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In-situ geological conditions and
their controls on permeability of
coalbed methane reservoirs in
the eastern Ordos Basin

Yan Zhang* and Jincheng Liu
1Research Institute of Petroleum Exploration and Development, PetroChina, Beijing, China

The eastern Ordos Basin plays an important role in China’s coalbed methane
(CBM) industry, boasting considerable CBM resources and pronounced reservoir
heterogeneity, making it an ideal site for comparative research on deep and
shallowCBM geology. In order to dissect the fundamental reasons for significant
differences in production capacity between blocks and promotemutual learning
from successful development experiences, this paper conducts a systematical
study on the distribution characteristics of in-situ geological conditions of
CBM reservoirs based on extensive well-testing data. Additionally, through coal
permeability sensitivity experiments on coal samples with various Ro, max values,
burial depths, and initial permeabilities, this study explores the change law of
permeability during the process of CBM extraction. The results indicate that
as the burial depth of coal seam increases, so do the temperature, pressure,
and stress. Moreover, the distribution of geothermal gradient, reservoir pressure
gradient, horizontal stress gradient, and lateral pressure coefficient tends to
converge with increasing burial depth, with a turning depth typically between
1,000 and 1,500 m. Coal seams below 1,500 m generally exhibit a normal-fault
type stress field with normal-overpressure. In-situ permeability decreases with
depth, but the permeability in deep stress relief zones can be maintained at a
relatively high level. A lower initial permeability corresponds to a smaller stress
sensitivity coefficient and reduced temperature sensitivity effects, resulting
in slower permeability damage during CBM extraction. However, when the
reservoir pressure drops to depletion pressure, the maximum damage rate of
permeability increases significantly, underscoring the importance of reservoir
reconstruction in deepCBMdevelopment. This study provides a theoretical basis
for selecting favorable areas for CBM exploration and development, as well as
for designing efficient development plans in practice.
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1 Introduction

Report on China oil and gas resource exploration and
development in 2020 (Ministry of Natural Resources, PRC, 2020)
shows that, as of the end of 2020, China’s proven geological
reserves of CBM were 7259.11 × 108 m3, and the cumulative
production of CBM reached 288.66×108 m3, mainly from the
Qinshui Basin and the eastern Ordos Basin. The development of
shallow CBM in the Baode, Sanjiao, Liulin, and Hancheng blocks
in the eastern Ordos Basin is relatively mature. In recent years,
exploration and development work has gradually expanded to deep
blocks such as Yanchuannan, Linxing, Daning-Jixian, Shenfu, and
Shilou (Yang et al., 2022). However, the complexity of the geological
environment of CBM reservoirs has caused significant differences in
the development effects between blocks (Yan et al., 2021).

The in-situ geological environment of CBM reservoirs is mainly
reflected in three aspects: stress, temperature, and fluid pressure.
Based on the measurement data of reservoir stress in different
regions, previous researchers have recognized that the lateral
pressure coefficient (average horizontal principal stress/vertical
stress) of the formation exhibits a clear regularity in the vertical
direction (Brown and Hock, 1980; Zhao et al., 2007; Kang et al.,
2009; Qin et al., 2012; Chen et al., 2018a; Kang et al., 2019; Fu et al.,
2020). The stress field of shallow CBM reservoirs is mainly
horizontal stress. Due to its proximity to the surface and high degree
of structural development, the measurement results of stress are
scattered, and the distribution range of lateral pressure coefficients
is large. However, in deep CBM reservoirs, the principal stress
gradually transitions to the vertical direction, and the lateral pressure
coefficient continuously decreases and converges. As the burial
depth increases, the pressure of CBM reservoirs generally shows an
increasing trend (Liu et al., 2012; Milkov and Etiope, 2018; Fu et al.,
2020). On the one hand, increasing depth and stress can lead
to a decrease in pore volume compression, but due to a certain
fluid content, it can cause an increase in reservoir fluid pressure
(Zhong, 2003). On the other hand, the pressure of the reservoir is
also related to the mineralization degree of groundwater. Generally,
the higher the mineralization degree, the greater the static water
pressure gradient, and the greater the pressure of the CBM reservoir
(Wu et al., 2007). The difference in groundwater head height can
also cause changes in reservoir pressure and its pressure gradient
by controlling the direction of water flow. Generally, the lower the
head height, the smaller the pressure gradient, and the lower the
reservoir pressure (Zhang and Tang, 2001; Jing, 2012). Qin et al.
(2012) analyzed the fluid dynamics characteristics of the Shanxi and
Taiyuan formations in the eastern part of the Ordos Basin and found
that due to differences in rock permeability, the pressure system
of deep CBM reservoirs is significantly controlled by sedimentary
frameworks, often having relatively independent gas and pressure
systems. At the same time, coal seam temperature is widely believed
to have a linear positive correlation with burial depth (Liu, 2006;
Wu et al., 2013; Zhao et al., 2019; Fu et al., 2020). However, some
scholars have pointed out that the relationship between ground
temperature and burial depth is much more complex than a linear
relationship (Chapman et al., 1984). In addition to burial depth,
multiple factors can affect reservoir temperature (Xiao et al., 2009),
and ground temperature cannot be calculated solely by depth
(Gan et al., 2019).

As a reservoir mainly composed of organic matter, coal
seams are more sensitive to stress, pressure, and temperature
than conventional “inorganic” reservoirs. Under the influence of
high stress and formation temperature, the geological conditions
of deep CBM reservoirs are more complex (Chen et al., 2018b;
Salmachi et al., 2021). The permeability of coal seams is an
important indicator for the optimization of CBM exploration and
development areas, and the extremely low permeability of deep
coal seams is currently the key obstacle to the exploitation and
utilization of deep CBM resources (Ranathunga et al., 2014). The
permeability of CBM reservoirs is influenced by multiple factors
such as stress, reservoir pressure, and temperature (Li et al., 2012;
Song et al., 2013). Among them, the tectonic stress field is the
dominant factor in the permeability of coal seams. The ancient
tectonic stress field determines the formation and development
of fractures, while the current tectonic stress field determines the
closure degree of fractures (Bell, 2006; Chatterjee et al., 2019). Some
scholars have found that with the increase of effective stress, the
permeability of coal seams decreases exponentially (Dabbous et al.,
1974; Karacan and Okandan, 2001). However, some scholars hold
different views and explain the overall law of dynamic changes
in permeability. They believe that during the elastic-plastic strain
stage, as stress increases, fresh microcracks will continue to develop
in coal, and permeability will continue to improve; The closer to
the peak stress, the greater the generation of microcracks, which
are interconnected and have a sharp increase in permeability;
After reaching the peak strength, the coal rock loses its maximum
bearing capacity, and the permeability continues to increase, but the
growth rate slows down; When the elastic deformation reaches a
certain level, the permeability reaches its minimum value, and the
maximum permeability occurs during the softening or plastic flow
stage (Harpalani and Chen, 1992; Li et al., 2001; Wang et al., 2018).
It can be seen that the in-situ stress control effect of CBM reservoir
permeability characteristics still needs further research, but it can be
affirmed that as the burial depth increases, the anisotropy of stress
state will gradually increase its impact on coal seam permeability,
which needs to be paid attention to (Paul and Chatterjee, 2011;
Reisabadi et al., 2021).

The effect of temperature on coal seam permeability is also
a focus of attention for scholars. The control effect of coal seam
temperature on permeability is mainly reflected in two aspects:
on the one hand, as the temperature increases, the coal body
continuously expands, the methane migration channels decrease,
and the gas phase permeability also continuously decreases; On
the other hand, methane viscosity decreases with increasing
temperature, flow resistance decreases, and gas-phase permeability
increases accordingly (Cheng et al., 1998; Yang et al., 2005a; Pan
and Connell, 2011; Liu et al., 2021). Some scholars believe that
temperature has a certain negative effect on permeability as a
whole, but this negative effect is only more obvious when the
stress level is low, and gradually weakens with increasing stress
(Yang and Zhang, 2008; Gao, 2019). Moreover, the temperature
sensitivity of permeability in CBM reservoirs of different coal
ranks is different and generally weakens with increasing coal ranks
(Wu et al., 2017).

The eastern Ordos Basin is a hot area for CBM exploration
and development, with diverse geological conditions, providing
an excellent platform for comparative research. At present, due
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to the lack of core sampling and testing data of deep wells,
the study of differences between blocks is still chaotic, and
the permeability controlling mechanism of CBM reservoirs
is not yet clear, making it difficult to learn from successful
development experiences. Based on the analysis of drilling and
well testing data during the exploration and development of CBM,
this study determines the distribution characteristics of in-situ
temperature, pressure, stress, and permeability, as well as explores
the stress/temperature sensitivity and depth effect of permeability
through coal permeability sensitivity experiments.

2 Geological setting

The Ordos Basin is located in the western part of the North
China Plate in China and is a typical large-scale superimposed basin
with stable craton margins. The overall shape is rectangular with a
north-south distribution, and the terrain and structural complexity
continuously decrease from the basin edge to the inside of the
basin. The entire basin is composed of six primary tectonic units
(Figure 1A). The eastern Ordos Basin is mainly located in the Jinxi
Flexural Belt (Wang et al., 2010), transitioning to the Yishan Slope
on thewest side, and bordered by the Lishi Fault on the east, adjacent
to the Shanxi Platform. Spanning 500 km from north to south and
with a width of 40–60 km from east to west, the basin covers an
area of 2.7 × 104 km2. It exhibits a monocline structure with a high
eastern side and a low western side, with a dip angle of 2°–3°. The
CBM work area in eastern Ordos Basin is divided into ten major
blocks from north to south based on the structural pattern, namely,:
Baode, Shenfu, Linxing (East/Central/West), North Sanjiao, Sanjiao,
Liulin, Shilou (North/West/South), Daning-Jixian, Yanchuannan,
and Hancheng blocks (Figure 1B).

The Carboniferous-Permian coal-bearing strata in the eastern
Ordos Basin have undergone four tectonic changes since
sedimentation, including the Hercynian, Indosinian, Yanshanian,
and Himalayan periods (Li and Zhang, 2020) (Figure 1C). In the
Hercynian period, the North China ancient plate entered a slow
subsidence stage and began to receive sedimentation. The coal-
bearing strata of the Carboniferous-Permian marine-continental
transition phase was formed as a result (310–280 Ma). By the
end of the Late Permian, the burial depth of the top surface of
the Taiyuan Formation increased from north to south, ranging
from 200 to 1,200 m. From the early Triassic to the end of the late
Triassic, the subsidence rate of the strata increased sharply, and the
subsidence depth of the strata showed a nearly linear increase. The
subsidence rate was relatively stable, and the ancient temperature
also rapidly increased, leading to differences in the degree of coal
metamorphism. In the Indosinianmovement, the strata experienced
slight uplift and subsidence fluctuations. By the end of the Middle
Jurassic, the top surface of the Taiyuan Formation reached its
maximum burial depth, distributed from north to south within
the range of 1,600–3,600 m. Due to differences in burial depth,
the temperature difference between the north and south regions
reached 80°C (Li and Zhang, 2020). The Yanshan Movement has
significant implications for the evolution of tectonic morphology
in the eastern margin. At the end of the Early Cretaceous, the
crust rapidly uplifted, ending the sedimentation of the depression
basin. The overlying strata suffered from strong weathering and

erosion, continuous thinning, and greater uplift at the edge of the
basin. During the Himalayan period, the subsidence and uplift
amplitude of the coal seam are relatively small. According to the
lithological combination, the Carboniferous Permian strata in the
eastern Ordos Basin were divided from bottom to top into the Benxi
Formation, Taiyuan Formation, Shanxi Formation, Lower Shihezi
Formation, and Upper Shihezi Formation with multiple sets of coal
seams developed in Taiyuan and Shanxi formations (Chen, 1989)
(Figure 2). The coalification process in the eastern Ordos Basin
is mainly characterized by deep metamorphism, except for the
Zijinshan area, and the degree of coal metamorphism is increasing
from north to south as a whole (Li and Zhang, 2020).

3 Materials and methods

3.1 In-situ parameters acquisition

In-situ parameters including temperature, pressure, stress and
permeability are mainly derived from injection/pressure drop
well testing reports. The data obtained from hydraulic fracturing
in Central Linxing Block is limited, which is not enough to
characterize the difference in regional stress fields. Therefore,
log data are used to inversion the in-situ stress in the Central
Linxing Block. For detailed steps of the two methods, please refer to
Pu et al. (2022).

3.2 Coal permeability sensitivity
experiment

Eleven coal samples with various Ro, max values, burial depths,
and initial permeabilities were selected from different blocks
of the eastern Ordos Basin, including Central Linxing, Liulin,
Yanchuannan, and Hancheng, for comparative analysis of the
stress and temperature sensitivity of coal permeability. The
basic information of the coal samples is shown in Table 1. The
instrument used in this experiment is the AP-608 automated
permeameter-porosimeter produced by CoreTest in the United
States. Permeability measurement is based on the unsteady-
state pressure decay method. The confining pressure is loaded
through Hassler type/hydrostatic pressure, with a variation range of
500–9,500 psi, which is 3.45–65.5 MPa. To measure permeability,
a pressure pulse within the range of 100–250 psi (0.67–1.72 MPa)
is sent through the sample. The instrument has a pressure sensor
accuracy of ±0.1%, and the measurement range for permeability
is 0.001–10000 mD. The testing gas source uses high-purity
helium gas.

In order to investigate the impact of stress on coal permeability,
we employed changes in net confining pressure to simulate
variations in effective stress within the coal seam. Subsequently,
the coal permeability was measured in relation to changes in net
confining pressure, and the relationship between permeability and
effective stress was analyzed. The pressure of the CBM reservoirs
in the Liulin and Hancheng districts is within the range of 2.2–9.9
MPa and 4.1–11.9 MPa, respectively, with a maximum value not
exceeding 12 MPa. In order to better reflect the dynamic change
process of coal seam permeability with the increase of effective
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FIGURE 1
Geological map of the eastern Ordos Basin (A) Tectonic location; (B) Schematic map of CBM block zoning; (C) Schematic diagram of differential
tectonic evolution (modified from Li and Zhang (2020)).

stress in the process of CBM drainage in the Liulin and Hancheng
blocks, the experimental confining pressure range is 3.45–12 MPa,
and a total of 4 pressure points of 3.45, 6, 9, and 12 MPa are
set. For the Linxing and Yanchuannan samples with deeper burial
depth, due to their reservoir pressure reaching up to 21.22 MPa,
the testing pressure range is set to 3.45–25 MPa, and a total of
6 pressure points of 3.45, 5, 10, 15, 20, and 25 MPa are set. In
addition, due to the temperature of deep CBM reservoirs reaching
60°C, exploring the effect of temperature on the permeability
of CBM reservoirs is also of great significance. Therefore, in
addition to the above tests conducted at room temperature (20°C),
temperature sensitivity tests were conducted on the Lin 1 and Yan

1 samples, with two additional experimental control groups of 40°C
and 60°C added.

4 Results and discussion

4.1 In-situ geological conditions

4.1.1 Geotemperature field
The temperature conditions of coal seams directly affect

the adsorption, desorption, and production processes of CBM.
Therefore, revealing the in-situ temperature conditions of the coal
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FIGURE 2
Composite stratigraphic column of the Permo-Carboniferous coal-bearing strata in the eastern Ordos Basin (chronostratigraphy from Shen et al.
(2022), petrostratigraphy from Chen (1989), sequence stratigraphy from Liu, (2020)). Abbreviations: ST—systems tracts; TST—transgressive systems
tract; RST—regressive systems tract; MFS—maximum flooding surface.

seams in the eastern Ordos Basin is a prerequisite for conducting in-
depth theoretical research on deep/shallow CBM. The temperature
of strata may be influenced by multiple factors such as burial depth,

lithology, structural conditions, magmatic activity, groundwater
dynamic conditions, and the thickness of Cenozoic loose layers
(Tan et al., 2009; Liu et al., 2012; Zhang, 2012; Wu et al., 2013;

Frontiers in Earth Science 05 frontiersin.org

https://doi.org/10.3389/feart.2024.1416308
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Zhang and Liu 10.3389/feart.2024.1416308

TABLE 1 Basic information of the coal samples in coal permeability sensitivity experiment.

Block No. Depth (m) Ro,max (%) Initial
permeability

(mD)

Stress
sensitivity
coefficient
(−1MPa)

Maximum
damage rate

of
permeability

(%)

Cental
Linxing

Lin 1 1873 1.38 0.0432 0.102 87.55

Lin 2 1,631 1.23 0.2358 0.135 94.21

Lin 3 1,588 1.16 0.3903 0.127 92.23

Liulin

Liu 1 546 1.29 1.8214 0.226 84.95

Liu 2 661 1.32 1.9702 0.193 80.37

Liu 3 982 1.25 0.1236 0.240 86.66

Yachuannan

Yan 1 1,395 2.32 0.0659 0.160 96.59

Yan 2 1,072 2.01 0.5093 0.128 93.58

Yan 3 1,233 2.18 0.1501 0.172 97.55

Hancheng
Han 1 709 1.9 0.4891 0.206 82.48

Han 2 634 1.85 2.2453 0.285 91.31

Békési et al., 2020; Jiang et al., 2020). Among them, burial depth is
considered the most important influencing factor. Most scholars
have found through data statistics that coal seam temperature shows
a linear increasing trend with increasing burial depth (Peng et al.,
2017; Li et al., 2018; Békési et al., 2020), while geothermal gradient
is dispersed in the shallow part of the formation and concentrated
in the deep part (Yuan et al., 2009; Peng et al., 2017; Li et al., 2018).
By statistically analyzing the temperature and geothermal gradient
of CBM reservoirs in different areas of the eastern Ordos Basin,
and plotting their relationship with the burial depth of coal seams
(Figure 3), a similar pattern was found: the shallower of the coal
seam, the lower the temperature of the CBM reservoir, and the wider
the range of geothermal gradient changes. For example, coal seams
shallower than 648 m have a maximum temperature of no more
than 40°C, but their geothermal gradient changes in the range of
0.62°C–4.93°C/100 m. This indicates that the shallower the burial
depth of the coal seam, the more complex the geological factors that
affect the temperature of its reservoir (Lu et al., 2013);Thedeeper the
coal seam is buried, themore stable the geological conditions are, the
more significant the dominance of depth on reservoir temperature,
and the stronger the linear correlation between the two. On the
plane, the West Linxing Block with the deepest coal seam has
the highest reservoir temperature, followed by the Central Linxing
Block, with the highest reservoir temperatures reaching over 60°C.
The average geothermal gradient shows a gradually increasing trend
from north to south (Table 2).

4.1.2 Reservoir pressure field
The definition of CBM reservoir pressure is the pressure acting

on the fluid inside the pores and fractures. It not only controls the

adsorption-desorption ability of coal seams to methane and other
gases but also serves as the driving force for the transportation and
production of CBM (Fu et al., 2001; Yang, 2015). Li et al. (2004)
found through analysis of well-testing data from 151 coal seams
in China that due to a series of factors such as complex geological
structure evolution, strong stratigraphic uplift and erosion, poor
coal seam permeability, complex stress conditions, and variable
hydrogeological conditions, CBM reservoirs are mainly under-
pressure reservoirs. Regarding the relationship between CBM
reservoir pressure and its gradient with burial depth, it is generally
believed that there is a linear positive correlation between reservoir
pressure and burial depth (Xu et al., 2010; Zhao et al., 2016;
Guo et al., 2020), while the pressure gradient of CBM reservoirs
has a characteristic of gradually converging from discretization as
burial depth increases from shallow to deep (Qin and Shen, 2016;
Chen et al., 2018a). This study collected 192 well-testing reservoir
pressure data points from 13 different blocks in the eastern Ordos
Basin and found similar patterns with a certain uniqueness. As
shown in Figure 4, there is a good linear correlation between the
CBM reservoir pressure from 427 to 2,195 m and the burial depth
(R2=0.7847), which is mainly because the pore volume compression
degree and groundwater mineralization degree are higher and the
water head height is lower as the depth increases (Zhong, 2003;
Wu et al., 2007; Jing, 2012). However, it should be noted that within
the depth range of 1,300–1,500 m, the pressure of the CBM reservoir
is relatively low. As for the relationship between reservoir pressure
gradient and depth, it is more complex. At depths below 1,300 m, it
exhibits the characteristic of “large interval span”, ranging from0.314
to 1.25 MPa/100 m. Within the range of 1,300–1,500 m, it exhibits
obvious “under-pressure” characteristics, ranging from 0.321 to 0.8
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FIGURE 3
The variation law of reservoir temperature and geothermal gradient of CBM reservoirs in different areas of the eastern Ordos Basin with burial depth.

MPa/100 m. Within the range of 1,500–2,200 m, it exhibits obvious
“normal to overpressure” characteristics, ranging from 0.706 to
1.169 MPa/100 m.

4.1.3 Stress field
Stress not only determines the degree of development and

closure of coal seam fractures but also controls the shape and
direction of fracturing fractures, thus playing an important role
in controlling the permeability of CBM reservoirs (Kang et al.,
2010; Meng et al., 2010; Kang et al., 2017). The gravity effect
and tectonic movement are the main reasons for the formation
of the stress field, with horizontal tectonic changes having the
greatest impact on the distribution characteristics of the stress
field (Zoback et al., 2003; Zhao et al., 2007; Ju et al., 2018). In
addition, the changes in the in-situ stress field of different types of
rocks are generally determined by the differences in the internal
characteristics (composition, structure, mechanical properties,
etc.) (Ward, 2016; Weniger et al., 2016; Mukherjee et al., 2021) and
external environment (burial depth, temperature, pressure, etc.) of
the rocks (Bell, 2006; Burra et al., 2014). Generally speaking, the
in-situ stress increases with the increase of the Young’s modulus
of the rocks. In terms of horizontal stress, magmatic rocks are
higher, followed by metamorphic rocks, and sedimentary rocks
are generally lower (Zhu and Tao, 1994). As an organic matter
aggregate with lower mechanical strength, CBM reservoirs have a
lower minimum horizontal principal stress than other sedimentary
rocks (Meng et al., 2011). In addition, various geological structures
such as faults, folds, and collapse columns are widely developed in
coal-bearing strata, and their stress heterogeneity is significant.
According to the different directions of stress, stress can
be divided into maximum horizontal principal stress (σh),
minimum horizontal principal stress (σH), and vertical principal
stress (σv).

Through a large amount of statistical analysis of the stress
data obtained from well testing parameters and the stress data
obtained from logging inversion, it was found that in addition to
vertical stress, the maximum and minimum horizontal principal
stresses also increase with increasing burial depth (Figure 5), which
is similar to previous research results (Xu et al., 2016; Zhao et al.,
2016; Chen et al., 2017; Chen et al., 2018b; Ju et al., 2021). Among
them, the linear relationship between the minimum horizontal
principal stress and the burial depth of the coal seam is more
significant than that of the maximum horizontal principal stress.
The correlation coefficient R2 of the former is 0.8336, and the
correlation coefficient R2 of the latter is 0.6356. In the vertical
direction, there is a transition surface around 1,500 m. That is, at
depths smaller than 1,500 m, the relation between the maximum
horizontal principal stress and the vertical stress is uncertain, while
at depths more than 1,500 m, the maximum horizontal principal
stress is smaller than the vertical stress. According to the magnitude
of the minimum horizontal principal stress, the stress levels of CBM
reservoirs at different depths can be divided into four categories,
including low-stress areas (0 < σh < 10 MPa), medium-stress zone
(10 < σh < 18 MPa), high-stress zone (18 < σh < 30 MPa), and
ultra-high stress zone (σh > 30 MPa). Therefore, coal seams buried
at depths of 500–1,000 m are mostly low to medium stress, coal
seams buried at depths of 1,000–1,500 m are mostly medium to
high stress, and coal seams buried below 1,500 m are mostly high
to ultra-high stress. As shown in Figure 6, both the maximum
and minimum horizontal principal stress gradient changes exhibit
the characteristics of “strong dispersion in the shallow and strong
convergence in the deep”. This indicates that the shallower the coal
seam is buried, the greater the influence of geological tectonic
conditions on the stress field, and themore severe the differentiation
of theminimumandmaximumhorizontal principal stress gradients.
At depths of over 1000m, the minimum and maximum horizontal
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FIGURE 4
The variation law of CBM reservoir pressure and reservoir pressure gradient with burial depth in the eastern Ordos Basin.

FIGURE 5
The variation law of coal seam stress with burial depth in the eastern
Ordos Basin.

principal stress gradients decrease to below 2 MPa/100m and 3
MPa/100m, respectively.

Regarding the variation of lateral pressure coefficient (the
ratio of average horizontal principal stress to vertical stress),
Brown and Hock (1980) summarized the relationship between
lateral pressure coefficient and coal seam burial depth through a

large amount of stress data from different regions around the world.
That is, the lateral pressure coefficient of shallow coal seams is
higher, and the variation range is larger, and as the burial depth
increases, both the lateral pressure coefficient and the variation
range continuously decrease. The above characteristics indicate that
the shallow CBM reservoir is mainly dominated by horizontal
stress, while the direction of the main stress in the deep CBM
reservoir gradually changes to vertical. Zhao et al. (2007) drew
inspiration fromHoek and Brown’s stress researchmethod and fitted
a regression curve between China’s lateral pressure coefficient and
burial depth. They compared it with Hoek and Brown’s global stress
statistical regression curve, showing that China’s stress has a similar
vertical evolution law to the world’s, and pointed out that the critical
depth is around 1,000 m. This study found that the lateral pressure
coefficient of CBM reservoirs in the eastern Ordos Basin shows a
characteristic of “dispersion at shallow and convergence at deep” in
the vertical direction and is overall above the Chinese average line
and the Hoek and Brown’s average line, that is, the lateral pressure
coefficient of coal seams is smaller under the same burial depth
conditions, which is largely related to the lower mechanical strength
of coal rock compared to other rock layers (Figure 7). In addition,
there is a transition interface between the lateral pressure coefficient
and the depth of the coal seam, with a wide distribution range of
lateral pressure coefficients ranging from 0.31 to 1.53 below 1,000 m;
At depths of 1,000 m or more, the lateral pressure coefficient is
generally less than 1.

The relative magnitude of σv, σh, and σH can reflect different in-
situ stress mechanisms. Where σv > σH > σh represents the normal
fault stress mechanism, that is, overlying gravity load dominates;
σH > σv > σh represents the mechanism of reverse fault stress
and σH > σh > σv represents the mechanism of strike-slip fault
stress, representing two forms of structural compression in different
directions. Figure 8 shows the stress field types of different blocks
in the eastern Ordos Basin. The Hequ, Baode, East Linxing, and
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FIGURE 6
Variation law of minimum/maximum horizontal principal stress gradient with burial depth in the eastern Ordos Basin.

FIGURE 7
Vertical evolution of lateral pressure coefficient of CBM reservoir in the eastern Ordos Basin.

Central Linxing blocks show σv > σH > σh type stress field as a whole.
The reason is that Hequ, Baode, and Linxing Dong were affected
by the NW-SE stretching and developed a series of northeastward
normal faults (Chen et al., 2014) during theHimalayanperiod,while
the coal seam in central Linxing Block was buried too deep and
the structure was relatively stable. In Sanjiao, Liulin, and North
Shilou blocks in central China, 62.90% of the CBM reservoirs exhibit
σH > σv > σh type stress field, 33.87% exhibit σv > σH > σh type,

and 3.23% exhibit σH > σh > σv type, indicating that the stress
mechanism of inverse fault is dominant and that of normal fault
is supplemented. To the Daning-Jixian, and Yanchuannan blocks,
the stress state transitioned to the normal fault stress mechanism
(σv > σH > σh), with local reverse fault stress mechanism (σH
> σv > σh). To the southernmost Hancheng Block, the stress
state of CBM reservoir is again transformed into the reverse fault
type compressive stress field, that is, σH > σv > σh, which is
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FIGURE 8
Stress field types of different blocks in the eastern Ordos Basin.

consistent with the structural density. On the whole, the stress
fields of three deep blocks, including central Linxing, Daning-
Jixian and Yanchuannan, are normal fault-type stress mechanisms
dominated by vertical stress. Among them, the Yanchuannan has
the most significant normal fault-type stress mechanism, and it has
the lowest average maximum/minimum horizontal principal stress
gradient and reservoir pressure gradient in the eastern Ordos basin
(Table 2).

4.2 In-situ permeability

The permeability characteristics of CBM reservoirs directly
determine the effectiveness of CBM development and are important
parameters for evaluating the potential of CBM extraction and
selecting favorable areas. At present, there are various methods
for measuring permeability, including core laboratory testing, well-
testing, reservoir simulation, and well logging inversion. Among
them, injection/pressure drop well-testing permeability is the
most widely used and can better reflect the characteristics of
in-situ permeability. This study statistically analyzed 140 well-
testing permeability data from 9 different blocks (Figure 9). Among
them, the permeability of Hequ, Baode, and East Linxing in the

northern part is the highest, mainly distributed in 0.1–10 mD. The
permeability of Sanjiao, Liulin, and North Shilou in the middle is
lower than that in the north, mainly distributed in 0.01–1 mD, and
there are locally high permeability areas greater than 1 mD. The
permeability variation range of the 5# coal seam in the Daning-
Jixian Block is 0.004–6.74 mD, and the permeability of the 8# coal
seam is between 0.008 and 4.36mD, with a large variation amplitude
and a decreasing trend with the increase of coal seam burial
depth. The permeability distribution of the 2# coal reservoir in the
Yanchuannan Block is between 0.013 and 0.99 mD, with an average
of 0.224 mD.The southernmost Hancheng Block has a permeability
distribution of 0.003–4.52 mD, with an average of 0.41 mD. The
permeability of CBM reservoir generally decreases with the increase
of burial depth, but the deep stress release zone can also have high
permeability, showing a large regional difference (Mukherjee et al.,
2020; 2021). In the Daning-Jixian Block, the Taoyuan anticline axis
and vicinity of faults are high-permeability zones (Li et al., 2019). In
the Yanchuannan Block, high-permeability zones are distributed in
areas with higher structural elevation and relatively well-developed
small fault zones (Chen et al., 2019; Zhang et al., 2020). In the
central Linxing Block, the intrusion of Zijinshan rock mass has
a strong reforming effect on the permeability of coal reservoir
(Pu et al., 2022).
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FIGURE 9
Distribution of well test permeability with burial depth in different blocks in the eastern Ordos Basin.

4.3 Permeability sensitivity analysis

4.3.1 Stress sensitivity analysis
As shown in Figure 10, the permeability of coal decreases in a

negative exponential form with the increase of effective stress. The
fitting curve formula can be uniformly expressed as follows:

K = αe−bP (1)

In Eq. 1,K is the gas permeability of coal under given effective stress
conditions, mD; P is the equivalent effective stress, MPa; α is the gas
permeability of coal at an effective stress of 0 MPa, i.e., the initial

permeability of coal; b is the permeability modulus, also known as
the stress sensitivity coefficient of permeability, MPa−1. The larger
the value of b, the more sensitive the coal permeability as effective
stress changes, that is, within the same stress variation range, the
greater the decrease in gas permeability (Wu et al., 2017).

The fitting results of 11 samples all have a high correlation,
with correlation coefficients between 0.9735 and 0.9998. The fitting
results show that the initial permeability of the samples is between
0.0432 and 2.2453 mD. Overall, the original permeability of coal in
the central Linxing and Yanchuannan blocks is significantly lower
than that in the Liulin and Hancheng, which is consistent with
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FIGURE 10
The variation law of coal permeability with effective stress increase.

the low permeability characteristics of deep CBM reservoirs. At
the same time, the fitting curve shows that under experimental
conditions, the stress sensitivity coefficient of coal rock samples
is between 0.102 and 0.285, and there is a significant difference
in stress sensitivity between blocks. The relative sizes are Central
Linxing < Yanchuannan < Liulin < Hancheng, with corresponding
mean values of 0.121, 0.153, 0.220, and 0.246 −1MPa, respectively
(Figure 10; Table 1). This is characterized by the lower the initial
permeability value, the smaller the stress sensitivity coefficient. On
the contrary, the greater the initial permeability, the larger the stress
sensitivity coefficient, and the faster the stress damage.

It can also be seen from Figure 10 that the 11 coal samples tested
overall reflect the following rules: when the effective stress is below
10 MPa, the CBM reservoir has strong stress sensitivity, and the
permeability decreases exponentially as the effective stress increases;
After the effective stress is greater than 10 MPa, the permeability of the
CBMreservoirslowlydecreaseswiththeincreaseofeffectivestress,and
the stress sensitivity weakens. To further quantitatively characterize
the change of coal permeability with effective stress, the concepts
of permeability stage damage rate (Dki) and permeability maximum
damage rate (Dkm) are introduced.

Dki refers to the proportion of permeability reduction before and
after pressurization, and its calculation formula can be expressed as:

Dki =
Ki − Ki+1

Ki
× 100% (2)

Where K i is the permeability of coal at the i th pressure point, mD;
K i+1 is the permeability of coal at the i+1 th pressure point.

The maximum damage rate of permeability (Dkm) refers to the
damage rate after the confining stress increases to the highest stress

point, which can be expressed as:

Dkm =
K1 − Kmin

K1
× 100% (3)

Where K1 is the coal permeability at the first pressure point, mD;
Kmin is the minimum permeability of coal achieved after applying
the maximum effective stress.

Figure 11 shows the trend of permeability damage rate of 11 coal
rock samples with increasing effective stress. It can be seen that as the
effective stress increases, the trend of the curve slows down, that is, the
permeability stage damage rate (Eq. 2) decreases with the increase of
effective stress, and the cumulativedamage rate continuously increases
until it reachesthemaximumdamagerate.Themaximumpermeability
damage rate (Eq. 3) of 11 samples ranges from 80.37% to 97.55%.
Amongthem, themaximumpermeabilitydamagerateof coal inLiulin
andHancheng areas ismostly less than90%,with anaverageof 83.99%
and 86.90%, respectively. In contrast, the maximum permeability
damage rate of coal samples in central Linxing and Yanchuannan
during the entire pressurization process is basically above 90%, with
an average of 91.33% and 95.91%, respectively.

4.3.2 Temperature sensitivity analysis
With the increasing depth of CBM extraction, the influence of

temperature on the permeability of CBM reservoirs is also receiving
more and more attention. As shown in Figure 12, when the same
coal sample is subjected to the same effective stress, the higher the
temperature, the lower the permeability of coal, and the overall
negative effect of temperature is exhibited. This negative effect is
mainly concentrated under conditions where the effective stress is less
than 10 MPa, and gradually weakens as the effective stress increases.
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FIGURE 11
Variation law of permeability damage rate of coal rock with the increase of effective stress.

FIGURE 12
Superimposed effect of stress and temperature sensitivity on coal permeability.

This is because the coal skeleton undergoes thermal expansion with
increasing temperature, causing a reduction in methane migration
channels and a decrease in coal permeability (Yang et al., 2005b).
However, when the effective stress is high, the pore and fracture
space in the coal has been greatly compressed, and the expansion
space of the coal matrix is extremely limited, so the negative effect of
temperature isno longersignificant. Inaddition, it canbeobservedthat
the higher the temperature, the greater the stress sensitivity coefficient
of coal rock permeability, and the faster the permeability damage
(Figure 12).Overall, bothhigh temperatureandhigh-stress conditions
can damage the permeability of coal, but the impact of temperature
on the permeability of CBM reservoirs is much smaller than stress,
especially under high-stress conditions.

4.3.3 Depth effect of coal permeability sensitivity
The depth effect of reservoir permeability sensitivity is complex.

The influence of depth on coal permeability is reflected in many
aspects, such as stress conditions, temperature, pore pressure, initial
permeability difference, andmaterial composition, etc., but the basic
reason is the compression difference of coal pores and fractures
under different depths and stress conditions (Burra et al., 2014;
Zhang et al., 2019). Therefore, the geological conditions and in-
situ conditions of different depths and regions are various, and

the evolution of permeability related parameters with depth is also
different, but there are basic rules to follow in the same region. As
shown in Figure 13, the initial permeability and stress sensitivity
coefficient of coal in the four blocks are strongly negatively
correlated with the depth of coal seam, and positively correlated
with the maximum damage rate of permeability. That is, the deeper
the coal seam is, the lower the permeability and stress sensitivity
coefficient are, and the slower the permeability damage will be in
the process of CBM drainage and production. However, when the
reservoir pressure drops to the depletion pressure, the maximum
damage rate of permeability increases. During the development
process of shallow CBM, the permeability can be maintained at a
relatively high level, which is beneficial for mining and is in good
agreement with the actual mining situation. As far as deep CBM is
concerned, its initial permeability is very low and is getting worse
during the development process. Taking several deep CBM Wells
in Central Linxing Block as an example, although most of them
have obtained industrial gas flow in the gas testing stage and their
resource conditions have been proved to be excellent, most of them
in the drainage stage show the characteristics of short initial gas
discovery time, low water production and short stable production
time (Chen et al. 2024a). Therefore, for deep CBM, a completely
different approach should be adopted from shallow CBM.
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FIGURE 13
Depth effect of stress sensitivity.

4.4 Implications for deep CBM
development

The exploration paradigm for deep CBM has shifted from
targeting resource sweet spots to high-production sweet spots
(Xu et al., 2022). High-production zones must not only possess
a certain level of resource abundance but also exhibit relatively
high permeability and low stress, enabling extensive reservoir
reconstruction measures (Song et al., 2016). Drawing from the
practical development outcomes of deep CBM blocks, two primary
types of favorable zones can be discerned. One type is the structural
high section with a broad and gentle configuration (positive
micro-amplitude structure zone), denoting the coal reservoir that
underwent deep burial initially, followed by a certain degree of
structural uplift, leading to shallower burial depth of the local coal
seam and development of secondary cleats. This results in increased
permeability; however, without significant structural damage to
the roof and floor, the original gas reservoir remains relatively
well-preserved. The release of in-situ stress forms a relatively low-
stress area, with the two wings of the high section serving as
conduits for gas migration to the top. This facilitates the formation
of CBM-enriched and high-yield regions with high gas content,
saturation, and permeability. For instance, wells W7-5 and W6-
10X1 in the Hukou slope of the Daning-Jixian Block exhibit stable
gas production ranging from 4,000 to 5,000 m³/d (Yan et al., 2021).
The Yan 16 well group in the southern segment of the Wanbaoshan
structural belt in the Yanchuannan Block has maintained stable
production exceeding 2,000 m³/d for 8 years, with a peak daily
production of 8,000 m³/d (Chen et al., 2024b). The other type is
the upper slope of the enrichment area, formed at the top of the
slope belt due to the combined effects of compressive stress and
uneven crustal uplift. Taking theDaning-Jixian Block as an example,
the western part of the Taoyuan anticline represents a west-dipping
monoclinic structure.The upper slope zone in this region showcases
the best superimposition effect of gas content, permeability, and
in-situ stress characteristics. For example, Daning-Jixian’s TU1
and TL1 wells achieved average production of 1,266.82 m³/d
and 2,827.21 m³/d respectively, and cumulative gas production of
3,409,006 m³ and 5,962,587 m³ (Zhang et al., 2022).

Due to the low permeability of deep CBM reservoirs that
characterized by primary and fragmented structures, vertical stress

predominating, a lateral pressure coefficient less than 1, making the
formation of horizontal and long fractures challenging during the
vertical well fracturing process. The CBM development practices
in the Yanchuannan Block, Daning-Jixian Block, and Qinshui
Basin have demonstrated that the vertical well + horizontal
well combination mode not only reduces well spacing but also
interconnects a large number of fracture systems, facilitating
regional pressure reduction and enhancing the utilization of CBM
reserves (Zhu et al., 2019; Jiang and Yang, 2021; Zhang et al.,
2022). Deep CBM reservoirs exhibit large horizontal principal
stress differences, and artificially expanded fractures often intersect
natural fractures directly, posing challenges in forming a three-
dimensional fracture network (Dunlop et al., 2017). This issue has
been addressed in the Yanchuannan and Daning-Jixian blocks
through the implementation of high liquid volume (1,016–6,874 m3)
and large-scale fracturing measures (Yan et al., 2021; Chen et al.,
2024b). The effective fracturing approach of “creating long fractures
and remote support” in deep high-stress environments has led
to a breakthrough in the productivity of deep CBM wells
(Yan et al., 2021).

In contrast to shallow CBM reservoirs which are predominantly
undersaturated, deep CBM reservoirs, under the coupled control
of high temperature and pressure conditions, contain a significant
amount of saturated to supersaturated gas reservoirs (Kang et al.,
2019). Given the permeability sensitivity of deep coal reservoir,
the conventional “continuous, stable, long-term, slow” drainage
method suitable for shallow CBM is no longer viable. Production
practices in the Yanchuannan Block have shown that rapid
depressurization, coupled with effective fracturing and support,
is more conducive to achieving efficient and stable high yield in
deep CBM wells (Zhao et al., 2021). This is primarily attributed to
the fact that effective fracturing and support can to some extent
mitigate reservoir stress sensitivity effects; rapid depressurization
can prompt rapid desorption and accumulation of CBM in the near-
well region during the rapid or sensitive desorption stage, while
enhancing coal-rock matrix shrinkage effects to drive subsequent
gas production; rapid depressurization can also increase reservoir
pressure differentials near and far from the wellbore, enhancing
gas mass transfer efficiency in low-permeability CBM reservoirs
(Su et al., 2019; Zhao et al., 2021). Building on the successful
experience of the Yanchuannan Block, the application of rapid
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depressurization in deeper-buried coal reservoirs with higher gas
saturation in theDaning-Jixian andCentral Linxing blocks warrants
further theoretical exploration and practical validation.

5 Conclusion

This study integrates extensive in-situ geological data from the
eastern Ordos Basin and conducts coal permeability sensitivity
experiments to dissect the fundamental reasons for significant
production capacity differences between deep and shallow blocks
and promote mutual learning from successful development
experiences. The main conclusions drawn are as follows:

(1) Shallower coal seams usually have lower temperatures and
a wider variation range of geothermal gradients. Reservoir
temperature is more heavily influenced by depth in deeper coal
seams.

(2) CBM reservoir pressure increases linearly with burial depth
within the range of 427–2,195 m, with localized pressure low
anomalies observed at depths of 1,300–1,500 m. The pressure
gradient spans from 0.314 to 1.25 MPa/100 m at depths below
1,300 m, while 1,300–1,500 m is the “under-pressure zone” and
1,500–2,200 m is the “normal to overpressure zone.

(3) The vertical conversion interface of stress is located at 1,500 m,
below which the vertical stress is dominant. The horizontal
stress gradient and lateral stress coefficient both exhibit the
characteristic of “strong dispersion in shallow areas and strong
convergence in deep areas”with a critical depth of 1,000 m.The
stress field of CBM reservoirs is the result of the coupling effect
of tectonic condition and burial depth.

(4) In-situpermeability ofCBMreservoirs decreaseswith increasing
burial depth, primarily influenced by tectonic stress fields.
Stress release zones in deep CBM reservoirs often exhibit
high permeability, emphasizing the importance of reservoir
optimizationandreconstruction forefficientCBMdevelopment.

(5) Deep CBM high-yield areas are typically found in structurally
elevated regions with wide, gentle morphology and in the
upper slope in gas-rich zones. It is advised to utilize a
combination of vertical + horizontal wells and employ
a fracturing technique featuring “large-scale, high-volume,
multi rounds, continuous proppant injection”. Additionally,
implementing a “rapid depressurization” drainage system is
recommended to optimize production and efficiency.
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