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Abstract An improved evaluation method for estimating
gas content during the inversion process of deep-burial
coal was established based on the on-site natural
desorption curves. The accuracy of the US Bureau of
Mines (USBM), Polynomial fitting, Amoco, and the
improved evaluation methods in the predicting of lost gas
volume in deep seams in the Mabidong Block of the
Qinshui Basin were then compared. Furthermore, the
calculation errors of these different methods in simulating
lost gas content based on coring time were compared. A
newly established nonlinear equation was developed to
estimate the minimum error value, by controlling the lost
time within 16 min, the related errors can be reduced. The
improved evaluation was shown to accurately and rapidly
predict the gas content in deep seams. The results show
that the deep coal bed methane accumulation is influenced
by wvarious factors, including geological structure,
hydrodynamic conditions, roof lithology, and coalification.
Reverse faults and weak groundwater runoff can hinder the
escape of methane, and these factors should be considered
in the future exploration and development of coalbed
methane.

Keywords deep coalbed methane, Mabidong Block,
lost gas, geological controls

1 Introduction

As a type of clean natural gas resource, coalbed methane
(CBM) has gained significance as a vital component of
the natural gas supply in countries such as China, the US,
Australia, Canada, and others (Golding etal., 2013;
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Bustin and Bustin, 2016; Qin et al., 2018; Connell et al.,
2019). In China, exploration results demonstrate that deep
coal reservoirs possess abundant recoverable CBM
resources, with estimated reserves of 22.5 x 1012 cm3/g
occurring at depths of 1000—2000 m (Fu et al., 2009; Luo
etal., 2017; Ouetal., 2018). These reserves account for
61.2% of CBM resources below a depth of 2000 m (Luo
etal., 2017). Gas content is a key parameter for resource
reserve evaluation, sweet spot selection, and production
technology determination. Hence, achieving an accurate
assessment of gas content holds great significance in
CBM development (Xu et al., 2020; Jingetal., 2021;
Miao et al., 2022).

Chronologically, determining the gas content is
essential for both safety considerations and preventing
coal and gas outbreaks (Kissell et al., 1973; Diamond and
Schatzel, 1998; Wang etal.,, 2015). The commercial
development of CBM has spurred advancements in gas
content measurement technology (Liu and Harpalani,
2013). Currently, gas content testing methods are divided
into indirect and direct methods. The indirect method
(isothermal adsorption test) measures gas content by
varying gas pressure under known reservoir pressure and
temperature conditions (Metcalfe et al., 1991; Saghafi,
2017). Howere, there is a strong assumption of
temperature limit and single gas saturation which is
inconsistent with in situ conditions, and therefore, the
indirect method is more applicable for assessing the
maximum gas content (Hou et al., 2020; Lei et al., 2023).
For the direct method, the gas lost during drilling is the
lost gas, the gas measured in the desorption tank is the
desorption gas, and the gas remaining in the desorbed
sample is the residual gas. The total content is the sum of
the lost gas, desorbed gas, and residual gas. Various
methods are used in engineering applications to estimate
lost gas, including the US Bureau of Mines (USBM)
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method, polynomial fitting method, and Amoco curve
fitting method (Bertard et al., 1970; Kissell et al., 1973;
Smith and Williams, 1984; Diamond and Schatzel, 1998;
Shtepani etal., 2010; Deng etal., 2023). However,
discrepancies in overall gas content calculations arise due
to the identification of the time zero point and the
selection of the desorption data segment used to infer the
amount of lost gas.

The direct method is founded on Fick’s diffusion law,
where the gas diffusion model of uniform coal particles
serves as the solution for gas content projection.
Although estimating lost gas and residual gas, based on
field measurements of desorption curves of coal cores,
has improved the accuracy of measuring coal seam gas
content, certain challenges remain. The nature of the
desorption curve segments used to estimate total gas
content is the difference in desorption time. Long or short
desorption times for estimating total gas content can
result in large errors in the calculation of the curves,
leading to a discrepancy between the total gas content and
the actual. Therefore, it is essential to carefully consider
the desorption time to ensure accurate measurement of
the desorbed gas and improve the estimation of the total
gas content.

In addition, the geological characteristics of the
reservoir, such as depositional system, coal distribution,
tectonic setting, coal rank, gas generation, and fluid
dynamics must be considered when assessing the gas
content (Scott, 2002; Wang et al., 2023). Coal rank and
reservoir pressure have positive effects on gas content,
and the increase in deep temperature is not conducive to
the occurrence of gas. Strong runoff recharge areas tend
to carry away methane and disrupt gas accumulation,
while weak runoff recharge areas are more conducive to
gas accumulation (Cai et al., 2014; Li et al., 2018a; Wang
et al.,, 2018a). Faults significantly impact the abundance
of CBM resources and favorable areas (Kinnon et al.,
2010; Hemmings-Sykes, 2012; Chen et al., 2020; Yang
etal.,2023). The CBM exploration strategies ignore
geological factors, which will decrease production capa-
city. Thus, evaluating gas content based on stratum and
selecting favorable areas, considering reservoir geological
characteristics comprehensively, serves as the foundation
and focal point of deep CBM exploration.

The primary objective of this study is to investigate the
gas-bearing characteristics of the Mabidong block. To
improve the evaluation process for quickly estimating gas
content, a novel approach based on the termination limit
of natural desorption was proposed. A limit is established
when the gas release is less than 1010 cm3/d for seven
consecutive days. To ensure accuracy and minimize
errors arising from variations in desorption data, gas
content was rapidly calculated using complete desorption
curves. By utilizing field data rather than relying on
assumed ideal conditions, the quantified results can
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effectively guide the assessment of CBM resources and
reserves.

2 Geological setting and method

2.1 Geological setting

The Qinshui Basin is a Mesozoic basin originating from
the Late Paleozoic Craton Basin with a simple internal
structure and abundant CBM resources. The entire basin
is a bilaterally symmetric co-inclined basin surrounded by
Wutai Mountain, Zhongtiao Mountain, Huo Mountain,
and Taihang Mountain (Caietal.,2011; Teng et al.,
2015). The Mabidong block is located in the south-east
Shanxi Province, spanning Linfen and Jincheng (Figs.
1(a) and 1(b)). The study block has experienced four
tectonic movements in terms of structure. These
movements are known as the Indosinian, Yanshanian,
Early Himalayan, and Late Himalayan orogenies (Cai
etal., 2011; Cao etal., 2020) . In the early stage of the
Indosinian movement, the North China Platform began to
activate and disintegrate, and a small number of east—west
folds developed under the action of the north—south
principal compressive stress; during the Yanshan
movement, the strong orogenic movement made the
Shanxi block continue to uplift. Meanwhile, the degree of
coal metamorphism is influenced by the intrusion of
stratigraphic magma (Cai et al., 2011); the conversion of
principal compressive stresses during the early
Himalayan orogeny and the late Himalayan orogeny led
to the uplift and erosion of faults and strata (Teng et al.,
2015; Wang et al., 2018b). The stratigraphic column and
parameters of the coal-bearing strata in the study area are
shown in Fig. 1(c).

2.2 Samples and methods

Samples of coal cores from 11 wells were collected and
desorbed in situ to determine the desorbed gas content
according to the Chinese Standard GB/T 19559-2008 for
CBM content determination. The number of samples and
testing items are shown in Table 1. All coring work used
the same gas collection procedure, and the completion of
the experimental procedures after routine coring was done
by the China Petroleum Exploration and Development
Research Institute. At the desorption temperature of the
storage tank, the desorption tank with the sample seal is
quickly placed in the thermostat and connected to the gas
flow meter through a hose connecting the tank. During
the test, the valve of the desorption tank was opened so
that the desorbed gas in the tank will enter the flowmeter
cylinder, the cylinder level was adjusted, the cylinder
water level reading was recorded before and after
desorption, the desorption valve was closed, and the
desorbed gas content was calculated (Fig. 2).
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Fig. 1

Mabidong study area. (c) Composite stratigraphic columns in the Mabidong block.

Table 1 Sample collection and testing information table

Geological background of the Qinshui Basin (modified from (Cai et al., 2014)). (a) Location of the basin. (b) Location of the

625

Number of samples collected

Well Name ” o Number of gas content test samples Industrial analysis and determination sample number
6 6 7 12 6-3-1, 6-15-1
16X 1 2 3 16X-3-1, 16X-15-1
27 6 4 10 27-3-1,27-15-1
57 5 4 9 57-3-1, 57-15-1
58 7 4 11 58-3-1, 58-15-1
59 6 2 8 59-3-1, 59-15-1
66 5 5 10 66-3-1, 66-15-1
67 5 4 9 67-3-1, 67-15-1
69 4 3 7 69-3-1, 69-15-1
72 5 3 8 72-3-1, 72-15-1
2 7 3 10 2-3-1, 2-15-1

Notes: 6-3-1 refers to the sample 1 of the 3 # coal seam in the 6 well names, other sample numbers are similar.



626

\
JEI

Fig. 2 Natural desorption device (AQSIQ,2008): 1. thermostat
power supply, 2. thermostatic device, 3. desorption tank, 4. tank cover,
5. air valve, 6. pressure gauge, 7. quick connector, 8. exhaust pipe,
9. conical bottle, 10. air valve, 11. drain pipe. 12. measuring cylinder,
13. meter bases and stands.

3 Results

3.1 Different methods to determine gas content

3.1.1 USBM direct method

Bertard was the first to propose a direct method for
testing the CBM content (Bertard et al., 1970), which was
further developed by the US Bureau of Mines (Kissell
et al., 1973). The USBM approach employs a model that
assumes a “single pore” through which diffusion occurs,
and where a constant surface concentration of 0 cm3/g
serves as the boundary condition. This method is founded
on the principle that diffusion behavior can be charac-
terized by this single pore, allowing for a simplified
analysis of the process. It is given by (Mavor et al.,
1990):

o 52 ZTQ
Via = 1_%Zn=1 W, (1)

where the dimensionless gas concentration is Vp,, and the
diffusion time, diffusion coefficient, and particle radius
are denoted by T (min), D (cm?min), and r (cm),
respectively.

Bertard et al. (1970), and Smith and Williams (1984)
suggested using the first 20% and 50% of the desorbed
gas to assess the lost gas, respectively. In addition, the
difference in drilling fluid media, the time when drilling
encounters the coal seam and the time when the coring
barrel is lifted halfway up the wellbore can be used as
time zeros. The variation in lost time results in
differences in lost gas content. (Fig. 3, Table 2). When
the time of encountering the coal seam is used as the time
zero, part of the lost gas is relatively low (Fig. 3(a)),
which is negligible compared with the desorbed gas. For
certain samples (as shown in Fig. 3(f)), the time when the
coring is lifted to half of the wellbore as the time zero,
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and using the first 50% of the desorbed gas as the basis
for lost gas calculation yields a relatively high percentage
of lost gas, comprising 35.52% of the total desorbed gas.
Hou et al. (2020) employed a method that utilized only
half of the natural desorption data to determine lost gas
from deep coal samples. In some cases, this resulted in a
slight or negative lost gas measurement, indicating that
the method may not be universally applicable.

In accordance with the national standard GB/T19559-
2008, the USBM direct method linear section extrapol-
ation allows for the calculation of lost gas volume. This
calculation is performed by considering half the time of
core extraction lift to the wellbore as time zero and using
the first 20% of desorbed gas as the reference point. In
engineering applications, water is commonly employed as
the drilling fluid medium. Upon reaching the halfway
point to the drilling depth, the pressure in the reservoir
and drilling fluid is equalized, making it a logical time
zero for analysis.

3.1.2 Polynomial fitting and the Amoco method

Calculation of lost gas can be achieved by a number of
methods, including the direct method of polynomial
fitting (Lin etal, 2023; Zhao etal., 2023). The

polynomial fitting method involves the following
expression:

Va=aVT +b\NT—c, 2)

Vy=aNT + VT +ceNT —d, 3)

where a, b, ¢, and d are curve-fitting parameters.
Similarly, the constant term is the amount of lost gas.

Waechter et al. (2004) fitted all available desorption
data creating the fitting method known as the “Amoco
method”. Again, based on the assumption of a “unipore”
model and keeping just the first term of the equation, the
following relationship is obtained:

6 -Dr’T
1- —2exp( 72[ )] -V, “)
n r

where, v/, is the amount of desorbed gas corresponding to
desorption time #, cm3/g; lost gas can be obtained by
curve fitting the data.

Here, different direct methods are used to calculate lost
gas. Different desorption data are selected for polynomial
fitting to obtain a downward convex curve, and the value
corresponding to the time zero of the curve time is the
lost gas. In this study, polynomial fits were obtained by
selecting data points at different times in the early stages
of desorption. Figure 4(a) shows that fewer data points
are selected. The larger the intersection of the curve with
the Y-axis, the less gas is lost. If the full desorption data
are selected to fit, the lost gas loses the meaning of the

vi=(Vi+Vy)
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Fig.3 Lost gas estimation at different time zeros.
Table 2 Estimation of lost gas content under different calculation standards
Lost gas content/cm?
Calculation standard
6-3-1 6-3-2 6-3-3 6-3-4 6-3-5 6-3-6
T, 860.68 694.53 720.39 339.57 491.6 1701.47
T, 1445.99 1296.25 4336.5 806.41 982.29 3256.28
T, 500.62 4423 421.8 162.43 166.13 410.04
T,, 831.19 762.06 2203.69 398.07 405.3 1034.87

Notes: T, refers to the time when the coring is lifted to half of the wellbore as the time zero and the first 20% of the desorbed gas is used as the calculation
standard for the lost gas; T, _, refers to the first 50% of the desorbed gas is used as the calculation standard for the lost gas; T,_, refers to the time when
drilling encounters the coal seam as the time zero and the first 20% of the desorbed gas is used as the calculation standard for the lost gas; T,_, refers to the
e first 50% of the desorbed gas is used as the calculation standard for the lost gas.
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Fig. 4 Calculation of lost gas content by (a) polynomial fitting method, (b) Amoco method.

equation. According to the data points of 60 min, 120 min,
180 min, and 240 min, the fitted lost gas content is
1029.24 cm3, 651.64 cm3, 586.85 cm?, and 364.78 cm3,
respectively. The maximum lost gas content obtained by
the Amoco method was 1281.73 cm3 (Fig. 4(b)).

3.2 Improved evaluation

The improved evaluation method is based on the second
law of Fick’s diffusion, which assumes uniform gas
diffusion at time zero and the total gas content is the
solution of the geometric shape of a spherical coal sample
with zero boundary conditions (Zhao etal.,2019; Li
etal., 2022). The desorption gas was obtained through
on-site testing, while the residual gas was obtained
through laboratory testing. Utilizing the on-site
desorption outcomes, estimates can be made for the loss
gas and total gas content. By analyzing the natural
desorption data of multiple samples from 11 wells in the
field, the following equations were established:

’ - \/m

vy =axexp(T)+c, %)
where V) is cumulative desorption content (cm3); the total
amount of gas comprising both the maximum desorbed
gas and the residual gas can be denoted by the symbol ¢
(cm3). The total gas content is denoted by a (cm?); b is
the dimensionless time determined by desorption time,
diffusion coefficient, and particle radius.

The core sample is desorbed from time zero, then the

desorbed gas will be

(6)

So, the following relationship exists between the lost
gas and the residual gas:

Vé =Vi+Vy.

Vi= vé - V4, (7)

Vi=V-V1-Va. ®)

For instance, the natural desorption full data of the 6-3-1
sample was subjected to fitting using Eq. (7), and the
resulting curve is presented in Fig. 5. The point where the
extended curve intersects the ordinate corresponds to the
lost gas, while the constant term represents the total gas
content. The lost gas calculation for this sample yielded a
value of 1281.73 cm3, the highest among all samples
tested. Additionally, the calculated total gas content
volume using this method was 21763.47 cm3, which
exceeded the value obtained through the USBM direct
method (20862.99 cm?).

3.3 Methane adsorption isothermal method

Isothermal adsorption tests allow for obtaining the
relationship between methane adsorption and pressure at
reservoir temperature (Yang and Liu, 2019).

VLP
V=L
P+P;

©)]
The adsorbed gas content (V) is expressed in units of
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Fig. 5 Gas content evaluation by the improved evaluation.
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cm?3/g and is influenced by the Langmuir volume (V.),
also measured in cm3/g. Gas pressure (P) is measured in
MPa, while Langmuir pressure (Pr) is also expressed in
units of MPa.

Figure 6 shows the theoretical adsorption capacity of
methane at variable gas pressure, the adsorption capacity
increases with increasing gas pressure. The test sample
had a Langmuir pressure of 2.18 MPa and a Langmuir
volume of 33.04 cm3/g. The test sample 6-3-1 has a gas
content of 28.99 cm3/g at a pressure of about 15.6 MPa,
assuming that the methane gas is saturated. Notably, the
coal seam is saturated by default in the isothermal
adsorption test. This strong assumption of single gas
saturation makes the gas content obtained by the test
higher than the direct method test results, which deviates
from the actual situation.

4 Discussion

4.1 Gas content evaluation and comparison

4.1.1 Simulation and accuracy of estimating gas content

The lost gas content was simulated and estimated by
refining the lost time during coring and compare the
calculation accuracy of different methods (Xu et al.,
2020). According to the actual coring process, lost gas
time is divided into core lost time #; and surface exposure

time 1.
Assuming that the time from the start of coring to reach
the ground, 7, can be expressed as
ty =1 +213,

(10)

where #3 is the time of desorption in the desorption tank,
then get the simulated lost gas time:

1
1= —ts+1, (11)
2
30
6-3-1
O Measured data
2514 ——Curve fitting

Adsorption volume/(cm*-g™")

0 2 4 6 8
Pressure/MPa

Fig. 6 6-3-1 Sample isothermal adsorption test.
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establish the relationship between #, and #;:

fy =1 +13,

(12)
Therefore, the following relationship exists between the
gas content corresponding to the corresponding time:

V= Vi+V,, (13)

where V, is the lost gas assumed to correspond at the
time t,; Vi is the lost gas assumed to correspond at the
time t3.

Under varying simulation time conditions, the lost gas
content is estimated according to Egs. (10) and (13). The
simulated and estimated times will coincide provided that
the sum of the time taken for lifting the core to the
wellbore and the duration it remains enclosed in the
desorption tank equals the simulated time at which the
sample arrives at the surface. In this situation,
Vs(ts =8)=Vi(t; =8), the 8 min time is determined
according to the actual drilling sampling time on site. For
a simulated lost gas time of 28 min, the assumed sample
desorption time is 10 min.

The gas content data measured in the field show an
exponential relationship between gas desorption rate and
desorption time (Fig. 7). Sampling depth increased from
1128.16 m (6-3-1) to 1390.07 m (16X-3-1), and initial
desorption rate increased from 31.07 cm?/min to 103.35
cm?/min, where the desorption rate of the 58-3-1 sample
was 63.62 cm3/min. The determination of lost time is
crucial for accurately estimating the lost gas content,
particularly during the initial phase of desorption, as it
has a pronounced effect on the desorption rate.

The improved evaluation results were utilized to
perform a curve fit on the measured data from the
samples, as illustrated in Fig. 8. For lost gas times of
28 min, 48 min, and 68 min, the estimated lost gas value
is 1437.06 cm3, 1592.3 cm3, and 1764.99 cm3,
respectively. The rate of desorption decreases when the

120
——06-3-1

100 ——58-3-1
B ——16X-3-1
g
£ 804
E
= 604
g
£
.E 40+
&
2 20-
[a)

0_

0 50 100 150 200 250 300 350
(T+t)"?/min

Fig. 7 Relationship between desorption rate and the square root of
desorption time for coal samples with different buried depths.
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Fig. 8 Extrapolation calculation of lost gas for simulating different
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simulated lost gas times reach 88 min and 108 min.
Additionally, the increase in extrapolated lost gas values
slows down with an increasing trend. During the
simulation, the estimated lost gas amounts closely
approximate 1911.69 cm?® and 2067.02 cm?® at the
simulated lost gas times of 88 min and 108 min,
respectively.

The error value is defined by the estimated amount of
gas lost and the actual amount of gas lost, expressed as
(Vy=V)/Vix100%. The error is plotted based on the
method discussed above to evaluate the lost gas (Fig. 9).
For the same fitting method, the lost gas time leads to
differences in error values. The maximum error values of
76.30%, 69.61%, and 61.27% were obtained for the
Polynomial, Amoco, and improved evaluations, respec-
tively, all of which exceeded 50%. Among all fitting
methods, the error value calculated by the improved
evaluation is the smallest. In practical engineering
applications, the core lifting time usually does not exceed
2 min per 100 m of well depth. In this study, samples
were sealed within 10 min of reaching the surface and the

100
28 min
48 min
80 68 min
88 min
e 108 min
2 60
=1
[
(]
2
E 40+
[
o
20

USBM Polynomial Amoco Improved evaluation

Fig. 9 Lost gas error of different curve fitting methods.
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maximum lost gas time (24.5 min) was less than the
simulation time (28 min). Considering that the deep core
taking time is relatively long, the calculation error can be
further reduced by controlling lost time within 16 min,
calculated as 15 min per 1000 m of core taking time and
1 min for sample loading time.

4.1.2 Gas content evaluation and comparison

Desorption data collected and measured under controlled
conditions are highly reliable. In practice, a thermostat is
used to simulate the reservoir temperature for desorption
measurements to avoid errors in total gas content due to
desorption measurement limitations. The on-site
desorption time exceeded 10000 min, with the resulting
residual gas test revealing less than 2.35% of the total gas
content. Consequently, the impact of residual gas can be
deemed insignificant. Therefore, as emphasized in
previous studies, an accurate estimation of lost gas is
essential for an accurate assessment of total gas content
(Li et al., 2018b; Dang et al., 2018).

While the USBM method is commonly used to
determine the in situ content of CBM, its accuracy is still
under investigation. Researchers have tested the CBM
content through different methods (indirect method,
laboratory simulation method), and a comparative study
found that the USBM direct method may underestimate
the gas content (Waechter et al., 2004; Dang et al., 2018).
The Polynomial fitting method involves selecting
different data segments to obtain fitted curves with
distinct orthogonal points on the y-axis. Extending the
range of data leads to differences and anomalies in the
estimated lost gas (Fig. 4(a), Fig. 10). In contrast, the
Amoco method and the improved evaluation method
demonstrated only minimal differences in lost gas values.
The Amoco method and the improved evaluation
calculated 1.31 and 1.49 times more lost gas than those
calculated by the USBM method, respectively.

1400 4 6-3-1 tmproved
. evaluation|
Polynomial

1200 4 Amoco

60 min

1000 |
| usem
soo-

120 min
180 min

Lost gas/cm?®

600 +
400 240 min

200

0

Fig. 10 Comparison of lost gas content calculated using different
methods.
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Figure 11 depicts the results of the total gas content
calculation using different methods. The USBM method,
polynomial fitting method (selecting the first 60 min
desorption data), and Amoco method calculated the gas
content of the coal seam as 22.53 cm?3/g, 22.54 cm?/g, and
22.69 ¢cm3/g, respectively. The total gas content obtained
by the improved assessment is 3.5% higher compared to
the national recommended standard calculation method.
The in situ gas content of coal seams with different burial
depths calculated with the national standard recommend-
ed method varies from 12.77 cm?/g to 20.64 cm3/g.
However, with the improved evaluation method, the in
situ gas content obtained varies from 12.82 cm¥/g to
28.87 cm3/g. The total gas content obtained by the
improved evaluation method is 4.22% higher than the
total gas content value obtained by the recommended
method of the national standard. This finding suggests
that the cumulative gas production of some single wells is
larger than the measured CBM resources.

4.1.3 TImplications for improving coring technology and
gas content calculation

As exploration activities for CBM resources increase,
methods to accurately assess gas content have received
extensive attention. The USBM method serves as a
widely adopted national standard recommended method
to evaluate in situ gas content. It relies on two crucial
parameters: drilling fluid density and reservoir tempera-
ture. The choice of data for the straight line segment of
the desorption curve is a major source of error in estimat-
ing the lost gas. For this study, the range of data segments
used to evaluate the amount of lost gas was determined.

The improved evaluation proposed in this paper can
quickly evaluate the gas content of each component,
which is significantly better than other direct methods in
terms of accuracy. Yet, the gas content is obtained based
on natural desorption data in situ. The accuracy of the

30 6-3-1 28.99

22.54 23.32

22.53

22.69

10

Total gas content/(cm3-g™")

0
. I d  Sorpti
USBM Polynomial Amoco mprov.e 'orp ton
evaluation siotherms
Fig. 11 Total gas content by different estimation methods.
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calculation can be improved by using the pressure-
preserving coring method as well as simulating the
natural desorption in the in situ condition state. To further
verify the accuracy of the improved evaluation, adhering
to high standards and requirements for coring, gas
collection, and testing is crucial.

4.2 Factors controlling gas content distribution

4.2.1 Coalification and coal quality

The evolution of pores is directly influenced by the
process of coalification, which consequently leads to an
expansion in the volume of micropores and gas content
(Gentzis et al., 2006). Thus, coalification is considered a
critical factor in controlling gas content. Figure 12
visually illustrates the relationship between gas content
and coal rank, providing a clear representation of their
correlation. Generally, gas content and coal rank are
positively correlated, which can be attributed to the
increase in adsorption capacity resulting from increased
coalification (Gentzis et al., 2006).

Extensive studies have shown that coal characteristics,
including moisture, ash, volatile matter, and calorific
value, play significant roles in determining the total gas
content of coal seams (Butland and Moore, 2008;
Warwick et al., 2008; Dai et al., 2023). However, there is
no clear correlation between coal quality and gas content
in the coal seam, as illustrated in Figs. 13(a)—13(d). It is
possible that other geological factors are responsible for
the variations in CBM reservoir content in the Mabidong
Block.

4.2.2 Burial depth and coal thickness

Burial depth is known to control coalification and posi-
tively affect gas generation and preservation, as previously
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noted by Chen etal. (2021). However, the relationship
between the gas content of the 3# coal seam/15# coal
seam and the burial depth (Fig. 14(a)) shows no obvious
correlation. While depth of burial weakly controls the
CBM content in the study area, the CBM content of
different logging wells exhibits an overall upward trend
with increasing depth, particularly beyond 1400 m. This
phenomenon can be attributed to the higher in situ
reservoir pressure of the 15# coal seam (9.61 MPa)
compared to that of the 3# coal seam (8.6 MPa),
providing an explanation for the observed trend.
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Coal seams have a dual role as both source rocks and
reservoir rocks. Deep CBM reservoirs are more favorable
for the adsorption of gas molecules as they have highly
developed micropores, compared to shallow CBM
reservoirs. Ideally, the thick coal seam provides a large
reservoir space that enhances the CBM content. However,
Fig. 14(b) illustrates the absence of a correlation between
the gas content of the coal seam and its thickness. This
can be explained by simple geological formations that
result in slight variations in coal seam thickness and
depositional environment.
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4.2.3 Hydrodynamic conditions

Hydrodynamic conditions are critical conditions affecting
CBM reservoir formation (Gentzis et al., 2006; Chen
etal.,2021). A substantial groundwater pressure facili-
tates the development of hydraulic plugging and sealing,
which promotes the enrichment of CBM. When the
groundwater runoff is strong, it intensifies the dissolution
and escape of coal seams, resulting in lower gas content
within the coal seams.

The hydrogeological unit of the study block includes
four spring areas: Guangsheng Temple Spring in the
north-west, Xin’an Spring in the north-east, Taipei Spring
in the south-east, and Yanhe Spring in the south (Fig. 15).
The Mabidong block is situated within a hydrodynamic
stagnation area characterized by weak runoff, creating
favorable hydrodynamic conditions for CBM enrichment.
The 3# coal roof is weak water-bearing sandstone, and
the bottom is a thick mudstone water-repellent layer,
which has limited influence on gas content. Additionally,
there exists a significant mudstone interlayer between the
15# coal and the upper limestone aquifer, which does not
noticeably impact the gas content.

4.2.4 Secaling conditions and tectonic controls

Changes in roof lithology and thickness cut off the
connection between the aquifer and coal seam vertically,
and at the same time have a protective effect on gas
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migration (Jin et al., 2015; Fu et al., 2016). When the roof
is thin, the ability to suppress gas emission from coal
seams will decrease. For instance, in Borehole 57 of Coal
Seam 15# (Fig. 16(a)), the thickness of the limestone roof
is 0.34 m, and the gas content is only 16.8 cm3/g (Fig.
16(b)); In Borehole 69 of Coal Seam 3#, the mudstone
roof thickness is only 0.17 m, and the CBM content is
21.19 cm3/g. Consequently, a thicker roof provides more
favorable conditions for gas preservation.Geological
structure plays a pivotal role in determining the
distribution of coal seams and rock formations on both
the roof and floor. This, in turn, indirectly impacts gas
accumulation and migration, making it a crucial factor in
CBM enrichment (Bertard et al., 1970). The syncline is
favorable for the occurrence of CBM, while the gas in the
anticline may more easily to escape. Faults may destroy
the sealing of roof rock layers and affect the gas storage
capacity. Generally, normal faults provide channels for
gas escape, and reverse faults form barriers to inhibit gas
escape (Bertard et al., 1970; Kedzior et al., 2013; Zhu and
Lin, 2015; Fuetal.,, 2016). Mabidong block is divided
into three zones: the western slope belt, the central trough
belt, and the eastern slope belt (Fig. 16(c)). The western
slope belt has a simple structure, most of the faults are
NNE-trending and local NE-trending, and the overall
scale is small, with a fault distance of 15-30 m and an
extension distance of 1.5-2.9 km. Comparatively, the
central trough belt demonstrates greater complexity,
characterized by well-developed NNE and NE trending
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faults. On the other hand, the eastern slope belt displays a
higher level of complexity, marked by a series of NNE-
trending normal faults spaced 20—60 m apart, with
extension distances ranging from 0.9 to 6.5 km. Although
the structural characteristics of the eastern flank are more
complex than those of the western flank, the strata in the
eastern flank are generally gentler than those in the
western flank.

The 3# and 15# coal seams within the block display
distinct fault characteristics, with fewer faults observed in
the west wing and a higher occurrence of developed faults
in the east wing. Consequently, the west wing is more
favorable for CBM preservation. The 3# coal seam shows
more favorable conditions for CBM exploration than the
15# coal seam due to its less complex structural condi-
tions. Based on the results of the fine tectonic interpreta-
tion, the northern part of the east flank is relatively stable
with few faults, making it a key area for further deep
CBM exploration.

5 Conclusions

In this study, we conducted extensive field investigations
on the gas content of the 3# and 15# coal seams in the
Mabidong block of the southern Qinshui Basin. The
following are the main conclusions of our research.

1) Improved evaluation based on on-site natural
desorption data enables quick estimation of total gas
content. In addition, simulation analysis employing lost
gas time indicates that the newly proposed nonlinear
equation yields the smallest calculation error. Therefore,
the improved evaluation is the most reliable for
estimating the lost gas volume.

2) The distribution of CBM content in the Mabidong
block is influenced by coal rank, roof lithology,
hydrodynamics, and tectonic activity. The study area falls
under the weak runoff area within the hydrodynamic
stagnation zone, which is beneficial for CBM enrichment.
In addition, the thick mudstone layer above and below the
3# coal seam acts as a water retention barrier, leading to
gas retention and accumulation, making it a promising
area for CBM exploration.

3) The Mabidong block is partitioned into the western
slope belt, central trough belt, and eastern slope belt. The
faults in the study area are predominantly NNE-trending
with some local NE-trending faults, and they are
relatively small in scale. Moreover, based on fine tectonic
interpretation, both the west and east flanks demonstrate
structural stability. Notably, the 3# coal seam within the
block presents fewer faults, making it more favorable for
CBM development. Conversely, the eastern slope belt
emerges as a key region of interest for future deep CBM
exploration.
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