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Abstract

The Erlian Basin stands as a potential region for low-rank coalbed methane (CBM) 
exploration and development in China. Located within the western part of this 
basin in Ujimqin Banner, the Wujianfang Basin hosts six exploitable coal seams 
and demonstrates significant potential for low-rank CBM production. However, 
the current understanding of the geological characteristics of CBM in this area 
remains limited, a challenge compounded by the substantial differences in 
reservoir attributes between low-rank and medium-to-high-rank CBM systems. 
This study utilizes a comprehensive dataset obtained from exploration activities 
since 2007, integrated with core observations and laboratory analyses, to 
investigate the coal quality, pore structure, isothermal adsorption, and gas-
bearing characteristics of the coal seams in the Wujianfang Basin. Key findings 
reveal that the measured gas content in the parameter well varies between 0.453 
m3/t and 1.85 m3/t, with methane constituting 48.18% to 83.21% of the total gas 
volume, which reflects a heterogeneous gas accumulation pattern across the basin. 
Gas content is strongly influenced by trapping and preservation conditions, with 
high-gas-content potential being governed by the combined effects of gas 
generation, migration, trapping, and preservation processes. Through the 
application of partial least squares regression (PLSR), volatile matter content, 
porosity, and fixed carbon content were identified as the main geological factors 
controlling gas enrichment in the basin. This research provides a theoretical 
foundation for advancing the study of gas-bearing properties in low-rank coals and 
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contributes to the basis for efficient CBM extraction under China’s dual-carbon 
strategy.

Keywords:

Wujianfang Basin, Low-rank coal, Gas-bearing, Main Controlling Factors, Partial 
Least Squares Regression (PLSR)；
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1. Introduction

Coal has been a cornerstone of the global energy supply for centuries, providing 
thermal energy, electricity, and raw materials for valuable industrial products1. 
Its complex pore structure hosts significant volumes of coalbed methane (CBM), 
which consists predominantly of methane2-3. In China, the estimated resources of 
low-rank CBM are approximately 14.7×10¹²m³, accounting for over 40% of the 
nation’s total CBM resources4. In recent years, the CBM industry has increasingly 
shifted its research and development focus toward low-rank coal regions5-6. 
Enhanced national policy support has facilitated breakthroughs in gas production 
under specific conditions in provinces such as Shanxi, Xinjiang, Jilin, and Inner 
Mongolia. Nonetheless, exploration and development activities in most of these 
areas remain limited, and large-scale or commercial CBM production in China is 
still predominantly concentrated in medium- to high-rank coals7.
Compared with medium- and high-rank coals, low-rank CBM reservoirs exhibit 
greater seam thickness, lower coalification, weaker methane adsorption capacity, 
lower gas content, and a significant proportion of biogenic gas8. Previous studies 
indicates that the enrichment and accumulation of low-rank CBM are primarily 
controlled by geological structure, burial depth, and hydrogeological conditions9-

13. In the low-rank coals of the Junggar Basin, tectonic evolution controls the 
distribution of coal seams and the enrichment patterns of CBM, with different 
structural settings (such as shallow weak runoff zones and mid-deep stagnant flow 
zones) corresponding to distinct accumulation mechanisms10. Burial depth 
directly influences the coal seam gas content through geothermal temperature 
and pressure, with the gas content exhibiting an initial increase followed by a 
decrease as depth increases. There exists a critical depth: at depths shallower 
than this critical threshold, gas content rises with increasing pressure; beyond it, 
however, the elevated temperature leads to a decline in adsorption capacity, 
resulting in a reduction of gas content11-12. In the Xishanyao Formation of the 
southern Junggar Basin, the optimal burial depth for CBM accumulation ranges 
from 700 to 1000 meters12. Additionally, burial depth affects the physical 
properties of coal reservoirs: increased burial depth leads to reduced permeability, 
but ultra-deep layers (>1200 m) may form supersaturated gas accumulations10. 
Hydrogeological conditions determine the preservation and dissipation of CBM. In 
stagnant flow zones or runoff-stagnation transition zones, sluggish groundwater 
flow favors gas preservation, whereas in strong runoff zones, water flow tends to 
entrain and carry away the gas10,13. Methane genesis varies across different 
structural settings, exhibiting deep thermogenic gas, mid-depth secondary 
thermogenic gas trapped in structural culminations, and shallow biogenic gas 
accumulation 14-15.
Despite these insights, direct studies on how coal structure influences CBM 
adsorption-desorption behavior, gas-bearing characteristics, and well productivity 
in low-rank coals remain scarce both in China and internationally7,16-18. This work 
focuses on the low-rank coal seams of the Damoguaihe Formation in the 
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Wujianfang Basin. By integrating coal quality analysis, large-sample methane 
isothermal adsorption experiments, and CBM well parameter tests, it aims to 
reveal the geological and CBM characteristics of the low-rank coals. Using the 
partial least squares regression (PLSR) method, it quantitatively analyzes the 
controlling factors—such as coal quality, porosity, and geological conditions—on 
gas-bearing properties. The findings are expected to provide a reference for the 
development of low-rank CBM in the Erlian Basin and offer geological insights for 
coal mine gas control strategies.

2. Regional Geological Setting

The Erlian Basin, located in central and eastern Inner Mongolia Autonomous 
Region, has been identified as containing 47 coal-bearing basins with a total CBM-
bearing area of 34,854 km²，and geological CBM resources of 2.58×1012m³. It is 
regarded as a key strategic basin for achieving breakthroughs in the commercial 
development of China’s low-rank CBM resources. The Erlian Basin, the largest 
Late Mesozoic fault-depression basin group in Inner Mongolia Autonomous Region, 
is composed of five depressions, one uplift, and over one hundred fault-depressed 
basins. It constitutes a significant coal-accumulating area from the Early 
Cretaceous coal-forming period in China19. The basin group is exceptionally rich 
in coal resources, with coalfields distributed from east to west, though most are 
developed in the eastern part, major coalfields include Shengli, Baiyinhua, 
Jilinguole, Baiyinhushuo, Bayanbaolige, Wennite, and Manite20.
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Fig 1. Location, Geological Overview, and Stratigraphic Columnar Diagram 
of the Wujianfang Basin: (a).Location of the Wujianfang Basin; (b). 
Geological Structure of the Wujianfang Basin; (c). Stratigraphic Column of 
the Damoguaihe Formation (W2 well).

The Wujianfang Basin, located in the Xiwuzhumuqin Banner, is part of the Early 
Cretaceous Erlian Basin structurally (Fig. 1a)21. It experienced two major orogenic 
events—the Yanshanian and Himalayan movements—which significantly reshaped 
the coal-bearing strata of the Damoguaihe Formation (Fig. 2)22-27. The basin 
exhibits a relatively simple internal structure, bounded by the syn-depositional 
master boundary fault F2 on its southeastern side and a smaller contemporaneous 
fault F1 on its southwestern side. The depositional center is located adjacent to 
the master boundary fault, while the basin floor morphology is narrow in the north 
and wide-gentle in the south, overall forming an irregular NE-trending half-graben 
fault-depression coal basin (Fig. 1b)21,28. The primary coal-bearing stratum in the 
basin is the Damoguaihe Formation (Fig. 1c), which contains six minable coal 
seams identified as 2-1, 2-2, 2-3, 3-3, 4, and 5. The coal ranks include lignite and 
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long-flame coal, both of which are classified as low-rank coals.

Fig 2. Generalized tectonic movement, temperature, and burial history curve 
for coal-bearing strata in the Wujianfang Basin.

3. Samples and Methods

3.1 Coal Samples and Basic Analysis

A total of 111 coal samples were primarily collected from different coal seams in 
the two parameter wells (W1 and W2) located in the northern and central parts of 
the basin. Prior to pore structure testing. Prior to pore structure testing, a series 
of standardized analyses were conducted on subsets of the coal samples: maximum 
vitrinite reflectance (Rₒ,max) was determined for 25 samples following Chinese 
National Standard GB/T 6948-2008 ， maceral composition was analyzed for 23 
samples following Chinese National Standard GB/T 8899-2013 ， and proximate 
analysis was performed on 90 samples following Chinese National Standard GB/T 
212-2008.

3.2 Low-temperature N2 adsorption experiment and High-pressure mercury 

intrusion (HPMI) experimen

Low-temperature N₂ adsorption experiments were primarily employed to 
characterize the volumes and specific surface areas of ultramicropores, 
micropores, and mesopores within the 1.7 nm~250 nm. The coal samples were 
analyzed using the low-temperature N₂ adsorption method in accordance with the 
Chinese National Standard SY/T 6154-2019. Mercury, being a non-wetting phase 
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for most core materials, can intrude into the pore space when the applied pressure 
equals or exceeds the capillary pressure of the pore throats, thereby overcoming 
the capillary resistance. By analyzing the volume of mercury intruded at 
progressively increasing pressures, intrusion-extrusion curves were generated for 
each sample, enabling the calculation of maximum mercury saturation and 
mercury withdrawal efficiency. The high-pressure mercury intrusion (HPMI) tests 
were conducted following the Chinese National Standard GB/T 21650.1-2008.

3.3 True Density, Apparent Density and Permeability Test

The porosity of the coal samples was calculated based on the true density and 
apparent density. The true density was determined in accordance with Chinese 
National Standard GB/T 217-2008, while the apparent density was measured 
following Chinese National Standard GB/T 6949-2010. Permeability tests were 
conducted according to Chinese National Standard GB/T 29172-2012.

3.4 Gas Content and Isotope Analysis

On-site desorption of coal samples was conducted using an constant-temperature 
water bath desorption setup to determine accurate gas content. Gas composition 
analysis was performed in accordance with the Chinese National Standard GB/T 
13610-2020. Isotope testing was carried out at 25℃ employing a DELTA V 
ADVANTAGE mass spectrometer.

3.5 CH4 Isothermal Adsorption Experiment

Methane (CH4) isothermal adsorption experiments were conducted in accordance 
with the Chinese National Standard GB/T 19560-2008. Each experiment 
comprised seven pressure points, with a maximum adsorption pressure of 12 MPa, 
and the temperature was set according to the actual formation temperature. This 
procedure was designed to determine the variation trend of the excess adsorption 
capacity of the coal samples under different pressure conditions.

3.6 Partial Least Squares Regression (PLSR)

Partial Least Squares Regression (PLSR) is a multivariate statistical data analysis 
method that integrates the advantages of multiple techniques, including 
multivariate linear regression, canonical correlation analysis, and principal 
component analysis. PLSR is particularly suitable for addressing challenges such 
as high-dimensional data with small sample sizes, avoiding overfitting, and 
scenarios where the number of predictors exceeds the number of observations.
The core idea of PLSR is to establish a linear regression model between the 
independent variables (X) and the dependent variables (Y) by projecting them into 
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a new latent variable space. The key advantage of PLSR is its effectiveness in 
handling scenarios where standard multiple linear regression struggles, 
particularly when dealing with small sample sizes, a large number of predictors, 
and severe multicollinearity. Under these challenging conditions, PLSR can still 
produce stable models with strong predictive capability.
The Variable Importance in Projection (VIP) was introduced to quantify the 
controlling influence of independent variables on the dependent variable(s). A VIP 
value greater than 1 indicates that the variable contributes significantly to the 
overall model performance and is considered an important predictor. Conversely, 
a VIP value less than 1 suggests a limited contribution, implying redundancy. 
Unlike conventional linear regression or grey relational analysis, PLSR accounts 
for interactive coupling among variables and can simultaneously handle multiple 
dependent variables (e.g. total gas content and methane content), making it a 
more comprehensive and systematic regression approach.

4. Results

4.1 Characteristics of Coal Seam Distribution

The coal seams of the Damoguaihe Formation in the Wujianfang Basin were 
primarily deposited within a delta-front–lacustrine sedimentary system, the main 
sedimentary microfacies identified include subaqueous distributary channels, 
interdistributary bays, swamps, and sheet sands (Fig. 3a). These facies provided 
multiple, recurrent favorable spaces for peat accumulation and coal seam 
formation. The coal seams generally occur at burial depths ranging from 600 to 
1,000 meters (Fig. 3b). The 2 coal seam is predominantly developed in the 
northern part of the basin, with relatively thick accumulations observed in some 
wells. In contrast, the 4 and 5 coal seams are more developed in the southern part, 
though they are generally thinner overall. The 3-3 coal seam is the most 
continuous and stable seam, being widely distributed across most of the basin. In 
the central part of the basin, the 2 coal seam contains relatively well-developed 
gangue, including locally thick partings, while the other main coal seams have 
fewer and thinner gangue, with thick, single gangue occasionally observed in some 
wells.
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Fig 3. Depositional facies distribution and burial depth of the 3-3 coal seam 
in the Wujianfang Basin: (a). Distribution of 3-3 coal seam facies; (b). 3-3 
coal seam burial depth.

4.2 Coal Quality Characteristics

Based on the on-site core observation results (Fig. 1c), the macroscopic lithotype 
boundaries of the coal samples from the Damoguaihe Formation are generally 
distinct, with identifiable maceral components. The macroscopically identified 
coal types in the basin are primarily lignite and long-flame coal., The macroscopic 
coal lithotypes are dominated by dull coal, followed by semi-dull coal. The maceral 
composition is predominantly durain with minor amounts of fusain, and the durain 
contains thin bands of bright coal. The Ro,max of coal seams from the two parameter 
wells range between 0.37% and 0.57% (Table 1), with an average of 0.44%, 
indicating low-rank coals (lignite to sub-bituminous) and a relatively low maturity 
level.
The coal seams of the Damoguaihe Formation in the basin exhibit high organic 
matter content, with the maceral composition dominated by vitrinite, followed by 
inertinite, and a minimal presence of liptinite. Maceral analysis of coal samples 
from the W1 and W2 parameter wells (Table 1) reveals that the total organic 
maceral content ranges from 71.60% to 96.00%. Vitrinite is the predominant 
maceral, with contents ranging from 52.33% to 67.60% (avg. 59.45%), while 
inertinite content varies between 7.60% and 40.67% (avg. 26.91%). The total 
inorganic composition ranges from 4.00% to 28.40%, primarily consisting of clay 
minerals.
The proximate analysis of coal samples from the two parameter wells (Table 1) 
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yielded the following results: Mad ranged from 5.05% to 8.69% (avg. 7.94%); Aad 
varied between 6.58% and 35.40% (avg. 16.39%); Vad content spanned 
29.32%~38.22% (avg. 34.60%); and FCad fell within 26.91% ~49.96% (avg. 41.07). 
These data indicate that the coals from the Wujianfang Basin are characterized by 
low ash content, medium fixed carbon content, and relatively strong adsorption 
capacity. However, the presence of moisture and ash may partially attenuate their 
adsorption potential29.

Table 1. Maximum vitrinite reflectance, proximate analysis, and maceral 

composition of of coal seam samples. 
Note: V, I, E and M respectively represent the contents of Vitrinite, Inertinite, 
Exinite, and Minerals. Mad,Aad,Vad and FCad respectively represent the contents 
of moisture, ash, volatile matter and fixed carbon; ‘–’ indicates that no data are 
available.

4.3 Pore Structure Characteristics

The low-temperature N2 adsorption experiments were conducted to characterize 
the pore structure of the coal samples. The specific surface area was calculated 
using the BET (Brunauer-Emmett-Teller) multilayer adsorption model, while the 
pore volume parameters were analyzed based on the BJH (Barrett-Joyner-Halenda) 
theory and Kelvin equation to determine the distribution characteristics of 
micropores (<10 nm), small pores (10 nm~100 nm), mesopores (100 nm~1,000 
nm), and macropores (>1,000 nm)30-31. The results (Table 2) indicate that the total 
pore volume ranges from 6.95×10-3 to 39.48×10-3 cm3/g, with small pores (10 
nm~100 nm) accounting for 40%~65% of the total volume, while meso- and 
macropores generally contribute less. The specific surface area varies between 
3.63 m2/g and 21.98 m2/g, with micropores (<10 nm) contributing 67%~86% of 

Macerals (%) Proximate analysis (%)Coal 
sea
m

Ro,max
(min~ma

x)
avg

V I E M Mad Aad Vad FCad

2-1
(0.40~0.4

3)
0.42

64.00 7.60 - 28.40 8.36 35.40 29.32 26.91

2-2
(0.43~0.4

5)
0.44

58.00 15.20 - 26.80 5.05 30.06 34.56 30.33

2-3
(0.42~0.4

2)
0.42

67.60 27.60 0.80 4.00 9.12 7.80 38.22 44.86

3-3
(0.37~0.4

5)
0.42

52.33 40.67 0.97 6.04 7.91 9.00 34.98 48.11

4
(0.44~0.5

7)
0.50

60.37 31.70 0.87 7.07 8.53 9.48 35.77 46.23

5
(0.43~0.5

0)
0.45

54.40 38.70 0.95 5.95 8.69 6.58 34.77 49.96
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the total area, indicating that micropores are relatively well-developed compared 
to fine and mesopores in the coal samples.
Based on high-pressure mercury intrusion experiments conducted on five rock 
samples from different coal seams, the mercury intrusion curves and pore size 
increments are shown in Fig. 4. The coal seams of the Damoguaihe Formation in 
the Wujianfang Basin can be classified into two types: Type A (samples W2-1, W2-
2 and W1-1), corresponding to 2-1,2-2 and 2-3 coal seams, exhibit relatively 
developed meso‑macropores or microfractures, concentrated pore throats, and 
good connectivity of meso‑macropores, which are favorable for the desorption of 
CBM; Type B (samples W2-3, W2-4, and W2-5), corresponding to 3-3, 4, and 5 coal 
seams, show developed fine, meso, and macro pores, with a higher proportion of 
fine throats and predominantly ink-bottle-shaped pores, resulting in overall poor 
pore connectivity .

Proportion of pore 

volume (%)

Proportion of Specific 

surface (%)
Samp

le 

numb

er

Coa

l 

sea

m

BET

Specifi

c 

surfac

e area 

（m2/g

）

Total pore 

volume 

(×10-

3cm3/g)

Averag

e

Pore 

size

 (nm)

Micro

porou

s

Small 

pore

Meso

pore

Micro

porou

s

Small 

pore

Meso

pore

W2-1 2-1 21.98 39.48 7.24 57.90 40.60 1.60 86.20 13.80 0.10

W2-2 2-2 11.70 23.96 9.83 37.90 59.70 2.40 74.00 25.80 0.20

W2-3 3-3 3.63 6.95 13.94 26.80 64.40 8.80 67.00 32.20 0.80

W2-4 4 4.85 9.60 12.63 30.30 65.10 4.70 67.50 32.10 0.50

W2-5 5 7.48 11.19 11.19 31.70 63.30 5.00 73.90 25.70 0.40

Table 2. Pore volume and specific surface area results for liquid nitrogen 

experiments.
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Fig 4. Coal mercury intrusion curves and pore size increment: (a). W2-1 Coal 
sample mercury intrusion curve; (b). W2-2 Coal sample mercury intrusion 
curve; (c). W1-1 Coal sample mercury intrusion curve; (d). W2-3 Coal sample 
mercury intrusion curve; (e). W2-4 Coal sample mercury intrusion curve; (f). 
W2-5 Coal sample mercury intrusion curve.

4.4 Characteristics of Porosity and Permeability Distribution

The porosity and permeability of coal samples from two parameter wells were 
tested. Porosity was calculated based on the true density and apparent density of 
the coal samples. The porosity analysis results (Fig. 5a) indicate that the porosity 
of each coal seam ranges from 8.15% to 10.67% (avg. 8.95%). Combined with the 
characteristic that the burial depth of the coal seams in the Damoguaihe 
Formation decreases from northeast to southwest, a negative correlation is 
observed between burial depth and porosity. This is primarily attributed to the 
gradual increase in geostatic stress with greater burial depth, which enhances 
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compaction effects as vertical stress rises32.
The permeability of the coal seams in the Damoguaihe Formation ranges from 
0.004 mD to 0.145 mD, with an average value of 0.060 mD (Fig. 5b). Relatively 
higher permeability values are observed in the 2-3 and 3-3 coal seams of the W1 
well, reaching up to 0.154 mD and 0.130 mD, respectively. Similarly, the 3-3 coal 
seam in the W2 well also exhibits relatively high permeability. Combined with the 
characteristic that the burial depth of the Damoguaihe Formation coal seams 
decreases from northeast to southwest, the spatial variation in permeability shows 
a decreasing trend with increasing burial depth. Overall, the coal seams in the 
basin are classified as low-permeability reservoirs33.

Fig 5. Results for coalbed porosity and permeability: (a). Results for coal seam 
porosity; (b). Results for coal seam permeability.

4.5 Sealing Characteristics of Roof and Floor

The analysis of roof and floor lithology and thickness for the six coal seams of the 
Damoguaihe Formation in the Wujianfang Basin, based on data from 82 
exploration wells, reveals that the dominant roof and floor lithology is mudstone, 
with sandstone occurring in some areas. The roof thickness ranges from 0.15 m to 
52.05 m, with mean values varying between 5.06 m and 6.72 m. The floor thickness 
ranges from 0.12 m to 57.74 m, with mean values varying between 4.92 m and 
8.69 m. Four primary types of roof-floor lithological combinations were 
identified:sandstone-mudstone, mudstone-mudstone, mudstone-sandstone, and 
sandstone-sandstone. The mudstone-mudstone combination is the most developed, 
accounting for 55% of the occurrences across the study area, and is associated 
with the development of thicker coal seams.
The concept of a sealing coefficient is introduced to quantitatively analyze the 
impact of roof and floor lithology on the gas content of coal reservoirs, providing 
a direct reflection of the sealing capacity of the coal seam cover34. Based on the 
thickness and lithology of the coal seam roof and floor, an evaluation model for the 
sealing capacity of the coal seam roof and floor in the Wujianfang Basin is 
established (Formula 1):
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∁ = ε ∗ τ                                                                                        (1)

Where:∁ represents the sealing coefficient of the roof and floor. A higher value 
of ∁ indicates a stronger sealing capacity of the cover layer. ε denotes the 
lithology evaluation factor of the roof and floor. τ represents the thickness of 
the roof and floor (in meters).
The compressive strength, tensile strength, and elastic modulus are commonly 
used to characterize the integrity of rocks. Higher values of these parameters 
indicate better roof and floor stability, stronger resistance to damage, and a lower 
propensity for fracture development35-36.The lithology evaluation factor (ε) can be 
assigned based on the proportional product of these mechanical parameters 
(compressive strength, tensile strength, and elastic modulus) for different 
lithologies. In the Wujianfang Basin, the average compressive strength, tensile 
strength, and elastic modulus of mudstone are 17.52 MPa, 0.58 MPa, and 8.36 
GPa, respectively. For sandstone, the average values are 14.34 MPa (compressive 
strength), 0.42 MPa (tensile strength), and 7.92 GPa (elastic modulus). Based on 
these mechanical parameters, the lithology evaluation factor (ε) is assigned as 
0.64 for mudstone and 0.36 for sandstone in the model. The thickness (τ) of the 
coal seam roof and floor, which corresponds to the first overlying/underlying 
lithologic layer of the coal seam, is determined from the composite borehole 
histogram and well logging interpretation results.
The sealing coefficients of the coal seam roof and floor, calculated based on the 
evaluation model The roof sealing coefficient ranges from 2.24 to 3.45, with an 
average of 2.98, while the floor sealing coefficient ranges from 2.49 to 4.63, with 
an average of 3.16. The results indicate that for the 2-1 coal seam, the roof exhibits 
a stronger sealing capacity than the floor, contributing more significantly to gas 
containment. In the 2-2 coal seam, the roof’s sealing performance is slightly better 
than that of the floor, with both demonstrating relatively good sealing properties 
in the northeastern part of the basin. For the 2-3 coal seam, the floor’s sealing 
capability is marginally superior to the roof, and both show favorable sealing 
characteristics in the southern region. The 3-3 coal seam displays better sealing 
performance in the roof compared to the floor. In contrast, for the 4 coal seam, 
the floor’s sealing capacity is significantly better than the roof, and this trend is 
even more pronounced in the 5 coal seam, where the floor’s sealing ability is 
substantially stronger.

5. Discussion

5.1 Characteristics of Coalbed Gas Content

5.1.1 Characteristics of Gas Content

A systematic analysis of gas content and gas composition was conducted on coal 
samples from the W1 and W2 parameter wells, encompassing field desorption, lost 
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gas estimation, and residual gas measurement. The results of the gas content and 
composition analysis are summarized in Fig. 6. The gas content varies among 
different coal seams, with the average dry, ash-free total gas content ranging from 
0.453 m3/t to 1.85 m3/t. Hydrocarbon gases in the seams are predominantly 
methane, accounting for 48.18% to 83.21% of the total gas volume. Nitrogen is 
the primary non-hydrocarbon gas, constituting 15.35% to 51.17% of the total gas, 
while carbon dioxide accounts for 0.87% to 4.94%. Additionally, trace amounts of 
ethane (0.19% to 0.22%) were detected in the 3-3, 4, and 5 coal seams of the W2 
well. Among all seams, the 3-3 coal seam exhibits the highest gas content. Overall, 
the gas content of the six coal seams displays a unimodal distribution with depth.

Fig 6. Results of coalbed gas content and composition: (a). Gas content for the 
W1 coal seam; (b). Gas content for the W2 coal seam; (c). Gas component for 
the coal seam in W1; (d). Gas component for the coal seam in W2.

The coal seams are thicker in the southern and eastern parts of the basin, as well 
as in local areas of the central-northern region, while they gradually thin towards 
the northern and southern margins. The western part generally exhibits smaller 
coal thicknesses (Fig. 7). The total coal thickness in the basin ranges from 0.45 m 
to 64.6 m, with an average thickness of 17.89 m. The recoverable coal content 
coefficient is 8.39%, indicating favorable coal-bearing properties. To further 
improve the accuracy of gas content inversion and better characterize the 
nonlinear relationship between gas content and multiple parameters, this study 
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introduces the XGBoost ensemble machine learning method. Based on seven 
parameters—gas content, depth, natural gamma ray, resistivity, coal thickness, 
and the thickness of mudstone in the roof and floor—from 117 sample data, gas 
content inversion was performed for the entire basin. On the training dataset, the 
XGBoost model achieved an R2 of 0.91 and an RMSE of 0.166, demonstrating 
strong nonlinear fitting capability and stability. The trained model was then 
applied to the complete gas content dataset. In the dataset prediction, the XGBoost 
model performed most excellently, with an R2 of 0.972 and an RMSE of 0.0918. 
Based on the XGBoost model inversion of gas content across all six coal seams in 
the entire basin, resulting in a predicted gas content distribution map (Fig. 7). The 
results reveal significant regional heterogeneity in the spatial distribution of gas 
content within the basin, which shows a strong correlation with the spatiotemporal 
migration characteristics of the coal accumulation centers.

Fig 7. Total gas content and total coal seam thickness in the Wujianfang 
basin.

The early distribution of CBM content was characterized by high values in the 
central part of the basin and low values at the margins. As the depositional center 
and tectonic evolution adjusted, the center of coal seam development gradually 
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migrated from the central part of the basin toward the northeast, leading to a 
corresponding shift of high gas-content areas from the center to the northeastern 
region. Current predictive results indicate that the northeastern part of the study 
area is the primary zone for high CBM enrichment, while the northwestern part is 
dominated by low gas content or even undeveloped coal seams. The inverted gas 
content across the entire study area ranges from 0.08 to 1.85 m³/t, reflecting a 
distinct differential accumulation pattern.

5.1.2 Adsorption Characteristics of CBM

The occurrence states of CBM in coal seams include adsorbed, free, and dissolved 
gas, with adsorbed gas being predominant. In low-rank coal CBM reservoirs, the 
gas primarily exists in both adsorbed and free states4. Low-rank coals are 
characterized by a high proportion of macropores and mesopores, a well-
developed pore system, and consequently, a significant volume of free gas37. 
However, they exhibit a relatively weak adsorption capacity. Furthermore, due to 
their shallow burial depth (resulting in shorter migration pathways) and 
susceptibility to weathering effects, the CBM in these seams is prone to escape10,38. 
Investigating the adsorption performance of low-rank coals in the Wujianfang 
Basin through isothermal adsorption experiments will provide further insights into 
the gas-bearing characteristics and preservation conditions of the coal seams.
Based on the isothermal adsorption experiments conducted on coal samples from 
different coal seams of the W1 and W2 wells, the relationship between pressure 
and the dry, ash-free adsorption capacity is illustrated in Fig. 8a for the four coal 
seams of the W1 well and Fig. 8c for the five coal seams of the W2 well. The 
adsorption curves of the coal samples indicate that as pressure increases from 0 
to 12 MPa, the adsorption capacity shows an increasing trend. The adsorption rate 
is relatively fast in the 0–5 MPa stage and then gradually slows down, eventually 
stabilizing. All curves conform to the characteristics of the Langmuir adsorption 
model39-40. The adsorption capacity of different coal seams varies significantly 
vertically, exhibiting strong heterogeneity41-42.
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Fig 8. Isothermal adsorption results for coal samples from various coal 
seams: (a). W1well coal isothermal adsorption curve; (b). W1 well coal VL-PL 
relationship; (c). W2 well coal isothermal adsorption curve; (d). W2 well coal 
VL-PL relationship.

Note: W1-14 and W1-15 Samples, from 2-3 coal seam, tested at 25°C; W1-16 
and W1-17 Samples, from 3-3 coal seam, tested at 27°C; W1-18 and W1-19 
Samples, from 4 coal seam, tested at 27°C; W1-20 and W1-21 Samples, from 
5 coal seam, tested at 28°C; W2-18 and W2-19 Samples, from 2-1 coal seam, 
tested at 27.2°C; W2-20 and W2-21 Samples, from 2-2 coal seam, tested at 
27.2°C; W2-22 and W2-23 Sample, from 3-3 coal seam, tested at 30°C; W2-24 
Sample, from 4 coal seam, tested at 33°C; W2-25 and W2-26 Samples, from 5 
coal seam, tested at 33°C.

The Langmuir volume primarily reflects the adsorption capacity of coal. A higher 
value indicates stronger adsorption performance. The Langmuir pressure 
corresponds to the pressure at which the adsorption amount reaches half of the 
Langmuir volume. A higher Langmuir pressure suggests that CBM is more readily 
desorbed from the coal seam, which is favorable for CBM extraction. As shown in 
Fig. 8b and 8d, the Langmuir pressure for the W1 well ranges from 1.15 MPa to 
4.62 MPa (avg. 3.44 MPa), while the Langmuir volume ranges from 1.93 m3/t to 
5.57 m3/t (avg. 3.99 m3/t). For the W2 well, the Langmuir pressure ranges from 
1.11 MPa to 3.75 MPa (avg. 2.16 MPa), and the Langmuir volume ranges from 
0.62 m3/t to 4.04 m3/t (avg. 2.29 m3/t). The coal samples from the main coal seams 
in the W1 well exhibit a greater maximum adsorption capacity (higher Langmuir 
volume) and easier desorption during later production (higher Langmuir pressure). 
This may be related to their higher vitrinite content, as vitrinite typically provides 
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a larger specific surface area, offering more adsorption sites. In contrast, the 
lower Langmuir pressure of the W2 well coal samples suggests a relatively higher 
adsorption amount in the low-pressure range, indicating a stronger adsorption 
affinity for methane. This could also explain why the gas content of the main coal 
seams in the shallow sections of the W2 well is generally higher than that in the 
W1 well. Comprehensive analysis indicates that the Langmuir volume and 
Langmuir pressure within the basin exhibit a characteristic pattern of being higher 
in the south and lower in the north. This suggests that the coal in the W1 well has 
good adsorption capacity and significant potential for coal seam methane 
extraction.

5.1.3 Gas Genetic Types

The gas genetic types include thermogenic, biogenic, and mixed origins43. 
Biogenic gas can be further subdivided into primary biogenic gas and secondary 
biogenic gas. Low-rank CBM is predominantly of secondary biogenic origin, which 
is characterized by post-generation modification and serves as an important gas 
source supplement44. Classifying the gas genetic types primarily relies on the gas 
composition and chemical characteristics. CBM is generally considered to have 
two fundamental genetic types: biogenic and thermogenic. The methane carbon 
isotope value δ13C(CH4) of -55‰ is commonly used as the threshold for 
distinguishing between them: δ13C(CH4)≤-55‰ indicates biogenic gas, while 
δ13C(CH4)>-55‰ suggests thermogenic gas45-47. Biogenic methane is generated 
mainly through two pathways: CO2 reduction and acetate fermentation, these 
pathways can be distinguished based on the relationship between carbon and 
hydrogen isotopes (δ13C(CH4)-δD(CH4))48. 

Fig 9. Petrogenetic combination identification map of CBM in the Wujianfang 

Basin: (a). C1/C2+-δ13C(CH4) Combined Identification Chart; (b). δ13C(CH4)-

δD(CH4) Combined Identification Chart.

The measured δ13C(CH4) values of CBM from drilled CBM wells in the Erlian Basin 
range from -69.4‰ to -61.1‰, and δD(CH4) values range from -272.7‰ to -
230.6‰, indicating a transitional type between acetate fermentation and CO2 
reduction43. Isotopic analysis of coal samples from the Wujianfang Basin, 
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combined with a δ13C(CH4)-C1/C2+ identification diagram (Fig. 9a)46,48-51, shows 
that δ13C(CH4) values are generally less than −60‰ and δD(CH4) values are less 
than −260‰, consistent with lacustrine biogenic gas characterized by high 
methane concentration and relatively simple gas composition. Furthermore, a 
(δ13C(CH4)-δD(CH4)) cross-plot (Fig. 9b) further indicates that the CBM in the 
Wujianfang Basin is predominantly generated via acetate fermentation, with a 
minor contribution from CO₂ reduction46,48-51.

5.2 Factors Affecting Gas Content

The gas content within coal seams exhibits significant lateral variability across 
individual seams, vertical variability among different seams within a single well, 
and internal variability within thicker seams52-54. This heterogeneous distribution 
is governed by the coupled effects of various geological and hydrogeological 
factors, as well as reservoir heterogeneities27,52,55-56.
Based on data from the W1 and W2 parameter wells, this study investigated the 
factors influencing the distribution of CBM content in the coal seams of the 
Damoguaihe Formation within the Wujianfang Basin, employing PLSR for 
quantitative analysis. The factors considered included coalification and coal 
characteristics, burial depth and thickness of the coal seams, sealing conditions, 
and structural controls. In addition to the parameters discussed in this study, other 
factors such as the tectonic setting, sedimentary conditions, and hydrogeological 
conditions also significantly influence the assessment of the gas-bearing property 
distribution in the basin’s coal seams57.

5.2.1 Coal quality, Ro,m and porosity

The gas content (both total gas content and methane concentration) within and 
between coal seams of the Wujianfang Basin exhibits notable variations, which can 
be explained by differences in coal quality and porosity. The properties of coal—
including moisture, ash, volatile matter, and fixed carbon content—influence the 
maximum adsorption capacity primarily by altering pore characteristics. These 
factors are critical in controlling the total gas content and methane concentration 
in the coal seams 45;58.
The analysis of coal quality, Ro,m, and porosity parameters of the Wujianfang Basin 
effectively elucidates the variation patterns of total gas content and methane 
content with these factors. The results (Fig. 10a~d) indicate certain correlations 
between coal quality parameters (Aad, Vad, and FCad) and both total gas content 
and methane content. FCad shows a moderate positive correlation (R2=0.40 and 
R2=0.35), while Aad (R²=0.33 and R²=0.25) and Vad (R²=0.35 and R²=0.37) exhibit 
weak negative correlations. Mad shows no significant correlation with total gas 
content or methane content. Differences in coal quality primarily influence gas 
content through variations in gas generation conditions and adsorption capacity. 
Vad is an effective indicator of coalification degree59-60. These relationships 
demonstrate that ash and volatile matter contents influence the gas content of 
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various coal seams in the basin. As seen in Fig. 10e and 10f, no significant 
correlation is observed between total gas content/methane content and Ro,m, 
primarily because all sampled coal seams are low-rank coals with little variation 
in Ro,m values. A moderate negative correlation (R²=0.51) exists between gas 
content and porosity. This may be attributed to a large total pore volume but a 
small effective adsorption surface area, coupled with a high proportion of open 
pores that facilitate gas escape61.

Fig 10. Relationship between coal quality, Ro,m, porosity, and total gas 
content,methane content: (a). Relationship between Mad and total gas 
content,methane content; (b). Relationship between Aad and total gas 
content,methane content; (c). Relationship between Vad and total gas 
content,methane content; (d). Relationship between FCad and total gas 
content,methane content; (e). Relationship between Ro,m and total gas 
content,methane content; (f). Relationship between Porosity and total gas 
content,methane content.
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5.2.2 Burial depth and Thickness of coal seam

Previous studies have indicated that the burial depth of coal seams is one of the 
key factors controlling gas content62-65. The maximum burial depth governs coal 
formation and gas generation, while the present burial depth influences both gas 
content and preservation conditions45,66-68.

Fig 11. Relationship between Coal Seam depth, coal seam thickness, roof , 
floor Sealing Coefficient and total gas content,methane content: (a). 
Relationship between Coal Seam Depth and Total Gas Content, Methane 
Content; (b). Relationship between Coal Thickness and Total Gas Content, 
Methane Content; (c). Relationship between roof Sealing Coefficient and Total 
Gas Content, Methane Content; (d). Relationship between floor Sealing 
Coefficient and Total Gas Content, Methane Content.

The relationship between coal seam burial depth, thickness, total gas content, and 
methane content in the basin is illustrated in Fig. 11a and 11b. The total gas 
content shows a positive correlation with both burial depth and coal seam 
thickness (R²=0.22 and R²=0.45),. methane content exhibits a higher correlation 
with burial depth (R²=0.34 and R²=0.48). An outlier is observed in the burial depth 
and coal thickness corresponding to the 2-2 coal seam. This anomaly is likely 
associated with its depositional microenvironment during formation. The basin's 
coal seams were developed in a delta-front to lacustrine depositional system, and 
the 2-2 coal seam may have been closer to an underwater distributary channel or 
influenced by an interdistributary bay. This setting led to increased input of 
terrigenous clastics, resulting in a coal lithotype with higher ash content. The high 
ash content not only directly occupies adsorption sites and reduces adsorption 
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capacity but may also alter the pore structure-for example, by increasing the 
proportion of ineffective pores and degrading connectivity-through its influence 
on coal composition and diagenesis. Consequently, it diminishes gas-bearing 
potential jointly from the perspectives of both ‘storage space’ and ‘seepage 
pathways.’ These results indicate that burial depth and coal seam thickness jointly 
control the gas storage capacity of the coal seams.

5.2.3 Sealing capacity of the roof and floor

The relationship between the sealing coefficient of the roof and floor—calculated 
using the established evaluation model—and the total gas content and methane 
content is shown in Fig. 11c and 11d. The sealing coefficient of the coal seam roof 
shows a positive correlation with both total gas content and methane content 
(R²=0.63 and R²=0.67), while the sealing coefficient of the floor exhibits no 
significant correlation. An outlier is observed in the roof sealing coefficient 
corresponding to the 2-1 coal seam, which may be attributed to the relatively high 
ash content of the coal, resulting in inherently lower gas-bearing capacity. Given 
that the roof lithology is essentially consistent in the two parameter wells, it can 
be concluded that the roof plays a favorable role in natural gas preservation.

5.3 Analysis of Main Factors Affecting Gas Content

The study of controls on gas-bearing capacity has traditionally focused on 
univariate methods, primarily using simple linear regression to analyze the 
influence of individual variables on gas content, without conducting a 
comprehensive analysis of all variables collectively69. Many studies have employed 
grey relational analysis to identify the main controlling factors for gas-bearing 
capacity. However, this method assesses the degree of association based on the 
similarity in the geometric shapes of data sequences, which is inherently a linear 
approach and prone to misjudgment when dealing with nonlinear relationships70. 
In contrast, PLSR is used to establish regression models between multiple 
dependent and independent variables. It is particularly suitable for situations 
where multicollinearity exists among the multiple variables involved. In this study, 
using coal quality, porosity, coal seam burial depth, coal thickness, and the sealing 
coefficient of the roof and floor as independent variables, PLSR was performed to 
model their relationship with the total gas content and methane content of the coal 
seams.
The cumulative explained variance (R²) for the dependent variable Y (total gas 
content/methane content) increased significantly from 73.1% with Factor 1 to 82.2% 
with Factor 2, a rise of 9.1 percentage points. This indicates that the second factor 
contributed substantial new and effective information. The adjusted R² reached its 
peak value of 0.763 at Factor 2. As this metric penalizes model complexity, a 
higher value suggests stronger predictive power and greater robustness. Starting 
from Factor 3, the adjusted R² began to decline consistently. This implies that the 
marginal gain in explanatory power from adding new factors (with R² only 
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increasing from 0.822 to 0.842) was insufficient to justify the increased model 
complexity. Instead, it introduced a higher risk of overfitting.

Fig 12. Mechanism of main controlling factors in the Wujianfang basin: (a). 
Main control factor radar chart; (b). Micro-level influence mechanisms of 
main control factors.
Based on the optimal number of factors (2 factors) determined, the Variable 
Importance in Projection (VIP) analysis of the seven independent variables 
revealed that Vad, porosity, and FCad have VIP values greater than 1, indicating 
that these three parameters are the main controlling factors for the gas-bearing 
properties of the coal seams in the basin (Fig. 12a). Aad content is identified as an 
important controlling factor (VIP value ≈1), while coal seam thickness, burial 
depth, and roof sealing coefficient are secondary controlling factors. These factors, 
under the geological background defined by the tectonic, sedimentary, and 
hydrogeological conditions of the basin, have organically coupled during their 
evolutionary processes to collectively control the gas-bearing characteristics of 
the coal seams.
The gas content of the coal seams in the Damoguaihe Formation is jointly 
controlled by the coupling of coal quality, burial depth, coal thickness, and roof 
sealing capacity. Volatile matter directly governs gas-bearing properties, porosity 
influences the reservoir space of the coal, and the weak negative correlation may 
be related to ineffective storage pores in low-rank coal. The adsorption sites 
provided by fixed carbon enhance gas content through positive contributions. 
Together, these three factors influence the ‘generation-storage-adsorption’ 
process of coal seam gas (Fig. 12b). The VIP value of ash content is close to 1, 
indicating it as an important controlling factor that directly affects the adsorption 
capacity and pore structure of the coal, thereby altering gas content. In contrast, 
the effects of coal thickness, burial depth, and roof sealing capacity are attenuated 
due to the dominant influence of these primary factors.
The gas-bearing characteristics of the coal seams in the Damoguaihe Formation 
of the Wujianfang Basin result from the multidimensional coupling of coal quality, 
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porosity, burial depth, and coal thickness under the specific geological setting of 
tectonic, sedimentary, and hydrogeological conditions. This multidimensional 
coupling mechanism collectively governs the development of methane-dominated 
gas occurrences and ultimately determines the gas potential of the coal seams.

Fig 13. Evaluation subareas for CBM concentration potential in the 
Wujianfang basin: (a). Gas-bearing block delineation and profile orientation; 
(b). Coal seam profile; (c). Variation curve of gas content in the section.

Based on the trapping mechanisms and gas content, the CBM accumulation area 
can be divided into two blocks: the low-gas-content Block A and the high-gas-
content Block B (Fig. 13). In Block A, the primary trapping mechanism is attributed 
to the favorable lithology of the roof strata, combined with moderate burial depth. 
However, the coal seams in this block are fewer in number, relatively thin, and 
limited in distribution. Consequently, these seams, along with the underlying 
strata, lack sufficient gas-generating capacity to accumulate adequate gas supply. 
In contrast, the formation of gas accumulations in Block B is primarily controlled 
by a suitable structural environment. Structural trapping plays a significant role 
in enhancing gas content here. In the central part of Block B, the accumulation of 
multiple, thick coal seams, coupled with fault sealing on the northwestern flank, 
makes this area a potential target for CBM development.
Based on the gas-bearing characteristics and its controlling factors and the 
delineation of blocks, combined with the coal quality, desorption characteristics, 
and seepage conditions of the six coal seams in the basin, a comprehensive 
analysis of the fracability and development potential of the reservoirs is conducted. 
Two main types of coal quality exist in the basin: coal with high vitrinite content 
and low mineral content, which is homogeneous in texture and conducive to the 
formation of longer main fractures; and coal with high inertinite or high mineral 
content, which exhibits heterogeneous mechanical properties and may promote 
the formation of complex fractures. Under the control of these coal quality 
backgrounds, the low permeability of type A coal seams suggests that they may 
possess a relatively more developed natural fracture system. Natural fractures 
serve as favorable weak planes for fracture initiation and propagation during 
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hydraulic fracturing, effectively reducing the breakdown pressure and 
contributing to the formation of a more complex fracture network, thereby 
enhancing the stimulated reservoir volume. In contrast, the overall poor pore 
connectivity of type B coal seams implies that their fracability may rely more on 
the ability to generate new main fractures. This comparison provides a geological 
basis for differentiated fracturing designs within the basin. By spatially coupling 
the analysis of ‘main controlling factors for gas-bearing,’ ‘desorption-seepage 
characteristics,’ and ‘geological conditions for fracability,’ this study not only 
deepens the theoretical understanding of reservoir gas content evaluation but also 
further advances the prediction from ‘resource-rich areas’ to 'producible sweet 
spots.' This offers more specific and reliable geological foundations for subsequent 
development well placement and fracturing process optimization.
This study also has several limitations that warrant clarification. First, the 
conclusions are primarily based on a limited dataset, including well logs and core 
samples from a small number of parameter wells. While these data provide crucial 
support, the restricted spatial coverage may not fully reflect the regional 
heterogeneity across the entire Wujianfang Basin, potentially affecting the 
analysis of coalbed gas content characteristics and controlling factors. Second, 
while the application of PLSR identified key controlling factors, it somewhat 
simplified the multi-factor coupled physical processes governing coalbed methane 
accumulation. Sedimentary, hydrogeological, and tectonic conditions within the 
basin were only briefly analyzed in this study. Future work should focus on 
expanding sampling and data acquisition networks to enhance spatial resolution, 
thereby providing deeper insights into the causal mechanisms of gas enrichment 
and predicting long-term recoverability.

6. Conclusions

This work reveals the gas properties together with its geological controls in the 
Damoguaihe Formation coal seams of the Wujianfang Basin with integrating coal 
quality analysis, large-sample methane isothermal adsorption experiments, and 
CBM well parameter tests. The primary conclusions are as follows:

(1) The coal seams of the Damoguaihe Formation in the Wujianfang Basin are 
generally buried at depths of 600-1000 m. The 3-3 coal seam is widely distributed 
across most of the basin, exhibiting relatively continuous and stable development. 
The total cumulative coal thickness in the basin ranges from 0.45 m to 64.6 m, 
with an average of 17.89 m. The recoverable coal-bearing coefficient is 8.39%, 
indicating favorable coal accumulation conditions.

(2) Pore characterization experiments on collected samples show that the six 
coal seams of the Damoguaihe Formation differ somewhat in pore structure, yet 
all display relatively high porosity and low permeability. A sealing evaluation 
model for the roof and floor of the coal seams was established, and the sealing 
capacity of each seam was systematically analyzed.

(3) Based on field gas-content measurements and basin-wide gas content 
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inversion, the spatial distribution of coal seam gas content generally exhibits a 
pattern of higher values in the central part of the basin and lower values at the 
margins. The adsorption capacity of the coal seams shows an increasing trend 
from north to south. Genetic analysis indicates that the CBM is of biogenic origin, 
primarily formed through acetic acid fermentation with accompanying CO2 
reduction.

(4) The gas-bearing characteristics of the coal seams are controlled by the 
coupled effects of coal quality, porosity, and geological conditions. PLSR analysis 
identifies volatile matter content, porosity, and fixed carbon content as the main 
controlling factors, which collectively govern the gas enrichment potential of the 
seams.This provides a more specific and reliable geological basis for subsequent 
well location selection and fracturing process optimization.

Data availability

The datasets generated and/or analyzed during the current study are not 
publicly available due to privacy considerations, but are available from the 
corresponding author upon reasonable request. Requests for data access will be 
reviewed by the research team to verify whether the request is subject to any 
intellectual property or confidentiality obligations.
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