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Abstract: The coalbed methane resources of the Gujiao Block are abundant, and the exploration
degree is high. The gas production and water production of different CBM (coalbed methane) wells
vary greatly. The average gas production of CBM wells in the study area is mostly less than 1000 m3/d,
while the average water production is mostly less than 5 m?®/d. The gas production of CBM wells
near the core of the Malan syncline is relatively high. A series of large faults exist in the central and
eastern parts of the study area, and CBM wells nearby produce more water but less gas. The salinity
of water discharged from CBM wells ranges from 810.34 to 3115.48 mg/L, which is consistent with
the trend of a gradual increase from north to south. The gas content distribution follows this same
gradually increasing north to south trend. Coal thickness and buried depth have little effect on gas
production, but have some effects on water production. The endogenous fracture system in the coal
reservoir is extremely developed and the porosity and permeability of the reservoirs are low, which is
not conducive to the migration and recovery of coalbed methane. The adsorption capacity of the coal
sample is strong. However, the continuous uplift and denudation of the stratum from the middle
Yanshanian to the Himalayan region are not conducive to the preservation and enrichment of coalbed
methane. In addition, a series of large faults exist in this area, and the coal structures are broken. A
large amount of coalbed methane is continually being released. Generally, structural and hydrological
conditions affect the porosity, permeability, and gas content of coal reservoirs, thereby affecting the
productivity of coalbed methane wells. The comprehensive analysis shows that the Xingjiashe well
field in the southern part of the study area is a favorable area for CBM exploration and development.
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1. Introduction

The Gujiao Block is located in the Xishan Coalfield, Taiyuan City, Shanxi Province,
China, with a CBM resource of about 82.9 billion cubic meters [1,2]. This is a commercial
development area in North China [3]. CBM development in the Gujiao Block has the
advantages of plentiful resources, shallow burial depth, and high gas content, etc. [4-0].
However, the lithology of the coal-bearing strata in this area is diverse, with frequent
interbeds and strong cyclicity of sandstone, mudstone, and coal seams [7], resulting in
complex and variable gas and water distribution in coal measures [8], and multiple fluid
pressure systems are often developed vertically [6,9]. All of these factors affect the dis-
tribution of gas and water in the gas-bearing system, the difference in fluid energy, and
the accommodation of the fracturing coproduction technology. A total of 700 wells have
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been constructed in this area, and the main gas-producing coal seam contains No. 2 coal,
No. 8 coal, and No. 9 coal. The gas production and water production of CBM wells in
different fields are quite different; even the drainage laws of adjacent wells in the same
field are different [10]. However, the average gas production in this region is less than
1000 m?/d. Some wells even produce less than 200 m®/d. The average water production
is less than 10 m3/d. Some wells even produce less than 1 m3/d. These are classified as
low-gas production and low-water production wells, and their limitations seriously affect
the release of CBM in the Gujiao Block. Therefore, it is of great significance to discover the
impact factors affecting the gas production and water production of CBM wells.

There are many factors affecting the productivity of CBM wells, which can be roughly
divided into three aspects: geology, engineering, and working system [11]. Geological
factors mainly include tectonic form and location, sedimentary environment, groundwater
fluid potential, coal seam thickness, buried depth, ground stress, porosity, permeability,
and gas content [12-24]. The Gujiao Block is divided into three working areas. The Malan
working area is dominated by the single-layer mining of No. 8 coal. The Dongqu working
area is dominated by the combined mining of No. 8 and 9 coal and No. 2, 8 and 9 coal. The
Tunlan working area is dominated by the combined mining of No. 2 and 8 coal. Due to
the lack of understanding of the fluid pressure system, gas content, and permeability of
different coal seams in the early stage, the gas production is poor in the later stage. The
fracturing methods of CBM wells in this region are all of the hydraulic fracturing type. For
the convenience of our research, the influence of fracturing fluid and sand addition on the
productivity of CBM wells are temporarily not considered. The CBM wells of No. 8 coal
and No. 8 and 9 coal of the Taiyuan Formation were selected as the research objects, and
the geological factors that influence the temporal and spatial variation of gas production
and water production were analyzed to guide future development and deployment in
the region.

2. Geological Background

The Taiyuan Xishan Coalfield is located in the outer zone of the east wing of the
“Qilu-Helan” structure, at the southern end of the Yangqu-Yuxian east-west structural belt.
The coalfield is connected to the Fenhe Structural basin in the southeast, which belongs to
the central zone of the North China Craton [4-7].

The structural form of the coalfield is roughly a “torch-like” compound syncline
structure (Figure 1). The Xishan Coalfield experienced crustal uplift in the Indosinian period
after the late Paleozoic Carboniferous and Permian coal accumulation period, with strong
compression movement dominated by folds in the Yanshanian region, accompanied by
faults and magmatic intrusion. Afterwards, it underwent a tectonic movement dominated
by NEE trending faults in the Himalayan region, forming the current tectonic framework
of the Xishan Coalfield [4-7].

The tectonics of the Gujiao Block are complex, and a series of faults in the NE direction
with different scales, such as the Gujiao fault, Duerping fault, and Wangfeng fault, have
been developed in this area. The axial of the fold shows a S-N direction in the west of
the block, such as in the Malan syncline. In the east of the block, the axial of the fold
shows a NE direction, such as in the Shigianfeng syncline. In general, the coal seam in the
northwestern part of the block has been seriously damaged by tectonics. The tectonics in
the central and southern parts are relatively simple (Figure 1).

The coal-bearing strata include the Lower Shihezi Formation, the Shanxi Formation,
the Taiyuan Formation, and the Benxi Formation. The Taiyuan Formation is the main
coal-bearing strata, with a thickness of 84-136 m and an average thickness of 100 m. It is
composed of gray-white medium-fine sandstone, dark-gray sandy mudstone, mudstone, 4
to 7 layers of limestone, and 8 to 12 layers of coal seams. Among them, L5 (Dongdayao
limestone), L4 (Xiedao limestone), K2 (Maoergou limestone), and L1 (Miaogou limestone)
are widely distributed throughout the research area. The No. 8 coal and No. 9 coal are
minable seams, and No. 6, 7, and 10 are locally minable seams. The thickness of the Shanxi
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Formation ranges from 30 to 70 m, with an average of 60 m. It is also one of the main
coal-bearing strata composed of black-grey sandy mudstone, siltstone, gray sandstone, and
coal seams. The No. 2, 3 and 4 coal are minable seams in most well fields, and the No. 2, 0,
and 5 coal are locally minable seams [25] (Figure 1).
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Figure 1. Tectonic outline and comprehensive histogram of coal-bearing strata of Gujiao Block
(modified from the hydrological map of the Xishan Coalfield).

3. Characteristics of Production
3.1. Gas Production Characteristics

Production data of coalbed methane wells in the research area were collected at Xishan
Lanyan Coalbed Methane Limited Liability Company, including daily water and gas
production at different well locations. Coalbed methane wells produce different amounts
of gas and water at different stages [26]. Compared with the southern Qinshui basin, the
Gujiao Block produced less gas. In the southern Qinshui basin, the gas production of
CBM wells is mostly greater than 2000 m®/d [17], while that in the Gujiao Block is mostly
less than 1000 m3/d, and the gas production decreases gradually after 400 days when the
drainage and mining are carried out (Table 1). The average gas production in the first
600 days of a coalbed methane well was analyzed. High-gas-production wells (500 to
1000 m?/d), medium-gas-production wells (200 to 500 m3/d), and low-gas-production
wells (less than 200 m3/d) of No. 8 coal accounted for, respectively, 3%, 40%, and 57% of
the total number of wells (Figure 2a). High-gas-production wells, medium-gas-production
wells, and-low gas-production wells of No. 8 and 9 coal accounted for, respectively, 5%,
20%, and 75% of the total number of wells (Figure 2b). Therefore, regardless of whether
it is a single layer or a composite layer, and no matter the working area, the average gas
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production is usually less than 200 m3/d. As can be seen from the plane layout, a large
number of faults developed in the study area. The gas production was significantly low
near the fault and increased far away from the fault. This may be related to the migration
and dispersal of CBM. The gas production of CBM wells near the core of the syncline is
higher (Figure 3).

Table 1. Characteristics of gas production and water production of coalbed methane wells.

CBM Wells of Thickness Buried 3 3 CBM Wells of Thickness Buried 3 AW
No. 8 + 9 Coal (m) Depth (m) AG (m*/d) AW (m*/d) No. 8 Coal (m) Depth (m) AG (m*/d) (m3/d)
M89-1 5.26 482.70 29.79 7.70 MS8-1 436.48 3.41 25.62 0.00
M89-2 6.20 510.89 87.10 0.37 MS-2 499.93 2.69 39.07 2.59
M89-3 6.43 450.17 499.96 1.04 MS8-3 600.56 1.98 0.00 0.30
M89-4 6.24 493.99 86.62 1.17 M8-4 478.73 3.8 308.35 0.05
M89-5 6.20 489.72 400.14 4.82 M8-5 585 4.4 121.84 0.14
M89-6 5.05 487.70 76.43 2.61 M8-6 777.49 4.39 134.77 0.00
M89-7 7.02 472.57 101.68 3.82 M8-7 715.19 4.08 0.81 0.03
M89-8 494 524.00 82.25 2.86 M8-8 798.97 4.15 11347 0.02
M89-9 5.59 564.73 197.55 1.36 M8-9 730.87 4.14 50.64 0.00
M89-10 6.22 492.44 232.71 0.95 MS8-10 849.31 4 405.49 0.00
M89-11 4.54 565.09 129.89 1.93 M8-11 791.64 3.81 42543 1.06
M89-12 7.10 573.15 13.36 0.84 M8-12 503.15 3.64 545.32 0.11
M89-13 6.12 491.89 0.00 0.60 M8-13 613.79 4.01 193.11 0.00
M89-14 4.79 451.55 67.84 0.95 M8-14 531.77 4.26 257.00 0.52
M89-15 6.23 484.56 4.30 3.06 M8-15 605.6 3.27 57.48 0.81
M89-16 6.16 455.93 1564.97 0.76 MS8-16 655.09 4.08 150.74 0.00
M89-17 7.54 451.86 115.36 2.39 M8-17 642.9 4.05 175.23 0.98
M89-18 5.36 560.11 15.24 0.43 M8-18 707.05 3.33 205.28 0.80
M89-19 5.60 481.85 2.40 3.24 M8-19 709.13 3.5 453.43 0.52
M89-20 8.52 459.88 0.00 1.20 M8-20 686.99 3.98 87.78 0.46
M89-21 6.30 487.85 0.00 211 M8-21 547.26 3.51 2.48 0.61
M89-22 5.19 448.72 85.40 1.55 M8-22 650.36 3.5 258.07 0.77
M89-23 6.18 498.14 29.17 1.30 M8-23 695.95 2.58 209.19 0.57
M89-24 5.49 511.17 211 0.36 M8-24 577.53 3.82 20.31 0.57
M89-25 7.52 502.53 22.80 3.43 M8-25 679.8 3.79 35.20 0.52
M89-26 6.22 554.34 0.00 2.02 MS8-26 695.8 2.16 323.11 0.68
M89-27 5.37 498.54 0.23 0.12 M8-27 702.04 3.04 348.92 0.69
M89-28 5.68 530.14 235.21 4.98 M8-28 655.5 3.12 6.25 0.65
M89-29 4.98 501.89 186.25 0.10 M8-29 656.04 2.88 212.21 1.04
M89-30 6.01 463.21 11.66 0.00 M8-30 618.94 3.44 1.18 1.01
M89-31 5.44 543.01 275.01 0.00 M8-31 603.44 29 5.11 0.77
M89-32 6.36 462.07 0.00 0.00
M89-33 5.00 474.82 0.00 4.32
M89-34 3.86 636.15 376.59 0.40
M89-35 3.17 571.50 530.60 0.33
M89-36 7.05 44745 0.00 0.88
M89-37 5.14 427.00 339.43 0.94
M89-38 5.10 840.41 253.57
M89-39 5.75 525.55 1.40 0.24
M89-40 5.53 490.00 170.16 0.92
M89-41 5.80 469.59 227.57 0.92
AG: Average gas production in the first 600 days; AW: average water production in the first 600 day.
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Figure 2. Gas production curve of various productive CBM wells in the Gujiao Block (a) No.8 coal;
(b) No.8 and 9 coal.
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Figure 3. Characteristics of gas production of Taiyuan Formation on the plane.

3.2. Water Production Characteristics

Compared with the southern Qinshui basin, the water production of coalbed methane
wells in the research area is also lower [17]. The water production in Fanzhuang Block
is mostly greater than 10 m3/d, while mostly less than 5 m®/d in Gujiao Block. With
the progress of drainage and mining, water production tends to be stable. The average
water production of CBM wells in Gujiao Block 600 days before is as follows: the water
production of No. 8 coal is classified into the high-water-production wells (1 to 10 m3/d)
and low-water-production wells (less than 1 m®/d), accounting for, respectively, 12.5%
and 87.5% of the total number of wells (Figure 4a). High-water-production wells and
low-water-production wells of No. 8 and 9 coal account for, respectively, 50% and 50% of
the total number of wells (Figure 4b). The water production near the fault is greater than
that far away from the fault (Figure 5).
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Figure 4. Water production curve of various productivity CBM wells in the Gujiao Block.
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4. Geological Impact Factors
4.1. Tectonic

When studying the Fanzhuang Block in the south of the Qinshui Basin, Chen et al. [27]
and Zhang et al. [16] believed that the high point of the tectonic framework is the main fa-
vorable area of CBM exploration and well deployment. The proportion of high-production
CBM wells in the syncline area is low and the water production is high. However, the
development practice around the world has proven that the core of the syncline constantly
receives groundwater recharge from the wing or the high point of the tectonic frame-
work [28-31]. Therefore, the syncline area maintains high reservoir pressure, which is
beneficial to the adsorption of coalbed methane. Therefore, the syncline area is a favorable
area for CBM enrichment and well deployment. The CBM production near the core of the
Malan syncline is slightly greater than that of other areas (Figure 3).

Most faults in the study area are characterized by weak water conductivity, such as
the Yuanxiangbei normal fault and the Baian normal fault. However, the possibility of
water conductivity increased near large faults. For example, the throw of the Gujiao fault
is about 150 m, and the K3 sandstone comes into contact with the Shihezi Formation on
the east side of the Gujiao bridge. The throw of the Tounanmao fault ranges from 35 m to
40 m, and the O, Formation comes into contact with Cyt in the Changyugou. The throw
of the F39 fault revealed in the tunneling of Dongqu mine is 33 m, which resulted in the
No. 8 coal coming to contact with L4 limestone. In the central and eastern part of the
study area, a series of large faults (such as the Gujiao fault, the Tounanmao fault, and the
Lijiashe fault) developed. As a result, the water production of CBM wells near the faults
ranges from 3 to 8 m®/d, which is high, while the gas production is very low, generally less
than 400 m3/d, and some do not even produce gas (Figures 3 and 5). There is a negative
correlation between gas production and water production. As water production increases,
gas production decreases (Figure 6). The large fault may provide a good channel for gas
and water-bearing strata.
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Figure 6. Relationship between gas production and water production.

4.2. Hydrochemistry and Hydrodynamic

The Gujiao Block is controlled by the Malan syncline overall. The carbonate rocks in
the north are exposed, and are buried deeply in the south. The recharge area is located in the
north and west of Gujiao Block. In addition to receiving atmospheric precipitation recharge,
it also receives surface water seepage recharge. According to the National Standards of the
People’s Republic of China (GB12719-91 and GB50487-2008), the aquifer in the Taiyuan
Formation is composed of limestone and sandstone, which are mostly buried above No. 9
coal. The unit water flow ranges from 0.0001 to 0.065 L/ (s-m), belonging to weak water-rich
strata. The permeability coefficient ranges from 0.0011 to 0.393 m/d, belonging to extremely
weak permeable strata. The main aquiclude of the coal-bearing stratum is composed of
bauxite, thick sandstone, mudstone, and limestone.

The discharge water samples of CBM wells were collected for water quality analysis.
To avoid the influence of water fracturing fluid, the drainage time of selected coalbed
methane wells is more than one year. Water samples were taken directly from the coalbed
methane wellhead and the sample bottles were rinsed more than three times with output
water before sampling 8. The testing of the concentration of anions and cations was
completed in the National Key Laboratory of Environmental Geochemistry (Guiyang) of
China, and the instrument used was the 7700X plasma mass spectrometer produced by
American Agilent.

The chemical composition of the discharge water was analyzed. Na* is the major
cation, with an average concentration of 613.31 mg/L, followed by CaZt, Mg2+, and K,
with an average concentration of 8.69 mg/L, 4.91 mg/L and 3.74 mg/L, respectively.
HCOj;™ is the major anion, with an average concentration of 1646.46 mg/L, followed by
Cl~ and SO42~, with an average concentration of 147.62 mg/L and 5.13 mg/L, respectively
(Table 2).

The total dissolved solids in groundwater reflect the dynamic strength of groundwa-
ter [32]. The difference in the chemical composition and water quality types of discharge
water of CBM wells in the Gujiao area is very small. Both of them are NaHCO;-type
water (Figure 7), indicating that the hydrodynamic strength in this area is strong, and the
groundwater flows quickly. The coalbed methane is easy to transport. The total dissolved
solids have concentrations ranging from 810.34 to 3115.48 mg/L, and increase gradually
from north to south. The maximum value appears in MCQ2, MCQ3, and MCQ5. This
indicates a relatively stagnant area of groundwater [33], which is conducive to CBM enrich-
ment. The lowest value occurred in MCQ?9, in the northern part of the study area, which
is a groundwater runoff or recharge area (Figure 8). The variation trend of water flow
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direction is the same as the plane distribution of average gas production. Therefore, the gas
production in the coal seam in the south of the study area is higher than that in other areas.

Table 2. Parameters of discharge water of coalbed methane well.

Sample MCQ1 MCQ2 MCQ3 MCQ4 MCQ5 MCQe6 MCQ7 MCQ8 MCQ9 MCQ10
Coal seam 8+9+2 8+9 8+9+2 8 8+9+2 8+9+2 8+9+2 8+9+2 8+9+2 8+9+2
PH 8.1 8.4 8.4 8.6 8.2 8.5 8 8.3 8.6 8.1
Hardness (mg/L) 73.24 31.05 4492 27.26 62.64 24.62 56.89 27.09 18.50 52.95
TDS (mg/L) 2605.99 3059.32 3115.48 2547.92 2953.04 2538.04 2714.76 1806.33 810.34 2192.57
Conductivity (mv) 2274.20 2551.42 2571.27 2267.46 2396.33 2164.38 2468.02 1613.16 895.48 1808.77
F~ (mg/L) 1.12 3.05 1.32 4.74 3.02 3.94 1.05 6.25 8.52 3.64
Cl™ (mg/L) 202.12 178.90 161.49 109.70 103.23 51.44 338.95 107.43 151.76 71.20
Br~ (mg/L) 1.59 1.18 0.78 0.48 1.39 0.52 3.28 0.22 0.68 0.79
HCO3~ (mg/L) 1720.99 2102.04 2164.85 1666.56 2102.04 1754.49 1666.56 1226.89 460.61 1599.56
SO42~ (mg/L) 0.08 1.95 2.10 7.51 0.54 1.93 0.72 24.62 11.47 0.35
AL+ (mg/L) 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00
Ca* (mg/L) 16.13 5.41 9.10 5.81 12.11 5.24 8.55 7.13 4.74 12.69
Mg?* (mg/L) 8.01 4.26 5.39 3.09 7.87 2.80 8.63 2.25 1.62 5.16
Na* (mg/L) 648.47 756.33 761.79 747.78 717.72 713.44 681.68 43191 177.44 496.52
K* (mg/L) 5.43 5.30 5.42 2.55 4.44 3.69 5.07 2.23 0.69 2.61
5180 (%) —10.62 —10.78 —10.26 —10.57 —11.66 —11.34 —10.05 —11.08 -11.77 —11.22
8D (%o) —72.48 —76.05 —76.60 —78.68 —79.29 —81.23 —63.73 —81.63 —85.84 —75.99
Piper Plot
Legend
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Figure 7. The Piper diagram of discharge water of coalbed methane well.

4.3. Coal Thickness

The thickness of No. 8 coal in the study area ranges from 1.57 to 5.22 m, with an
average of 3.26 m. The thickness of No. 9 coal ranges from 1.33 to 4.64 m, with an average
of 2.55 m. The thickness of No. 8 and 9 coal ranges from 3.17 to 8.52 m, with an average of
5.81 m. Traditionally, it is believed that the greater the thickness of the coal seam, the more
abundant the CBM that flows to the wellbore and the higher the CBM production [16,34].
However, the correlation between coal thickness and gas production in this region is poor.
In general, the thickness of No. 8 and 9 coal is greater than that of No. 8 coal, but the gas
production did not increase significantly (Figure 9).
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The No. 8 coal and No. 9 coal formed in the highstand system tract. The coal seam
that formed in the highstand system tract (especially the late stage of the highstand system
tract) is characterized by a high quantity of layers, high thickness, a wide distribution, good
lateral connectivity, weak plane heterogeneity, a high amount of coal gangue, a higher ash
yield, and stronger strong heterogeneity within the layer [35], which are not conducive to
CBM production. The water production of No. 8 coal is also poorly correlated with the coal
thickness. The water production of No. 8 and 9 coal varies greatly, which may be related to
the water conductivity of faults. Wells with thick coal seams and high water production
may become high-gas production wells once they have been drained and depressurized.

4.4. Buried Depth

The theoretical research, exploration, and development practice of CBM indicate that
the shallower the target coal seam, the lower the ground stress, the higher the permeability,
the easier the drainage and pressure reduction, and the higher the gas production 16.
The buried depth of No. 8 coal in the study area ranges from 420.9 to 836.48 m, with
an average of 502.68 m. The buried depth of No. 9 coal ranges from 433.1 to 844.33 m,
with an average of 513.36 m. As the buried depth increases, the gas production does not
decrease significantly, while the water production decreases significantly. As the buried
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depth increases, the pores and cracks in water-bearing strata are compressed, resulting
in less water storage space and smaller seepage channels. Therefore, water production
decreases significantly. The water production of No. 8 and 9 coal with a buried depth
ranging from 400 to 550 m is the greatest (Figure 10).
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Figure 10. Plots of buried depth to gas production and water production.

4.5. Porosity and Permeability

The coal rank in the study area is significantly different, classified into fat coal, coking
coal, lean coal, and meagre coal [36]. The fracture system in the coal reservoir is extremely
developed (Figure 11). The surface cleat extends from 5 to 6 cm, the end cleat extends from
2 to 3 mm, and the spacing between end cleats ranges from 3 to 4 mm. The proportion of
primary structure coal is 60% [37].

(1) Dongqu Mine (2) Malan Mine (3) Tunlan Mine

Figure 11. Macroscopic fracture of coal samples.

The mercury intrusion experiment shows that the pore type is dominated by microp-
ores, followed by transition pores and macropore. The mercury intrusion porosity ranges
from 3.67 to 5.72%, which is low. The efficiency of mercury ejection ranges from 71.10 to
85.10% (Table 3). It belongs to a typical low porosity and low permeability reservoir, which
is the same as the coal reservoir in the southern Qinshui basin. The larger porosity is not
conducive to producing gas in the earlier stage [38,39]. Cylindrical coal samples with a
diameter of 25 mm and a length of 50 mm were drilled from large-lump coal samples of
No. 8 coal and No. 9 coal, which were taken from the Dongqu mine, Tunlan mine, and
Malan mine. Using these samples, the porosity and permeability experiment were analyzed
according to the conventional analysis method of core (SY/T5336-1996). It was found that
the permeability of coal samples was relatively low, ranging from 0.31 to 1.31 mD. The
permeability of the coalbed methane reservoir is significantly affected by coal structure.
Primary undeformed coal and cataclastic coal have relatively high permeability, while
mylonite coal has low permeability. Permeability decreases exponentially with the increase
in the thickness proportion of mylonite. According to the research of Mo [40], the in situ
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permeability of No. 8 coal in Gujiao Block is 0.15 mD generally. Therefore, such low
permeability is not conducive to CBM migration and exploitation.

Table 3. Physical property parameters of coal samples.

Sample D8-1 D8-2 M8-1 T8-1 T8-2 X8 z8 D9 X9-4
Wellfield Dognqu Dognqu Malan Tunlan Tunlan Xiqu Zhenchengdi Dognqu Xiqu
N; Porosity (%) 9.65 9.53 3.14 3.28 2.69 - - - -
N Permeability (mD) 114 0.19 0.89 031 1.31- - - - -
Mercury injection porosity (%) 5.72 4.07 4.3 5.22 5.19 3.67 4.2 5.62 6.04
Efficiency of mercury withdrawal (%) 73.5 80.7 71.1 83.3 70.2 85.1 79.2 69.38 68.67
Vi 17.64 16.82 2578 20.18 1038 10.85 20 1354 1345
Pore ratio (%) V2 9.22 7.48 6.8 2.98 10.84 4.07 5.63 14.79 14.86
° Vs 26.45 24.92 22.95 2431 30.02 26.78 25.63 25 29.32
Vs 46.69 50.78 44.48 52.52 48.76 58.31 48.73 46.46 44.18
14 7492 83.77 68.14 63.7 60.33 63.82 66.56 833 76.88
Coal maceral (%) I 20.2 9.74 25.66 33.7 36.72 34.13 23.15 129 23.12
° E 0.65 0 0.88 0.74 0.33 0.34 0.64 0.19 0
M 423 649 531 1.85 2.62 1.71 9.65 3.61 0
Ro,max (%) 174 1.83 1.25 143 137 147 114 2.18 1.93
Ro,max Mean maximum vitrinite reflectance in oil. V, I, and E represent the volume percentages of vitri-
nite, inertinite and liptinite in the coal maceral composition, respectively. M is the volume percentage of
minerals on a dry basis. Vi, Va, V3, V4, and V; represent the macropore volume (¢ > 1000 nm), meso-
pore volume (1000 nm > ¢ > 100 nm), transition pore volume (100 nm > ¢ > 10 nm) and micropore volume
(10 nm > ¢ > 7.2 nm), respectively.
4.6. Gas Content and Desorption Characteristics
The adsorption capacity of the coal sample is good. The Langmuir volume of the air-
dry base of No. 8 coal ranges from 16.95 to 27.91 mL/g, with an average of 21.17 mL/g. The
Langmuir volume of dry ash-free coal ranges from 19.12 to 31.14 mL/g, with an average of
23.69 mL/g, and the Langmuir pressure of the air-dry base and dry ash-free base ranges
from 1.63 to 2.33 MPa, with an average of 1.99 MPa (Table 4). The Langmuir volume of the
air-dry base of No. 9 coal ranges from 19.33 to 22.51 mL/g, with an average of 20.92 mL/g.
The Langmuir volume of dry ash-free coal ranges from 25.57 to 33.98 mL /g, with an average
of 29.78 mL/g. The Langmuir pressure of air-dried coal and dry ash-free coal ranges from
2.17 to 3.21 MPa, with an average of 2.69 MPa, indicating that the adsorption energy of this
area was strong.
Table 4. Results of proximate analysis and isothermal absorption experiments of coal samples.
Vi (m3/t) Py (MPa)
Sample Well and Wellfield M, 4(%) A,q(%) Notes
AD DAF AD DAF
Ms8-1 Malan 0.59 10.77 16.95 19.12 217 217
D8-2 Dongqu 0.58 14.12 23.85 27.96 1.78 1.78
T8-2 Tunlan 0.53 10.96 20.06 22.67 1.87 1.87 F .
X8 Xiqu 0.77 5.54 19.83 21.16 2.15 2.15 rom mine
Z8 Zhenchengdi 0.45 7.97 18.4 20.09 2.33 2.33
X9-4 Xiqu 0.94 23.46 19.33 25.57 3.21 3.21
8 GJ-03 27.91 31.14 1.63 1.63
9 GJ-03 22.51 33.98 2.17 217 Mo [3]

M,q, and A,q represent the moisture content of the air-dried basis and ash yield of the dry ash-free basis,
respectively. AD, air dry basis; DAF, dry ash-free.

Although the adsorption capacity of No. 8 coal and No. 9 coal in this area is good,
it is not conducive to gas preservation and enrichment due to the continuous uplift and
erosion from the middle Yanshanian to the Himalayan region [5]. In addition, a series of
large faults and the broken coal structure developed in this area lead to the escape of a
large amount of coalbed methane [41]. The gas content of No. 8 coal in the study area
ranges from 0.17 to 17.77 mL/g, with an average of 6.85 mL/g. The gas content of No. 9
coal ranges from 0.22 to 18.12 mL/g, with an average of 7.20 mL/g. The gas content in
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Gujiao Block is much smaller than that of the southern Qinshui basin. According to the
study of Pashin [14], lower gas content corresponds to lower gas saturation against the
same tectonic background, which certainly will extend the drainage period and affect the
early production capacity. The high gas content value is mainly distributed in the middle
and south of the study area. Therefore, the gas production in these areas is relatively higher
than that of other areas (Figure 12).
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Figure 12. The distribution of gas content and gas production.

5. Development Suggestions

The influence of a single factor may be important in coalbed methane development
in a certain region. However, for most areas, the production of CBM depends on a com-
prehensive reflection of all kinds of main control factors [42]. The No. 8 coal and No. 9
coal in Gujiao Block are characterized by a deep burial depth and good thickness condition,
poor permeability, and poor gas content. The tectonic and hydrological factors are the main
factors that influence gas production and water production. The coalbed methane devel-
opment effect observed here is relatively inferior. In addition to the improvement of the
drainage system and the improvement of the transformation mode, the geological control
factors are the primary considerations. In the southern study area, the Xingjiashe well field
is located in the core of the syncline, and the fault is not developed. The groundwater in
this area is retained, which is conducive to the enrichment and preservation of CBM. This
area may be a favorable area for CBM mining.

6. Conclusions

(1) Coalbed methane resources are abundant in Gujiao Block and the exploration degree
is high. The average gas production in this region is less than 1000 m3/d, and that
for some wells is even less than 200 m®/d. The average water production is less
than 10 m®/d, and that for some wells is even less than 1 m3/d. These wells can be
classified as low-gas-production and low-water-production wells.
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(2) A series of large faults developed in the central and eastern part of the study area,
and CBM wells nearby produce more water, but less gas. The salinity of the water
discharged from the CBM wells ranges from 810.34 to 3115.48 mg/L and increases
from north to south. This trend is the same as that of gas content distribution. Coal
thickness and buried depth have little effect on gas production, but have some effects
on water production. The endogenous fracture system in coal reservoirs is extremely
developed and the porosity and permeability of reservoirs are low, which is not
conducive to the migration and recovery of coalbed methane. The adsorption capacity
of coal samples is strong. However, due to the continuous uplift and erosion from the
middle Yanshanian to the Himalayan region, it is not conducive to the preservation
and enrichment of coalbed methane. In addition, a series of large faults and the broken
coal structure in this region lead to the escape of a large amount of coalbed methane.

(3) In the southern study area, the Xingjiashe area is located in the core of the syncline,
and the fault is not developed. The groundwater in this area is retained, which is
conducive to the enrichment and preservation of CBM. This area may be a favorable
area for CBM mining.
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