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Abstract

The Late Permian coal-bearing strata in western Guizhou Province, South China, are devel-
oped with multiple coal seams and rich in coalbed methane (CBM) resources. Controlled
by the sealing layers within the coal-bearing strata, multiple vertically superposed indepen-
dent CBM systems were formed, which complicates the CBM accumulation characteristics
and limits CBM development. Through systematic sampling of the main coal seams and
different lithologic strata in Borehole 101 on the southeastern limb of the Agong Syncline
in western Guizhou, mercury intrusion porosimetry (MIP) and Klinkenberg permeability
experiments were conducted on coal and rock samples. The results show that the coal
samples have an average pore volume of 0.0417 mL/g, an average porosity of 5.37%, an
average mercury withdrawal efficiency of 69.79%, and an average well test permeability
of 0.3743 mD; the rock samples have an average pore volume of 0.0064 mL/g, an average
porosity of 1.43%, an average mercury withdrawal efficiency of 7.88%, and an average
Klinkenberg permeability of 0.0128 mD. The pore and permeability conditions of rock
layers are significantly poorer than those of coal seams, which favorably contributes to the
formation of effective sealing layers between coal seams and facilitates the CBM preserva-
tion. Mudstone and argillaceous siltstone in the coal-bearing strata, characterized by their
low porosity and permeability, are suitable as effective gas and water barriers between coal
seams. Based on a comprehensive analysis of the vertical variations in permeability, poros-
ity, and gas-bearing characteristics of Borehole 101, the Upper Permian coal-bearing strata
are preliminarily divided into four independent CBM-bearing systems. These systems are
separated by tight rock layers with extremely low permeability and porosity, and their
division aligns closely with the third-order sequence stratigraphic framework. The findings
can provide a theoretical basis for deepening the understanding of CBM accumulation
mechanisms in multi-seam regions and optimizing the orderly CBM development models.

Keywords: unattached multiple superposed CBM-bearing system; porosity and permeability;
mercury intrusion porosimetry; pore structure; western Guizhou
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1. Introduction

The Late Permian coal-bearing strata in western Guizhou Province of southern China
are characterized by the development of multiple thin coal seams, abundant coalbed
methane (CBM) resources, and distinctive CBM accumulation characteristics [1-4]. Based
on the vertical variations in gas content and reservoir pressure of coal seams in the west-
ern Guizhou [5] proposed the academic concept of “multi-layer vertically superposed
independent CBM-bearing systems.” This concept posits that due to the isolating effect
of low-porosity, low-permeability, and dense rock layers between different coal seams (or
groups), there is a lack of hydraulic communication vertically. As a result, the gas content,
gas saturation and fluid pressure systems remain independent of each other, forming
distinct gas-bearing units vertically [6-9]. The vertical cyclic variations in the porosity
and permeability conditions of coal-bearing strata are a primary factor in the formation of
vertically stacked CBM systems [3,10].

The formation of superposed CBM systems requires favorable preservation conditions
to facilitate CBM accumulation. Coupled with the occurrence of multiple coal seams
vertically, this creates enormous CBM resource potential. On the other hand, western
Guizhou is one of the regions in China with the highest risk of coal and gas outbursts,
and coal mining faces significant gas hazard risks [11]. Efficient CBM development has
the dual significance of increasing natural gas supply in southern China and mitigating
gas hazards in coal mining [12,13]. The sequence stratigraphic framework controls the
vertical variations in coal seam material composition and physical properties. During
transgressive cycles, the vitrinite content in coal seams tends to increase, the inertinite
content tends to decrease, and permeability tends to increase [14]. During regressive cycles,
the vitrinite content tends to decrease, the inertinite content tends to increase, and reservoir
physical properties tend to deteriorate [15,16]. Coal seams near the maximum flooding
surface generally exhibit the best gas-bearing properties and permeability, making them
the primary intervals for CBM development [17]. Coal seams below sequence boundaries
often have lower gas-bearing potential due to poorer preservation conditions; additionally,
under regional regression, they have high inertinite content and low permeability, making
them subsidiary intervals for CBM development [9].

In addition to the sequence stratigraphic framework, tectonic stress and coal seam
thickness also control the permeability of coal reservoirs [18-20]. Coal seam permeability
is relatively high in the transition zone of in situ stress state [21], and the normal fault
stress state dominated by vertical principal stress is favorable for maintaining fractures in
an open state, thereby enhancing permeability [22]. Identifying deep high-permeability
interval is an important approach for achieving efficient development of deep CBM [23,24].
The overpressure state in deep coal reservoirs is conducive to maintaining fracture opening
and enhancing coal seam permeability [10,25-28]. In structurally complex areas, thick
coal seams tend to become the primary stress-absorbing layers, leading to the formation
of tectonic coal, destruction of the primary fracture system, and a sharp deterioration in
reservoir permeability, such as the No. 6 coal seam in western Guizhou [29]. In the early
stage of CBM development in western Guizhou, thick coal seams were selected but the
results were poor. In recent years, the development interval has avoided the No. 6 coal
seam, leading to better development performance [3]. Under the background of high-
frequency sedimentary cycles, coal-bearing strata exhibit the superimposed characteristic
of frequent interbedding of multiple thin coal seams and sandstone/mudstone layers,
which exerts a significant controlling effect on the storage and seepage capacity of coal
measure gas reservoirs. Since coal is a rock type with strong brittleness, low mechanical
strength, and is prone to fracturing, there is a negative correlation between coal seam
thickness and natural fracture density. From the perspective of layer thickness, the smaller
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the single-layer thickness, the more bedding interfaces there are, and the more complex the
transfer and distribution of stress between layers becomes, making it easier to form a high-
density fracture network. The development of high-permeability layers in coal measure gas
reservoirs is attributed to the increased fracture density under thin interbedded conditions,
as exemplified by the Surat Basin in Australia [30].

Regarding the evolution of porosity and permeability of rock layers under the control
of the sequence stratigraphic framework, it has been recognized that the maximum flooding
surface develops tight, low-porosity, low-permeability marine mudstone layers, whereas
the regressive sequence boundary, due to intense dissolution, exhibits well-developed
pores in coarse-grained clastic rocks and can form effective coal-measure gas reservoirs
under favorable sealing conditions of the overlying strata [31]. The spatial distribution of
the marine-continental transitional depositional system controls the development charac-
teristics of the superposed CBM systems. In the delta plain facies, fluid communication
between coal seams is relatively strong, the number of superposed gas-bearing systems
is small, and a unified gas-bearing system tends to form. In the delta front facies, tight
strata are prone to develop, effective fluid communication between coal seams (or coal
seam groups) is lacking, and the number of superposed gas-bearing systems is large [1].

However, previous studies have primarily focused on the characteristics and con-
trolling factors of porosity and permeability in coal seams [32-36], while relatively little
attention has been paid to the porosity and permeability conditions of the rock strata
surrounding coal seams, their cyclicity, and the differences in porosity and permeability
between coal seams and rock strata. This has resulted in a limited understanding of the for-
mation mechanisms and division methods of stacked CBM systems [37-39], and a limited
effectiveness of CBM extraction in areas with multiple coal seams [40-42].

This study systematically collected coal and rock samples from various lithologic
strata of the Late Permian coal-bearing sequence in the Agong Syncline of western Guizhou.
Mercury intrusion porosimetry (MIP) and Klinkenberg permeability experiments were
conducted to reveal the vertical cyclic variations in the pore and permeability conditions of
coal seams and surrounding rocks. By integrating the gas-bearing characteristics of the coal
seams, the formation conditions and vertical distribution patterns of independently stacked
CBM systems were elucidated. The findings aim to enhance the understanding of CBM
accumulation mechanisms under multi-seam conditions in western Guizhou and provide a
theoretical basis for the efficient development of CBM resources in such geological settings.

2. Study Area

The Agong syncline is located in the eastern part of the Bide-Santang Basin in western
Guizhou, and is structurally situated on the southern margin of the Bijie NE-trending
structural deformation zone (Unit IV), which belongs to the Zunyi fault arch (Unit III), the
Northern Guizhou uplift (Unit II) of the Yangtze Paraplatform (Unit I) [43]. It is bounded
by the Nayong fault to the north and terminates at a NE-trending sinistral transform fault
to the south. The fold axis generally trends NE, and the structures within the area are
dominated by faults, primarily with NE and nearly EW orientations, while secondary folds
are underdeveloped. The core of the syncline exposes the middle and lower members of
the Feixianguan Formation, Lower Triassic. The sampling site for this study is located on
the southeastern limb of the northern part of the Agong syncline (Figure 1a).
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Figure 1. Structural outline and coal-bearing stratigraphic column of the Agong syncline. (TST: Trans-
gressive System Tract; HST: Highstand System Tract; SQ: Sequence.). (a) Geographic location, topogra-
phy and tectonic outline of the Bide-Santang Basin in Zhina Coalfield, Guizhou, China; (b) Sequence
stratigraphic division of coal-bearing strata and distribution of coal samples and rock samples.

The strata in the study area, from oldest to youngest, consist of the Middle Permian
Maokou Formation, the Upper Permian Emeishan Basalt Formation, the Longtan Formation,
the Changxing Formation, the Lower Triassic Feixianguan Formation, and the Quaternary
deposits. The Changxing and Longtan Formations are the primary coal-bearing strata in
this region, with the Longtan Formation being predominant. The Longtan Formation has
a thickness ranging from 242 to 265 m, averaging 251 m. Its lithology is dominated by
fine-grained clastic rocks, interbedded with coal seams, limestone, and siderite layers. The
fine clastic rocks include fine sandstone, siltstone, argillaceous siltstone, silty mudstone,
mudstone, and carbonaceous mudstone. The Longtan Formation primarily developed
in lagoon-tidal flat facies, lower delta plain facies, distributary channel facies, and peat
swamp facies. It contains 25 to 38 coal seams with a total thickness of approximately 22 m,
of which about 9 seams are considered minable, including coal seams No. 6, 14, 16, 21, 23,
27,30, 32, and 35. The coal rank is anthracite (Figure 1b).

Within the area, limestone karst aquifers are developed, including the strong karst-
fissure aquifer of the Maokou Formation, the moderate karst-fissure aquifer of the Changx-
ing Formation, and the strong karst-fissure aquifers in the second and fourth members
of the Feixianguan Formation. Due to constraints imposed by topography, structure, and
rock permeability, these karst aquifers lack interconnection and form independent hy-
drodynamic systems. The widely developed sinkholes and subsurface karst conduits,
resulting from the extensive exposure of carbonate rocks, serve as effective pathways for
the recharge, runoff, and discharge of both surface water and groundwater. Apart from the
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karst aquifers, the Longtan Formation constitutes an interlayer fissure aquifer within clastic
rocks interbedded with limestone, characterized by weak water-bearing capacity. The main
lithologies of the primary aquifers within the Longtan Formation include limestone, fine
sandstone, and marl, while mudstone, argillaceous siltstone, siltstone, and coal seams
generally act as aquicludes. The first member of the Feixianguan Formation overlying the
coal-bearing strata and the underlying Emeishan Basalt Formation both serve as aquicludes,
resulting in no direct hydraulic connection between the coal-bearing strata and the lime-
stone karst aquifers of the second member of the Feixianguan Formation and the Maokou
Formation. Overall, the water abundance is generally weak in the coal-bearing strata. The
Quaternary system forms a porous, weakly water-bearing aquifer.

The Bide-Santang Basin is an important CBM enrichment area in southern China,
where preliminary commercial development has been achieved. Over 50 production wells
have been put into operation, with average daily gas production of 2000-3000 m> for
vertical /directional wells and 6000-8000 m? for horizontal wells. Well W1 on the SE limb
of the Agong Syncline achieved a maximum daily gas production of 6100 m3/d, and the
first proven CBM reserves reported in Guizhou Province was approved for the Agong
Syncline, both confirming the CBM development potential of this syncline. However, the
development mode for vertical/directional wells in the study area is primarily multi-layer
commingled production, which faces the issue of interlayer interference that restricts devel-
opment performance. Investigating the development characteristics and main controlling
factors of superposed CBM systems and reasonably defining production layer combinations
to reduce or even avoid interlayer interference during commingled production will be an
important approach to increasing single-well gas production, and this is also the main
research objective of this study.

3. Samples and Methods

The sampling site is located at Borehole 101 on the southeastern limb of the northern
Agong Syncline (Figure 1a). Systematic collections were made of coal core samples from the
main coal seams of the Upper Permian coal-bearing strata, along with representative rock
core samples (Figure 1b). MIP and Klinkenberg permeability experiments were carried out
on rock samples and coal samples to reveal the differences between the two and the cyclic
variation characteristics of porosity and permeability, as well as to elucidate the control
effect of the sequence stratigraphic framework.

A total of 10 coal samples were taken from eight coal seams stacked vertically, namely
coal seam Nos. 2, 6, 16, 21, 23, 30, 32, and 35, among which two samples were collected
from each of No. 30 and No. 32 coal seams. Since these two seams contain partings, one
sample was taken from the coal above the parting and one from the coal below the parting.
The coal samples are numbered from C1 to C10.

Based on sedimentary cycle characteristics, 25 rock samples were collected from coal-
bearing strata for MIP, designated as conventional rock samples, numbered 1 to 25. To
finely reveal the vertical evolution of formation sealing capacity and to better understand
the development characteristics of superposed CBM-bearing systems and the controlling
mechanisms of physical properties, an additional 19 rock samples were collected based
on vertical variations in lithology, namely supplementary rock samples. The naming rule
for the supplementary rock samples is as follows: based on the conventional rock sample
number (e.g., Sample 1), the supplementary samples collected shallower than that sample
are numbered sequentially (e.g., Sample 1-1, 1-2). Vertical Klinkenberg permeability tests
were planned to conduct on a total of 44 rock samples, including conventional rock samples
and supplementary rock samples.
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MIP experiments were conducted on 10 coal samples and 25 conventional rock samples
using an Autopore IV 9510 mercury intrusion porosimeter (Micromeritics Instrument
Corporation, Norcross, GA, USA), with an intrusion pressure range of 0.0036—413.315 MPa
and a lower detection limit for pore diameter of 3.0 nm. The sample required for the mercury
intrusion experiment is a block sample with side lengths of 1-2 cm. Pore size classification
of the samples was performed according to the decimal classification system [44], as
follows: <10 nm, micropores; 10-100 nm, transitional pores; 100-1000 nm, mesopores; and
>1000 nm, macropores.

The sample required for the permeability experiment is a plug sample with a diameter
of 2.5 cm and a length of 5 cm, and it must be drilled perpendicular to the bedding plane.
Rock sample No. 11 was too fragmented to prepare a plug sample, so the permeability
experiment could not be carried out. In addition, due to the coal samples being too
fragmented to be made into a plug sample, permeability testing was not performed on them.
Therefore, vertical Klinkenberg permeability tests were conducted on a total of 43 rock
samples of various lithologies from coal-bearing strata to analyze the sealing capacity of
each lithologic unit. The tested lithologies include limestone, marl, fine sandstone, siltstone,
argillaceous siltstone, silty mudstone, and mudstone. The tests were performed using a
PDP200 pulse-decay Klinkenberg permeameter (Core Laboratories, Houston, TX, USA),
with a permeability measurement range of 0.00001-10 mD, suitable for low-permeability
tight samples. Nitrogen (N;) was used as the test gas. Additionally, scanning electron
microscopy (SEM) experiments were carried out on several typical coal and rock samples
to examine the characteristics and filling conditions of pores and fractures.

The detailed information of all samples is listed in Table 1. The conventional rock
samples were subjected to microscopic lithological identification. Figure 2 shows the
microscopic photographs and lithological identification results of 12 of these samples.

Figure 2. Cont.
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Figure 2. Plane-polarized light micrograph of typical rock samples: (a), No. 2, Bioclast-bearing
micritic limestone, dissolution fractures; (b) No. 3, Bioclastic fine crystalline limestone; (c) No. 4,
Dolomitized fine-grained feldspathic lithic sandstone; (d) No. 7, Laminated calcareous fine-grained
lithic sandstone; (e) No. 10, Bioclast-bearing, dolomite-bearing, calcareous mudstone; (f) No. 12,

Calcareous fine-grained lithic sandstone; (g) No. 13, Carbonaceous muddy coarse siltstone; (h) No. 15,

Calcareous argillaceous siltstone, tectonic fractures; (i) No. 17, Carbonatized tuffaceous siltstone;
(j) No. 20, Marl; (k) No. 24, Argillaceous bioclastic fine crystalline limestone; (1) No. 25, Bioclast-
bearing carbonaceous mudstone.

Table 1. Information of samples.

Conventional Rock Samples Supplementary Rock Samples Coal Samples
Sample . Sample . Sample Coal Seam
Number Depth/m Lithology Number Depth/m Lithology Number Depth/m Number
Fine
1 182.4 Mudstone 1-1 132.77 crystalline C1 157.36 No. 2
limestone
Micriti Fine
2 189.77 _vaentie 12 139.87 crystalline 2 194.2 No. 6
limestone .
limestone
Fine Fine
3 200.61 crystalline 1-3 159.44 crystalline C3 291.08 No. 16
limestone limestone
Fine .
4 225.89 4-1 202.76 Siltstone C4 338.28 No. 21
sandstone
5 231.14 Fine 4-2 213.32 Fine c5 358.67 No. 23
sandstone sandstone
6 23482 Carbonaceous 43 225.39 Siltstone C6 409.11 No. 30 above
mudstone the parting
7 261.22 Fine 12-1 310.53 Mudstone c7 41025 No. 30 below
sandstone the parting
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Table 1. Cont.
Conventional Rock Samples Supplementary Rock Samples Coal Samples
Sample . Sample . Sample Coal Seam
Number Depth/m Lithology Number Depth/m Lithology Number Depth/m Number
8 265.6 Mudstone 122 316.93 Fine C8 4385 No. 32 above
sandstone the parting
9 273.67 Siltstone 141 35436 Siltstone 9 43913 No-32below
the parting
10 280.15 Mudstone 14-2 356.37 Siltstone C10 470.88 No. 35
11 292.88 Silty 19-1 403.21 Siltstone
mudstone
12 29838 Fine 21-1 423 Micritic
sandstone limestone
13 3255 Siltstone 21-2 423.93 Mudstone
14 358.77 Carbonaceous 213 42532 Silty
mudstone mudstone
Argillaceous .
15 364.36 : 21-4 430.98 Siltstone
siltstone
16 37736 Carbonaceous -1 4402 Silty
mudstone mudstone
17 380.42 Siltstone 22-2 441.45 Marl
18 388.04 Fine 25-1 480.13 Marl
sandstone
19 41074 Siltstone 25-2 482.05 Calcareous
mudstone
20 413.45 Marl
21 435.73 Carbonaceous
mudstone
22 444.41 Fine
sandstone
23 447 85 Arglllaceous
siltstone
Fine
24 461.05 crystalline
limestone
25 467 Carbonaceous
mudstone
4. Results

4.1. Pore Structure of Coal Samples

Analysis of the pore distribution characteristics in coal samples, based on the MIP re-
sults (Table 2), indicates that the micropores and transitional pores are the most developed,
followed by the macropores, while the mesopores are the least developed. Further analysis
of capillary pressure curve morphology reveals two types of coal samples (Figure 3). The
pore size of coal samples varies greatly, and accordingly, the range of mercury injection
pressure also varies widely; therefore, logarithmic coordinates need to be used. Type I,
represented by coal seams 2, 32 and 35, exhibits relatively flat mercury intrusion curves,
indicating a balanced pore development across all pore size ranges, with well-developed
mesopores and macropores. Coal 35 is particularly representative of this type, showing
minimal slope variation and a highly uniform pore size distribution. Moreover, this curve
type exhibits relatively low mercury withdrawal efficiency of approximate 50%, which sug-
gests poor pore connectivity (Figure 3a). Another type, which encompasses coal samples
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No. 6, 16, 21, 23 and 30, is termed Type II. Pore development is uneven across all pore
size levels, with micropores and transitional pores being significantly better developed
than macropores and mesopores, the latter of which are the least developed. The curve
morphology represents a low proportion of macropores and a high proportion of transi-
tional pores. The mercury withdrawal efficiency is relatively high, often approaching 80%,
which indicates good pore connectivity (Figure 3b). The difference in mercury withdrawal
efficiency between the two types suggests that coal samples with a single pore size distribu-
tion exhibit high mercury withdrawal efficiency, whereas those with developed pore sizes
at all levels exhibit low mercury withdrawal efficiency. Overall, Type II curves are more
favourable for CBM enrichment and production.

As shown in Table 2, the parameters of Coal Seam 2 and Coal Seam 35 differ signif-
icantly from those of other coal seams. For example, their total pore volume, average
pore diameter, median volumetric pore diameter and porosity are all notably higher. This
is primarily due to the significantly greater development of mesopores and macropores
in these two seams. The median volumetric pore diameter and average pore diameter
suggest that all seams except Coal Seam 2 and Coal Seam 35 are smaller than 20 nm. This
reveals a characteristic dominated by fine pore-throats, with micropores and transitional
pores holding a dominant advantage. Overall porosity is relatively low, averaging 5.37%.
The mercury withdrawal efficiency is generally high, typically exceeding 50%, which
indicates good pore connectivity. This has a positive impact on CBM flow. However,
Coal Seams 2 and 35, which developed mesopores and macropores, exhibited relatively
low mercury withdrawal efficiency, indicating poor pore connectivity. The reason is that
Coal Seams No. 2 and 35 has undergone more intense tectonic deformation. There was a
strong positive correlation between the mercury withdrawal efficiency and the proportion
of transitional pores and micropores. This reveals that the high mercury withdrawal
efficiency of coal samples in this area is related to the presence of a single micropores size
(Figure 4a). The efficiency of mercury withdrawal is higher in coals with a homogeneous
pore system.

@ No.35,Typel (b) No.21,Typell

1000 T 1 1000 —e— Intrusion Curve |
—e— Intrusion curve —e— Extrusion Curve
100 F —e— Extrusion curve - 10 100

10 [ 100 100

1000 1000

Pressure/MPa
Pore diameter/nm

10000 10000

Pore diameter/MPa
Pore diameter/nm

100000 0.01 [ 100000

0.01 [

0.001 | | | | 1000000 0.001 . . . \ 1000000
100 80 60 40 20 0 100 80 60 40 20 0
Mercury saturation/% Mercury saturation/%

Figure 3. Types of MIP curves for coal samples: (a) Type I MIP curve of No. 35 coal seam; (b) Type II
MIP curve of No. 21 coal seam.
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Table 2. MIP results of coal samples.

Proportions of Pores at

Sample Pore Specific M;dlan Median Average Pore  Porosity WI:/t[lfflcruivy 1 Threshold Median Various Levels/%
Number Volume Surface Area ore Pore Area Diameter/nm Y 1drawa Pressure Pressure "
fem3.g-1 /m2.g-1 Volume /am o Efficiency /MPa /MPa Macropores  Mesopores Transitional Micropores
/mm 1% Pores

C1 0.0594 17.97 102.2 4.6 13.2 7.19 49.83 0.0097 12.38 39.23 10.94 17.51 3232
C2 0.0274 13.33 9.4 4.5 8.2 3.92 77.74 0.0095 137.58 19.71 3.28 24.45 52.55
c3 0.0374 17.14 10.6 45 8.7 478 69.52 0.0202 120.35 22.46 4.55 23.53 49.47
C4 0.0304 15.70 8.3 45 7.7 427 76.64 0.0757 155.03 15.79 3.62 24.34 56.25
C5 0.0382 17.96 9.8 47 8.5 4.81 79.32 0.0370 137.59 25.13 1.83 2147 51.57
Coé 0.0326 15.71 9.8 44 8.3 415 76.69 0.0372 120.37 18.71 5.21 24.54 51.53
c7 0.0360 18.71 8.5 4.5 7.7 4.50 83.89 0.0238 155.02 11.94 5.00 27.22 55.83
C8 0.0368 14.38 16.7 45 10.2 5.08 63.04 0.0483 75.591 30.98 6.52 20.38 4212
c9 0.0370 16.09 12.2 4.5 9.2 4.99 71.08 0.0588 103.17 22.16 6.49 24.86 46.49
C10 0.0821 18.72 357.9 4.6 17.5 9.99 50.18 0.0096 3.42 39.34 20.34 16.57 23.75

Average 0.0417 16.57 54.54 4.53 9.92 5.37 69.79 0.0330 102.05 22.55 6.78 24.49 46.19
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Figure 4. Inter-parameter correlations of MIP experiments on coal samples: (a) Correlation between
mercury withdrawal efficiency and the proportion of transitional pores and micropores; (b) Correla-
tion between the microporous and mesoporous pore ratio and threshold pressure; (c) Correlation
between the proportion of transitional pores and micropores and median pressure.

The relatively small differences in specific surface area suggest that the adsorption
properties of different coal seams may be similar. However, adsorption characteristics are
also influenced by factors such as maceral, coal rank and moisture. Micropores and transi-
tional pores are the primary contributors to specific surface area, as evidenced by the fact
that the median pore diameter in specific surface area (approximately 4 nm) is significantly
smaller than the median pore diameter in volume. The threshold pressure ranges from
0.0095 to 0.0757 MPa and exhibits an overall negative correlation with the proportion of
macropores and mesopores (Figure 4b). In other words, the more developed the mesopores
and macropores are, the lower the threshold pressure. The threshold pressure reflects the
pressure at which mercury begins to enter the sample in significant quantities. Therefore,
the more developed these pores are, the easier it is for mercury to infiltrate and the lower
the required threshold pressure value. The median pressure corresponds to the pressure
at which mercury saturation reaches 50%, reflecting the characteristics of the pore size
distribution. A higher median pressure indicates that the overall pore size distribution
tends to be smaller. The strong positive correlation between the median pressure and the
proportion of the transitional pores and micropores clearly illustrates this view (Figure 4c).

4.2. Pore Structure of Rock Samples

Based on the morphology of the capillary pressure curves, the rock samples were
classified into four types (Figure 5).
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Figure 5. Types of MIP curves for rock samples: (a) Type I MIP curve of Sample 1 (mudstone);
(b) Type I MIP curve of Sample 5 (sandstone); (c) Type III MIP curve of Sample 14 (mudstone);
(d) Type IV MIP curve of Sample 20 (marl).

The first type comprises the largest number of samples, represented by samples
1,2,8,12, 15, 16, 17, 18, 21, 22, and 25. The mercury intrusion curve exhibits a right-
upward shift, indicating that the pore-throat distribution is biased towards fine pore-throats.
The mercury withdrawal efficiency is poor, indicating poor pore connectivity. This pore
structure characteristic often has good sealing performance. The representative lithologies
of this type are mudstone, silty mudstone and marl (Figure 5a).

The second type includes samples such as 3, 5, 9, 10, 11, 23, and 24. The mercury
intrusion curve of this type show a clear down-leftward shift, indicating that the coarse-
pore throat is dominant, while the fine-pore throat is relatively underdeveloped. Mercury
showed virtually no release from the sample, indicating extremely poor pore connectivity.
The representative lithologies are siltstone and limestone (Figure 5b).

The third type is a transitional category between the first two types. It is exemplified
by samples 4, 6, 7 and 14, with the mudstone sample being the most typical. This curve
type exhibits minimal slope variation and remains relatively straight overall, indicating
uniform pore distribution across all size levels. Sample 6 demonstrates higher mercury
withdrawal efficiency. The lithology consists mainly of fine sandstone and carbonaceous
mudstone (Figure 5c).

The fourth type is represented by samples 13, 19 and 20. This curve morphology
features a distinct vertical segment in the middle and relatively horizontal ends, which
indicates a polarised pore size distribution. Specifically, micropores and macropores are
relatively developed, while intermediate transitional pores are underdeveloped. Mercury
withdrawal efficiency is low. The lithology is dominated by siltstone and marl (Figure 5d).

The overall rock samples exhibited poor mercury withdrawal efficiency, consistent
with the fact that the Longtan Formation consists primarily of fine-grained clastic rocks
interbedded with limestone and marl. The poor pore connectivity of the surrounding
rocks supports the formation of effective sealing layers between coal seams, conducive to
CBM preservation.
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Total pore volume, porosity, volumetric median pore diameters, average pore diame-
ters, median pore pressure, and total specific surface area all exhibit fluctuating variations
vertically across different stratigraphic levels. These parameters are strongly influenced by
the proportion of micropores: as micropores become more developed, total pore volume,
porosity, median pore pressure, and total specific surface area generally increase, while vol-
umetric median pore diameters and average pore diameters generally decrease (Figure 6).
The median pressure and pore diameter vary over a wide range, so logarithmic coordinates
are needed; other parameters show little variation, so they do not require logarithmic coor-
dinates. Microporosity indicates the extent to which pores have developed. Well-developed
microporosity results in higher total pore volume, signifying greater porosity. In rock layers
with poorly developed microporosity, although macropores constitute a larger proportion,
overall porosity development is low, with small total pore volume. Such examples include
samples 10, 11, 23 and 24.
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Figure 6. Relationship between pore structure parameters and micropore proportion of rock samples:
(a) Correlations between micropore proportion and median pressure—total surface area; (b) Cor-
relations between micropore proportion and porosity—total pore volume; (c) Correlation between
micropore proportion and average pore diameter—volume-median pore diameter.

4.3. Comparison Between Coal Samples and Rock Samples

Further analysis of the vertical variation of different pore structure parameters of
coal and rock samples was conducted. It is evident that the total pore volume, porosity,
and mercury withdrawal efficiency of coal samples are significantly higher than those of
rock samples (Figure 7). The substantial difference indicates that the rock strata exhibit
significantly weaker pore development and connectivity compared to coal seams, revealing
a strong sealing effect on CBM. A detailed analysis of porosity development across different
lithologies (Table 3) reveals that mudstone exhibits the highest porosity and pore volume.
This is followed by fine sandstone, silt-mudstone, marl, siltstone, muddy siltstone, and
limestone. Mercury withdrawal efficiency exhibits a similar distribution pattern and
a strong positive correlation with total pore volume. Specifically, mercury withdrawal
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efficiency tends to increase with rising total pore volume (Figure 8). Lithologies with
well-developed porosity, such as mudstone, siltstone, and fine sandstone, often exhibit
well-developed micropores. In contrast, lithologies with poorly developed porosity, such
as muddy siltstone and limestone, contain a smaller proportion of micropores compared to
macropores (Table 3).
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Figure 7. Comparative analysis of pore structure parameters in coal versus rock samples: (a) Relation-
ship between depth and total pore volume of coal and rock samples; (b) Relationship between depth
and porosity of coal and rock samples; (c) Relationship between depth and mercury withdrawal
efficiency of coal and rock samples.

Table 3. Comparison of pore development characteristics among different lithologies.

Mercury Proportions of Pores at Various Levels/%
Lithology Total Pore Porosity /%  Withdrawal Threshold —
Volume/mL-g~1 Efficiency/% Pressure/MPa Macropore Mesopore Trar;)s;trleonal Micropore
Fine sandstone 0.0083 1.94 6.04 0.0298 17.99 7.68 18.28 56.05
Siltstone 0.0037 0.86 1.70 0.0359 35.39 7.76 6.56 50.30
Argillaceous 0.0031 0.73 0 0.0383 50.23 8.10 1.85 39.81
siltstone

Silty mudstone 0.0077 1.71 7.09 0.0306 45.86 5.62 2.48 46.05
Mudstone 0.0092 2.04 19.38 0.0303 31.16 9.19 8.16 51.49
Limestone 0.0019 0.42 0 0.0287 46.25 19.21 7.50 44.31
Marl 0.0077 1.69 7.21 0.0479 30.64 8.52 5.51 55.33
Coal 0.0417 5.37 69.79 0.0330 22.55 6.78 24.49 46.19
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Figure 8. Relationship between total pore volume and mercury withdrawal efficiency in rock samples.

Overall, the coal-bearing strata in this area consist of fine-grained clastic rocks in-
terbedded with marine limestone. These strata have poorly developed porosity and weak
connectivity, forming a well-sealed stratigraphic barrier between coal seams. This strati-
graphic sequence provides favorable conditions for CBM preservation while hindering
fluid exchange between coal seams. Consequently, unattached multiple superposed CBM-
bearing system was formed in the coal-bearing strata.

4.4. Rock Sample Permeability

The Klinkenberg permeability of the rock samples ranged from 0.0006 to 0.1142 mD,
with an average of 0.0142 mD, indicating overall low permeability (Table 4). Permeability
values increased with lithologies in the following order: argillaceous siltstone, mudstone,
limestone, marl, silty mudstone, fine sandstone, and siltstone (Table 5), reflecting the
decreasing sealing capacity of these lithologies. The permeability values of argillaceous
siltstone, mudstone, limestone, and marl are an order of magnitude lower than those of fine
sandstone, siltstone, and silty mudstone. Therefore, under conditions of poorly developed
faults and fractures, these lithological strata effectively prevent the vertical migration or
loss of CBM. Even fine sandstones and siltstones, which have relatively higher permeability,
generally exhibit very low average values below 0.05 mD. The entire coal-bearing strata
demonstrates characteristics of tightness and low permeability (Tables 4 and 5). This aligns
with the previous pore structure analysis results of rock samples, where the pore structure
characteristics of the coal-bearing strata determine their very low permeability.

The coal-bearing strata in this area formed in a transitional marine—terrestrial environ-
ment. Influence from seawater resulted in early diagenetic pore water that were dominated
by weakly alkaline to alkaline conditions. This provided an abundance of Fe?* for the
formation of diagenetic minerals during the early stages of diagenesis [45]. Combined with
the strong reducing conditions in peat bog areas, this environment favoured the formation
of pyrite. During late diagenesis, the release of substantial amounts of organic acid from
the coal-bearing strata promoted the formation of minerals such as kaolinite. The filling
of pores by these minerals resulted in highly compacted coal-bearing strata, significantly
reducing their pore-permeability conditions (Figure 9). The samples in Figure 9 are all
located in the transgressive systems tract, indicating that the transgressive process tends to
lead to deterioration of the porosity and permeability of rock layers.
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The permeability values of the coal samples were referenced from previous research.
According to the air permeability tests on multiple coal seam samples from Well 1001 in
the Santang syncline of the Bide-Santang basin, the permeability values of coal samples
ranged from 0.07 to 9.47 mD, with an average value of 2.58 mD [46]. This is significantly
higher than the permeability values observed in the rock samples. The average well test
permeability of two CBM wells located in the Bide-Santang basin was 0.3743 mD [47], also
substantially higher than the permeability values obtained from the rock samples tested
in this study. It can be inferred that the substantial difference in permeability between
surrounding rock strata and coal seams makes vertical gas migration between coal seams
extremely difficult. CBM migration is highly restricted to single coal seams, leading to

compartmentalized gas systems with poor vertical connectivity.

Table 4. Permeability testing results of rock samples in order of increasing depth.

Sample Number Permeability/mD Sample Number Permeability/mD Sample Number Permeability/mD
1-1 0.0019 10 0.0279 21-1 0.0007
1-2 0.0011 12 0.0039 21-2 0.0023
1-3 0.0058 12-1 0.0009 21-3 0.0120

1 0.0013 12-2 0.0140 21-4 0.0207
2 0.0033 13 0.0071 21 0.0495
3 0.0028 14-1 0.1142 22-1 0.0016
4-1 0.0015 14-2 0.0180 22-2 0.0108
4-2 0.0046 14 0.0150 22 0.0039
4-3 0.0013 15 0.0060 23 0.0006
4 0.0650 16 0.0038 24 0.0033
5 0.0227 17 0.0009 25 0.0060
6 0.0133 18 0.0013 25-1 0.0030
7 0.0077 19-1 0.0029 25-2 0.0035
8 0.0078 19 0.0140
9 0.1125 20 0.0118

Table 5. Statistics of mean permeability values for different lithologies.

Lithology

Average Klinkenberg Permeability/mD

Fine sandstone
Siltstone
Argillaceous siltstone
Silty mudstone
Mudstone
Limestone
Marl

0.0185
0.0258
0.0033
0.0173
0.0045
0.0046
0.0059

Figure 9. Pore and fracture fillings in the coal-bearing strata of Borehole 101 under scanning electron
microscope: (a) Sample 23, Pyrite filling pores in argillaceous siltstone; (b) Sample C6, Kaolinite

filling fractures in coal seam; (c) Sample 16, Kaolinite filling pores in carbonaceous mudstone.
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5. Discussion

Using permeability, porosity, and gas content data, permeability—porosity and gas-
bearing property profiles for Borehole 101 were established (Figure 10). According to the
adsorption theory, within a unified fluid pressure system, increased burial depth or lower
stratigraphic level of coal seams leads to higher reservoir pressure. This typically causes
CBM content to follow a predictable pattern of increase or decrease (below the critical
saturation depth), with a relatively stable gas content gradient [48,49]. However, the vertical
gas content profile in this borehole displays significant fluctuations that deviate from this
expected pattern (Table 6, Figure 10). This suggests poor hydraulic connectivity between
the coal seam groups, indicating the presence of independent superposed CBM-bearing
systems. Furthermore, the vertical variation in gas content exhibits cyclicity that closely
corresponds to the third-order sequence stratigraphic framework.

By integrating the permeability, porosity, and gas-bearing property profiles, the coal-
bearing strata is divided into four independent CBM-bearing systems (Figure 10). These
systems are separated by tight, low-permeability, and low-porosity rock layers that prevent
fluid (gas and water) exchange between them. Each system is governed by an independent
fluid pressure state. Within each system, gas content generally increases regularly with
depth, maintaining a relatively stable gradient. In contrast, gas content varies erratically
between different systems, and the gas content gradient differs significantly across them
(Table 6). Notably, the compartmentalized gas systems show a strong correlation with
the third-order sequence stratigraphic framework. This supports previous findings that
the sequence stratigraphy controls the development of independent superposed CBM
systems [5]. The porosity and permeability of coal seam and rock layers are influenced by
sedimentary cycles associated with sequence stratigraphy. Near maximum flooding surface,
the content of fine-grained argillaceous material, pyrite and siderite fillings, carbonate
cements, and kaolinite increased. This results in the formation of tight, low-porosity, and
low-permeability rock layers near sequence boundaries [8,50], which subsequently form
the sealing boundaries for the individual gas-bearing systems.

Table 6. Gas content of the principal coal seams in borehole 101, Agong syncline.

Coal Seam Number CBM-Bearing System Depth/m Gas Content/m3-t~1 Gas Content Gradient/m3-(t-hm)—1
6 1 192.6 7.82 4.06
14 285.0 8.01 2.81
15 2 290.4 9.34 3.22
16 305.5 11.73 3.84
17 314.9 11.97 3.80
21 337.2 6.25 1.85
23 3 357.1 9.44 2.64
27 374.6 11.34 3.03
30 406.5 9.22 2.27
32 4 437.6 9.39 2.15
35 468.9 9.84 2.10

Further analysis reveals that the sealing lithological units forming the boundaries
of the CBM-bearing systems are primarily composed of mudstone, silty mudstone, and
argillaceous siltstone (Figure 10). This finding aligns with the aforementioned permeability
analysis, which identified mudstone and argillaceous siltstone as having the lowest perme-
ability. While limestone and marl exhibit lower measured permeability than silty mudstone
in laboratory tests, their fluid flow is predominantly governed by karst fractures, which
are heterogeneously developed. Consequently, standard laboratory permeability measure-
ments, designed primarily for porous media, are less representative for fractured rocks
like limestone and marl, where connected fracture networks, rather than matrix porosity,
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control effective permeability and sealing integrity. It can be inferred that mudstone and
argillaceous siltstone likely form the most effective sealing layers in this area. Previous stud-
ies provide supporting evidence for this conclusion: Ref. [51] observed well-formed quartz
and kaolinite crystals filling the pores of mudstone and argillaceous siltstone samples from
the coal-bearing strata in western Guizhou, attributing these features to quartz overgrowth
and kaolinization under acidic conditions. Ref. [45] proposed that the argillaceous rocks
cemented by siderite or pyrite near the maximum flooding surface become highly compact
and can act as regional barriers to water and gas flow vertically.
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Figure 10. Vertical variations in porosity, permeability, and gas-bearing system compartmentalization
in the coal-bearing strata of borehole 101, Agong syncline.

The above classification of CBM-bearing systems can provide a geological basis for the
design of CBM development schemes. Ideally, the production layer combination should
not cross different CBM-bearing systems to avoid interlayer fluid pressure interference.
Previous studies have shown that shallow CBM development in western Guizhou is prone
to surface water and shallow groundwater crossflow interference, which restricts pressure
drawdown and gas production [3]. Hydrodynamic conditions are weak in deep coal
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seams, and CBM enrichment conditions are favorable. Therefore, developing the four
CBM-bearing systems sequentially from deep to shallow should be the optimal orderly
CBM development scheme, i.e., develop CBM-bearing system 4, CBM-bearing system
3, CBM-bearing system 2, and CBM-bearing system 1 in order. Development practice
also shows that deep gas-bearing systems have better development performance than
shallow ones.

6. Conclusions

(1) The pore development in coal samples progresses from largest to smallest as
micropores, transitional pores, macropores, and mesopores. The average total pore volume
is 0.0417 mL/g, the average porosity is 5.37%, and the average mercury withdrawal
efficiency is 69.79%. The coal samples are classified into two types based on capillary
pressure curves, with Type II curves generally being more favorable for CBM accumulation
and production.

(2) Rock samples were classified into four pore structure types based on capillary
pressure curves, with micropores determining the degree of pore development in the
samples. On average, the total pore volume of the rock samples was 0.0064 mL/g, with
an average porosity of 1.43%, and the average mercury withdrawal efficiency was 7.88%.
Overall, the degree of pore development was low and the pore connectivity was weak. The
rock strata exhibited significantly poorer permeability and porosity conditions than the
coal seams, displaying highly dense characteristics that formed a fluid flow barrier between
coal seams.

(3) The Klinkenberg permeability of the rock samples ranges from 0.0006 to 0.1142 mD,
with an average value of 0.0142 mD, indicating an overall ultra-low permeability condition.
These values are significantly lower than both the air permeability of coal samples measured
in the laboratory and the in situ coal reservoir permeability determined through well testing.
Notably, mudstone and argillaceous siltstone exhibit the lowest permeability, confirming
their superior sealing capacity.

(4) Based on integrated analysis of vertical variations in permeability, porosity, and gas
content characteristics, the coal-bearing strata in the study area are divided into four inde-
pendent CBM-bearing systems. These systems are separated by tight layers with extremely
low permeability and porosity, and their delineation shows strong correspondence with
the third-order sequence stratigraphic framework. This study provides critical geological
insights for optimizing production coal seams and implementing development strategies
in multi-seam CBM reservoirs.
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