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Abstract:

Deep coalbed methane occurs in geological settings characterized by high stress, high
temperature, and high pressure, commonly referred to as “three-high” conditions. Owing
to differences in genetic types, reservoir properties, and gas phases, its occurrence mech-
anisms differ substantially from those of shallow coalbed methane. Existing studies have
generally reached a consensus on its occurrence boundaries and enrichment patterns. Based
on an extensive literature review and representative cases from global basins, this review
synthesized the genetic classifications, reservoir property evolution, coupled temperature-
pressure-stress effects, hydrodynamic sealing conditions, and enrichment patterns of deep
coalbed methane. A comprehensive formula for determining critical depth was proposed
by integrating stress transition depth, adsorption capacity inflection point, and multiple
geological parameters. This formula can be applied to regional-scale predictions and data-
limited conditions. A coupled fracture-seepage-matrix-diffusion equation was established,
and a revised productivity prediction model was developed. Existing evidence indicates
that deep coalbed methane commonly forms through multistage hydrocarbon generation.
It is dominated by thermogenic gas, with minor biogenic contributions. Gas mainly occurs
in the adsorbed state, whereas the proportion of free gas increases with burial depth.
Its enrichment is governed by structural style, cap rock sealing capacity, and fracture
evolution. Critical depth indicators that were previously evaluated independently were
integrated into a comprehensive multifactor criterion. The occurrence characteristics and
migration behavior of deep coalbed methane were elucidated. The main controls on
reservoir productivity were identified. These results provide theoretical support for efficient
exploration and targeted exploitation of deep coalbed methane resources.

1. Introduction

Shallow and readily recoverable coalbed methane (CBM)

dov, 2021) (Fig. 1). Deep CBM is mainly hosted in coal seams
buried deeper than 1,500-2,000 m and is associated with com-
plex geological conditions characterized by high stress, high

resources have gradually declined in recent years. Therefore,
deep CBM has emerged as a major focus of unconventional
natural gas research and development owing to its consid-
erable resource potential and broad development prospects
(Wadsworth et al., 2002; Underschultz et al., 2016; Davy-

temperature, and high pressure (Li et al., 2023; Lu et al., 2025).
Research on deep CBM has progressed beyond traditional sin-
gle adsorption-desorption models. Increasing attention is being
paid to multiscale coupling mechanisms (Johnson and Flo-
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Fig. 1. Global distribution of shallow and deep CBM. The detailed data sources and corresponding references are listed in

Table S1.

res, 1998; Wang et al., 2024; Hazra et al., 2025). Studies from
the United States, Australia, China, and other countries have
examined the effects of coal thermal evolution on hydrocarbon
generation efficiency and gas-bearing capacity. These studies
generally show that coal maturity, vitrinite reflectance, and
pore structure evolution jointly control deep CBM occurrence
and enrichment (Bustin et al., 2016; Underschultz et al., 2016;
Li et al., 2025a). Tectonic stress regimes and their evolution
also strongly affect reservoir permeability and fracture devel-
opment (Ali Aghighi et al., 2024). Therefore, deep coal seams
are highly heterogeneous in complex structural settings. This
heterogeneity requires multi-basin comparisons and analyses
of coupled geological processes to improve the understanding
of occurrence mechanisms and support efficient deep CBM
development.

Deep CBM differs significantly from shallow CBM in
both reservoir properties and gas-bearing characteristics. This
difference is mainly related to its “three-high” geological
environment, which consists of high stress, high temperature,
and high fluid pressure (Perera, 2018). In terms of reser-
voir properties, deep coal seams exhibit more complex pore
structures. Adsorption pores may account for up to 78%,
whereas shallow coals are dominated by exogenous seepage
pores (Wang et al., 2024). Deep coal seams are denser,
more intact, and less permeable (Wei et al., 2019). With
increasing burial depth, both porosity and fracture density tend
to decrease, making reservoir stimulation more difficult (Fu et
al., 2024). Deep coals also commonly undergo more advanced
thermal evolution, resulting in higher vitrinite content and
greater coal strength. These features, combined with weak
hydrodynamic conditions, favor the development of stable
reservoir-seal assemblages (Wood and Sanei, 2016; Tian et
al., 2019). However, under coupled high-temperature and high-
pressure conditions, adsorption-desorption behavior becomes
nonlinear. Therefore, both stress-enhanced gas adsorption and

temperature-induced inhibition of adsorption should be con-
sidered (Zhou et al., 2020; Masum et al., 2023). With respect
to gas-bearing characteristics, deep CBM generally occurs in
saturated or supersaturated states and contains a higher propor-
tion of free gas (Bannerjee et al., 2022). A “critical transition
depth” is frequently observed, below which saturated adsorbed
gas coexists with free gas (Zheng et al., 2019; Bannerjee et
al., 2022; Kedzior and Teper, 2023). However, existing critical
depth indicators are typically evaluated separately. However,
a comprehensive quantitative framework that integrates these
indicators has not yet been established. The mechanisms
by which tectonic stress and fracture systems regulate gas
enrichment across different evolutionary stages remain poorly
understood. This limitation continues to hinder the systematic
development of deep CBM accumulation models.

Previous reviews have provided valuable summaries of
CBM genesis, reservoir characteristics, critical depth classi-
fications, and development strategies (Moore, 2012; Qin et
al., 2018; Li et al., 2023; Mohamed and Mehana, 2025).
However, the relationships among critical depth determina-
tion, temperature-pressure-stress coupling, and gas occurrence
mechanisms have not been comprehensively analyzed within
an integrated framework. Therefore, a unified framework in-
corporating these key controls on deep CBM occurrence is
still lacking.

This review examined global research progress on deep
CBM occurrence mechanisms. The analysis covered genetic
types, tectonic stress evolution, temperature-pressure condi-
tions, hydrogeological parameters, and reservoir property evo-
lution. It further synthesized enrichment patterns and con-
trolling factors under different geological settings (Fig. 2).
By integrating published studies with representative deep
CBM case examples, this review identified the multivariable
coupling controls on deep CBM occurrence and developed a
comprehensive critical depth determination formula. Dual-field
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Fig. 2. Framework of the current research status and future development trends in deep CBM occurrence mechanisms.

coupling equations were constructed for migration analysis,
and the productivity prediction formula was refined. These
contributions provide a more comprehensive framework for
understanding deep CBM occurrence and offer theoretical
and practical support for resource assessment and efficient
development.

2. Research progress

This section provides a systematic overview of the genetic
mechanisms, key geological controls, enrichment patterns,
and classification methods of deep CBM. It aims to clarify
the mechanisms governing deep CBM occurrence within a
multifactorial coupling framework.

2.1 Genetic analysis of deep CBM
2.1.1 Biogenic origin

Ocean Drilling Program investigations have identified ev-
idence of microbial activity at 150 m below the seafloor
(Oremland and Polcin, 1982; Whelan et al., 1986). Prokaryotic
life has also been discovered in continental sedimentary rocks
buried to depths of 2,800 m, indicating substantial biomass
in the deep biosphere (Pedersen, 2000; Inagaki et al., 2015).
Biogenic CBM has been reported in deep, low-rank coals from
the Bowen Basin in Australia and the Ordos and Junggar
Basins in China (Liu et al., 2022). Primary biogenic gas
forms through microbial degradation of organic matter in

near-surface coals. This process occurs under warm, neutral,
low-salinity, and reducing conditions (Huang et al., 2017;
Chen et al., 2023) (Egs. (S1) and (S2)). Secondary biogenic
gas develops in low-rank coals with vitrinite reflectance (R,)
> 0.6% under the combined influence of microbial activity
and groundwater. Its main sources are n-alkanes and mature
organic matter (Huang et al., 2017; Kedzior and Teper, 2024)
(Eq. (S3)).

2.1.2 Thermogenic origin

Thermogenic deep CBM originates from the thermal evo-
lution of coal-forming organic matter. This pathway is the
dominant gas generation mechanism in deep CBM systems.
Mantle-derived gases introduced by deep magmatic activity
or fault systems make only limited contributions. These inputs
typically contain higher proportions of non-hydrocarbon gases
than methane (CH4) (Li et al., 2023). During metamorphism,
organic matter undergoes successive deoxygenation and de-
hydrogenation. These reactions increase carbon content and
generate substantial volumes of hydrocarbon gases, including
CHy4, as well as non-hydrocarbon gases such as CO; and N,
(Moore, 2012). The main gas generation stage corresponds to a
vitrinite reflectance range of 0.6%-4.0%, which broadly covers
the full CBM productivity window (Scott et al., 1994). The gas
generation potential of deep coal seams is closely related to
their degree of thermal evolution. Therefore, thermogenic gas
can be further classified into two categories: Gas from therm-
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Fig. 3. Depth-dependent changes in (a) in-situ stress and (b) stress ratio in coal seams in China (modified from Li et al. (2023)).
The symbols 6}, 65, and 6y denote the minimum horizontal, maximum horizontal, and vertical principal stresses, respectively.
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al degradation and gas from thermal cracking (Song et
al., 2012). Gas from thermal degradation forms during the
evolution of medium-rank coals. It is mainly generated by
cleavage of oxygen-containing functional groups and hydro-
carbon side chains, producing CH4 and heavier hydrocarbons
(Eq. (S4)). In contrast, gas from thermal cracking forms during
the evolution of high-rank coals, mainly through cracking of
residual kerogen and liquid hydrocarbons (Bao et al., 2014;
Zhang et al., 2025a) (Eq. (S5)).

2.2 Controlling factors of deep CBM
2.2.1 Tectonic stress evolution characteristics

The coupled effects of tectonic movement and the in-situ
stress field are key controls on deep CBM occurrence (Ju et
al., 2018; Fu et al., 2024). Tectonic structures, such as folds
and faults, regulate the sealing capacity and permeability of
coal reservoirs through extensional, compressional, and shear

deformations (Ju et al., 2018). In-situ stress mainly acts on
coal reservoir fractures and influences CBM occurrence by
regulating coal seam permeability (Salmachi et al., 2021).
Maximum horizontal stress, minimum horizontal stress, and
vertical stress all increase with burial depth (Li et al., 2023)
(Fig. 3(a)). In-situ stress magnitude is commonly described by
the lateral pressure coefficient (A), which represents the ratio
of horizontal stress to vertical stress. This coefficient decreases
as burial depth increases and follows a hyperbolic trend under
the Hoek-Brown failure envelope (Chen et al., 2017). The
stress transition surface (A = 1) defines the critical stress depth.
It marks the transition from horizontally dominated stress
regimes in shallow coal seams to vertically dominated stress
fields at greater depths (Rafiei Renani and Cai, 2022). Across
this depth boundary, the dominant stress regimes change
successively from reverse faulting to strike-slip and finally to
normal faulting (Fig. 3(b)).

As burial depth increases, coal mechanical behavior shifts
from brittle to ductile and exhibits more pronounced elasto-
plastic characteristics. However, under normal faulting or
extensional stress regimes, relatively brittle deep coals may
still develop cleats and fractures. These structures facilitate
gas accumulation and retention and contribute to the formation
of stable CBM reservoirs (Sosnowski and Jelonek, 2022;
Wang et al, 2023). In contrast, deep plastic coal seams
under dominant vertical stress are more likely to undergo
primary fracture closure, pore compression, and reservoir
compaction. These processes significantly reduce permeability,
thereby inhibiting CBM migration and enrichment (Tonnsen
and Miskimins, 2010).

2.2.2 Coupled temperature-pressure effects on adsorption

The adsorption-desorption behavior of CHy in deep coal
seams is governed by the thermodynamic coupling of tem-
perature and pressure (Wu et al., 2016; Perera, 2018). Higher
pressure favors CHy4 adsorption onto coal, whereas elevated
temperature enhances molecular mobility. At greater burial
depths, temperature becomes the main control on adsorbed
gas content and promotes CBM desorption (Wu et al., 2016)
(Fig. 4). This behavior is mainly related to interactions within
deep coal seams. Interactions between micropore surfaces and
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adsorbed gas molecules, as well as intermolecular interac-
tions among gas molecules, are dominated by weak van der
Waals forces (Li et al., 2025b). At elevated temperatures, gas
molecules detach more readily from micropore surfaces (Wen
et al., 2025).

Therefore, coal adsorption capacity initially increases with
pressure and burial depth (Li et al., 2018). However, beyond a
certain critical depth, elevated temperature reduces adsorption
efficiency and produces a parabolic relationship between pres-
sure and adsorption capacity. This trend favors the formation of
highly saturated reservoirs and may contribute to supercritical
fluid behavior in deep coal seams (Lu et al., 2025).

2.2.3 Hydrogeological confinement mechanisms

Restricted groundwater flow generally promotes CBM en-
richment and preservation. In coal seams, CHy is stored in
cleats, whereas water occurs in both cleats and matrix pores
(Fig. 5). Hydrodynamic influence is mainly determined by
the balance between hydrostatic pressure and pore pressure
(Wood and Sanei, 2016; Liu et al., 2024). During the early
stages of organic matter coalification, basin subsidence is slow,
and original formation water occupies part of the pore space.
Hydrostatic pressure is equal to pore pressure at this stage.

As burial depth increases, large volumes of CBM are gen-
erated and stored, causing pore pressure to gradually exceed
hydrostatic pressure (Song et al., 2022). The increasing free
gas volume displaces pore water and creates an overpressured
environment favorable for deep CBM accumulation (Ji et
al., 2026). During tectonic uplift of coal seams, groundwater
may also reoccupy part of the pore space and form gas-water
systems with varying saturation levels (Pang et al., 2021).

2.3 Enrichment patterns of deep CBM

Deep coal seams are generally characterized by high
temperatures, high pressure, and high stress conditions. Dur-
ing coalification and subsequent tectonic evolution, they
commonly develop complex pore-fracture systems (Wang et
al., 2025). Strong gas-generation potential and effective CHy
retention provide a material basis for deep CBM accumulation.
Deep CBM enrichment is governed by the coupled effects of
reservoir preservation, structural sealing, overpressure mainte-
nance, multiscale pore fracture confinement, and the coexis-
tence of adsorbed CH4 and high-density free gas (Bannerjee
et al.,, 2022; Sosnowski and Jelonek, 2022; Vasilenko et
al., 2022).

2.3.1 Occurrence environment of deep CBM

The sedimentary environment determines the lithological
assemblages of coal seams and overlying cap rocks. Deep coal
deposits mainly form in continental and marine-continental
transitional settings (Li et al., 2025a). Continental settings are
dominated by fluvial, lacustrine, and swamp facies. In con-
trast, transitional environments commonly record multi-cycle
sedimentation with interbedded coal seams, mudstones/shales,
and sandstones (Xu et al.,, 2023; Wang et al., 2026) (Fig.
5). Lacustrine, deltaic, and neritic to shallow-marine mu-
drocks commonly serve as high-quality source rocks and cap
rocks. Coal seams, tight sandstones, and mudstones/shales are
typical cap rock types. These assemblages can be consis-
tent with “self-sourcing and self-storage” and “source-below,
reservoir-above” models (Tian et al., 2019). Continuous low-
permeability cap rocks can suppress gas dissipation (Panwar et
al., 2020). In cases where cap rocks also possess hydrocarbon-
generating potential, relatively high localized accumulations
may develop. For example, hydrocarbon-rich shale layers may
serve as effective CBM cap rocks (Bannerjee et al., 2022;
Kedzior and Teper, 2023; Yang et al., 2024). Where surround-
ing strata are enriched in sapropelic organic matter, coal seams
may act as both reservoirs and seals (Li et al., 2022).

Tectonic processes govern reservoir formation and evo-
lution. Faults, folds, and related structural deformations can
facilitate gas migration and accumulation (Cao et al., 2018;
Ghosh et al., 2022; Sosnowski and Jelonek, 2022; Zou et
al., 2022). For example, in the Hangjinqi area of the Ordos
Basin, tectonic uplift and pressure release have contributed to
the development of natural gas reservoirs (Anees et al., 2022).
Thermal anomalies can also influence coal reservoir character-
istics. Magmatic upwelling during orogenic events may induce
secondary hydrocarbon generation within coal seams, and ig-
neous intrusions may positively influence reservoir properties
(Hazra et al., 2025).

2.3.2 Occurrence conditions of deep CBM

Deep CBM is primarily stored in micropores, microfrac-
tures, kerogen, and coal matrix surfaces within thick coal
seams. This mode of storage typically corresponds to a
“self-sourcing and self-storage” reservoir system (Pajdak et
al., 2019; Glatz et al., 2022; Lu et al., 2023) (Fig. 5). Except
in exceptionally well-sealed coal seams, effective CBM accu-
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mulation requires that the volume of generated gas exceeds
that lost through dissipation (Qin et al., 2018).

The occurrence of deep CBM is fundamentally controlled
by the hierarchical pore-fracture system developed during
coalification and subsequent geological evolution (Wei2019;
Wang2025). Micropores (< 2 nm) contain abundant adsorption
sites and have large specific surface areas. Therefore, they
provide the principal storage domains for CHy retention in
the coal matrix (Wang et al.,, 2023; Hazra et al., 2025).
Mesopores (2-50 nm) provide transitional storage space and
facilitate gas exchange between adsorption domains and larger
flow pathways (Wang et al., 2024). Macropores (> 50 nm),
cleats, and natural fractures provide effective pore volumes and
interconnected transport networks. Therefore, they contribute
to gas accumulation and migration (Ju et al., 2022; Wang
et al., 2024; Yao et al.,, 2026) (Fig. 5). Under deep high-
temperature and high-pressure conditions, these larger pore-
fracture systems may accommodate substantial volumes of
high-density free gas. This free-gas component is important
for deep CBM occurrence and enrichment (Liu et al., 2022;
Li et al., 2025a).

Deep CBM migration is characterized by pronounced
multiscale transport. This process is governed by interactions
among pore geometry, fluid properties, and effective stress
(Ullah et al., 2022; Vasilenko et al., 2022). In nanopores and
micropores, molecular diffusion, as described by Fick’s law,
remains an important transport mechanism (Ren et al., 2021).
When the pore diameter approaches the molecular mean free
path, the confinement effects become increasingly significant.
Under these conditions, Knudsen diffusion may contribute
substantially to gas transport (Mostafa et al., 2023; Guang et
al., 2026). CH4 adsorbed on pore surfaces can also migrate
via surface diffusion. This process is an important mass
transfer mechanism in organic matter-rich domains with large
specific surface areas (Yang et al., 2026). As gas moves
from nanopores to mesopores and macropores, pore wall
interactions gradually weaken, and slip-flow behavior may
develop (Xiao et al., 2025). In connected cleat and fracture
systems, pressure-driven seepage governed by Darcy’s law
becomes the dominant transport mechanism (Ren et al., 2021)
(Fig. 5). Permeability evolution in deep CBM reservoirs is
also strongly stress-sensitive because fracture conductivity
is closely coupled with effective stress variations, causing
dynamic changes in the fracture aperture and flow capacity
(Wang et al., 2024; Yao et al., 2026).

Overall, deep CBM enrichment reflects a systematic tran-
sition in CH4 occurrence, preservation, and transport mecha-
nisms with increasing burial depth. CH4 storage changes from
adsorption-dominated conditions to a dual-storage system of
adsorbed and free gas. The main controls on enrichment also
shift from gas generation and adsorption capacity to pressure
preservation and stress-constrained sealing efficiency. CHy
migration changes from a fracture-dominated flow to multi-
scale coupled transport. Collectively, these changes define the
distinctive enrichment pattern of deep CBM and fundamentally
distinguish it from shallow CBM systems.

2.4 Classification of deep CBM
2.4.1 Critical depth of deep CBM

Critical depth serves as a key parameter for distinguishing
shallow CBM from deep CBM. As coal exploration and
development move toward deeper seams, the depth definition
of “deep” differs among countries (Table S1). In China,
technological constraints have led to an adjustment of the
depth criterion from 1,000 to 2,000 m, whereas international
standards generally range from 1,500 to 3,000 m (Li et
al., 2023). Geologically, critical depth is governed by the
combined effects of temperature, pressure, and in-situ stress
evolution. With increasing burial depth, temperature (2.5-3.5
°C/100 m) and pressure (~ 1.0 MPa/100 m) generally increase
in an approximately linear manner. During early burial, el-
evated pressure promotes CHy adsorption and progressively
increases adsorbed gas content. After a certain threshold
is exceeded, increasing temperature and compaction reduces
micropore volume and adsorption capacity. Therefore, free gas
gradually becomes the dominant phase (Qin et al., 2018). The
depth corresponding to the inflection point in the adsorbed
gas content is defined as the adsorption critical depth (Hy). A
stress critical depth (Hg) also exists and marks the transition
from horizontal to vertical stress dominance within the stress
field (Li et al., 2023). If these two depth boundaries differ, an
intermediate transition zone may develop between mid-depth
and deep coal seams (Zheng et al., 2019; Li et al., 2023) (Fig.
4). Because sedimentary evolution and tectonic regimes differ
among basins, critical depth is regionally variable rather than
universally fixed. Therefore, a combined analysis of H4 and
Hs is required. By integrating adsorption, stress, and burial-
related characteristics, this approach provides a more reliable
basis for identifying the critical depth of deep CBM.

2.4.2 Occurrence phases of deep CBM

Deep CBM mainly occurs as adsorbed and free gas, with
a minor fraction dissolved in formation water (Moore, 2012;
Tamamura et al., 2020). Increasing burial depth and tem-
perature reduce CHy adsorption capacity through micropore
thermal expansion and intensified molecular motion. After
adsorption saturation is reached, gas begins to desorb as
free gas, particularly in fracture-rich zones (Ji et al., 2026).
Under the elevated temperature and pressure conditions of
deep reservoirs, CHy can enter a supercritical state. This phase
differs physically from conventional gas (Wu et al., 2016).
Recent pressure-maintaining coring and in-situ gas desorption
experiments have improved the quantification of in-place gas
phase distribution in deep coal seams. They also reduce
the underestimation of free gas content caused by degassing
during conventional sampling (Huang et al., 2023). Carbon
and hydrogen isotope analyses of adsorbed and free CHy
have further revealed distinctive isotopic fractionation patterns.
These patterns indicate adsorption-desorption equilibrium and
diffusive migration and provide insights into gas-phase parti-
tioning mechanisms at depth (Wu et al., 2025). If adsorption
sites remain unsaturated, free gas can be re-adsorbed (Mudoi et
al., 2022). CH4 dissolved in formation water can be released
as free gas during pressure reduction or re-dissolved under
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high-pressure and low-temperature conditions. Transformation
between adsorbed and dissolved phases mainly occurs via
diffusion (Tamamura et al., 2020). These phase transitions
are governed by the dynamic interplay among temperature-
pressure conditions, stress regimes, hydrodynamics, and pore
structures. This interplay ultimately constrains CBM distri-
bution and recoverability (Mohanty and Pal, 2017; He et
al., 2025).

2.4.3 Gas-bearing systems in deep coal seams

Deep coal seams can be classified into wet and dry CBM
systems based on their water content. Wet systems commonly
contain micropores and mesopores that retain immobile cap-
illary water or bound water. Macropores may also become
saturated by surface water intrusion, particularly along uplifted
basin margins (Wang et al., 2021). In contrast, dry systems
are generally characterized by macropores from which water
is more readily expelled (Liu et al., 2024). Deep coal seams
with high hydrocarbon generation potential are commonly
overpressured and exhibit elevated free gas content. When gas
pressure exceeds hydrostatic pressure, pore water is displaced,
and a dry system favorable for production is formed (Fall et
al., 2012; Liu et al., 2024). Dry CBM systems typically support
gas production without dewatering or pressure reduction, as
demonstrated in the northern San Juan Basin in the United
States. Such overpressured dry reservoirs are regarded as
“sweet spots” for deep CBM development (Scott et al., 1994;
Li et al., 2025b).

3. Typical examples

Global basins vary in geological structure, thermal matu-
rity, and coal rank. These differences produce regional varia-

tions in the mechanisms that control deep CBM accumulation.
Despite these differences, a common feature is the synergistic
control exerted by thermodynamic conditions and reservoir
properties. This section analyzes representative basins in terms
of geological evolution, burial depth, temperature-pressure
regimes, and reservoir characteristics to clarify the dominant
controls on deep CBM occurrence.

3.1 Piceance Basin, USA

The Piceance Basin was the first region to achieve major
advances in deep CBM production through the combined
development of deep coal seams and tight sandstones. It
formed during the Laramide orogeny and dips westward with
a steeper eastern margin (Johnson, 1989). From the Late
Cretaceous to the Tertiary, rapid subsidence produced thick
accumulations of marine and non-marine clastic sediments.
The main coal seams occur in the Williams Fork Formation of
the Mesaverde Group. Within this formation, the basal Cameo-
Fairfield coal zone represents the principal producing interval
(Fall et al., 2012; Coe et al., 2024) (Fig. 6). As burial depth
increases, coal rank progresses from lignite to medium-volatile
and high-volatile bituminous coal. This rank progression is
accompanied by a significant increase in gas content (Stroker
et al., 2013; Bustin et al., 2016; Eberle et al., 2024) (Fig. 6).

Regional temperatures often exceed 75 °C, the upper
threshold for methanogenic microbial activity. Overpressured
conditions facilitate CH4 migration and enrichment from un-
derlying organic-rich shales into coal seams (Johnson and
Flores, 1998; Stroker et al., 2013). Low-permeability tight
sandstones overlying coal seams promote natural fracturing
and partial CHs migration. These processes form secondary
tight sandstone gas reservoirs (Cumella and Scheevel, 2008).
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3.2 Bowen Basin, Australia

The Bowen Basin in Queensland, Australia, is a fore-
land basin formed in a back-arc setting (Fig. 7(a)). The
basin developed a westward-dipping geometry under east-
west compression, accompanied by thrust faults along the
basin axis (Sahlstrom et al., 2018; Asmussen et al., 2023)
(Fig. 7(b)). The primary coal-bearing strata belong to the Per-
mian Bandanna Formation, which was deposited in a deltaic
swamp environment (Li et al., 2014; Towler et al., 2016).
The coals are vitrinite-rich, with R, values of 0.69%-0.97%,
and are classified as Type II-III medium-rank bituminous
coals (Freij-Ayoub, 2012; Cui et al., 2025). Despite the low
geothermal gradients in the Taroom Trough, an Early Triassic
thermal event triggered rapid coal maturation and gas gen-
eration (Golding et al., 1999; Hamilton et al., 2020; Everts
et al.,, 2024). Tensile stress at the anticlinal axes promotes
fracture development. Fracture orientations further indicate
upward gas migration pathways (Salmachi et al., 2021; Rajabi
et al., 2024). In some areas, weak groundwater flow zones
coincide with groundwater flow direction and bedding dip.
These conditions favor methanogen activity and biogenic gas
generation (Huang et al., 2017) (Fig. 7(c)). As burial depth
increases, effective stress intensifies, causing fracture closure

and permeability reduction. This process contributes to CBM
preservation (Ali Aghighi et al., 2024).

3.3 Ordos Basin, China

The Ordos Basin in north-central China is a typical mul-
ticentric cratonic basin (Li et al., 2018; Zhao et al., 2024b)
(Fig. 8(a)). In the Daning-Jixian area, deep CBM mainly
occurs in the Carboniferous-Permian coal-bearing strata (Fig.
8(b)). Vitrinite reflectance (R,) ranges from 1.37% to 3.40%,
indicating medium- to high-rank coal (Wang et al., 2026). The
Permian strata are characterized by marine-continental transi-
tional facies and are subdivided into the Shanxi, Taiyuan, and
Benxi formations (Wang et al., 2023). The Shanxi Formation
primarily consists of deltaic deposits. In contrast, the Taiyuan
and Benxi formations include deltaic, lagoonal, tidal flat,
and shallow-marine shelf sediments (Yan et al., 2023) (Fig.
8(c)). The Benxi Formation hosts stable and thick primary
coal seams. These coal seams are rich in nanopores and
microfractures, which favor deep CBM accumulation (Yao et
al., 2026).

Organic matter experienced dual-stage hydrocarbon gen-
eration during Triassic burial metamorphism and subsequent
Cretaceous magmatic thermal events. This dual-stage hydro-
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carbon generation was accompanied by well-developed frac-
ture systems (Yan et al., 2023). Overlying marine limestones
and interbedded marls can form excellent cap rocks (Fig.
9). Meanwhile, both adsorbed and free gas contents increase
significantly with burial depth and geothermal gradient (Li et
al., 2025a).

4. Discussion

Large-scale commercial production of deep CBM has been
achieved in several regions. However, global development

remains limited by the inherent instability of deep CBM
systems and the high cost of resource extraction (Table S2).
This section discusses recent advances in the understanding of
deep CBM accumulation mechanisms and reviews the current
status of exploration and development. It further compares
previous studies to identify research gaps and potential future
directions.

4.1 Development trends
4.1.1 Critical depth and temperature-pressure conditions

In deep coal seams, a transition in CBM occurrence
characteristics typically occurs near a critical depth. This depth
represents a key boundary governed by the coupled evolution
of temperature and pressure (Li et al., 2023). As burial depth
increases, geothermal and pressure gradients steepen signifi-
cantly. These changes alter coal matrix structure, pore char-
acteristics, and stress response behavior (Rafiei Renani and
Cai, 2022; Li et al., 2023). Adsorbed gas remains the dominant
phase, but increasing thermal maturity, tectonic compaction,
and in-situ stress progressively modify reservoir permeability,
gas occurrence mechanisms, and productivity response pat-
terns (Chen et al., 2017; Rajabi et al., 2024). Therefore, critical
depth marks a systematic shift in coal reservoir properties.
It also provides a key reference for production optimization,
including productivity evaluation, fracturing intensity design,
and well pattern deployment (Tambaria et al., 2022; Mohamed
and Mehana, 2025). Building on previous studies, this review
integrated multiple controlling factors, including geothermal
gradient, formation pressure, in-situ stress field, coal rock
strength, and thermal maturity. These controls were used to
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establish a quantitative formula for characterizing the critical
depth of deep CBM with potential global applicability. The
formula is expressed as follows:

S S O o,
H, = max (Hc, Hy, a>F + B2 4y 4 62 4 ¢(R,—R))
T, P, (o]

\4 v

)]
where H, is the critical depth; Hys is the depth marking the
transition from horizontal to vertical stress dominance; Hy
is the inflection depth of adsorbed gas content; St is the
temperature threshold; 7, is the geothermal gradient; Sp is
the pressure threshold; P, is the pressure gradient; oy is the
maximum horizontal stress; oy is the vertical principal stress;
o, is the coal rock strength; R, is the vitrinite reflectance;
R/ is the critical maturity for CHy generation; and o — € are
the weighting coefficients assigned to each parameter. Because
these mechanisms do not necessarily occur at identical depths,
the maximum value among them is considered to define the
critical depth at which all required deep conditions coexist.

4.1.2 Variations in physical properties of coal reservoirs

As burial depth increases, the physical properties of coal
reservoirs change substantially. These changes favor the for-
mation of saturated or even supersaturated CBM reservoirs
and increase the proportion of free gas (Kang et al., 2023;
Li et al., 2023). However, deep reservoirs commonly un-
dergo pore compaction, permeability reduction, and fracture
closure. These processes hinder gas migration (Tonnsen and
Miskimins, 2010; Liu et al., 2024). Coal matrix hardening
results from increased vitrinite content and skeletal reinforce-
ment. This hardening contributes to micron-scale pore com-
paction. Meanwhile, primary fracture connectivity is largely
constrained by the prevailing in-situ stress field (Chelgani
et al.,, 2024). Therefore, deep coal reservoirs have much
lower pore connectivity than shallow coal seams. Young’s
modulus and Poisson’s ratio also increase nonlinearly with
depth (Tonnsen and Miskimins, 2010; Zheng et al., 2019). Un-
der these temperature-pressure conditions, adsorption behavior
becomes increasingly complex and is strongly coupled with
pore deformation and temperature-driven desorption (He et
al., 2025). Elevated temperature weakens adsorption capacity
by expanding micropores and accelerating molecular mobility.
In contrast, high pressure enhances gas densification and
promotes multilayer adsorption within nanopores (Huang et
al., 2026). These physical changes limit the natural CBM
storage capacity of deep coal seams and increase the demand
for hydraulic fracturing and reservoir stimulation.

4.1.3 Tectonic and in-situ stress control mechanisms

In deep CBM systems, coal gas-bearing capacity is not
controlled solely by tectonic deformation or a single stress
regime. It is jointly influenced by structural configuration,
stress evolution trajectory, and mechanical response of coal
(Ghosh et al., 2022; Rajabi et al., 2024). Tectonic movements
define the initial geometry and fracture architecture of coal
seams. Stress fields then dynamically regulate the functions
of these structures. They determine whether the structures
become effective seepage pathways or sealing barriers (He

et al.,, 2017; Salmachi et al., 2021). Current studies have
confirmed that the critical stress depth defines the transforma-
tion among principal stress types. However, further evidence
indicates that this transformation is gradual, rather than abrupt.
A transitional zone with progressively varying stress states
often develops near the critical depth (Ju et al., 2022; Lv et
al., 2025). In this zone, stress conditions are strongly coupled
with the brittle-ductile transformation of coal rocks. This
coupling establishes a “fracture regeneration window” that
plays a critical role in CBM migration (Fu et al., 2024; Zhao et
al., 2024b). Different structural and stress regime combinations
produce different coal occurrence patterns. For instance, in
thrust-shear or fold zones, brittle-ductile transitional coals with
high vitrinite contents commonly develop tensile-shear frac-
tures. These fractures provide effective gas-bearing spaces. In
contrast, under compressional conditions, plastic deformation
commonly causes fracture closure (Ju et al., 2022; Fu et
al., 2024). Therefore, the microstructural evolution of coal
rocks under tectonic stress should be examined carefully to
address the “gas-rich but low-yield” phenomenon.

4.2 Prospects for deep CBM development

Coal-bearing strata are widely distributed worldwide. In
transitional marine-terrestrial facies, repeated sedimentary cy-
cles generate interbedded coal seams, shales, and tight sand-
stones. These strata commonly have rich organic content and
favorable source-reservoir-cap combinations (Cao et al., 2019;
Lv et al., 2020). Therefore, CBM, shale gas, and tight gas
commonly coexist and are co-stored (Li et al., 2021). CBM
productivity depends on both gas occurrence conditions and
extraction technologies. Gas occurrence conditions determine
gas content, and extraction technologies control actual output
(Johnson and Flores, 1998; Xu et al., 2023) (Table S2).
Co-exploitation of multiple gas resources can substantially
enhance single-well production and reduce drilling costs (Fig.
10). For instance, in the Piceance Basin of the United States,
the combined development of deep coal seams and tight
sandstones has achieved favorable production. In the Qinshui
Basin of China, gas coexistence has also been identified in
the Shanxi and Taiyuan formations. However, independent
exploitation of shale gas or tight gas poses a higher technical
risk (Zhang et al., 2025b). Multi-gas co-production may also
increase the compositional complexity and risk of hazardous
gas emissions.

Deep coal seams typically exhibit elastoplastic behavior.
Therefore, conventional CBM and shale gas fracturing tech-
niques are often ineffective. Stimulation methods capable of
relieving stress on a large scale while utilizing gas adsorption
and shrinkage effects are required (Dunlop et al., 2017). Sev-
eral stimulation technologies have been proposed for deep coal
reservoirs. Optimized hydraulic fracturing remains the most
widely used method. It improves reservoir connectivity by
generating complex fracture networks (Salmachi et al., 2021;
Lu et al., 2023). Liquid CO, fracturing has received increasing
attention because phase transition expansion and cryogenic
effects can promote fracture propagation and reduce water-
related damage (Lu et al., 2023). Liquid nitrogen fracturing
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enhances permeability via thermal shock-induced cracking and
freeze-thaw damage. This method is particularly suitable for
water-sensitive coal seams (Longinos et al., 2025). Thermal
stimulation, including heat injection, microwave heating, and
electrical heating, can enhance CH4 desorption and diffusion
by modifying adsorption equilibrium and matrix transport
properties (Li et al., 2026). These technologies have shown
encouraging results. However, their effectiveness remains
strongly influenced by reservoir depth, stress conditions, coal
properties, and operational constraints. Carbon capture, utiliza-
tion, and storage (CCUS) technologies provide an additional
pathway for simultaneous CHy4 recovery and carbon seques-
tration (Lee et al., 2016; Jiang and Ashworth, 2021; Welsby et
al., 2021). CO, sequestration is the terminal step in the CCUS
chain, and deep unmineable coal seams are often used as target
formations (Jiang et al., 2022) (Fig. 10). Coal has a high
adsorption affinity for CO,, providing a theoretical basis for
COz-enhanced CBM (CO,-ECBM) recovery and geological
sequestration (Tambaria et al., 2022; Liu et al., 2022). Middle-
to high-rank coals generally adsorb approximately twice as
much CO, as CHy. Therefore, injected CO,, particularly under
supercritical conditions, can preferentially occupy adsorption
sites and displace CH4 from the coal matrix (Mwakipunda
et al., 2023; Govindarajan et al., 2025; Hu et al., 2026).
However, CO, injection alters reservoir properties through
coupled adsorption-deformation processes (Zou et al., 2026).
CO, adsorption may induce coal matrix swelling, whereas
CHy desorption may cause matrix shrinkage (Mukherjee and
Misra, 2018). Competition between swelling and shrinkage,
along with stress-dependent permeability evolution, can sig-
nificantly modify fracture conductivity, injectivity, and CHy
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recovery efficiency (Sampath et al., 2017; Asif et al., 2024).
Therefore, the effectiveness of CO,-ECBM and geological
storage depends on the coupled effects of adsorption behavior
and permeability evolution during CO, injection. For CO,
injection, the system should be modeled using the two-phase
Darcy’s law. Following the oil-water analyses of Wang et
al. (2023), this formulation can be applied to gas-water flow
modeling:

Mg g p ®)
Mg

Kk

Vgas = —

VP 3)

Vwater = —
w

where v, is the gas seepage velocity; Vg, is the water
seepage velocity; k;, is the gas relative permeability; ky, is
the water relative permeability; VP is the pressure gradient;
and p is the gas viscosity.

Owing to the multiscale transport behavior of deep coal
reservoirs, CH4 migration involves both matrix diffusion and
fracture seepage. Therefore, a dual-field coupled model inte-
grating Fickian diffusion and Darcy flow was established to
characterize the matrix diffusion-fracture flow process:

V- (DmVCm — IZngP>

“)
where ¢, is the coal-matrix porosity; C,, is the matrix free-gas
concentration; p; is the coal particle density; p, is the adsorbed
gas concentration; ¢ is the effective free-gas porosity; p, is
the free-gas density in fractures; D,, is the effective matrix
diffusion coefficient; k is the fracture permeability; u is the
gas viscosity; and P is the fracture network pressure.
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Field demonstrations in the San Juan Basin (United States),
Qinshui Basin (China), Ishikari Coalfield (Japan), and several
other coal-bearing basins have confirmed the technical feasi-
bility of deep CBM development and CO;-enhanced recovery
under suitable geological conditions (Godec et al., 2014;
Mukherjee and Misra, 2018; Asif et al,, 2022). However,
deep coal seams commonly exhibit low mechanical strength
and stress-sensitive fracture systems. These features may sig-
nificantly affect CO, containment and storage performance.
Therefore, further investigation of CO, occurrence mecha-
nisms, migration processes, and long-term sequestration se-
curity is required.

In conventional CBM production, each stage requires
manual evaluation and parameter adjustment. This workflow
results in long development cycles, high operational costs, low
efficiency, and elevated risk levels (Mohamed and Mehana,
2025). Existing adsorption isotherm models, such as the Fre-
undlich, BET, and Dubinin-Radushkevich equations, describe
different adsorption characteristics. However, the Langmuir
equation remains the most widely applied model because of
its simplicity and practical applicability. CBM reserves can
be estimated more effectively by modifying the Langmuir
equation and adjusting its parameters for different gas-bearing
systems (Langmuir, 1918; Yang et al., 2019; Mohamed and
Mehana, 2025; Eq. (5)). Because gas desorption in deep coal
seams is controlled by the effective pressure difference during
drainage, the reservoir pressure term is replaced with the
net driving pressure (P,). The modified Langmuir adsorption
equation is expressed as:

P,
=V, 5
) Lp 1P, (5)

where Q; is the modified Langmuir adsorption capacity; Vy is
the Langmuir volume; P, is the net driving pressure; and Py,
is the Langmuir pressure.

According to Eq. (5), the effective gas production potential
of deep CBM reservoirs consists of adsorbed gas and free
gas. CHy is primarily retained in the coal matrix, whereas gas
migration occurs through the fracture system. Therefore, the
permeability contrast between matrix permeability and fracture
permeability is introduced to characterize matrix-to-fracture
gas migration efficiency (Moore, 2012; Mostafa et al., 2023).
Considering its nonlinear influence, the permeability ratio is
expressed in logarithmic form. During reservoir depletion,
increasing effective stress reduces fracture conductivity and
gas deliverability (Fu et al., 2024; Xiao et al., 2025) (Egs. (6)-
(8)). This stress sensitivity is represented by an exponential
attenuation term. Therefore, the adsorbed gas term can be
expressed as:

Q=01 (1 +1n ,’f) e 7o) 6)

m
In addition, free gas stored within the effective pore-

fracture volume is estimated according to the real-gas equation
of state. The effective gas-filled volume can be expressed as:

o ¢f(1 —Sy)P
0y =V ™

By combining the adsorbed-gas term and the free-gas term,

the effective gas production potential model for deep CBM
reservoirs is obtained as:

or(1—S,)P
PcZRT
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where Q is the predicted productivity; Q, is the effective
adsorbed gas content; Qf is the effective free gas content;
ks is the fracture permeability; k,, is the matrix permeability;
o, is the effective stress; oy is the critical closure stress; ¥
is the stress sensitivity coefficient; ¢ is the effective porosity
for free gas; S,, is the water saturation; P is the formation
pressure; Z is the gas compressibility factor; R is the universal
gas constant; 7 is the formation temperature; p. is the coal
density; and V, is the effective reservoir volume.

It should be noted that the above formulas have com-
mon limitations in their practical applications. Coal reservoirs
exhibit strong heterogeneity and multiscale fracture systems,
which often cause discrepancies between predicted results and
field observations. Future advances in deep CBM exploration
and development will increasingly rely on advanced analytical
methods and data-driven technologies. Emerging high-pressure
adsorption experiments, in-situ spectroscopy, and isotope-
resolved gas analyses offer improved characterization of gas
occurrence and migration behavior under deep reservoir condi-
tions (Wu et al., 2025). Concurrently, integration of artificial
intelligence with geological, geomechanical, and production
data enables intelligent optimization of fracturing parame-
ters and real-time prediction of reservoir responses (Yan et
al., 2021; Mohamed and Mehana, 2025). Future research
should further address hydraulic fracturing optimization under
deep high-stress conditions, long-term productivity mainte-
nance, and techno-economic evaluations of integrated deep
CBM production and CCUS systems. These efforts will help
improve the technical feasibility, economic competitiveness,
and low-carbon development potential of deep CBM resources.

0= Qa+Qf =Qr (1 +1In ]]zf> n[e77<6670'0) +V,

4.3 Comparison of current research

This subsection interprets recent findings in relation to
earlier studies. It also identifies current limitations and im-
plications for deep CBM research.

Research in this field primarily aims to clarify the geolog-
ical controls on deep CBM occurrence mechanisms. Based
on the genetic framework summarized by Moore (2012),
this review extends the discussion of CBM genetic models
from shallow formations to deep formations. Evidence of
microbial activity and alkane origins from representative cases,
including the Bowen and Ordos basins, further demonstrates
the viability of microbial processes in deep coal seams (Huang
et al., 2017; Chen et al., 2023). Chemical reaction pathways
and R, ranges related to thermogenic processes were also
synthesized. This synthesis improves the accuracy and ap-
plicability of hydrocarbon generation window classification
(Moore, 2012; Liu et al., 2022). Critical depth classification for
deep CBM, as proposed by Qin and colleagues in China, was
further reviewed. To overcome the limitations of traditional
depth-based methods, additional parameters were incorpo-
rated, including temperature, pressure, stress, coal strength,
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and maturity evolution. The coupling mechanisms between
coal reservoir properties and stress regimes were also clarified
(Qin et al., 2018; Li et al., 2023). In addition, multiscale mass
transfer mechanisms and productivity evaluation models for
deep CBM were examined. These analyses help bridge the gap
between theoretical understanding and practical development
strategies (Wang et al., 2023; Mohamed and Mehana, 2025).

On this basis, this review proposed several future re-
search directions and emphasized the continuous refinement
of theoretical frameworks. Further comprehensive studies are
needed to generate robust evidence, correct existing biases,
and formulate effective strategies. These efforts can promote
stronger synergy between deep CBM mechanism research and
field development practices.

5. Conclusions

This review systematically examined the occurrence mech-
anisms of deep CBM. First, deep CBM is dominated by
thermogenic gas with supplementary biogenic contributions.
The generation and evolution of multiphase hydrocarbons are
largely controlled by coalification and organic matter matura-
tion. Second, deep coal reservoirs under “three-high” geolog-
ical conditions exhibit low porosity and permeability, strong
CHy adsorption capacity, and a high proportion of free gas,
implying a transitional gas storage state between adsorption
and free accumulation. Third, tectonic structures and stress
field evolution jointly control fracture system effectiveness,
thereby influencing gas migration and enrichment. Fourth,
a predictive formula for critical depth was developed by
integrating multiple geological parameters based on existing
theories. Finally, a coupled dual-field equation for matrix
diffusion and fracture seepage was established, along with
a modified productivity evaluation formula tailored to deep
CBM.

This review focused on deep CBM occurrence mecha-
nisms. Although deep CBM resources are abundant, their
exploration and development remain challenging because of
their substantial burial depths and complex geological condi-
tions. The case analyses presented in this review demonstrate
that sedimentary evolution, burial depth, tectonic activity, and
lithological assemblages jointly control deep CBM generation,
occurrence, and accumulation. Heterogeneity and multiscale
fracture development in deep coal reservoirs may also intro-
duce uncertainties in the application of the predictive equations
proposed herein.

Overall, this review summarizes the current understanding
of the mechanisms governing deep CBM occurrence and pro-
vides a conceptual basis for future investigations. Continued
research on deep coal reservoirs will further improve our
understanding of gas occurrence, migration, and enrichment
processes. Such research will also promote the responsible
utilization of deep CBM resources and support broader carbon
emission reduction and low-carbon energy transition goals.
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