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Abstract Pore pressure is an important parameter in
coalbed methane (CBM) exploration and development;
however, the distribution pattern and mechanism for pore
pressure differences in the Upper Permian CBM reservoirs
are poorly understood in the western Guizhou region of
South China. In this study, lateral and vertical variations
and mechanisms for pore pressure differences are analyzed
based on 126 injection-falloff and in-situ stress well test
data measured in Permian coal reservoirs. Generally, based
on the pore pressure gradient and coefficient in coal
reservoirs of the western Guizhou region, five zones can be
delineated laterally: the mining areas of Zhina, northern
Liupanshui, northern Guizhou, northwestern Guizhou and
southern Liupanshui. Vertically, there are two main typical
patterns: i) the pore pressure gradient (or coefficient) is
nearly unchanged in different coal reservoirs, and ii) the
pore pressure gradient (or coefficient) has cyclic variations
in a borehole profile with multiple coal seams, which
suggests the existence of a “superimposed CBM system”.
The mechanism analysis indicates that coal permeability,
thermal evolution stage and hydrocarbon generation
contribute little to pore pressure differences in coal
reservoirs in the western Guizhou region. The present-
day in-situ stress field, basement structure and tectonic
activity may be the dominant factors affecting lateral pore
pressure differences. The sealing capacity of caprocks and
the present-day in-situ stress field are significant para-
meters causing vertical pore pressure differences in coal
reservoirs. These results are expected to provide new
geological references for CBM exploration and develop-
ment in the western Guizhou region.

Keywords pore pressure difference, influencing factor,
coalbed methane reservoir, Upper Permian, western
Guizhou region

1 Introduction

Pore pressure (or formation pressure) is commonly defined
as the pressure on the fluids inside pore spaces of a porous
formation, and is one of the most important parameters for
geomechanical and geological analysis (Veeken, 2007; Xu
et al., 2011; Zhang, 2011; Khoshnaw et al., 2014).
Generally, in normal situations, pore fluids are assumed
to be in hydrostatic equilibrium all the way from the
surface to the attained depth; however, pore pressures in
some subsurface sedimentary formations are not hydro-
static due to the various geological processes (Zahid and
Uddin, 2005; Tingay et al., 2009; Dasgupta et al., 2016; Ju
et al., 2018a; Saxena et al., 2018). If pore pressure is less
than or exceeds hydrostatic pressure, which is defined as
the pressure exerted by a continuous column of static fluid
(Osborne and Swarbrick, 1997), it produces abnormal pore
pressure. In this study, based on the pressure gradient and/
or pressure coefficient, pore pressure is classified into three
types, namely, underpressure, normal pressure and over-
pressure (Table 1). There are many causes of overpressure
including disequilibrium compaction, tectonic compres-
sion, aquathermal expansion, mineral dehydration, hydro-
carbon generation, vertical fluid movement, mineral
transformation and hydrocarbon buoyancy (Hunt, 1990;
Osborne and Swarbrick, 1997; Xie et al., 2001; Khoshnaw
et al., 2014; Singha and Chatterjee, 2014; Dasgupta et al.,
2016). Processes that decrease pore pressure may include
uplift-erosion rebound, fluid shrinkage, rock dilation and
reservoir depletion (Neuzil, 1993; Hantschel and Kauerauf,
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2009; Xu et al., 2012). Overall, there are several key
factors that work together causing the appearance of either
overpressure or underpressure in subsurface reservoirs.

Pore pressure plays a significant role in the petroleum
and natural gas industry. In coalbed methane (CBM)
reservoirs, pore pressure controls the occurrence and
content of gases, and further influences CBM production
(Yao et al., 2019). Studies on pore pressure can aid in the
understanding of fluid pressures in reservoir rocks and
operations of lifting fluids from the subsurface (Khoshnaw
et al., 2014). More importantly, pore pressure analysis is an
essential requirement in any producing sedimentary basin,
and is also a fundamental input for successfully carrying
out well activities, such as well designs, well abandonment
plans, and well service activities in a safe and optimum
way (Law and Spencer, 1998; Dasgupta et al., 2016;
Saxena et al., 2018). Being unaware of pore pressure in
subsurface reservoirs can result in many potentially
catastrophic events.
The western Guizhou region, with an estimated CBM

resource of 3.15�1012 m3, has the highest potential for
commercial CBM exploration and development in South
China (Ye et al., 1998; Ju et al., 2018c; Qin et al., 2018).
There are generally 10–50 coal seams with varying
thicknesses in the most important Permian Longtan coal-
bearing formation. These seams can form several super-
posed CBM-bearing systems vertically with different pore
pressures (Chen et al., 2017; Qin et al., 2018). Investiga-
tions into the characteristics of pore pressure under these
particular geological conditions can provide new geologi-
cal references for CBM production in this area. Hence, in
this study, the main purposes are to analyze the spatial
distribution of pore pressure in the CBM reservoirs, and to
determine the main geological mechanism for pore
pressure differences in coal reservoirs of western Guizhou
region, south China.

2 Geological setting

The western Guizhou region in south China is a famous
area for commercial CBM exploration and development, in
which, the Upper Permian Longtan and Changxing
Formations are the main coal-bearing strata. They are
characterized by mudstones, sandstones and coal layers
interpreted as delta, lagoonal tidal flat and restricted

subtidal deposits (Xu and He, 2003; Dou, 2012; Shen et al.,
2019). There are generally 10‒50 coal seams with varying
thicknesses in the Permian Longtan Formation (Fig. 1).
The average coal vitrinite reflectance, varying between
0.72% and 3.35%, is dominated by coal burial history and
later tectonic thermal events (Xu and He, 2003; Dou, 2012;
Li et al., 2015; Tang et al., 2016; Ju et al., 2018c).
After the main coal layers were widely deposited during

the Late Permian, the Indosinian, Yanshannian and
Himalayan tectonic movements largely destroyed previous
coal-accumulating basins in the western Guizhou region
(Xu and He, 2003; Li et al., 2015; Ju et al., 2018c). Hence,
currently, the majority of Permian coal-bearing strata in the
western Guizhou region are only distributed in some
residual units, e.g., the Panguan syncline and Santang
syncline (Fig. 2).

3 Pore pressure variation

Generally, pore pressure in subsurface formations can be
accurately and directly obtained from repeat formation
tests (RFTs), drill stem tests (DSTs), or modular dynamic
tests (MDTs) (Tingay et al., 2003; Liu et al., 2016). Mud
weights (MWs) can also be used as a proxy for pore
pressure where direct measurement is not available (Law
and Spencer, 1998). For CBM reservoirs, injection-falloff
well tests are commonly used to determine pore pressure in
coal layers (Chen et al., 2017; Ju et al., 2018a, 2018b,
2019). In this study, 126 injection-falloff and in-situ stress
well test data were measured from 48 wells in the Permian
coal seams of the western Guizhou region (Table 2). Both
the pressure gradient and coefficient are calculated for the
studied coal layers. The density of pore water is assumed to
be 1.00 g/cm3. Based on these data (Table 2), lateral and
vertical variations in pore pressure in different CBM units
of the western Guizhou region were analyzed.

3.1 Lateral division of pore pressure zones

In the western Guizhou region, pore pressure in coal
reservoirs varies from underpressure to overpressure with a
wide range of pressure gradients (3.29‒17.11 MPa/km)
and pressure coefficient (0.34‒1.75) (Table 2). Laterally,
five zones can be divided based on pore pressure gradient
(or coefficient) in coal reservoirs, namely, the Zhina
mining area, southern Liupanshui mining area, northern
Liupanshui mining area, northwestern Guizhou mining
area, and northern Guizhou mining area. The majority of
coal reservoirs in the northern Guizhou (58%) and
southern Liupanshui (56%) mining areas are characterized
by the presence of overpressure, whereas coal layers in the
Zhina (59%), northern Liupanshui (50%), and north-
western Guizhou (100%) mining areas are dominantly
underpressure (Table 3).

Table 1 The classification of pore pressure used in this study

Type Pressure coefficient Pressure gradient/(MPa$km–1)

Underpressure < 0.96 < 9.28

Normal pressure 0.96–1.06 9.28–10.41

Overpressure > 1.06 > 10.41

Wei JU et al. Pore pressure variation in multiple coal reservoirs 771



Fig. 1 The Permian Longtan Formation stratigraphy in the western Guizhou region. GR indicates the gamma logging curve, unit: API.
The stratigraphy is from Well JV in Panguan syncline.
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3.2 Vertical variation pattern of pore pressure

Observed from a single borehole, the measured magni-
tudes of pore pressure from deeply buried coal reservoirs
are generally higher (Table 2). In this study, the relation-
ship between pore pressure and burial depth of coal seams

was analyzed. The result obviously indicates that pore
pressure in coal reservoirs linearly increases with burial
depth in the western Guizhou region (Fig. 3).
Vertically, in the western Guizhou region, variations in

pore pressure in coal reservoirs indicate two different
patterns:

Fig. 2 The distribution of coalbed methane (CBM) units in the western Guizhou region. Grey areas are CBM units in the western
Guizhou region, and in this study, pore pressure data are mainly collected from those units with blue color. 1—Agong syncline,
2—Santang syncline, 3—Zhuzang syncline, 4—Jiaga anticline, 5—Bide syncline, 6—Bulang syncline, 7—Bainijing syncline,
8—Guanzhai syncline, 9—Xinpu anticline, 10—Guantian syncline, 11—Jinsha-Qianxi syncline, 12—Luojiaohe syncline,
13—Yemachuan syncline, 14—Gedaying anticline, 15—Gemudi syncline, 16—Yangmeishu syncline, 17—Dailang syncline,
18—Tucheng syncline, 19—Zhaozihe syncline, 20—Panguan syncline, and 21—Qingshan syncline.

Wei JU et al. Pore pressure variation in multiple coal reservoirs 773
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1) The pore pressure gradient (or pressure coefficient) is
nearly the same in different coal reservoirs, e.g., wells #6,
#8, #9, #14 and #16 (Table 2).
2) The pore pressure gradient (or pressure coefficient)

has cyclic variation in a borehole profile with multiple coal
seams, e.g., wells #17, #34 and #41 (Table 2).
Commonly, in a gas-bearing system, fluids among

different coal reservoirs are connected, and this fluid
connection can be recognized by the vertical distribution of
the pore pressure gradient or coefficient (Qin et al., 2008);
namely, the difference in the pore pressure gradient or
coefficient is extremely low among different coal reser-
voirs. In wells #17, #34 and #41 of the western Guizhou
region, the pore pressure difference is high among coal
reservoirs, and it can be deduced that there is no fluid
connection and that there are multiple independent gas-
bearing systems vertically. Hence, here, a vertical overlap

Table 3 Zone divisions based on pore pressure gradient or coefficient in coal reservoirs of western Guizhou region

Zone CBM unit
Pressure gradient/(MPa$km–1)

min–max
Pressure coefficient

min–max

Number of
underpressure

layer

Number of nor-
mal pressure

layer

Number of
overpressure

layer

Northern Guizhou
mining area

Guantian syncline 9.78–10.46 1.00–1.07 0 3 1

Jinsha-Qianxi syncline 8.41–15.80 0.86–1.61 3 1 6

Luojiaohe syncline 9.14–17.11 0.93–1.75 1 0 4

total 4 4 11

Zhina mining area Guanzhai syncline 8.05–8.35 0.82–0.85 3 0 0

Xinpu anticline 10.64–10.84 1.09–1.11 0 0 2

Agong syncline 6.27–11.10 0.64–1.13 2 1 1

Bainijing syncline 9.19–9.72 0.94–0.99 1 1 0

Santang syncline 4.71–10.54 0.48–1.08 2 0 1

Zhuzang syncline 7.05–9.31 0.72–0.95 3 0 0

Jiaga anticline 5.67–5.74 0.58–0.59 2 0 0

Bide syncline 6.40–11.66 0.65–1.19 4 3 3

total 17 5 7

Northern Liupanshui
mining area

Bulang syncline 9.21–10.96 0.94–1.12 0 4 4

Langdai syncline 6.62–6.99 0.68–0.71 3 0 0

Gedaying anticline 6.75–9.30 0.69–0.95 3 0 0

Gemudi syncline 7.96–8.12 0.81–0.83 2 0 0

total 8 4 4

Southern Liupanshui
mining area

Yangmeishu syncline 9.45–11.99 0.96–1.22 0 2 1

Tucheng syncline 10.61–13.69 1.08–1.40 0 0 4

Zhaozihe syncline 9.61–16.37 0.98–1.67 0 2 4

Panguan syncline 8.75–13.01 0.89–1.33 5 5 9

Qingshan syncline 8.15–15.98 0.83–1.63 5 2 11

total 10 11 29

Northwestern Guiz-
hou mining area

Yemachuan syncline 3.29–7.17 0.34–0.73 12 0 0

total 12 0 0

Fig. 3 The relationship between pore pressure and burial
depth in the western Guizhou region. Here, y indicates pore
pressure in coal reservoirs, x is burial depth, and R is the
correlation coefficient.
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of multiple independent CBM systems can be referred to as
a “superimposed CBM system” (Qin et al., 2008, 2018).
As a result, both the pressure gradient and coefficient have
no obvious relationships with burial depth in the western
Guizhou region (Fig. 4).

4 Factors for pore pressure differences

Several factors can cause the pore pressure to be higher or
lower than the hydrostatic pressure in subsurface reservoirs
(Neuzil, 1993; Osborne and Swarbrick, 1997; Wu, 2005;
Hantschel and Kauerauf, 2009; Xu et al., 2011; Dasgupta
et al., 2016; Fu et al., 2020). Regarding pore pressure in
coal reservoirs, Wu et al. (2014) suggested that tectonic
activities, hydrocarbon generation, and roof sealing
conditions were the main factors affecting overpressure.
Factors including tectonic uplift, relatively low stress
magnitude, hydrocarbon generation cessation, and simple
hydrogeological conditions can result in underpressure in
coal reservoirs (Wu, 2005; Yao et al., 2019). Xu et al.
(2011) indicated that the present-day in-situ stress field and
coal permeability were the main factors affecting lateral
pore pressure differences. Hence, in this study, factors
including the present-day stress field, coal permeability,
thermal evolution stage, hydrocarbon generation, base-
ment structure and tectonic activity, and sealing capacity
were analyzed to determine the mechanisms for pore
pressure differences in the western Guizhou region.

4.1 Present-day in-situ stress field

In general, the pore pressure and in-situ stress field are
interrelated (Fu et al., 2020). Pore pressure is an important
component of the stress tensor and is required to calculate
stress magnitudes (Liu et al., 2016; Ju et al., 2017, 2019).
The spatial-temporal changes in horizontal minimum

principal stress are a function of the pore pressure changes,
and this observed phenomenon is termed “pore pressure/
stress coupling” (Engelder and Fischer, 1994; Tingay et al.,
2003; Liu et al., 2016).
Commonly, based on ground vertical drilling hydraulic

fracturing measurements, the horizontal minimum princi-
pal stress (Shmin) is considered to be equal to the shut-in
pressure (Pc) (Haimson and Cornet, 2003).

Shmin ¼ Pc (1)

where Shmin is the horizontal minimum principal stress,
MPa, Pc is fracture closing pressure, MPa.
Based on the measured data in Table 2, the relationship

between pore pressure and Shmin in coal seams of the
western Guizhou region was analyzed, and the result
indicates that pore pressure linearly increases with Shmin

(Fig. 5). However, the relationship between the pressure

Fig. 4 Variations of (a) pore pressure gradient and (b) pressure coefficient in coal reservoirs with burial depth in the western Guizhou
region.

Fig. 5 The relationship between pore pressure and hori-zontal
minimum principal stress in coal reservoirs of western Guizhou
region. Here, y is pore pressure, MPa; x is horizontal minimum
principal stress, MPa; R is correlation coefficient.
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gradient (or coefficient) and burial depth displays a
different pattern in the study area (Fig. 6). Generally, at a
relatively low Shmin magnitude (less than approximately 10
MPa), both the pore pressure gradient and coefficient
increase with increasing Shmin magnitude; whereas they are
nearly unchanged when the Shmin magnitude is greater than

approximately 10 MPa (Fig. 6).
In the western Guizhou region, the present-day in-situ

stress magnitudes are relatively higher in the northern
Guizhou and southern Liupanshui mining areas, and
relatively lower in the northwestern Guizhou, northern
Liupanshui and Zhina mining areas (Fig. 7). Hence, the

Fig. 7 Variations of pore pressure gradient with horizontal minimum principal stress in different mining areas of western Guizhou
region. (a) Northern Liupanshui mining area, (b) Zhina mining area, (c) southern Liupanshui mining area, and (d) northern and
northwestern Guizhou mining area.

Fig. 6 Variations of (a) pore pressure gradient and (b) pressure coefficient in coal reservoirs with horizontal minimum principal stress in
the western Guizhou region.
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present-day in-situ stress field may be an important factor
influencing the lateral division of pore pressure zones,
especially for the southern and northern Liupanshui mining
areas (Figs. 7(a) and 7(c)).

4.2 Coal permeability

The permeability is an important parameter indicating the
fluid flow ability in coal reservoirs (Chen et al., 2017; Ju
et al., 2018b, 2018c), which may influence pore pressure
distribution (Xu et al., 2011). The relationship between
pore pressure and coal permeability indicates that, in the
western Guizhou region, as coal permeability increases,
pore pressure decreases sharply at the initial stage and
gently in the subsequent stage (Fig. 8). The variation in the
pore pressure gradient (or coefficient) with coal perme-
ability indicates that all three types of pore pressure
(underpressure, normal pressure and overpressure) may
appear when coal permeability is relatively low, which is
generally less than 0.2 mD in this study. When the
permeability increases, normal pressure becomes the
dominant type in coal reservoirs of western Guizhou
region (Fig. 9).
In the western Guizhou region, the majority of coal

reservoirs in all divided four mining areas are characterized
by low permeability (Fig. 10). However, as mentioned
above, pore pressure in coal reservoirs can be classified as
underpressure, normal pressure and overpressure under
low-permeability conditions. Hence, the results indicate
that coal permeability may not be a critical factor for pore
pressure differences in the study area.

4.3 Thermal evolution stage

The Zhina (underpressure) and southern Liupanshui
(overpressure) mining areas are taken as examples in this
study. The measured homogenization temperatures in the
western Guizhou region indicate that there are two major
thermal evolution stages (Table 4; Xu and He, 2003; Tang

et al., 2016): i) the temperature of the first stage is 115°C‒
192°C in the Zhina mining area and 65°C‒119°C in the
southern Liupanshui mining area, which is mainly caused
by the metamorphism of coal seams; ii) the temperature of
the second stage is 206°C‒244°C and 135°C‒150°C in the
Zhina and southern Liupanshui mining areas, respectively,
which may result from later tectonic-thermal events, e.g.,
the intrusion of mantle derived magmatic hydrothermal
fluid (Table 4; Dou, 2012; Tang et al., 2016).
Dou (2012) studied the burial history and thermal

evolution in different CBM units of the western Guizhou
region. The Santang syncline (Zhina mining area; under-
pressure) and Panguan syncline (southern Liupanshui
mining area; overpressure) were selected for comparative
analysis. The results indicated that in the western Santang
syncline, coal seams entered the mature (early and middle)
stage in the Early Triassic, mature (late) stage in the Middle
Triassic, and the high and over mature stage in the Middle
Jurassic (Fig. 11(a)). In the western Panguan syncline, coal
seams entered the mature (early) stage in the Early Triassic,
mature (middle) stage in the Middle Jurassic, and mature

Fig. 8 The relationship between pore pressure and coal perme-
ability in the western Guizhou region.

Fig. 9 Variations of (a) pore pressure gradient and (b) pressure coefficient with coal permeability in the western Guizhou region.
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(late) stage in the Early Cretaceous (Fig. 11(b)).
Overall, in the western Guizhou region, the maximum

vitrinite reflectance (Ro) ranges from approximately 0.72%
to 3.35% after two major thermal evolution stages (Fig. 12;
Xu and He, 2003; Tang et al., 2016). The spatial
distribution of the thermal evolution stage has no obvious
relationship with pore pressure in coal reservoirs. Both the
northern Guizhou and southern Liupanshui mining areas
are characterized by dominant overpressure in coal
reservoirs; however, the Ro values are high (1.7%‒3.0%)
in the northern Guizhou mining area and low (0.9%‒1.9%)
in the southern Liupanshui mining area. Hence, the results
indicate that the thermal evolution stage of coal seams
contributes little to pore pressure differences in the western
Guizhou region.

4.4 Hydrocarbon generation

Based on the burial history and thermal evolution in the
Santang and Panguan synclines (Fig. 11), hydrocarbon
generation is analyzed. In the Santang syncline (under-
pressure), three stages of hydrocarbon generation can be
delineated: i) in the Middle Triassic, the temperature was
approximately 140°C, the Ro values were 1.0%‒1.2%, and
the coal seams evolved into the fat coal stage; ii) in the
Middle-Late Jurassic, the temperature was nearly 160°C,
the Ro values were 1.2%‒1.5%, and the coal seams
evolved into the cooking coal stage; iii) due to the tectonic-
thermal events in the Early Cretaceous, the temperature
quickly increased to 220°C, the Ro values were 2.6%‒
3.5%, and the coal seams evolved into the anthracite stage.

Fig. 10 Variations of pore pressure gradient with coal permeability in different mining areas of western Guizhou region. (a) Northern
Liupanshui mining area, (b) Zhina mining area, (c) southern Liupanshui mining area, and (d) northern and northwestern Guizhou mining
area.

Table 4 Measured the maximum vitrinite reflectance and homogenization temperature of inclusion (after Tang et al., 2016)

Zone
Maximum vitrinite reflectance

Ro/%

Homogenization temperature of inclusion/°C

Range First stage Second stage

Zhina mining area 1.64–3.35 115–244 115–192 206–244

Southern Liupanshui mining area 0.72–1.27 65–150 65–119 135–150
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In the Panguan syncline (overpressure), there are also
three stages of hydrocarbon generation: i) in the Middle
Triassic, the temperature was approximately 90°C, the Ro

values were 0.5%‒0.6%, and the coal seams evolved into
the long flame coal stage; ii) in the Middle Jurassic, the
temperature was nearly 110°C, the Ro values were 0.7%‒
0.8%, and the coal seams evolved into the gas coal stage;
iii) due to the tectonic-thermal events in the Early
Cretaceous, the temperature quickly increased to 140°C,
the Ro values were 0.9%‒1.2%, and the coal seams evolved
into the fat coal stage.
Coal seams in the Santang syncline are buried much

deeper than those in the Panguan syncline, which may
influence their thermal evolution. However, nearly all coal
seams in the western Guizhou region can evolve into the
mature stage (late; Ro: 1.0%‒1.3%) (Figs. 11 and 12).
Thermal simulation experiments indicate that the majority
of CBM in coal seams is formed during the fat to meager
coal stage (Ro: 1.00%‒1.75%) with its Ro peak of
approximately 1.3% (Fig. 13; Wu, 2005; Thakur et al.,
2014). Hence, in the western Guizhou region, large
amounts of CBM were generated during the Yanshanian.
The produced CBM volume is much larger than the
volume that can be absorbed by coal seams, which results
in the widely distributed overpressure in coal reservoirs
during the Yanshanian. However, the current pore pressure
difference in different geological units and burial depths
may be influenced by other factors.

4.5 Basement structure and tectonic activity

Basement structure and tectonic activity factors are
significant in influencing pore pressure variation in coal
reservoirs. The characteristics of basement structure may

cause differential development of sedimentation, magma-
tism, metamorphism and tectonic deformation in a
sedimentary basin. Based on the characteristics of the
regional gravity anomaly in the western Guizhou region,
the distribution of the basement structure is shown in Fig.
14. Obviously, coal reservoirs in areas with NW-SE-
trending basement faults (e.g., Gemudi and Dailang
synclines) are generally characterized by underpressure,
which suggests that the NW-SE-trending basement faults
in the northern Liupanshui mining area may cause the
appearance of underpressure in coal reservoirs.
The western Guizhou region experienced Indosinian,

Yanshannian and Himalayan tectonic movements after the
main coal layers were deposited in the Late Permian (Xu
and He, 2003; Dou, 2012; Li et al., 2015; Ju et al., 2018c).
Among these movements, Yanshannian tectonic activities
are extremely critical for the deformation and structural
patterns in the western Guizhou region. During the
Yanshannian, the evolution of the tectonic stress field
was as follows: i) NE-SW-trending compression, ii) nearly
N-S-trending compression, iii) NW-SE-trending compres-
sion, and iv) regional extension (Dou, 2012). The stress
field sequence further explains the appearance of under-
pressure in areas with NW-SE-trending basement faults,
where NW-SE-trending compression occurred after NE-
SW-trending compression and parallel to the dominant
basement structures. In addition, large numbers of faults
(especially normal faults) are developed in the Zhina
mining area (Fig. 15), which are typically generated from
structural inversion caused by the rapid uplift of Xuefeng
Mountain. The Zhina mining area is close to Xuefeng
Mountain, hence, the strength of regional extension is
higher than the other areas, generating more normal faults
in this area (Qiu et al., 1999; Xu and He, 2003; Dou, 2012).

Fig. 11 Burial history and thermal evolution of coal seam in western Santang syncline (Zhina mining area); (a) and western Panguan
syncline (southern Liupanshui mining area); (b) of western Guizhou region (after Dou, 2012).
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Fig. 12 Isoline map showing the maximum vitrinite reflectance in the Permian coal reservoirs of western Guizhou region (the data are
from Xu and He, 2003).

Fig. 13 Generation of thermogenic gas from coal with increasing thermal maturity (after Thakur et al., 2014).
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The development of normal faults in the Zhina mining area
produces an open environment that favors the formation of
underpressure in coal reservoirs.
Hence, in the western Guizhou region, from coal

reservoirs with overpressure in the Yanshanian to the
current appearance of underpressure, normal pressure and
overpressure in different CBM units and coal seams, the
basement structure and tectonic activity may play
important roles in the differential development of pore
pressure in coal reservoirs.

4.6 Sealing capacity

The sealing capacity of caprocks is significant for
analyzing fluid connections between two coal reservoirs.
Generally, in the western Guizhou region, the caprocks are
mainly mudstones and silty mudstones (Fig. 1). The
sealing capacity of siderite-bearing mudstone is generally
larger than that of siderite-free mudstone (Shen et al.,
2019). Hence, siderite-bearing strata with low permeability
and porosity have been considered the most significant gas

Fig. 14 The distribution of basement structure in the western Guizhou region (after Dou, 2012). F1: Panxian-Shuicheng Fault, F2: South
Panjiang Fault, F3: Shuicheng-Ziyun Fault, F4: South Xingyi-Anlong Fault, F5: Puan Fault, F6: Zunyi-Pingba Fault, F7: Guiyang-Puding
Fault, F8: Qianzhong Fault, and F9: Hezhang-Jinsha Fault.
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barrier layers (Qin et al., 2008, 2018; Shen et al., 2019).
Siderite can use its sealing capacity during the entire gas
accumulation process and control the distribution of CBM
reservoirs.
In this study, based on sequence stratigraphy, the

development of siderite-bearing strata, wavelet analysis,
gas content and breakthrough pressure, multiple super-
posed gas-bearing systems are divided with an example of
Well #18 in Panguan syncline (Fig. 16). In this well, well
tests were carried out in coal seams 61, 12, 18 and 24. Coal
seam 61 is in the first gas-bearing system with a pore
pressure gradient of 9.28 MPa/km. Coal seams 12 and 18
are in the second gas-bearing system, and their pore
pressure gradients are 8.75 MPa/km and 8.99 MPa/km,
respectively. Coal seam 24 is in the third gas-bearing
system with pore pressure gradient of 13.01 MPa/km (Fig.
16 and Table 2). Hence, the development of siderite-
bearing strata importantly prevents fluid connections
among different coal reservoirs, causing vertical differ-
ential pore pressure gradients.
Overall, based on the above analysis, in the western

Guizhou region, the present-day in-situ stress field,
basement structure and tectonic activity may act as the
most important factors for the lateral pore pressure
difference in coal reservoirs. The sealing capacity of
caprocks and the present-day in-situ stress field in coal
reservoirs may control the vertical pore pressure differ-
ence. Factors including coal permeability, thermal evolu-
tion and hydrocarbon generation contribute little to the
pore pressure distribution of coal reservoirs. Actually, the
current development characteristics of pore pressure in

different geological units and burial depths of the western
Guizhou region result from many factors that work
together.
In addition, the western Guizhou region is a large area,

which includes many different CBM reservoirs, and each
reservoir has its special features. In this study, we focus on
the mechanism of pore pressure variation in multiple coal
reservoirs in the western Guizhou region on a regional
scale. The controlling factors for pore pressure variation in
a single syncline may differ from each other, which
requires further analysis.

5 Conclusions

In this study, the spatial distribution of pore pressure in
CBM reservoirs is analyzed, and the main geological
mechanism for pore pressure differences in coal reservoirs
of the western Guizhou region is determined.
1) The western Guizhou region can be divided into five

lateral zones based on the pore pressure gradient and/or
coefficient of coal reservoirs: the Zhina, northern Liupan-
shui, southern Liupanshui, northern Guizhou, and north-
western Guizhou mining areas. The Zhina, northwestern
Guizhou, and northern Liupanshui mining areas are
characterized by underpressure, whereas coal reservoirs
in the northern Guizhou and southern Liupanshui mining
areas are mainly characterized by overpressure.
2) Vertically, in the western Guizhou region, variations

in the pore pressure in coal reservoirs indicate two basic
patterns: i) the pore pressure gradient (or pressure

Fig. 15 The development and type of faults in the Zhina mining area of western Guizhou region.
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Fig. 16 The division of multiple superposed gas-bearing systems in Well 18 of Panguan syncline. The gray bands are indicative of
siderite-bearing strata.
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coefficient) is nearly the same in different coal reservoirs,
and ii) pore pressure gradient (or coefficient) varies
cyclically in a borehole profile with multiple coal seams.
3) Factors including coal permeability, thermal evolu-

tion stage and hydrocarbon generation contribute little to
the pore pressure difference in coal reservoirs of the
western Guizhou region.
4) In the western Guizhou region, the present-day in-situ

stress field, basement structure and tectonic activity may be
the dominant factors affecting the lateral pore pressure
difference. The sealing capacity of caprocks and the
present-day in-situ stress field are significant parameters
causing vertical pore pressure differences in coal reser-
voirs.
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