite content; however, the correlation coefficients are all extremely low. The gas content presents a
strong positive correlation with the burial depth of coal seams, but overall poorly correlates with the coal thickness. The CBM-rich
areas are generally located at the hinge zones of secondary synclines, while the lower gas content areas commonly occur at the hinge
zones of secondary anticlines. The normal faults are developed in the Daning block, and as expected, the gas content of coal seams
that are near the normal faults is commonly lower. It was found that the well testing permeability of coal reservoirs in the Daning
block decreases exponentially with the increase of the minimum horizontal stress (σh) and the maximum horizontal principal stress
(σH). With the increase of the burial depth, the coal permeability also decreases exponentially. The primary and cataclastic structure
coals generally have a higher hydro-fracturing permeability than the granulitic and mylonitic structure coals. This work can serve as a
guide for the target area selections of CBM enrichment and high production in the Daning block.

1. INTRODUCTION

The global resources of coalbed methane (CBM) are very rich
and amount to 263.8 trillion m3.1,2 As a clean energy and a
significant supplement to conventional natural gas, the CBM
has received extensive attention in many countries world-
wide.3−6 The United States, Canada, and Australia are
currently the most successful countries in terms of CBM
development in the world.7 The CBM in China is very
abundant, with resources up to 30.05 trillion m3, ranking the
third in the world.8 To improve the coal-based energy
structure, to prevent gas explosion accidents in coal mines,
and to reduce the greenhouse effect caused by coal mine
methane emissions, China has been increasing the techno-
logical and financial investments in CBM exploration and
development in the past twenty years.9−11 The CBM
production from surface wells of China is 5.77 billion m3 in
2020, only accounting for 3.07% of the total natural gas
output,7 and this development scale is not satisfactory at
present.7,12,13

The rapid growth of CBM production in the United States,
Canada, and Australia and their success in high production are
due to the discovery of high-abundance CBM enrichment

areas in some basins.14 The CBM enrichment and high
production constitute the keys to high-abundance CBM
enrichment areas.14 CBM enrichment depends on the gas
content, and the high production of the enriched CBM is
mainly controlled by coal permeability.15 Thus, the gas content
and permeability of the coal seams are considered to be the
most critical geological controls for CBM productivity.16 The
gas content in the coalbed is influenced by multiple geological
factors and reservoir conditions, such as burial depth, coal
rank, coal thickness, coal quality, sealing conditions, hydro-
geology, structural conditions, etc.17−22 The factors affecting
the permeability of a coal reservoir are more complex.
Geological structures, stress state, burial depth of coal seams,
coal structure, coal quality, coal rank, and fractures of coal
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would affect the permeability of coal seams to varying
degrees.23−27 The permeability is the result of a combination
of multiple factors, and is sometimes dominated by a certain
factor.23−28

The CBM resources of Qinshui Basin in North China
(Figure 1a) are very huge, reaching 3.28 × 1012 m3,26 and they
account for approximately 10% of the total CBM resources of
China. By 2020, as many as 10 400 surface CBM wells had
been drilled in Qinshui Basin and it accounts for more than
60% of the total surface CBM wells in China;29 meanwhile,
CBM production from Qinshui Basin constitutes 80% of the
total CBM production of China,30 making it the most active
and successful CBM development basin in China. The optimal
location for CBM development in Qinshui Basin is at the
southern margin, i.e., southern Qinshui Basin (SQB).31 Thus, a
lot of studies on the CBM geology, resource occurrence
conditions, development technologies, etc., have been
conducted in different blocks of the SQB.5,14−16,21,26,27,30,31

The objective of this work is to analyze the major geological
factors affecting the gas content and permeability of the coal
reservoir in the Daning block, a relatively new CBM target area
in the SQB. The majority of data were obtained from CBM
exploration and development wells in the Daning block. In
addition, some coals were sampled from the Daning block to
conduct laboratory experiments, including proximate analysis,
coal petrology analysis, and methane adsorption isotherm
experiments. The distribution of gas in the No. 3 coal seam
was discussed. The effect of geological controlling factors on
the gas content and permeability of coal seams in this area was
discussed. This work could serve as a guide for the target area
selection of CBM enrichment and high production in the
Daning block.

2. GEOLOGICAL SETTINGS
The Qinshui Basin covers an area of approximately 27 000 km2

and is formed during the period from the middle Jurassic to
early Cretaceous,32 and it is a large synclinorium with an axis
strike of NNE-SSW.5 The Daning block covers an area of
approximately 39 km2 and is situated in the SQB (Figure 1b),
tectonically surrounded by the Zhongtiao mountain uplift in
the west and Taihang mountain uplift in the east.26 Overall, the
dip direction of the stratum in the study area is north, with a
dip angle generally lower than 10°. Structures in the Daning
block are relatively simple. Several secondary folds with an axis
strike of NE or nearly NS develop in the eastern part; a series
of normal faults with a strike of NNE or NE or nearly WE
occurs in the western and central parts. The Sitou fault system
is the largest fault in the study area and forms the western
boundary of the Daning block (Figure 1c).
From bottom to top, the strata in the Daning block include

Ordovician Fengfeng (O2f), Carboniferous Benxi (C2b),
Carboniferous−Permian Taiyuan (C2-P1t), Permian Shanxi
(P1s), Permian Xiashihezi (P1x), Permian Shangshihexi (P2s),
and Permian Shiqianfeng (P2sh) formations, as well as
Quaternary. The C2 ∼ P1t, P1s, and P1x formations are the
major coal-bearing strata, and the No. 3 coal seam in the P1s
and the No. 15 coal seam in the C2-P1t are the main coal
reservoirs (Figure 2a). At present, the No. 3 coal seam is the
main target layer for CBM exploration and development in the
study area.
The coals in the Daning block are typical anthracite, with a

maximum vitrinite reflectance (Ro,max) varying from 2.95 to
3.36%, averaging 3.17%. The organic macerals of the coal are
dominated by vitrinite, with a content of 67.24−86.43%,
inertinite content ranges from 15.37 to 32.76%, and liptinite
macerals are unrecognizable. The vitrinite is mainly composed
of telocollinite, followed by desmocollinite, with a small

Figure 1. (a) Location of the Qinshui Basin in North China; (b) Location of the Daning block in the southern Qinshui Basin, and (c) The No. 3
coal seam floor contour map with the major structures marked in the Daning block. (modified from ref 1, Copyright (2021), with permission from
ACS Omega).
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amount of telinite. The inertinite mainly consists of fusinite,
followed by inertodetrinite and macrinite, with a little
micrinite. The minerals mainly consist of clay minerals
(1.73−14.34%) and calcite (0.22−5.06%), with a small
amount of quartz and pyrite.
The No. 3 coal seam is stable and mineable in the whole

block, with a thickness of 2.21−6.97 m, averaging 4.45 m. The
thick coal seams occur in the northeast and western parts of
the block, with a thickness generally over 5 m; while the central
part and western border areas host thin coal seams, with a
thickness mostly ranging from 2.5 to 4.0 m (Figure 3). The
immediate roof is siltstone and mudstone, and the main roof is
generally sandstone; the immediate floor is generally siltstone
or mudstone (Figure 2a). The No. 3 coal seam is commonly
hard at the top and soft at the bottom. From the top to the
bottom, the No. 3 coal seam can be divided into three layers,
i.e., the primary structure coal layer (C1), mudstone interbed
layer (C2), and tectonic coal layer (C3), respectively (Figure
2b). The primary structure coal (1.5−2.0 m) C1 is blocky,
with great hardness and a good integrality in the structure; the
macroscopic lithotype mainly consists of vitrain and clarain;
horizontal beddings are well developed in this layer. The layer
of mudstone interbed (C2) with a thickness of 0.2−0.3 m is
commonly underlying the C1. The tectonic coal layer (C3) can
be further subdivided into three sublayers, including two

granulitic structure coal layers (C31 and C33) at the upper and
lower ends and a cataclastic structure coal layer (C32) in the
middle; C32 possesses a much larger thickness, with a value of
3.8−4.2 m, and C31 and C33 are thinner, with a thickness of
about 0.5 and 0.3 m, respectively. The tectonic coal in C3
mainly consists of clarain. The tectonic coal was formed after
the intact coal was subjected to long-term intense squeezing,
shearing, and deformation.33 The coal seams in the study area
were affected by the regional tectonic−thermal evolution in the
Mesozoic and Cenozoic, and had experienced multi-stage
tectonic stress field effects of compression−extension−
compression, resulting in multi-stage tectonic deformations
with different directions, properties, and intensities.34,35 The
tectonic coal layer (C3) in this study area may be formed in
these tectonic deformations. Under the influence of tectonic
stress, the coal seam not only folds and fractures along with the
surrounding rocks but also slides along the bedding to varying
degrees when the coal seam is bent and deformed. The sliding
surface can appear between the coal seam and the roof, causing
the top seam to break up into tectonic coal; it can also appear
in the middle of the coal seam, causing the middle seam to
break up into tectonic coal; it can also occur at the bottom of
the coal seam, causing the bottom seam to break up into
tectonic coal.36 The No. 3 coal seam in the SQB generally

Figure 2. (a) Composite stratigraphic column showing Carboniferous−Permian coal-bearing strata in the Daning block (modified from ref 1,
Copyright (2021), with permission from ACS Omega) and (b) column diagram of the No. 3 coal seam.
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develops tectonic coal in the different parts of the vertical
direction.37−39

The burial depth of the No. 3 coal seam is approximately
100−600 m. The well testing reservoir pressure ranges from
0.67 to 3.19 MPa, averaging 1.62 MPa. The reservoir pressure
gradient ranges from 0.15−0.82 MPa/100m, averaging 0.43

MPa/100m, indicating that this coal seam is an under-
pressured reservoir. The well testing permeability ranges from
0.10−6.49 mD, averaging 0.96 mD.
The gas content on the dry, ash-free basis (Gdaf) of this seam

varies from 5.56 to 17.57 m3/t, averaging 12.83 m3/t. Overall,
the gas content in the western part is higher than that in the

Figure 3. Thickness contour map of the No. 3 coal seam in the Daning block.

Figure 4. Gas content contour map of the No. 3 coal seam in the Daning block. (modified from ref 1, Copyright (2021), with permission from ACS
Omega).
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eastern part (Figure 4). The gas content in the parts near the
eastern and western borders is generally lower than 8 m3/t. In
addition, the No. 3 coal seam that is near the fault commonly
has a lower gas content.

3. SAMPLES AND EXPERIMENTS
The data, such as the coal thickness, Ro,max, burial depth of coal
seam, in situ gas content, and coal quality, were obtained
during the CBM exploration and development in the Daning
block. The fracturing pressure (pf), closing pressure (pc), the
pore pressure of the coal seam (p0), and permeability were
obtained through injection/falloff well testing of CBM wells.
In addition, a total of five fresh core samples were collected

from the drill holes of CBM wells in the study area.
Subsequently, the samples were sealed with black polythene
bags immediately and then sent to the laboratory for further
analysis. The samples were prepared by crushing and sieving to
different particle sizes (<18 mesh, 60−80 mesh, and 200
mesh) for different experiments. Samples with particle sizes
smaller than 18 mesh were used to carry out maceral
identification and vitrinite reflectance measurements using a
Leitz MPV-3 photometer microscope, following the Chinese
standards of GB/T 8899-2013 and GB/T 6948-2008,
respectively.40,41 Proximate analysis was conducted on the
samples with particle sizes of 200 mesh, using a 5E-MAC
infrared fast core analyzer and according to the Chinese
standard GB/T 212−2008.42,43 Samples with particle sizes of
60−80 mesh were used for the methane isothermal adsorption
isotherm experiments using an ISO-300 isothermal adsorption
apparatus following the Chinese standard GB/T 19560−
2008.39 The test results including coal composition, vitrinite
reflectance, proximate analysis, and adsorption isotherms are
listed in Table 1.

4. GEOLOGICAL CONTROLS OF THE GAS CONTENT
4.1. Coal Quality. Coal properties, such as ash yield,

moisture content, and maceral type, are important factors
affecting the adsorption, desorption and, therefore, the total
gas content of coal seams.19 The gas adsorption capacity of
coal is also an important factor for gas content because it
affects the adsorption and retention of methane over time.19

4.1.1. Ash Yield and Moisture Content. The mineral
matters (ash) of coals are generally regarded as diluents
without sorbing capacity,44−46 because almost all of the gas in a
coal seam is adsorbed on the coal surfaces rather than ash
layers or scattered minerals in the coal seam.19 Therefore, the
ash yield reduces the gas storage capacity of coals. Minerals
filling in highly metamorphic coals are presented in the
crystalline form,26,47 which occupy the effective pore and
fracture spaces in the coal, thus affecting the coals’ adsorption

capability.44 From the adsorption isotherms of coals in the
Daning block (Figure 5), it can be seen that the adsorption

capability of coals on a dry, ash-free (daf) basis is obviously
higher than that on an air-dried (ad) basis at the same
pressure, reflecting the effects of ash yield on adsorption
capability of coals. The gas content of coal seams in the Daning
block generally decreases with an increase in the ash yield
(Figure 6a), which is consistent with previous studies.15,22,48

The moisture in coals inhibits methane adsorption and storage
by competing for adsorption spaces on the coal surface with
methane and prevents methane from entering the micropores,
and consequently, it reduces the gas content of coals.44,49−51

The adsorption capacity of coals can decrease significantly with
increasing moisture content.19 In this study, a negative
relationship between the gas content of coal seams and
moisture content in coals was observed (Figure 6b). The
moisture content in coal is affected by the degree of
metamorphism of the coal.52 As mentioned above, the Ro,max
of coals in the Daning block varies from 2.95 to 3.36%,
indicating a high degree and small changes in the meta-
morphism of the coals, and it causes low moisture contents of
coals in the Daning block and relatively small changes. It may
be the reason why the moisture content shows an extremely
low correlation with the gas content of coals in the Daning
block.

Table 1. Properties and Adsorption Isotherms Parameters of the Coal Samples from the Daning Blocka

maceral and mineral (vol %) Proximate analysis (wt %)

coal samples drill ID V I L M Ro, max (%) Mad Ad Vdaf FCad VL, ad (cm
3/g) PL (MPa)

DN-1 DP-1 63.4 26.2 0 10.4 3.35 1.36 12.99 7.08 79.73 48.46 1.05
DN-2 69.5 25.1 0 5.4 3.11 0.87 18.52 8.70 73.92 54.46 1.32
DN-3 DP-8 70.4 22.3 0 7.3 3.35 1.28 30.21 10.48 62.07 56.45 1.96
DN-4 56.8 32.6 0 10.6 3.36 1.42 26.35 10.07 65.47 42.80 0.97
DN-5 DP-11 61.2 17.6 0 21.2 3.33 1.72 14.77 8.54 76.68 49.19 1.02

aRo,max = the maximum vitrinite reflectance; V = vitrinite; I = inertinite; L = liptinite; M = mineral; Mad = moisture (air-dried basis); Ad = ash yield
(dry basis); Vdaf = volatile matter (dry, ash-free basis); FCdaf = Fixed carbon (air-dried basis); VL,ad = Langmuir volume (air-dried basis); PL =
Langmuir pressure.

Figure 5. Adsorption isotherms of coals in the Daning block.
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4.1.2. Maceral Compositions and Gas Adsorption
Capacity. The effects of maceral compositions on the gas
content are mainly due to the differences in their pore
structure and adsorption capacity.19,45,53−55 Vitrinite-rich coals
have a greater adsorption capacity than inertinite-rich coals in
most cases,45,56−59 thereby hosting more gas. Liu et al.55

suggested that the adsorption capacity of macerals is not fixed
but changeable with the increase of coal rank; for low-rank
coal, the adsorption capacity of vitrinite is weaker than that of
inertinite, and vice versa for high-rank coals. Shen et al.54

demonstrated that volumes of micropores increase with the
increase of vitrinite content, leading to the increase of the
specific surface area of coals, thus enhancing the methane
adsorption capacity and in situ gas content of coal seams. The
maceral compositions of the anthracite studied are dominated
by vitrinite, with a content of 67.24−86.43%. As shown in
Figure 7a, the vitrinite content of coals has a strong positive
correlation with the Langmuir volume, reflecting that the
vitrinite-rich coals have a greater gas adsorption capacity than
inertinite-rich coals, consequently, the gas content of coals
tends to increase with the increase of the vitrinite content, but
the correlation is only weakly positive as reflected by the
correlation coefficient value (Figure 7b).
As mentioned in the introduction section, the gas content in

a coal seam is influenced by multiple geological factors and

reservoir conditions, such as burial depth, coal rank, coal
thickness, coal quality, sealing conditions, hydrogeology,
structural conditions, etc. The relationships between the coal
quality (such as ash yield, moisture content, and vitrinite
content in this section) and the gas content of the coals
presented in this study suggest that coal quality is not the
dominant factor influencing the gas content of coals in the
Daning block.

4.2. Burial Depth and Coal Thickness. The burial depth
in this study refers to the current burial depth of the coal
seams, that is, the thickness of the overlying strata, which
generally influences the gas content of coal seams.18,19,22,26,60

The burial depth of a coal seam has a dual effect on gas
adsorption.14,61−63 One is the positive effect of formation
pressure, that is, as the burial depth increases, the formation
pressure increases, which is conducive to gas adsorption, thus
increasing the gas content of the coal seam. The other is the
negative effect of strata temperature, that is, as the burial depth
increases, the strata temperature increases, leading to a relative
decrease in adsorbed gas, thereby reducing the gas content of
the coal seam. Therefore, a concept named “critical depth” of
coal seams was proposed.14,61−63 In this study, the strength of
the positive effect of formation pressure on the gas content of a
coal seam is defined as FP, and the strength of the negative
effect of strata temperature on the gas content of a coal seam is

Figure 6. Relationship between ash yield (a) and moisture content (b) with the gas content of coal seams in the Daning block.

Figure 7. Relationships of vitrinite content with the Langmuir volume (a) and gas content (b) of coal seams in the Daning block.
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defined as TN. When the burial depth is shallower than the
critical depth, FP > TN, the gas content of the coal seam
increases with the burial depth, on the contrary, when FP < TN,
the gas content decreases with the burial depth. Therefore, the
critical depth of a coal seam refers to the burial depth at which
the FP is equal to the TN. The gas content of a coal seam is the
highest at the critical depth. In this study, the gas content of
the No. 3 coal seam demonstrates a relatively strong positive
relationship with the burial depth (Figure 8), reflecting that the
burial depth of this coal seam in the study area does not reach
the critical depth of the Qinshui Basin, which is around 700−
750 m.14,63

Coal beds are both the source rock and the reservoir rock for
CBM.64−66 The coal thickness variation is closely linked with
depositional setting and tectonic activities, which have strong
influences on the distribution and migration pathways of
CBM.19,22,67,68 The CBM mainly exists on the micropore
surface of the coal matrix in the adsorbed state.69,70 Due to the
drop of reservoir pressure of the coal seam or the increase of
the temperature of the coal seam, etc., the adsorption capacity

of coal for gas weakens. Then the adsorbed CBM is desorbed
and accumulated in the microstructures,71 generating a
pressure gradient that leads to CBM escape by diffusion72,73

and viscous flow.74−76 The escape of CBM is mainly controlled
by the coal permeability76 and concentration gradient of the
gas phase.75 Wei et al.77 demonstrated that the greater the coal
seam thickness, the longer it will take to reach the median
concentration or the end of diffusion. In addition, the coalbed
itself is a relatively compact and low-permeability reser-
voir,78−80 causing the upper and lower layers of the coalbed to
have a sealing effect on the middle layer. The greater the
thickness of the coalbed, the longer the gas diffusion path in
the middle layer to the roof and floor of the coalbed, and the
longer the duration of gas diffusion, which is more favorable to
the preservation of CBM during geological history.81 This may
be the fundamental reason for the fact that the coal thickness
has a positive correlation with the gas content in a number of
coal fields.
In this study, the influence of coal thickness on the gas

content of the coal seam can be discussed using the contour
maps of coal thickness (Figure 3) and gas content of the coal
seam (Figure 4). In some areas of the block, it can be observed
that the larger the coal thickness, the higher the gas content of
the coal seam. For example, in the western part of the block
(Figures 3 and 4), the coal thickness inside the purple dotted
line area is commonly larger than 6 m, and correspondingly the
gas content is higher than 14 m3/t, even higher than 16 m3/t;
while the thickness of the coal seam that is near the Sitou fault
system is commonly lower than 4 m, and correspondingly the
gas content is generally lower than 12 m3/t. However, in some
other areas of the block, though the coal thickness is large, the
gas content of the coal seam is low. For example, the coal
thickness inside the blue dotted line areas is large (Figures 3
and 4), however, the gas content is generally lower than 10
m3/t, and even lower than 8 m3/t. Thus, in terms of the entire
block, the overall gas content seems to have a poor correlation
with the coal thickness. This may be due to the relatively small
change in the thickness of the No. 3 coal seam in the Daning

Figure 8. Plots of gas content versus present-day burial depth of the
No. 3 coal seam in the Daning block.

Figure 9. Cross-section I-I′ showing the variation of the gas content of the No. 3 coal seam in different geological structures of the Daning block.
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block, and the impact of coal thickness on the gas content may
be concealed by other geological controls.
4.3. Geological Structures. Geological structures with

different types have different influences on the preservation
and accumulation of CBM in coal reservoirs due to their
variable natures under sealing conditions, in situ stress
characteristics, hydrodynamic environments, and the continu-
ity of coal seams.17,18,81,82 The hinge zones of anticlines are
found to have more fractures in the strata, resulting in high
permeability of the coal seam and the surrounding rocks, which
makes the CBM easier to escape through the fractures, so that
the gas saturation and gas content of the coal seam are
commonly low. In contrast, the hinge zones of synclines
usually possess relatively intact rocks, leading to relatively low
permeability of coal seam and the surrounding rocks, which is
favorable for the preservation of CBM, so that the gas
saturation and gas content of coal seams are commonly
high.3,20,65,83

Faults perform different roles in the process of preservation
and accumulation of CBM in the coal reservoir because of their
variable properties.16 On one hand, they may act as channels
allowing gas to escape, which leads to a lower gas content in
the coalbed; on the other hand, they can serve as obstacles for
fluid and gas flow, thus preventing the gas escape and resulting
in a higher gas content in the coalbed.21,22,51,84,85 Previous
studies have shown that the reverse faults are commonly
favorable for CBM retainment because they have a good seal to
prevent the gas from escaping,20,86,87 whereas the normal faults
are generally not favorable for CBM preservation due to bad
closure that allows gas to escape.83,88 In addition, in some
cases, both types of faults allow gas to escape irrespective of
lithology.89

A series of secondary synclines and anticlines are well
developed in the Daning block (Figure 1c). The gas content
distribution of coal seam is significantly influenced by these
folds. The high gas content areas are mainly distributed along
the axial part of the secondary syncline, while some low gas
content areas are found along the axial part of the secondary
anticline (Figure 4). A series of normal faults are well
developed in the western part of the study area, and coal seams
near these faults are usually low in gas content (Figure 4). For
example, the gas content of coal seams near the Sitou fault
system on the west side of the study area is usually less than 8
m3/t; coal seams near the F334 fault in the central part also

have a relatively lower gas content of 8−10 m3/t. Figure 9
shows a W−E cross-section I-I′ in Figure 1c. In the section, the
highest gas content of the coal seam appears at the hinge zone
of the S1 secondary syncline, and the gas content shows a
decreasing trend from the hinge zone to the two limbs. The
lowest gas content of a coal seam occurs at the hinge zone of
the A1 secondary anticline, and the gas content presents an
increasing trend from the hinge zone to the two limbs. The
coal seams in hinge zones S2 and S3 secondary synclines have
high values of gas content, whereas the gas content of the coal
seams in hinge zone A2 secondary anticline between S2 and S3
is relatively low. The coal seam near the Sitou fault has an
extremely low gas content in the section, and the gas content
gradually increases as the distance between the coal seam and
the fault increases (Figure 9), indicating that the Sitou fault has
a negative effect on the CBM preservation in the Daning block.
The gas content of the coal seam between faults F304 and
F314 is relatively low in the section (Figure 9), implying that
the two fault systems allow the gas to escape.

5. GEOLOGICAL CONTROLS OF PERMEABILITY
Based on the well testing permeability data of coal reservoirs in
the Daning block, it was found that the coal permeability in
this area is generally above 0.1 mD, with an average value of
0.96 mD, which is higher than most of the CBM production
blocks in China.28 In this study, the factors of in situ stress,
burial depth, and coal structure on the permeability of coals in
the Daning block were discussed.

5.1. In Situ Stress. In situ stress is a key factor affecting the
permeability of coal reservoirs, because it controls the fracture
space structure by determining the density, direction, and
closure and opening degree of fractures in the coal
reservoirs.90−92 The permeability of coal is extremely sensitive
to in situ stress and generally decreases exponentially with the
increase of in situ stress.23,27,93

The fracturing pressure (pf), closing pressure (pc), pore
pressure of the coal seam (p0), and permeability were obtained
through injection/falloff well testing. The maximum horizontal
principal stress (σH) can be expressed as eq 1.94

p p p T3H c f 0σ = − − + (1)

where σH is the maximum horizontal principal stress, MPa; pc
is the closing pressure, MPa; pf is the fracturing pressure, MPa;
p0 is the pore pressure of the coal seam (initial reservoir

Figure 10. Plots of permeability versus (a) σh and (b) σH of the coal reservoir in the Daning block.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00371
ACS Omega 2022, 7, 17063−17074

17070

https://pubs.acs.org/doi/10.1021/acsomega.2c00371?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00371?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00371?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00371?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


pressure), MPa; and T is the tensile strength of the rock
around the borehole, MPa.
The equilibrium pressure just enough to keep the fracture

open is called closing pressure (pc), which is equivalent to the
minimum horizontal principal stress (σh) perpendicular to the
fracture surface,95,96 i.e.

ph cσ = (2)

Based on the well testing interpretation, the well testing
permeability of coal reservoirs in the Daning block also
decreases exponentially with the increase of in situ horizontal
stresses (Figure 10). The functional relations between
permeability (K) and in situ horizontal stresses are expressed
as follows

K 10.732 e 0.51 h= × σ− (3)

K 6.115 e 0.25 H= × σ− (4)

Figure 10 shows that when the minimum horizontal stress
(σh) is higher than 8 MPa, high permeability data disappear. In
addition, when the maximum horizontal principal stress (σH) is
higher than 15 MPa, the permeability is extremely low in the
Daning block. The above phenomena indicate a dominant
impact of in situ stress on the coal permeability in the Daning
block.
5.2. Burial Depth. In situ stress commonly tends to

increase with the increase of the burial depth of the coal seam.
Since in situ stress generally has a negative effect on the
permeability of coal seams, therefore, the permeability of coal
seams generally decreases as the burial depth increases.91,92 In
this study area, both σh and σH increase with an increase in the
burial depth of coal seams (Figure 11). Thus, as shown in
Figure 12, the permeability of coal reservoirs in the Daning
block decreases at an exponential function with the increase of
the burial depth of the coal seam, i.e.

K 2.3295 e D0.0084= × − (5)

where K is the permeability of the coal seam, mD and D is the
burial depth of the coal seam, m.
5.3. Coal Structure. The permeability of coal reservoirs is

largely dependent on the coal structure under in situ
conditions.25 The coal structure is the product of coal
deformation under tectonic stress,33,97 and it is an indirect
reflection of coal permeability. Based on the distinguishable

degree of coal macrolithotype, coal-body damage degree,
fracture and corrugation development degree, and hand-test
strength, the coal structure is simply divided into four types,
i.e., primary structure (or undeformed), cataclastic structure,
granulitic structure, and mylonitic structure.37,98 The last three
types are collectively called tectonic coal.99 The field
permeability of tectonic coal is commonly obviously lower
than that of primary coal.33 In this area, nearly all of the CBM
wells require hydro-fracturing stimulation technology to
enhance the coal permeability.1 Compared with granulitic
and mylonitic structure coals, the primary and cataclastic
structure coals have a complete coal-body structure and high
strength, leading to a good hydro-fracturing potential.81 In this
area, the field experiences indicate that the greater proportion
of the primary structure coal layer (C1) and cataclastic
structure coal layer (C32) in the total coal thickness (Figure
2b), the higher the permeability of the coal seam through
hydro-fracturing.

6. CONCLUSIONS

(1) The coal reservoirs in the Daning block of SQB have
great potential for CBM production. Coal rank in the
Daning block is anthracite. The gas content ranges from
5.56 to 17.57 (avg. 12.83) m3/t, and the coal
permeability is generally above 0.1 mD, with an average
of 0.96 mD.

Figure 11. Plots of burial depth versus (a) σh and (b) σH of the coal reservoir in the Daning block.

Figure 12. Relationship between permeability and burial depth of the
No. 3 coal seam in the Daning block.
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(2) The gas content of coal reservoirs in the Daning block
shows very weak positive correlations with ash yield,
moisture content, and vitrinite content, indicating that
the coal quality is not the dominating factor influencing
the gas content of coal reservoirs in the Daning block.
The gas content presents a strong positive correlation
with the burial depth of a coal seam, but poorly
correlates with the coal thickness. The CBM enrichment
areas are generally located in the axial part of secondary
syncline, while the lower gas content areas commonly
occur at the axial part of secondary anticline. The gas
content of coal seams that are near the normal faults is
commonly lower.

(3) In situ stress has the dominant impact on the coal
permeability in the Daning block. The well testing
permeability of coal reservoirs decreases exponentially
with the increases of the minimum horizontal stress (σh)
and the maximum horizontal principal stress (σH). With
the increase in the burial depth of the coal seam, the coal
permeability also decreases exponentially. The primary
and cataclastic structure coals generally have higher
hydro-fracturing permeability than the granulitic and
mylonitic structure coals.
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(89) Sosńicka, M.; Lüders, V. Fluid inclusion evidence for low-
temperature thermochemical sulfate reduction (TSR) of dry coal gas
in Upper Permian carbonate reservoirs (Zechstein, Ca2) in the North
German Basin. Chem. Geol. 2020, 534, No. 119453.
(90) Bachu, S.; Michael, K. Possible controls of hydrogeological and
stress regimes on the producibility of coalbed methane in Upper
Cretaceous−Tertiary strata of the Alberta basin, Canada. AAPG Bull.
2003, 87, 1729−1754.
(91) Zhao, J.; Tang, D.; Xu, H.; Li, Y.; Li, S.; Tao, S.; Lin, W.; Liu, Z.
Characteristic of In Situ Stress and Its Control on the Coalbed
Methane Reservoir Permeability in the Eastern Margin of the Ordos
Basin, China. Rock Mech. and Rock Eng. 2016, 49, 3307−3322.
(92) Ju, W.; Jiang, B.; Qin, Y.; Wu, C.; Wang, G.; Qu, Z.; Li, M. The
present-day in-situ stress field within coalbed methane reservoirs,
Yuwang Block, Laochang Basin, south China. Mar. Pet. Geol. 2019,
102, 61−73.
(93) Somerton, W. H.; Söylemezog̅lu, I. M.; Dudley, R. C. Effect of
stress on permeability of coal. Int. J. Rock Mech. Min. 1975, 12, 129−
145.
(94) Bredehoeft, J. D.; Wolf, R. G.; Keys, W. S.; Shutter, E.
Hydraulic fracturing to determine the regional in situ stress field in
the Piceance Basin, Colorado. Geol. Soc. Am. Bull. 1976, 87, 250−258.
(95) Haimson, B.; Fairhurst, C. In-situ Stress Determination at
Great Depth by Means of Hydraulic Fracturing. In Rock Mechanics
Theory and Practice, Somerton, W. H., Ed.; AIME: New York, USA,
pp. 1970; 559−584.
(96) Haimson, B. C.; Cornet, F. H. ISRM suggested methods for
rock stress estimation-part 3: hydraulic fracturing (HF) and/or
hydraulic testing of pre-existing fractures (HTPF). Int. J. Rock Mech.
Min. 2003, 40, 1011−1020.
(97) Hou, Q.; Li, H.; Fan, J.; Ju, Y.; Wang, T.; Li, X.; Wu, Y.
Structure and coalbed methane occurrence in tectonically deformed
coals. Sci. China Earth Sci. 2012, 55, 1755−1763.
(98) GB/T 30050−2013, 2013. Classification of Coal-body Structure
(in Chinese).
(99) Wang, H.; Yan, D. Brief Tutorial of Coal Geology, 1st ed.; China
University of Geosciences Press: Wuhan, China, 2015; pp. 131−134.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00371
ACS Omega 2022, 7, 17063−17074

17074

https://doi.org/10.1016/j.coal.2012.02.001
https://doi.org/10.1016/j.coal.2012.02.001
https://doi.org/10.1016/j.coal.2012.02.001
https://doi.org/10.1016/j.petrol.2014.09.010
https://doi.org/10.1016/j.petrol.2014.09.010
https://doi.org/10.2118/12514-PA
https://doi.org/10.2118/12514-PA
https://doi.org/10.1016/S0166-5162(00)00004-5
https://doi.org/10.1016/S0166-5162(00)00004-5
https://doi.org/10.1016/S0166-5162(00)00004-5
https://doi.org/10.1016/j.chemgeo.2019.119298
https://doi.org/10.1016/j.chemgeo.2019.119298
https://doi.org/10.1016/j.chemgeo.2019.119298
https://doi.org/10.1016/j.coal.2009.12.005
https://doi.org/10.1016/j.coal.2009.12.005
https://doi.org/10.1016/j.coal.2009.12.005
https://doi.org/10.1007/s11771-019-4061-3
https://doi.org/10.1007/s11771-019-4061-3
https://doi.org/10.1007/s11771-019-4061-3
https://doi.org/10.1016/j.marpetgeo.2011.11.009
https://doi.org/10.1016/j.fuel.2015.06.089
https://doi.org/10.1016/j.fuel.2018.08.150
https://doi.org/10.1016/j.fuel.2018.08.150
https://doi.org/10.1016/j.fuel.2018.08.150
https://doi.org/10.1155/2020/8830831
https://doi.org/10.1155/2020/8830831
https://doi.org/10.1155/2020/8830831
https://doi.org/10.1016/j.coal.2014.10.002
https://doi.org/10.1016/j.coal.2014.10.002
https://doi.org/10.1016/j.coal.2014.10.002
https://doi.org/10.1016/j.coal.2009.05.001
https://doi.org/10.1016/j.coal.2009.05.001
https://doi.org/10.1016/j.coal.2009.05.001
https://doi.org/10.1017/S0016756818000456
https://doi.org/10.1017/S0016756818000456
https://doi.org/10.1017/S0016756818000456
https://doi.org/10.1021/acs.energyfuels.0c04149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c04149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c04149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c04149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0166-5162(97)00016-5
https://doi.org/10.1016/S0166-5162(97)00016-5
https://doi.org/10.1016/S0166-5162(97)00016-5
https://doi.org/10.1016/j.coal.2009.10.014
https://doi.org/10.1016/j.coal.2009.10.014
https://doi.org/10.1016/j.coal.2009.10.014
https://doi.org/10.1016/j.coal.2012.11.007
https://doi.org/10.1016/j.coal.2012.11.007
https://doi.org/10.1016/j.coal.2012.11.007
https://doi.org/10.1016/j.coal.2012.11.007
https://doi.org/10.1016/j.chemgeo.2019.119453
https://doi.org/10.1016/j.chemgeo.2019.119453
https://doi.org/10.1016/j.chemgeo.2019.119453
https://doi.org/10.1016/j.chemgeo.2019.119453
https://doi.org/10.1306/06030302015
https://doi.org/10.1306/06030302015
https://doi.org/10.1306/06030302015
https://doi.org/10.1007/s00603-016-0969-1
https://doi.org/10.1007/s00603-016-0969-1
https://doi.org/10.1007/s00603-016-0969-1
https://doi.org/10.1016/j.marpetgeo.2018.12.030
https://doi.org/10.1016/j.marpetgeo.2018.12.030
https://doi.org/10.1016/j.marpetgeo.2018.12.030
https://doi.org/10.1016/0148-9062(75)91244-9
https://doi.org/10.1016/0148-9062(75)91244-9
https://doi.org/10.1130/0016-7606(1976)87<250:HFTDTR>2.0.CO;2
https://doi.org/10.1130/0016-7606(1976)87<250:HFTDTR>2.0.CO;2
https://doi.org/10.1016/j.ijrmms.2003.08.002
https://doi.org/10.1016/j.ijrmms.2003.08.002
https://doi.org/10.1016/j.ijrmms.2003.08.002
https://doi.org/10.1007/s11430-012-4493-1
https://doi.org/10.1007/s11430-012-4493-1
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00371?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

