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Abstract: To study the gas potential of coalbed methane (CBM) in the Fukang area, southern Junggar Basin
(SJB) of North China, different methods including multiple geophysical logging, the Kim method with
proximate analysis data, and Langmuir adsorption were used to evaluate the gas content. Furthermore,
the geological controls on gas content were evaluated. One hundred sixteen CBM wells with geophysical
logging and 20 with field-measured gas content were adopted to assess the gas content in the Fukang
area of SJB, NW China. The results show that the two geophysical logging variables (DEN and CNL)
were favorable for evaluating the gas content due to the perfect correlation with the measured gas content.
The gas content varies from 4.22 m3/t to 16.26 m3/t, and generally increases with increasing burial depth.
The gas content in coal seams along the synclinal axis is significantly higher than that along the synclinal
wing in the west zone. In the east zone, the gas content of the westward is higher than that of the eastward
because of the fault coating effect by reverse fault. Generally, the gas content of the SJB is in the order
of syncline > surrounding reverse fault > slope of syncline > slope of anticline > central of reverse fault,
if only geological structure features are considered. The favorable areas for CBM concentration appear
to be a composite gas controlling result of multiple geological factors. Two typical geological scenarios
with low gas content and high gas content were revealed. In the Fukang area of SJB, the low gas content
is mainly due to the normal fault and roof lithology of sandstone. The most favorable area of high gas
content for CBM exploration and development is in the northeast, where reversed fault, synclinal axis,
mudstone roof lithology, and burial depth coincide with high gas content.
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1. Introduction

Coalbed methane is a type of unconventional gas resource [1], the exploration and exploitation of
which have been intensively implemented [2–7]. Gas content is critical for CBM exploration and can
be affected by multiple factors including structural type, lithology, thickness, coal rank, and burial
depth [8]. Previous research revealed that structurally controlled gas content has the pattern of syncline
> slope of syncline > slope of anticline > anticline> central of normal fault > surrounding normal
fault [7]. Lithology-controlled gas content shows that the mudstones generally preserve the high
gas content [9]. A moderate burial depth (~500–800 m), a relatively high coal rank (~1.25–1.55%),
and a favorable coal thickness no less than 5 m could also effectively promote gas enrichment [10,11].
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The gas content in the syncline is obviously preferable, and the reverse faulting is more advantageous
to gas enrichment than the normal faulting in the middle SJB [12].

Gas contents can generally be evaluated through field measurements, geophysical logging
analysis, and proximate analysis [13–23]. By assuming a standard moisture and ash content, and using
the hydrostatic head to estimate pressure, the relationship of rank and depth versus gas content
can be constructed. The Kim method combined with logging data was first used to evaluate the gas
content of coal seams in the San Juan basin [13]. Subsequently, the ash yields and Langmuir isotherms
were adopted to assess the gas content in the northern San Juan basin [14]. Geophysical logging
uses electrical, magnetic, nuclear, and acoustic methods to measure the petrophysical properties
of formations and fluids around the boreholes [15–20], as listed in Table 1. The conventional logs
including resistivity, DEN, AC, GR, and photoelectric absorption were employed to enhance the
accuracy of the gas content evaluation in coalfields, namely Jharia (bituminous) and Barmer sanchore
(lignite) of India [21]. The multiple regressions include RLLD, AC, CNL, DEN, GR, and the buried
depth of coal seams were used to construct a logging prediction model of the gas content [22]. The gas
content predicted through the Langmuir equation was used to analyze the factors influencing the gas
production in the southern Qinshui Basin, North China [23].

The research area can be divided into two parts: 52 CBM wells in the west area and 64 wells in the
east area. Serial coal seams developed in the study area include the Nos. 39, 41, 42, 43, 45-1, and 45-2
coal seams, and the burial depth of coal seams are from 517 m to 1450 m. In this work, the logging
data of RLLS, RLLD, GR, CNL, and DEN combined with experimental data (moistures, ash yields,
volatiles and fixed carbon) of 116 boreholes from the Fukang area in the SJB are used to evaluate the
gas content of the serial coal seams of the lower Jurassic Formation. Multiple methods are used to
predict the gas content, and the best one was chosen to make a prediction in the Fukang area of the SJB
in the absence of measured data. Next, the horizontal and vertical gas content variation is evaluated
and discussed. Finally, the geological controlling factors of CBM enrichment in the SJB are discussed.
Both the gas content prediction and the controlling factors analysis was performed for the first time in
the Fukang area of SJB.
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Table 1. Comprehensive table of the gas content models.

Method Name Suitable Conditions Specific Model

Statistical analysis method

Wang Z.W., 2010
Vg = −aρ+ b

Vg = aAad
b

Pan H.P., 1998 Vg = a + bh + c(1−A) + dQc

Fu X.H., 2009 Vg = aρ+ bG + cCNL + dA + e

Langmuir equation method
Hawkins J.M., 1992

Vg = VLP/(P + PL)

Vg = (1−A−w) VLP
P+PL

Sg

If lack of Langmuir experiment data lgVL = alg(VFc /VVm ) + b
lgPL = clg(VFc /VVm ) + d

Conventional ash content measurement method
Kim A.G., 1977

The maximum pressure is 930 psi Vg = (1−w−A)[k0Pn0 − BT]Vw
Vd

If P is assumed to equal the hydrostatic head Vg = (1−w−A)[k0(0.096h)n0 − B( 1.8h
100 + 11)]Vw

Vd

Assuming the pressure is homogeneous Vg = Cp(1−w−A)

Mavor M.J., 1995 Vg = 18.77− 23.47 A
1−w

Mullen M.J., 1990 Vg = 32.87− 16.92ρb

Vg: gas content (cm3/g); Qc: fixed carbon mass fraction (%); ρ: density (g/cm3); G: natural gamma ray (API); R : resistivity (Ω·m); ∆t: sonic transit-time (us/ft); CNL: neutron porosity (%);
a\b\c\d\e: undetermined coefficients; P: pressure of coal reservoir (MPa); VL: Langmuir volume (cm3/g); PL: Langmuir pressure (MPa); Sg: adsorbed gas saturation (%); w: water mass
fraction (%); A: ash mass fraction (%); Vw: gas content of wet coal (cm3/g); Vd: gas content of dry coal (cm3/g); B: constant is approximately equal to 0.14 cm3/(g·◦C); k0\n0: correction
factor, get by fitting coal core sample data; T: coal reservoir temperature (◦C); h: the depth; Cp: gas content of pure coal reservoir; ρb: bulk density; VFc : the ratio of fixed carbon; VVm :
volatile matter.
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2. Geological Settings

The Junggar Basin is one of the basins that have gas resources over 20× 1012 m3 in Xinjiang Uygur
Autonomous Region, NW China [4,24]. The predicted CBM resource in Xinjiang Uygur Autonomous
Region is ~9.5 × 1012 m3. The Junggar Basin accounts for about half of the total CBM resources in the
Xinjiang Uygur Autonomous Region due to the thick coal seams (20–80 m) [25]. The SJB has abundant
low–medium rank coals; the coal rank across the SJB ranges from subbituminous to high-volatile
bituminous. The SJB contains CBM concentration of 4.5 × 108 m3/km2 with a maximum gas content
of 16.26 m3/t. Hence, it becomes another crucial CBM-bearing basin in China [24]. The Fukang area
in the SJB develops abundant low-rank coals with Ro,m of 0.5–0.8%, and the gas content stabilizes
at ~4–16.26 m3/t. The highest CBM production is 17,000 m3 per day, and the total gas production is
20 × 104 m3 per day. The Baiyanghe and Sangonghe mining areas are the first CBM pilot projects in
the Fukang area of the SJB. The structure, sedimentation and hydrogeology are considered to play
“the most important,” “the most basic,” and “a supporting” role, respectively, in the process of CBM
accumulation of the Xishanyao Formation in the middle of the southern Junggar Basin. This region is
to the west of the study area [26]. With low exploration degree, gas content in the Fukang area still
needs to be carefully evaluated, and the geological factors controlling gas content in different coal
seams also need to be determined.

2.1. Structural Settings

The SJB, surrounded by a nappe belt of the northern Tianshan Mountains and the Boluokenu-aqikuduk
Fault, has an area of 1.8 × 103 km2 (30 km in width and 60 km in length) (Figure 1a). Tectonically,
the geological structures of SJB are mainly a series of NWW thrust faults, EW folds in the west and gentle
strata in the east [27]. The SJB formed from Late Hercynian orogeny, and a sedimentary basement was
formed in the Early Permian and constructed gradually during Triassic [28]. The SJB has been influenced
by the North Tianshan Uplift and the Bogda Mountains since the middle Miocene [29]. Finally, the thrust
folds formed in the Cenozoic strata, which were maintained [30].

1 
 

 
Figure 1 

 

Figure 6 

Figure 1. (a) Location and geological structure of study area in the SJB; (b) the distribution map of structural
traps and fault systems of the SJB refer to Figure 1a for the study area locations; (c) a map showing
stratigraphic section of the SJB, the combinations of the target strata in the Badaowan Formation strata
are presented.
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2.2. Stratigraphic Characteristics

The formation in the SJB contains the Permian, Triassic, Jurassic, and Quaternary strata.
The ground surface of the SJB is mostly covered by the Quaternary strata, and the Jurassic formations
are exposed locally [31]. The Badaowan and the Xishanyao Formations are the main coal-bearing
strata, and the Sangonghe Formation is located between them with little thin coal seams. As shown in
Figure 1c, coal seams are widely spread in the Badaowan formation deposits of the Lower Jurassic
(J1b) [26]. Coal seams are up to a few meters thick, and parts of them are interbedded with sandstone
and mudstone. The Badaowan Formation mainly developed in fluvial facies and swamp facies,
while the Xishanyao Formation developed in delta facies, lacustrine facies, and swamp facies [32].
Total thickness of coal seams was remarkable, and Nos. 39, 41, 42, 43, and 45 were target seams for
CBM exploration.

3. Methodology

The gas content measurement is based on the National Standard of China (GBT 28753-2012 and
GB/T 19559-2008) [33–35]. The measured gas content includes desorbed gas, lost gas and residual
gas [35]. The formula is as follows:

Vg =
VL + VD

mT
+

VR
mR

, (1)

where Vg is the gas content (cm3/g); VL is the lost gas volume (cm3); VD is the desorbed gas volume
(cm3); VR is the residual gas volume (cm3); mT is total sample quality (g); mR is residual gas quality (g).
The measured gas content of the main coal seams ranges from 6.00 m3/t to 16.26 m3/t.

3.1. Kim Method with Proximate Analysis Data

The relationship between adsorbed gas volume, pressure and temperature can be described
by [13]:

V = k0Pn0 − BT, (2)

where V is the volume of gas adsorbed (cm3/g); P is the pressure of coal reservoir (MPa); B is a constant
with an average value of 0.14 cm3/g ◦C; k0\n0 is the constants; T is the coal reservoir temperature (◦C).
The values of k0 and n0 can be expressed by the ratio of fixed carbon (VFc ) to volatile matter (VVm ):

k0 =
0.8VFc

VVm

+ 5.6, (3)

n0 = 0.315− 0.01
VFc

VVm

. (4)

At a given depth, the pressure P is usually assumed to be equal to the hydrostatic head:

P = 0.096h. (5)

A commonly used geothermal gradient is 1.8 ◦C/100 m, and the ground temperature is 11 ◦C.
The temperature at burial depth of coal seam can be estimated as follows:

T = 1.8
h

100
+ 11. (6)

To estimate the gas content, moisture content must be considered in a real coal seam. The calculated
gas content is multiplied by the factor:

Vg = (1− w− A)[k0Pn0 − B(
1.8h
100

+ 11)]
Vw

Vd
. (7)
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If P is estimated from the hydrostatic head, the above equation can be substituted:

Vg = (1− w− A)[k0(0.096h)n0 − B(
1.8h
100

+ 11)]
Vw

Vd
, (8)

where the value of Vw
Vd

can be evaluated through the Kim method [13]. In his study, the Vw
Vd

values were
distributed between 0.18 and 0.93, and the value decreases with the decrease of coal rank. According to
Ro, m (0.5–0.8%) in our research area, the final value of Vw

Vd
is 0.55. A comparison between the calculated

gas content by Kim method and the measured gas content is shown in Figure 2. All the predicted data
have intensive error, especially in the C161 and C131 wells.
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3.2. Langmuir Method

The gas adsorbed volume can be evaluated through Langmuir theory with isothermal adsorption:

Vg = (1− A)
VLP

P + PL
, (9)

where Vg is the gas adsorbed volume (cm3/g); P is the pressure (MPa); PL is the Langmuir pressure
(MPa); A is the dry ash content, weight fraction (%); and VL is the Langmuir volume (cm3/g).

Gas content can be evaluated by the coefficients of isothermal adsorption, the proximate analysis
data, the gas saturation and the reservoir pressure:

Vg = (1− w− A)
VLP

P + PL
Sgas, (10)

where Sgas is the gas saturation (%). The reservoir pressure conforms to the following linear formula if
the depth is less than 1600m in the SJB: P = 0.076h + 3.42. Sgas can be calculated by the measured gas
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content. The predicted gas content by Langmuir method is shown in Table 2. The error reaches 30% in
some wells (e.g., No. 43 coal seam in the C131 well).

Table 2. The comparative results and error analysis between measured gas content and predicted gas
content with Langmuir method.

Well Seam
Number

Depth
(m)

Sgas
(%)

Measured QM
(cm3/g)

Predicted QP
(cm3/g)

|QP−QM|
QM

×100
(%)

C84 43
1165.6

71.5
11.65 11.03 5.32

1173.6 9.37 11.05 17.93

C131

42 989 45.1 8.63 7.16 17.03

43
1024.3

66.6
11.3 14.7 30.09

1036.5 12.8 12.09 5.55

45-1 1076.5 41.5 9.65 7.56 21.86
45-2 1122.9 47.1 9.13 9.01 1.31

C161
43

1360.6
63.3

15.61 13.5 13.52
1377.6 15.25 13.57 11.02

45-1 1447.1 68.6 15.38 14.4 6.37

3.3. Well Logging Method

Coals can be easily distinguished by geophysical logging [36]. RLLS (shallow laterolog, Ω·m)
and RLLD (deep laterolog, Ω·m), reflecting the formation resistivity, can be used to calculate porosity
of the formation. AC (acoustic log, us/ft) will increase when the acoustic wave meets the gas layers.
Therefore, AC can be used to identify the gas layer and acquire the rock porosity. GR (natural gamma
ray log, API), CNL (compensated neutron log, PU), and DEN (density log, g/cm3), belonging to
radioactive logs, can be adopted to determine the lithology and estimate the shale content. The above
six well logging methods are used in this study, as shown in Figure 3. Although DEN can be used to
evaluate the gas content, coal seams with low mechanical strength will lead to borehole expansion.
This phenomenon will result in inaccurate DEN values. Therefore, the DEN value needs correction [37]:

Lc = L + a(DCAL − Dbits)/Dbits + b, (11)

where L is the logging response value before correction; Lc is the corrected logging response value;
DCAL is the borehole diameter; Dbits is the diameter of drilling bit; a and b are correction coefficients.
Log data of 33 samples were used to obtain the value of a and b with Equation (11). In Figure 4,
the relationship of the measured gas content and logging curves is plotted. Ash yields can decrease
the gas absorption in coal, which positively correlates with the DEN (Figure 4a). Therefore, a negative
correlation between gas content and DEN was found as shown in Figure 4b. Generally, a high hydrogen
index caused a high CNL response, resulting in a positive relationship (Figure 4c). Gas content has
a negative relationship with GR, but was positively correlated with RLLD and AC (Figure 4d–f).
Therefore, these well loggings have more or less correlation with the gas content. Here, GR, AC, CNL,
DEN, and RLLD were selected to make a comprehensive evaluation of the gas content (Vg):

Vg = 42.19− 17.99DEN − 0.25CNL + 0.02AC− 0.03GR− 5.58e−6LLD (R2 = 0.88), (12)

where the correlations between these five well loggings indicators and the gas content were good.
However, this correlation was not adopted to evaluate the gas content due to the absence of the values
of RLLD, AC, and GR in the eastern part of the research area. Therefore, DEN and CNL were used to
assess the gas content, which shows a good correlation coefficient of 0.89.

Vg = 36.25− 16.32DEN − 0.21CNL (R2 = 0.89). (13)
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Table 3 shows the variance analysis. The five and two variables are compared with the measured
gas content (Table 4), which shows that two-variable fitting formulas are more accurate than five-variable
fitting formulas. The five variables produce much more error compared with the two variables, as shown
in Figure 5.

Figure 3. Logging response characteristic of coal reservoirs in the C51 well (a) and C84 well (b).
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Table 3. The gas content fitting formulas with CNL and DEN.

Well Predicted Coalbed Gas Content, cm3/g Samples Correlation Coefficient Residual Error F

C161 Vg = 36.25− 16.32DEN− 0.01CNL 12 0.94 1.50 789.72
C153 Vg = 55.83− 22.21DEN− 0.19CNL 9 0.96 0.18 2163.11
C131 Vg = 44.97− 18.19DEN− 0.11CNL 21 0.91 0.08 3231.81
C84 Vg = 46.21− 20.89DEN− 0.06CNL 6 0.98 0.02 13714.9

Table 4. Measured and predicted gas contents and error analysis.

No. Well
Measured QM Predicted QP Predicted QP

|QP−QM|
QM

×100 |QP−QM|
QM

×100
(cm3/ g) 2 Variables 5 Variables 2 Variables 5 Variables

1 C51 6.00 5.13 4.74 14.50 20.99
2 C52 14.89 14.86 15.31 0.18 2.82
3 C53 12.31 10.11 10.82 17.84 12.09
4 C54 4.22 3.30 3.70 21.80 12.23
5 C81 12.77 13.58 13.81 6.33 8.18
6 C82 14.13 14.39 14.74 1.81 4.34
7 C83 14.90 14.71 15.11 1.30 1.41
8 C84 13.45 13.72 14.05 1.99 4.48
9 C06V 13.67 13.89 14.22 1.58 4.04

10 C111 13.02 13.91 14.16 6.81 8.72
11 C112 13.63 14.41 14.65 5.75 7.49
12 C01 14.19 14.21 14.62 0.16 3.02
13 C02 13.29 13.73 14.09 3.29 5.99
14 C03 15.37 14.69 15.24 4.45 0.86
15 C04 14.97 14.70 15.20 1.78 1.56
16 C05 14.66 14.54 15.04 0.79 2.59
17 C1H 15.69 14.17 14.85 9.69 5.34
18 C13X 14.34 14.56 15.02 1.53 4.72
19 C131 13.95 14.23 14.68 1.99 5.26
20 C132 8.04 8.61 8.79 7.04 9.28
21 C133 12.99 13.40 13.79 3.13 6.15
22 C151 14.39 13.86 14.36 3.69 0.18
23 C152 13.95 14.05 14.44 0.68 3.48
24 C153 13.92 14.22 14.57 2.16 4.69
25 C154 13.48 14.07 14.37 4.36 6.63
26 C161 14.03 14.05 14.47 0.13 3.13
27 C162 13.87 14.22 14.66 2.55 5.68
28 C164 14.68 14.71 15.23 0.21 3.75
29 C165 16.26 14.67 15.37 9.76 5.47
30 C166 12.53 12.72 13.18 1.53 5.21



Energies 2018, 11, 1867 10 of 23

Energies 2018, 11, x FOR PEER REVIEW 10 of 23  

 

26 C161  14.03 14.05 14.47 0.13 3.13 
27 C162  13.87 14.22 14.66 2.55 5.68 
28 C164  14.68 14.71 15.23 0.21 3.75 
29 C165  16.26 14.67 15.37 9.76 5.47 
30 C166  12.53 12.72 13.18 1.53 5.21 

 
Figure 5. Comparison between measured and two variables’ predicted gas contents with logging 
method (a); comparison between measured and five variables’ predicted gas contents with logging 
method (b). 

The logging value of RLLD in coal seam is generally in the range of tens to thousands of Ω·m. 
Normally, it is difficult to observe the change of RLLD value when the gas content changes. As a kind 
of organics rock, coal is a low velocity material for acoustic transmission. Therefore, pores, fractures, 
liquid, and gas in coals all have a great impact on AC values. GR measures ash in coal seam, which 
cannot reflect the gas layer directly. Therefore, the AC, GR, and RLLD were reduced in this model to 
predict the gas content more accurately. 

The gas contents produced by the Langmuir method and Kim method are discrete. The logging 
data was used to fit proximate analysis data through the Kim method, then the value of 𝑃௅ and 𝑉௅ 
was calculated by the proximate analysis data, finally the gas content was obtained [38]. Although 
the correlation coefficient in previous research [38] can reach 0.73, the correlation coefficients in the 
study area were too low to predict, with values in the range of 0.06–0.11. Therefore, the two-variable 
model is selected to predict the gas content as shown in Figure 6, and it can be observed that less 
error was produced between the predicted and the measured gas contents in this study. 

Figure 5. Comparison between measured and two variables’ predicted gas contents with logging
method (a); comparison between measured and five variables’ predicted gas contents with logging
method (b).

The logging value of RLLD in coal seam is generally in the range of tens to thousands of Ω·m.
Normally, it is difficult to observe the change of RLLD value when the gas content changes. As a kind
of organics rock, coal is a low velocity material for acoustic transmission. Therefore, pores, fractures,
liquid, and gas in coals all have a great impact on AC values. GR measures ash in coal seam, which
cannot reflect the gas layer directly. Therefore, the AC, GR, and RLLD were reduced in this model to
predict the gas content more accurately.

The gas contents produced by the Langmuir method and Kim method are discrete. The logging
data was used to fit proximate analysis data through the Kim method, then the value of PL and VL
was calculated by the proximate analysis data, finally the gas content was obtained [38]. Although the
correlation coefficient in previous research [38] can reach 0.73, the correlation coefficients in the study
area were too low to predict, with values in the range of 0.06–0.11. Therefore, the two-variable model
is selected to predict the gas content as shown in Figure 6, and it can be observed that less error was
produced between the predicted and the measured gas contents in this study.
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Figure 6 Figure 6. Comparison between predicted and measured gas contents on profile by the logging method
with two variables.

4. Results and Discussion

4.1. Gas Content Distribution

The gas content for 33 CBM wells were regionally evaluated by geophysical logging model with
two variables as shown in Figures 7–12. The total gas content of the Nos. 39, 41, 42, 43, 45-1 and
45-2 coal seams is in the range of 5.9 to 13.6 m3/t, 6.7 to 13.5 m3/t, 6.3 to 15.9 m3/t, 6.3 to 14.9 m3/t,
5.58 to 14.8 m3/t, and 6.2 to 15.6 m3/t, respectively. As shown in Figure 7a, the gas content is mostly
concentrated in the east zone of the No. 39 coal seam, and well K18 in the east zone has high gas
content of 13.6 m3/t. The gas content is mostly concentrated in the eastern part of the Ganhezi city of
the No. 41 coal seam (Figure 7b). In the Figure 7c, the gas content of the No. 42 coal seam shows an
increasing trend from east to west in the study area. In the No. 43 coal seam, the CBM wells K1 and
K2 have a low gas content of 7.4 m3/t and 7.1 m3/t; in the western area, other CBM wells generally
have a gas content higher than 10 m3/t (Figure 9a); well S58 has high gas content of 14.4 m3/t near
the Huangshan River in the east zone (Figure 9b). CBM wells in the No. 45-1 coal seam mostly have
gas content more than 10 m3/t, except for wells C13 and C03 (5.6 m3/t and 8.7 m3/t) (Figure 11a).
On the contrary, the gas content in the No. 45-2 coal seam for most CBM wells have a gas content lower
than 9 m3/t, except CBM wells K5 and C16 (14.1 m3/t and 13.6 m3/t) (Figure 11b). Vertically, the gas
content gradually increases with the increasing burial depth of coal seams. In the plane, the high gas
content of Nos. 39, 41, 42, and 43 coal seams generally distributes in the western part; the high gas
content of Nos. 43, 45-1 and 45-2 coal seams displays in the southern part of the west zone. The gas
content distribution was affected by multiple geological factors, as will be elaborated below.
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Figure 12. Relationship between gas content and burial depth of No. 45-1 (a) and 45-2 (b) coal seams in
the Fukang syncline (units of contour lines: m for burial depth and m3/t for gas content with different
color areas).

4.2. Geological Factors Affecting Gas Content

4.2.1. Geological Structure Controls

In the modern SJB, a few faults and folds with W–E axial striking are common (Figure 1). These
structures induce coal deformation. The coal reservoir permeability is relatively low, with maximum
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values approaching 4 mD. Particularly in cases where strong deformation caused coal mylonitization,
the coal reservoir has extreme low permeability. Previous studies indicated that the folds in the SJB
were formed by N–S compressional stress during the Himalaya Orogeny [32].

CBM tends to concentrate in the syncline and dissipate in the anticline and normal fault zone [1,26].
In the study area, anticline is less developed, CBM accumulation is mainly controlled by the Fukang
syncline and Ergonghe syncline. In the west zone, most of the CBM exploration wells are deployed
along the synclinal axis or synclinal wing; the gas content in the axis is significantly high, ranging
from 8.43 m3/t to 16.25 m3/t (Table 5). In these synclines, fractures and micropores favorable for
CBM concentration are abundant due to the structural stress. The burial depth at axis of syncline is
deep and the permeability is low. CBM hardly moves along the vertical direction, and the conditions
are conducive to methane accumulation. Therefore, the syncline areas of the SJB are ideal for CBM
exploration and development. In the east zone, the Yaomoshan reverse fault cuts through the south
wing of Ergonghe syncline, which results in the syncline presenting a monocline form. Figure 7 shows
that the gas content closest to the west side of Yaomoshan reverse fault is higher than the east side in
the Nos. 39, 41, 42 coal seams because of the fault coating effect. Based on the well data and prediction,
the gas content of the SJB is in the order of syncline (well C15 is 13.6 m3/t) > surrounding reverse
fault (well S74 is 12.31 m3/t) > slope of syncline (well K18 is 12.24 m3/t) > slope of anticline (well
K2 is 7.8 m3/t) > central of reverse fault (well K19 is 6.52 m3/t), if only geological structure patterns
are considered.

Table 5. Gas content of CBM wells in the SJB.

Well Seam Number Structural Type Burial Depth (m) Gas Content (Average) (m3/t)

C84 43 wing 1161–1178 9.37–13 (10.25)
C03 43 axis 888–910 8.46–15.54 (13.56)
C03 45-1 axis 968–986 8.43–14.17 (10.83)
C13 43 axis 1020–1038 11.3–15.88 (13.27)
C13 45-1 axis 1072–1081 9.65
C13 45-2 axis 1122–1125 9.13–10.09 (9.61)
C16 43 axis 1357–1384 10.2–16.25 (14.4)
C16 45-1 axis 1406–1413 15.78–16.18 (16.08)
K1 43 wing 851–869 6.7–10.82 (8.26)
K1 45-2 wing 948–971 6.66–11.21 (7.98)
K2 43 wing 469–486 6.93–9.09 (7.8)
K6 45-2 wing 1050–1070 7.56–8.14 (7.8)

Refer to Figure 9 for CBM well locations.

4.2.2. Coal Thickness and Burial Depth

Although the correlation between gas content and coal thickness is positive, the correlation
coefficient is low (Figure 13b). In the west zone, the thickness of the No. 39 coal seam is between 6 m
and 20 m (Figure 7a), and the thickness of the No. 41 coal seam is 5–19 m (Figure 7b); high gas content
is distributed in the area with thickness from 11 m to 19 m. The gas content in the No. 42 coal seam is
not related to the thickness (Figure 7c). Gas diffusion and flow are the main patterns for CBM escaping.
Due to the low permeability of the coal seam, thick coal seams may provide a long distance for gas
escaping [11,39]. Therefore, the coal thickness could affect the in situ gas content. In the No. 43 coal
seam of the west zone, the coal thickness increases from 5 m to 23 m from west to east (Figure 9a).
The east zone has a coal thickness of 7–15 m, and the central area has the maximum coal thickness
(Figure 9b). The thickness of the No. 45-1 coal gradually increases from west to east (Figure 11a),
and that of the No. 45-2 coal seam gradually pinches from west to east (Figure 11b); the gas content
seems to have no relationship with coal thickness.
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Burial depth is another important gas controlling factor [40]. The burial depth of coals controls the
coalification and gas generation [41]. Increasing burial depth can prevent gas dissipation. Moreover,
the increasing stress makes the coal permeability decrease, which is conducive to the gas preservation.
Figure 14a shows a good correlation between gas content and the burial depth of Nos. 42, 43, and 45
coal seams, R2 = 0.56. However, the relationship between gas content and the burial depth in the
Nos. 39 and 41 coal seams is subtle (Figures 8a,b and 14b). When the burial depth reduces from 1000 m
to 650 m, the gas content decreases from 13 m3/t to 5.5 m3/t in the No. 42 coal seam from west to
east (Figure 8c). In Figure 10a, the burial depth increases from 550 m to 1350 m from north to south,
and the gas content increases from 6 m3/t to 13 m3/t. The burial depth interval is 750–1200 m from
west to east (Figure 10b), and the gas content is 6–14 m3/t. Figure 12 shows that the burial depth of
Nos. 45-1 and 45-2 coal seams increases from 970 m to 1440 m, and the gas content increases from
5.5 m3/t to 15 m3/t, which indicates that burial depth should be one of the main controlling factors for
gas content in the study area.

4.2.3. Coal Metamorphism and Roof Lithology

Deep coal has high metamorphism. Pore structure and gas content are closely dependent on
the coal rank [10]. Figure 13a shows that a weak positive correlation between Ro,m and gas content
(R2 = 0.3) exists, indicating that Ro,m may not be the dominant factor for gas content in the study area.
Roof lithology is directly controlled by the sedimentary environment, which may include mudstone,
limestone, and siltstone [42]. The gas sealing performance of roof lithology is very important for
the CBM preservation. The roof lithology with high mud content and thick shale may have a better
sealing capacity than that with sandstone and limestone [9]. The roof lithology in the study area
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is mainly mudstone and locally siltstone and sandstone (Figure 15). Mudstone has the best sealing
capability for CBM. In well C161, the roof lithology of No. 45-1 coal seam is mudstone, and the gas
content is 13.99 m3/t. While the roof lithology of Nos. 43, 45-2 coal seams is sandstone and siltstone,
the gas content is 8.24 m3/t and 12.13 m3/t, respectively (Figure 16). The gas content in the mudstone
roof reservoir is obviously higher than the gas content in the sandstone roof reservoir. The floor,
roof thickness, and gas content have a slight correlation, with coefficients of 0.03 and 0.01, respectively
(Figure 13c,d). Multiple reservoir parameters including permeability anisotropy, gas sorption time,
and water content may have impacts on gas contents in coal seams [43–49]. Due to the limited reservoir
data, the impacts of reservoir properties on gas content will not be elaborated here.
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Figure 14. The fitting relationship between the gas content and buried depth of the Nos. 42, 43, 45 coal
seams (a); fitting relationship between the gas content and buried depth of the Nos. 39, 41 coal seams (b).
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Figure 15 Figure 15. Cross section showing the effects of the roof lithology of the Nos. 43, 45-1, and 45-2 coal
seams in the Fukang syncline.
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4.3. Geological Controlling Scenarios of Gas Content

Geological factors affecting the gas content of the Nos. 39, 41, 42, 43, 45-1, and 45-2 coal seams in
the study area mainly include geological structure, burial depth, and roof lithology. Figure 16 shows
two typical geological scenarios with low gas content and high gas content, which can explain the
gas controlling in the SJB. In the SW–NE profile, seven CBM wells with predicted and measured gas
content are selected to show the geological controlling scenario of low gas content, as exhibited in
Figure 16. The gas content is less than 8 m3/t in the K1, K5, and K6 CBM wells. A normal fault
develops in the east of the study area, which results in the gas dissipating easily. This kind of scenario
is located in the southern wing of the Fukang syncline. The roof lithology of coal seams here is
mostly sandstone, which is unfavorable for gas preservation. Therefore, these factors produce low
gas content. The second scenario for high gas content is mainly controlled by the favorable factors
including reversed fault, synclinal axis, mudstone roof lithology, and burial depth, where there is a
high gas content of 8–13 m3/t as shown in Figure 16. The favorable areas for CBM exploration appear
to be a composite gas controlling result of multiple geological factors.
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5. Conclusions

Geophysical logging data in the SJB are used to predict the gas content. Methods for predicting gas
content including the Kim method, Langmuir method, and well logging method have been compared
in detail. Two geophysical logging variables are finally selected to assess the gas content, which has
the best fitting relationship with the measured gas content. The predicted results show that the gas
content in the study area varies from 4.22 m3/t to 16.26 m3/t. The gas content of the CBM wells
along the synclinal axis is significantly higher than that along the synclinal wing in the western zone.
In the eastern area, the westward gas content is higher than the eastward gas content in the coal seams
because of the fault coating effect by reverse fault. Generally, the gas content of the SJB is in the order of
syncline (well C15 is 13.6 m3/t) > surrounding reverse fault (well S74 is 12.31 m3/t) > slope of syncline
(well K18 is 12.24 m3/t) > slope of anticline (well K2 is 7.8 m3/t) > central of reverse fault (well K19
is 6.52 m3/t), if only geological structure patterns are considered. Two typical geological scenarios
with low gas content and high gas content were revealed. The low gas content is mainly due to the
normal fault and the roof lithology of sandstone, whereas the high gas content is mainly controlled by
favorable factors including reversed fault, synclinal axis, mudstone roof lithology, and burial depth.
The CBM concentration appears to be a composite controlling result of multiple geological factors in
the SJB.
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