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Editorial on the Research Topic
Exploration, exploitation, and utilization of coal-measure gas into the
future: Volume I

Introduction

As climate change-being a dire challenge for all mankind-impinges on every continent,
the exigencies of reducing greenhouse gas emissions have gained soaring attention around
the world (Zou et al., 2022). Scientists have made strides in understanding the pivotality of
unconventional energies (Bustin and Clarkson, 1998; Zou et al., 2018), in particular coal-
measure gas (e.g., coal-bed methane, shale gas, and tight sandstone gas), for mitigating global
warming (Avci et al., 2021). And, great successes have been achieved over the past decades.

The exploration, exploitation and utilization of coal-measure gas concern the majors of
physics, geology, engineering, etc, and there are many hot Research Topic presented recently
(Daietal., 2019). Yet less is known about the measures to achieve the net carbon emissions of
coal-measure gas, which entails how to identify its occurrence and production, how to
determine its transformation technologies, and how to examine the applicability of its CO,
geological storage conditions.

Coalbed methane

During the past few decades, China has achieved significant success in the exploration,
exploitation, and utilization of coalbed methane, especially in the hot areas of Qinshui and
Ordos Basins. Jiang et al. analyzed the pore structure characteristics of coal samples by low-
temperature liquid-nitrogen adsorption measurements. Du et al. investigated the cleat and
micro-fracture morphology and its aperture, distribution of minerals, and matrix/fracture
interactions for the coals of different ranks. Jian et al. provided a new model for solid waste
treatment of coal mine and green mining. Wang et al. analyzed the coal-forming
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environment during mass extinction in the latest Permian. Li et al.
studied coalbed methane accumulation, in situ stress, and
permeability of low-rank coals in a complex structural region.
Shao et al. determined the potential of gas resources in the
Huanghebei coalfield and analyzed the sedimentary reservoir
control mechanism. Bao et al. analyzed the ionic concentrations,
hydrogen and oxygen isotopes, dissolved inorganic carbon isotopes
and trace elements for water samples from coalbed methane wells.
Jiang et al. studied coalbed methane flow characteristics based on

fractal bifurcation fracture network model.

Shale and sandstone gas

Ge et al. investigated and evaluated the shale gas resources in
Lucaogou Formation, and identified the reservoir performance,
preservation conditions, compressibility and gas bearing property
of gas bearing shale intervals. Yu et al. analyzed the convergent
deformation of the cavern while considering the spatial variability
distribution of the elastic modulus for sandstones. Hu et al. studied
on influencing factors and mechanism of pore compressibility of
tight sandstone reservoir.

CO, injection

CO, injection is beneficial for unconventional gas recovery, and
gas desorption, diffusion, permeation, and production are the entire
process during the injection. Niu et al. conducted the anisotropic
permeability test and the CO, injectivity simulation test, and
established the corresponding numerical models. He et al. solved
the problem of inaccurate gas content measurement due to the
unclear characteristics of rapid gas desorption in 0-10s, and
improved the gas desorption experimental device. Chen et al.
indicated that the integrated technology of gas production and
CO, capture and sequestration in the coal goafs and the
abandoned coal mines can improve the energy production
efficiency and reservoir space utilization. Chen et al. compared
the changes of pore structure and porosity due to the
supercritical CO, extraction, and discussed the evolution of pore
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characteristics change with coal rank because of supercritical CO,
extraction.
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A case study of pillar extraction
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Strip coal pillars caused by strip mining are widely distributed in China. Over time,
strip coal pillars are posing more potential hazards as their stability decreases;
therefore, it becomes increasingly important to recover coal pillars without
damaging the ground surface. In this paper, strip-filling and second-mining
technique is adopted to probe into an optimal scheme for mine goafs.
Construction waste was one type of the materials used for backfilling, which
was taken to underground from the surface with a pumping system. Jisuo Coal
Mine of Tengzhou, Shandong province was taken as the object of study. Through
theoretical calculation and on-site survey, we set a re-mining scheme to control
rock stratum stability, i.e., 8-m-wide backfilling for the first time and 4-m-wide
backfilling for the second time; moreover, the ground pressure behavior and
subsidence of working surface were monitored and a contour map of surface
subsidence was thus mapped. In-situ practice indicated that the underground
pressure from coal pillars was transmitted to the backfilling materials, the maximum
normal stress of which was 5 MPa, so it was sufficient for the backfilling strip to
support the weight of overlying strata; the maximum value of roof-to-floor
convergence of backfilled mining face is 45mm, the maximum surface
subsidence 44mm, the maximum inclination value 0.65mm/m, the maximum
surface curvature 0.018 mm/m? and the maximum horizontal deformation
0.16 mm/m. The filling body in the original goafs plays the role of “pier”. By the
monitoring data of subsidence, its surface deformation value was less than that of
buildings suffering from grade | damage, which verified the feasibility of strip-filling
and second-mining scheme. The success in this technique provides reliable
technical and theoretical support for mines with similar conditions.

KEYWORDS

second-mining of strip coal pillar, construction waste, backfill material, partial
backfilling, subsidence control, field monitoring

Abbreviations: w;,, Backfill widt; g;, Unidirectional compressive strength of backfill material; H, The
mining depth of working face A Safety factor; L, Length of working face D; The strip width; y, Average
volume density of rock D, The backfilling width.
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1 Introduction

Strip mining is an effective method for mining coal
resources reserved under railways, rivers and buildings
(Huang et al, 2014; Du et al, 2019a). For decades, China
has mined an enormous amount of coal resources in the
eastern and northern regions of China from coal mines with
the above conditions. With such method, however, a large
number of coal pillars are left underground (Ghasemi et al.,
2014). Over the years, coal pillars have been exposed to the risk
of instability caused by weathering and rheology, resulting in
mine tremors and surface subsidence (An et al., 2016; Raffaldi
etal.,, 2019; Sun D. Q. et al., 2021). In addition, some coal mines
in eastern China hardly have any coal resources to recover.
Given the current situation, it is of great significance in China
not to disrupt the ecology and surrounding environment (Qian
etal., 2007; Zou et al., 2018b; Hao et al., 2019; Zhou et al., 2022).

In the past few decades, filling and remining has developed
rapidly and has been widely used in underground mines in China
(Cao, 2017; Yan et al., 2018; Li et al.,, 2021; Wang et al., 2022). In
this regard, relevant scholars first focused on filling materials
(Guo et al., 2007; Mkadmi et al., 2014; Qu et al., 2017; Xuan and
Xu, 2017; Zhu et al., 2018). (Mohamed and Li, 2017) presented a
numerical study carried out to evaluate the stresses in backfilled
stopes overlying, compared with the case of a single isolated
backfilled stope, the numerical results show that the stress
magnitudes in the overlying backfill are considerably increased
due to the excavation of the underlying stope (Mohamed and Li,
2017). Zhu et al. (2020a) used the filling scheme to recover wide
coal pillars, investigated the stability of coal pillars, the structural
characteristics of the overlying strata and the paste filling
technical parameters in coal pillar after strip mining through
laboratory test (Zhu et al., 2020a), numerical simulation and
physical simulation, and put forward a more feasible filling and
remining scheme (Liu et al., 2017; Cao et al,, 2018; Jiang et al.,
2020; Shao et al.,, 2021). Luan et al. (2017) introduced a new
technique for filling and remining thin coal seams, including the
development of filling materials, the design and key technology of
the filling system for thin seam working faces (Luan et al., 2017).
Tuylu, (2022) studyed fly ash with four different chemical
compositions (TFA, SFA, YFA, and CFA) was used as a
cement substitute in CPB. By substituting fly ash with
different chemical compositions in different proportions, CPB
samples were created and their strength was elucidated according
to 28, 56, and 90-day curing times (Tuylu, 2022). Sun Q. et al.
(2021) used short-strip coal pillar recovery with cemented paste
backfill (Sun Q. et al, 2021). They developed a paste filling
recovery method for residual room coal pillars and investigated
its performance through numerical simulation (Luan et al., 2017;
Zhou D. W. et al,, 2019; Mu et al., 2019; Liu et al., 2020; Sun Q.
et al,, 2021; Tuylu, 2022). Mamadou Fall et al. (2007) discussed
the stress—strain behaviours of cemented paste backfill (CPB)
subjected to uniaxial compression and conventional triaxial tests
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(Fall et al., 2007). In the mining process, in order to solve the
problems of rock stratum movement and solid waste disposal,
engineers, technicians and researchers have always adopted the
filling and remining method. They have also studied the response
of formation to partial backfilling and mining technique (Chen
et al, 2010; Du et al., 2019b). It is stated that the partial use of
C-Class fly ash instead of cement in paste backfill greatly
increases the strength in long-term curing (Benzaazoua et al,
2002; Cihangir et al.,, 2015; Ercikdi and Yilmaz, 2019). Taking
into account different geological conditions, Ning et al. (2021)
studied the stress distribution on the floor boundary during
open-pit mining and backfill mining above the confined
aquifer (Ning et al, 2021). These two mining types were
simplified as mechanical problems under different boundary
conditions. The stress distribution and floor failure evolution
in strip mining and filling replacement mining were studied with
an elastic mechanics method (Sun and Wang, 2011; Chang et al.,
2014; Sun et al., 2018).

Some scholars adopted FLAC3D numerical simulation to
study the sensitivity of the main control factors of surface
movement and deformation in strip filling and remining,
which has important practical significance for protecting
surface structure, reducing ecological damage and realizing
green and sustainable development of coal mine (Zhang
et al, 2016). Based on the limit equilibrium theory, Zhu
et al. (2020) established the calculation formulas for the
widths of the crushing zone, plastic zone and elastic zone of
different types of composite supports, and proposed the design
methods for the safety widths of different types of composite
supports, providing a theoretical basis for the stability analysis
of composite supports (Zhu et al., 2020b; Zou et al., 2020).
Nevertheless, studies regarding the recovery of shallow narrow
coal pillars have rarely been reported.

In order to increase the mine life and improve the recovery
rate of resources, this paper takes the 16E104, 16E106, and
16E108 working faces of Jisuo Coal Mine as the engineering
background, and puts forward and implements a coal pillar
remining and disaster pre-control technology for strip goafs.
Filling and remining is carried out with a filling material
comprised of construction waste as the aggregate, a
proprietary three-stage continuous concrete mixing device and
a large domestic displacement concrete pump used as the filling
power system. This technology allows the recovery of about
500 strip coal pillars with modest surface subsidence.
Verification through underground mine pressure monitoring
and surface settlement observation reveal that the strip filling
bodies can work successfully in place of underground coal pillars
without damaging the buildings or the environment, providing
an effective method for recovering coal pillars. The strip filling
and remining technology is effective in controlling the surface
movement and deformation and protecting surface buildings. It
also provides useful clues for other mining areas with similar
geological and mining technical conditions.
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FIGURE 2
Distribution map of the remining pillars in Jisuo Coal Mine.

2 Engineering background
2.1 Mine overview

Jisuo Coal Mine is located at the southern end of Wangchao
exploration area of Tengbei coalfield. The mine field is of plain
terrain with high population density. Coal under village accounts
for more than 80% of the recoverable reserves of the mine. The
length of the mine field is about 5.8 km. The average width is
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about 1.2 km, and the mine field area is about 7.0 km”. Figure 1
shows the location of the mine.

Since the 1990s, Jisuo Coal Mine has been operating for
almost 20 years under the villages by means of strip mining. So
far, 655 strips have been mined, and a total of 807,000 tons of coal
resources have been recovered. However, 564 strip coal pillars as
the support of the overlying strata are still left underground,
resulting in a stagnant coal reserve of 717,000 tons. The untapped
reserves under the village are about 5.61 million tons, as shown in
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Figure 2. With the depletion of recoverable reserves, the mine is
facing the threat of closure and shutdown.

2.2 Overview of working face

In order to investigate the feasibility of remining strip coal
pillars, filling remining test was carried out on 16E104, 16E106,
and 16E108 working faces. There are no buildings on the ground
in this area. Surface subsidence was observed after backfilling to

Frontiers in Earth Science
10

ption, (A) Panel layout of the study site, (B) Coal strata distribution

provide basis for the filling and remining of the other areas. The
coal seam mined in the test working face is Coal 16, which has an
average thickness of 1 m and a dip angle of 5°-10". Its occurrence
is stable or relatively stable, and its thickness variation is
insignificant. The coal bed texture is simple and is a
comparatively regular coal seam. The average vertical depth of
mining is 120 m. The roof is limestone with a thickness of 5.3 m
and the floor is mudstone with a thickness of 4.3 m. The length of
the working face is 80 m. The original strip mining scheme of the
working face was to mine at a 10 m interval in width, leaving
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FIGURE 4
Change of direct roof, (A) Recovery of coal pillar, (B) Second filling.

pillars with equal width. Therefore, there are a large number of
10-m wide coal pillars left. Figure 3 shows the layout of the
working face and the histogram of the rock stratum.

3 Filling mechanism, process, and
related equipment

3.1 Analysis of filling mechanism

As strip mining (mining at a 10-m-wide interval) was applied
before the 16E104, 16E106, and 16E108 working faces were filled,
the direct roof above the working face showed a wavy flexual
subsidence as a result of the load from the overlying strata while
the overlying strata showed flexual subsidence as a result of its
own weight (Deng et al., 2016; Zhou N. et al,, 2019). As it was
quite a long time since the working face was mined, after the first
filling, the overlying roof remained the same state as before.

During the first filling, the last filling strip has to cure for
28 days. It takes 1-2 days to fill one single goaf. The working face
cannot be remined until 38 days after the filling. Due to previous
mining, the direct roof above the coal pillar in the first strip
continued to sink flexually, with fine fractures being produced at
the same time, but the direct roof in front of the working was not
affected significantly, as shown in Figure 4.

After the last strip of coal pillar in the working face had been
recovered, the working face has also been filled for the second time.
Under the mine pressure, the direct roof above the original strip of
coal pillar subsided flexually. The original goaf served as the “pier”
due to the existence of the filling body. At the same time, more cracks
began to appear inside the direct roof. At the end of the recovery of
the working face, the subsidence of the wavy flexual subsidence zone
above the working face gradually increased, as shown in Figure 5.
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3.2 Filling process

3.2.1 Related parameters

The working faces of Jisuo Coal Mine include 16E104,
16E106 and 16E108, with an average depth of 120 m and an
average length of 80 m. The width of the filling body is calculated
according to the formula of total weight of overlying strata, as
shown in (Eq. 1):

_HxLxy

= . 1
o; X 100 )

Where wy, is backfilling width, m; L is length of working face, m;
H is the mining depth of working face, m; y is average volume
density of rock, t/m3; o; is unidirectional compressive strength of
backfill material, MPa.
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TABLE 1 Safety factors for different mining schemes.

Filling scheme Strength of filling

material/MPa
Full filling 5

5
12 m filled, 8 m left 7.5

10

In the filling scheme, the final setting strength of the filling
body is calculated as 5 MPa, so the support strength per unit
area is 5MPa. The weight of overburden per unit area is
3 MPa, A=1.6.

As shown in Table 1, increasing the filling width and strength
can improve the stability of backfilling, but it also increases the
filling cost. With the increase of mining depth, the stability of the
strip filling body decreases, thus degrading the adaptability of the
mining scheme. Considering the actual situation of the coal mine,
the scheme with safety factor of 1.5 is selected for the scheme of
“12m filled 8 m left”.

3.2.2 Filling system

1) Top-down filling system for Jisuo Coal Mine, first, the filling
process system was installed in locations with suitable
distance to the filling face to ensure short distance, low
cost and convenient access. Second, filling aggregates,
including coal gangue and construction waste, are crushed.
Then, coal ash from power plants is utilized to mix well with
the coal ganue, construction waste, cement and water with
proper proportion in a mixer and stored in the material
warehouse. The above processes form the aggregate
processing system and paste material preparation system.
The paste material conveying system uses a concrete pump
to transport the filling material to the underground filling
pump through the filling pipeline and to the goaf through the
filling pipeline. Filling is operated in two stages: first filling
and second filling after the residual coal pillar is recovered.
The filling isolation system is composed of formwork and
hydraulic pressure prop. The pathway for the filling material
to enter into the well is independent from the pathway for coal
recovery. The whole filling system can be divided into four
parts: an aggregate processing system, a paste material
preparation system, a paste material delivery system and a
filling isolation system. The backfilling system and the process
flow are shown in Figure 6.

2) Underground filling system to prevent the backfill concrete
from flowing to other areas, a relatively closed room must be
isolated so that the backfill concrete can well contact the roof.
In this process, hydraulic pillars and building formwork are
used as the frame. Braids are laid inside to form a temporary
isolation wall, as shown in Figure 7. In this way, the backfill
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The width of the Safety factor (1)

filling/m

20 1.6
12 1.0
12 15
12 2.0

slurry can be pumped to the isolated backfill area through
the pipe.

To avoid serious pipeline blockage caused by filling pump
faults and other reasons, a sedimentation tank was installed near
the filling station in Jisuo Coal Mine. An emergency treatment
ditch was excavated in the filling drilling chamber. Tees were
mounted along the filling pipe at intervals to ensure that quick
treatment was possible to avoid pipe blockage in case of any
power interruption or machine shutdown.

3.2.3 Filling scheme

According to the protection requirements of buildings and
the actual mining situation of the mine, in order to ensure that
the weight of overburden can be transferred to the “pier”
successfully (Tan et al., 2017; Zhang et al., 2017), a filling and
remining scheme of mined area (Coal 16) under village was
adopted: first filling then mining, then strip remining and strip
filling. In this scheme, the preparation for the first filling is to seal
the area to be filled with building formwork and hydraulic pillars
to prevent slurry leakage, and hang a layer of woven cloth on the
inside to form a closed space. Because the coal seam inclination of
Jisuo Coal Mine is small, four distribution pipes are evenly
arranged in each filling strip to fill from the low end to the
high end of the elevation. When the filling body reaches the
expected strength, the middle pillar strip is mined, and the strip
width is D, =
recovered, the coal pillar is filled for the second time. The

8 m. After the coal pillar strip is completely

filling materials will connect with the initial filling body,
serving as an integral filling pillar to support the roof. The
backfilling width is D, = 4 m.

1) According to the low-to-high direction of floor elevation, all
mined-out strips in a working face are filled from north to
south, with a filling width of 8 m. With concrete filling
pouring in, stress meters are buried to monitor the stress
change inside the filling body in real time.

2) There are generally 6-10 mined-out strips in a working face,
and each will take 1-2 days to fill, thus in total it will take
15-25 days to fill all cavities in a working face.

3) When the last filling strip in the first working face meets the
setting time of 28 days, the mining working face can be
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Filling system flow chart, (A) Top-down filling system, (B) Process flow chart of filling system.

arranged according to the low-to-high direction of floor
elevation, or from north to south in practice, and the
original coal pillar strip can thus be mined. It takes
5-6 days for a coal pillar strip to complete mining. At this
time, the second working face has been filled.
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4) After the pillar strip mining is completed, the second
backfilling shall be carried out in time with a backfilling
width of 4 m, and corresponding dynamic monitors shall
be arranged to monitor the corresponding variation
characteristics of the surrounding rock in the goaf,
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including roof displacement, roof subsidence, bolt/anchor

cable stress etc.
5) Generally, five to nine coal pillar strips need to be mined in a
working face, thus it takes 25-45 days to complete all mining
operations. Therefore, when the last pillar strip mining is
completed, the first secondary filling body (4 m-wide filling
body) in the first working face and the last primary filling
body in the second working face have solidified for more than
28 days. At this time, the northernmost pillar strip of the
adjacent second working face can be mined. The strip retreat
mining method is adopted, with single hydraulic props and
filling strips to support the roof, and full height mining is
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applied in operation. The filling sequence is shown in

Figure 8.

3.2.4 Filling related equipment
3.2.4.1 Aggregate processing system

Aggregate processing mainly includes crushing, iron
removal, impurity removal and screening. Construction waste
is crushed in two stages by jaw crusher and impact crusher to
ensure the particle size and the purity of filled aggregate can meet
required standards. Jaw crusher is shown in Figure 9.

3.2.4.2 Paste preparation system

In the process of backfill preparation, firstly, the processed
aggregate is screened and subdivided according to the required
ratio of backfilling materials. Secondly, it is mixed with fly ash,
cementitious materials and water in a required proportion
through the mixing system. Paste backfill concrete is thus
formed, ready to be used for the next process. The filler bin
and water sump are shown in Figure 10.

As shown in Figure 11, fly ash and water are stored in one
tank. The mixing plant is a three-stage continuous mixing
plant, including three cylindrical devices with spiral stirring
apparatus. The mixing plant has the following characteristics:
1) Three machines are installed on the same base to form a
three-stage facility which can operate synchronously; 2) The
upper machine entrance is square shaped and can be loaded
automatically; 3) The intermediate machine is equipped with
automatic water supply device; 4) The bottom machine is
equipped with automatic raw material feeding and batching

devices.
B
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Filling sequence diagram, (A) First filling, (B) First filling completed, (C) Second filling, (D) Second filling is completed
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FIGURE 9
Jaw crusher.

3.2.4.3 Paste conveying system

The system includes a concrete pump and a pipeline
pumping system. The concrete pump is used to deliver the
paste concrete to the filling working surface for filling. The
mining concrete pump is one of the key equipment for goaf
filling and mining, and its actual pumping capacity is not less
than 120 m*/h. HGBS200/14-800 industrial filling pump, a large
displacement concrete pump developed by China, is selected for
the pumping purpose. The pipeline pumping system consists of
filling standpipe, surface pipelines, underground trunk pipeline
and underground branch pipeline. Pumping process: The
concrete paste is delivered by two surface filling pumps to run
through the ground pipes, drill pipes, tunnel pipes, working face
pipes, three-way valves and then reach the slurry bin, from which
it is pumped into the formwork to fill the goafs.

10.3389/feart.2022.1051245

4 Field monitoring

4.1 Underground monitoring equipment
and layout

In order to master the control effect of strip filling and
remining, strata movement monitoring was carried out on the
underground filling mining face (Li and Aubertin, 2008;
Widisinghe and Sivakugan, 2016; Liu et al., 2022). Monitoring
indicators include roof displacement and vertical stress of filling
body. Devices for filling body stress monitoring and roof
dynamic monitoring are shown in Figure 12.

The function of the GYD60 filling body stress gauges are to
measure the vertical stress in the backfilling area. Before the first
strip filling, they were placed in the designated area, and the
related monitoring equipment was also arranged, then filling
commenced to cover the stress gauges and the stress data was
collected and sent back to the collector through the
communication line. The function of the KY-82 roof dynamic
instruments is to measure the change of rock stratum
displacement, monitor the cumulative subsidence of stope
roof, and work with pressure measurement to reflect the
characteristics of roof. The dynamic instrument was placed in
the strip coal pillar, and space at regular intervals has been
prepared to install the dynamic instruments. The observation
data were collected on a regular basis.

Three groups of rock movement monitoring equipment were
set for each 6 backfills, each containing four KY-82 roof dynamic
meters and four GYD60 backfill stress meters. Four stress meters
were placed in the filling body built in the first filling, with a
length of 80 m and a width of 8 m. The spacing between two
stress meters (used to monitor the vertical stress in the backfill
body) was 20 m. After the second filling was completed, four roof
dynamic instruments were placed in the 8-m-wide goaf to

Filler bin

FIGURE 10

Water sump

Backfill paste and concrete preparation system, (A) Filler bin, (B) Water sump.
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FIGURE 11
Concrete mixing device.

monitor the cumulative subsidence of stope roof, which worked
simultaneously with the stress gauges to reflect the roof
characteristics. The monitoring equipment layout is shown in
Figure 13.

4.2 Surface monitoring content and
monitoring point layout

In order to learn the surface subsidence and evaluate the
effect of strip filling and re-mining, the surface subsidence
observation stations were set up above the 16E104, 16E106,
and 16E108 working faces of Jisuo Coal Mine. Monitoring
indicators include vertical settlement, surface curvature and
horizontal deformation. Observation lines were arranged along

GYD60 Filling body stress meter

FIGURE 12

10.3389/feart.2022.1051245

the 16E104, 16E106, and 16E108 working faces, and monitoring
lines were arranged perpendicular to the 16E106 working face, as
shown in Figure 14.

5 Results and discussion

5.1 Response of underground strata to
coal pillar recovery

5.1.1 Vertical stress in backfill area

GYDG60 stress meters were installed in the filling area in
advance to monitor the vertical stress of the filling body (Helinski
et al, 2010; Doherty et al., 2015). Three groups of strata
movement monitoring equipment were set for every six filling
bodies, and each group had four GYD60 stress meters. The
monitoring results are shown in Figure 15.

As can be seen from Figure 15A, the horizontal axis shows
the number of days after the installation of the stress gauge, the
longitudinal axis shows the stress value inside the filling body.
The filling body of 1 # station became solidified within 35 days,
and the stress change was relatively small. After 35 days, with the
mining of coal pillar, the vertical stress in the filling area
gradually increased. During the 50-60 days, the
increased at the fastest speed. This phenomenon had an

stress

significant relationship with the distribution of bearing
pressure in front of the working face until it reached the
maximum value, and the internal stress of the filling body
gradually levelled off during the 65-75 days. There were four
groups of stress convergence values monitored by 1 # station,
which were 4.74 MPa, 4.93 MPa, 5MPa and 5.27 MPa
respectively. As can be seen from Figure 15B, the change rate
of the internal stress of the filling body at 2 # station was very
small within the first 40 days, and the stress gradually increased
during the 40-70 days. The rising rate was the fastest during the

"R

KY-82 Roof dynamic instrument

Monitoring equipment, (A) GYD6O Filling body stress meter, (B) KY-82 Roof dynamic instrument.

Frontiers in Earth Science

16

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1051245

Hao et al.
First group Second group

5
S)

—a, 1-1 a,
=
(=1
N

— b, 1-2 b,
=
= - - -
- 2

—c; B 1-3 2 c, W
:
8 g

=]
g—d = 1-4 = d, ®m
2 L
First filling 8 m Second filling 4 m
FIGURE 13

Top view of instrument layout.

231 N,
x 2 )
North @ H22
3 o2 4
Ml Coal scam HITSSGHIO 5 /
@45 Filling body HIS pyyy 6Hi1s SU /
Observation line H17&% A > J/

Contour
The surface of the
station

FIGURE 14
Location map of surface stations.

55-65 days, and the stress reached the maximum value on about
the 70th day and then gradually became stabilized. There were
four groups of stress convergence values monitored by 2 #
station, which were 5.04 MPa, 4.95MPa, 5.54 MPa,
5.66 MPa respectively. It can be seen from Figure 15C that the
increase rate of internal stress in the filling body of 3 # measuring
station began to accelerate on the 45th day. With the mining of

and

the working face, the stress increased sharply during 50-70 days,
and the stress reached the maximum on about the 70th day.
There were four groups of stress convergence values monitored
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by 3 # station, which were 4.57 MPa, 4.62 MPa, 4.89 MPa and
4.92 MPa respectively.

The variation pattern of vertical stress in coal pillar recovery
can thus be seen. With the replacement of coal pillar, the vertical
stress increased in varying degrees. The stress change with
stoping can be divided into three stages: It was relatively
stable at the initial filling stage; stress increased gradually
during the 35-45days due to the occurrence of ground
pressure; the stress gradually stabilized during the 65-75 days.

In the early days after the stress meters were installed in the
filling body, the vertical stress barely increased, remaining at a
stable state. It took about 65-75 days for the vertical stress to
stabilize. The mine pressure distributed on the coal pillar can be
transmitted smoothly to the filling body, and the filling belt was
strong enough to bear the weight of the rock strata.

5.1.2 Monitoring of underground roof dynamic
instruments

The displacement meter was used to monitor the roof
displacement in the filling area, which could reflect the
deformation law and the compression ratio of the filling body.
Three groups of rock movement monitoring equipment were set
for each 6 filling bodies, and each group was provided with four
KY-82 roof dynamic instruments. Based on the monitoring
results, the variation pattern of roof displacement was drawn.
In these figures, the horizontal axis shows the time span for
installing the displacement meters, and the vertical axis shows the
underground roof displacement. The variation curve based on
the monitoring results of the roof dynamic instrument is shown
in Figure 16.

As shown in Figure 16A, by the monitoring results of 1 #
station, the slope of curve is higher at first and the deformation
rate of roof becomes increasingly faster, indicating that

displacement took place between roof and floor; The
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stress meter monitoring.

deformation of roof was about 50 mm on about the 50th day, and
then the slope decreased gradually. After about 70 days, the roof
and floor reached a stable state, which was consistent with the
vertical stress monitoring results. The abnormal curve of roof
subsidence monitored by one to four instruments in 1 # station
was due to the development of faults here, and thus the
subsidence speed was fast; the changes of other subsidence
curves were normal. The maximum roof displacement of the
four groups monitored by 1 # station were 52 mm, 51 mm,
53mm, and 52mm respectively. The mining height was
calculated as 1.21 m, and the average compression ratio of
filling body was 4.3%. It can be seen from Figure 16B that the
roof deformation monitored by 2 # station has increased
significantly from the beginning, and the roof subsidence rate
was the largest between the 45th day and 55th day. The roof
subsidence levelled off around the 70th day, and the cumulative
roof subsidence was 58 mm. The maximum moving amounts of
the four groups monitored by 2 # station were 56 mm, 55 mm,
57 mm, and 58 mm respectively. The average compression ratio
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of the filling body was 47%. It can be seen from Figure 16C that
the roof of 3 # station sank slowly from the beginning. With the
mining of the working face, the roof subsidence increased
gradually from Day 40, and the cumulative roof subsidence
was 59 mm on about Day70. The maximum subsidence of the
four groups monitored by the 3 # station were 57 mm, 56 mm,
59 mm, and 61 mm respectively. The average compression ratio
of the filling body was 48%. After the mined-out area was filled,
the roof rock beam became stable and the ground pressure
became small, which means the requirement of replacing coal
pillar has been met and the overlying strata was effectively
controlled.

5.2 Surface response of pillar extraction
techniques

Surface deformation were surveyed to evaluate the effect of
pillar extraction. The related indicators include the vertical
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settlement value, horizontal deformation value and surface
curvature. All calculations were performed on the computer
using specially designed programs.

5.2.1 Surface subsidence

The point with a subsidence of 10 mm was determined as the
boundary point of surface subsidence basin according to the
regulations (Chen et al., 2016; Janez et al., 2018). The angular
parameters, including the strike boundary angle (59°), the
inclined upward boundary angle (62°) and the inclined
downward boundary angle (57°) were determined under this
geological condition. The contour map of surface subsidence
after mining of the test working face was drawn, as shown in
Figure 17.

Surface subsidence is the vertical component of the surface
movement vector of the main section (Qu et al, 2010). After the
coal seam is mined, the stress state of the strata above the goaf is
redistributed. With the increase of the goaf, different types of strata
collapse and sink one after another until a stable condition is achieved
(Guney and Gul, 2018; Zou et al., 2018a; Navid et al., 2019).

As shown in Figure 17, the three working faces of 16E104,
16E106, and 16E108 were adjacent to each other, and the
overlying strata activities affected each other during the filling

Frontiers in Earth Science

19

and mining of each working face. The subsidence values of the
ground monitoring points at the same distance from the center
line of the four working faces were of little difference and showed
symmetry. From the initial movement to stability, the subsidence
of the monitoring points in the middle of the working face was all
greater than that at the boundary of the working face. Taking the
monitoring points in the inclined direction of 16E104 working
face as an example, after the surface was stable, the maximum
subsidence was 50 mm, and the subsidence at the boundary was
14 mm. From the boundary of the working face to the center of
the working face, the surface subsidence showed a steady
increasing trend. The maximum subsidence in the inclined
direction of 16E106 working face was 48 mm; The surface
subsidence characteristics of 16E108 working face were similar
to those of 16E104 working face. The subsidence increased
steadily along the dip direction, and the maximum subsidence
was 48 mm. The four working faces gave rise to a subsidence
basin through surface subsidence, and the maximum subsidence
value was in the center of the working face.

5.2.2 Surface tilt
Detecting surface tilt is one of the main methods of fixed-
point observation of surface deformation. Tilt refers to the
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FIGURE 17
Surface subsidence contour map.

change of subsidence per unit length of the surface. It mainly
measures the relative movement in the vertical direction at a
certain point on the surface. Inclination is the first derivative of
surface subsidence. There are two groups of inclinations in
different directions, the inclination between boundary point
and maximum subsidence point has positive value and
negative value.

As shown in Figure 18, the three working faces of
16E104,16E106, and 16E108 were adjacent to each other. The
working face and its surrounding areas had tilted in different
directions with varied degrees. The surface tilt value above the
working face was larger than that at the boundary of the working
face. The tilt contours in the middle of 16E104 working face and
16E108 working face were denser; On the whole, the surface tilt
increased steadily from the boundary to the top of the working
face, and the tilt degree increased gradually. The minimum
surface tilt value around the three working faces was
0.05 mm/m, and the maximum surface tilt value above the
working face was 0.65 mm/m. The surface tilt change was
affected by the characteristics of surface subsidence. The
surface tilt at the center of the four working faces was larger
and the boundary tilt was smaller.

5.2.3 Surface curvature

Surface curvature represents the degree of surface subsidence
and bending, Unit: mm/m?’.

As shown in Figure 19, the three working faces of 16E104,
16E106, and 16E108 were adjacent to each other. The curvature
contour at the boundary was denser than that above the working
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FIGURE 18
Surface tilt contour map.
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FIGURE 19
Surface curvature contour map.

face, indicating that the surface curvature at the boundary was
smaller than that above the working face; The greater the
subsidence curvature of the curve, the more the subsidence
bending will become. Due to the influence of mining, the
subsidence curve at the roof of the working face had obvious
depression and protrusion near the mining boundary, the
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Surface horizontal deformation contour map.
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subsidence curvature of the surrounding rock was less than that
of the roof of the goaf, i.e., the roof protruded downward into the
goaf, and a subsidence basin was formed on the surface above
the goaf.

The maximum curvature of 16E104 working face was
0.015 mm/m?% The minimum curvature was 0.001 mm/m?
The maximum curvature of 16E106 working face was
0.013 mm/m?, the minimum curvature was 0.002 mm/m? The
maximum curvature of 16E108 working face was 0.018 mm/m?
The minimum curvature was 0.001 mm/m’. Among the three
working faces, the minimum curvature value was 0.001 mm/m?®
and the maximum curvature value was 0.018 mm/m? the
variation characteristics of curvature was consistent with the
surface subsidence and surface inclination. In conclusion, the
filling effect was obvious and the surface subsidence was small.

5.2.4 Surface horizontal deformation

Horizontal deformation represents the change in horizontal
movement per unit length, Unit: mm/m. The physical meaning
of positive horizontal deformation indicates that the surface is
subject to tensile stress, while the physical meaning of negative
value indicates the surface is subject to compressive stress.
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As shown in Figure 20, the three working faces 16E104,
16E106, and 16E108 were adjacent to each other. Influenced by
mining in the working face, the surface showed different degrees
of horizontal deformation. Such deformation was relatively large
in the south of 16E104 working face and the south of
16E108 working face, but the horizontal deformation of
16E106 working face was relatively small because it was in the
middle of the three working faces. In addition, as it sank into a
subsidence basin, the surface at the junction of the three working
faces was subject to tensile stress, and the maximum horizontal
deformation at the junction was 0.08 mm/m; the surface above
the working face was subject to compressive stress and the
maximum horizontal deformation was 0.16 mm/m.

5.2.5 Surface horizontal displacement

Horizontal movement represents the horizontal component
of the surface movement vector, and the variation of horizontal
movement and tilt is similar.

As shown in Figure 21, horizontal movement from boundary
point to working face increased gradually in three working faces of
16E104, 16E106, and 16E108. Due to the influence of mining, the
contour lines of surface horizontal movement above the working
face were dense. In the three working faces, the minimum horizontal
movement was 0.5 mm and the maximum was 6 mm. As the terrain
of the three working faces was relatively flat, from the curve
distribution, the strike and inclination of surface movement
generally conform to the general subsidence law. The horizontal
movement deformation in the middle of 16E104 working face and
16E108 working face had an abrupt change, and the deformation
value increased or decreased suddenly.

As mining of the working face proceeded, the surface
subsidence gradually increased, and a subsidence basin was
formed. According to the surface observation results, the
maximum surface subsidence value was 44 mm (H13), and
the subsidence at H32, H33, H34, H35, and H36 was 35 mm.
By the follow-up observation results, the observation line of
surface inclination and strike were gradually stabilized, and the
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43 mm observed at point Z17 turned out to be the maximum
change value of surface. Taking the subsidence process as a
whole, there was no sudden change detected. The surface had
continuous subsidence, and the whole subsidence basin
fluctuated slightly with a fluctuation about 10 mm. In
addition,

subsidence

concluded that the maximum surface
16E104, 16E106,
16E108 working faces was 44 mm. The maximum inclination

it was

after mining in and
value was 0.65 mm/m; the maximum curvature value was
0.018 mm/m? and the maximum horizontal deformation was
0.16 mm/m. All of them were less than the surface deformation
value of buildings suffering from grade I damage.

Based on the comprehensive consideration of the deformation
value of surface movement, the stability of composite support,
social and economic benefits, the strip coal pillar under the village
was re-mined, which improved the recovery rate of coal resources,
prolonged the service life of the mine and maintained the
of the Meanwhile, it
fundamentally eliminated the hidden dangers of major disasters

sustainable  development mine.
such as surface collapse and building damage caused by strip coal
pillar instability, and ensured the happiness and stability of
people’s life in the mining area, the harmonious development
and long-term stability of society, which was of great practical and
far-reaching significance.

In addition, Figure 22A showed the construction of filling
formwork at the filling site, which was reinforced by hydraulic
props to ensure that the concrete slurry would not leak.
Figure 22B showed the effect of the filling body after
removing the filling formwork. The filling body was well-
structured and well-functioning, with no mechanical damage
such as fracture.

6 Conclusion

Taking the strip-filling and second-mining test in Jisuo Coal
Mine as an example, this paper verified effectiveness of this
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technique by means of monitoring the underground mine
pressure and observing the surface settlement. The results
show that the strip re-mining technique after backfilling has
an ideal effect in controlling surface settlement, effectively
solving surface cracks and protecting ecology and surrounding
environment.

1) In order to exploit the coal resources reserved under
railways, rivers and buildings, a practical technique
featuring strip re-mining after filling and disaster pre-
control was proposed and implemented. With this
technology, the construction waste is used as the
aggregate to prepare the backfill material, and the self-
developed three-stage continuous concrete mixing device
and domestic large displacement concrete pump are used as
the backfill power system. The workflow is determined as
follows: aggregate processing, slurry preparation, slurry

The

construction waste is used as the filling material to meet

transportation and underground  backfilling.
the needs of filling and mining. The whole schedule provides
a new model for solid waste treatment of coal mine and
green mining.

2) Taking Jisuo coal mine as the test object, this paper collected
the data, through underground ground pressure monitoring
and surface settlement observation, that the maximum stress
is 5.27 MPa, the maximum roof subsidence is 59 mm, the
maximum surface subsidence after mining is 44 mm, the

the

and the maximum
0.16 mm/m. These
deformation values did not reach the damage limit of

0.65 mm/m, maximum
0.018 mm/m?*

deformation value is

maximum inclination is
curvature value is

horizontal

surface buildings, which verified the success of the test
scheme.

3) Practice has proved that the application of strip filling re-
mining technique in coal mining, especially mines under
railways, rivers and buildings, has improved the stress
environment of the stope, played a positive role in
controlling surface subsidence, and is of great significance
to the sustainable development of the ecological environment
around the mining area. Therefore, this technology can
provide some useful clues for the remining research of
foreign coal resources.
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Monte-Carlo random finite-difference analysis (MCRFDA) can incorporate the
spatial variability of soil properties into the analysis of geotechnical structures.
However, two factors, namely, the fineness of the generated elements
(reflected by the number of elements, N.) and the number of MC simulation
iterations, Ny, considerably affect the computational efficiency of this method,
creating a barrier to its broad use in real-world engineering problems. Hence, an
MCRFDA model of a circular underground cavern is developed in this study. The
convergent deformation of the cavern is analyzed while considering the spatial
variability distribution of the elastic modulus. Moreover, the effects of Ny and
Ne on random FD calculations are investigated. The results show the following.
An Npmc greater than 500 is desirable for the FD analysis of a conventional
structure. For a specific structure, N, does not have a significant impact on the
mean of the simulated values but appreciably affects the standard deviation (SD)
of the simulated values, where reducing N, increases the SD of the simulated
values.

KEYWORDS

Monte-Carlo random finite-difference analysis, random field, elastic modulus, cavern
deformation, meshing accuracy

1 Introduction

Geotechnical structures are formed from complex and prolonged physical and
chemical processes that are responsible for their inherent uncertainties. Phoon and
Kulhawy (1999) identified inherent variability, measurement error, and transformation
uncertainty as three principal sources of uncertainty in geotechnical parameters. The
consideration of the uncertainty of geotechnical parameters has been a major issue in the
numerical simulation of geotechnical structures in recent decades. Currently, random
variable (RV) and random field (RF) models are commonly used to simulate geotechnical
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FIGURE 1
Model and boundary diagram.

structures. RV models describe the uncertainty of geotechnical
parameters using RVs that follow a certain probability
distribution and evaluate the safety of engineering structures
based on the reliability index or failure probability. With a well-
defined concept and a simple principle, RV models are
extensively used to analyze the reliability of geotechnical
Chowdhury and Xu (1993)
reliability of homogeneous and layered inhomogeneous slopes

structures. investigated the
using the RV method. However, RV models also have
shortcomings: they simply treat geotechnical structures as
homogeneous materials and use the reliability index or failure
probability to evaluate the safety of engineering structures. Due
to factors such as mineral composition and geological activity,
the geotechnical parameters at a specific site vary with the
location in space. Because RV models neglect the spatial
variability of parameters, they method cannot produce
accurate analytical results.

Vanmarcke (1977); (1983) established a
relatively sound RF theory that essentially models the

Vanmarcke

characteristic parameters of a soil mass using an RF that
follows a homogeneous normal distribution. On this basis, the
RF is discretized into RVs. Subsequently, the reliability of the
system is determined through the calculation of a large number
of RVs and a statistical analysis of the results. This method is
referred to as Monte-Carlo random finite-difference analysis
(MCRFDA). Numerous researchers (Christian et al., 1994; El-
Ramly et al., 2002; Hicks and Samy, 2002; Baecher and Christian,
20062006; Cassidy et al., 2013; Cho, 2014) have employed this
method to analyze the reliability of geotechnical engineering
structures. Dou and Wang (Dou and Wang, 2017) constructed a
one-dimensional non-stationary random field to represent the
saturated permeability coefficient of soil, and studied the stability
of infinite slope. Cheng et al. (2016) studied the surface
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FIGURE 2
Spatial variability distribution of elastic modulus.

deformation of shield tunnel considering the spatial variability
of elastic modulus.

As a reliability calculation method originating from
engineering practice, Monte Carlo method is both simple and
direct but has disadvantages of large amount of calculation. Cho
(2007) used Latin hypercube sampling technology to generate
random characteristics of soil mass to reduce the calculation
amount of Monte Carlo analysis. Ghanem and Spanos (1991)
proposed the spectral expansion method of node random
variables to reduce the computational effort. The use of
MCREDA first requires the RF to be discretized. The fineness
of discretization depends on the size of the generated elements.
Computational accuracy increases as the density of elements
increases. Refining elements without limit is, however, not
possible in actual calculations, which require a balance to be
struck between the fineness of the generated elements and
computational efficiency. With respect to the number of
simulation iterations, Nyic, in MC analysis, a similar balance
also needs to be sought between computational accuracy and
efficiency. Hence, in this study, we hope to find a balance between
these two aims by analyzing a specific model, with the goal of
providing a reference for similar problems.

2 Monte-carlo random finite-
difference analysis and program
realization

The stochastic finite difference method can be divided into
two main categories according to the different treatment
methods. One is based on analysis to find the relationship
between system response and input signal, so as to obtain the
law of internal force and deformation of structure and to carry
out system reliability analysis. The specific methods include
perturbation stochastic finite difference method and Newman
stochastic finite difference method. The other is based on
statistics, which discretizes the random field into random
variables, calculates a large number of random variables and
counts the results to obtain the reliability of the system.
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FIGURE 3
Schematic diagram of convergence deformation of cavern.

The main way to achieve this is Monte-Carlo Random Finite
Difference Analysis. Monte Carlo stochastic finite difference method
is a theoretical framework for analyzing the influence of spatial
variability of geotechnical parameters on geotechnical structures by
using stochastic fields. It combines stochastic field theory, finite
difference method and Monte-Carlo method. The finite difference
method replaces the partial derivative of the function on the grid
node with the difference quotient, which is simple and intuitive.

In the Uncertainties Analysis of actual geotechnical
engineering, random variables in different spatial locations are
described by random field method. This process is the
discretization of random field. Vanmarcke (1983) clearly
pointed out that random finite element analysis must include

0.059

10.3389/feart.2022.1041288

the discrete process of random field. There are two main ways to
discrete the random field: one is to discrete the random field into
random field grid, which is called space discretization; the other is
abstract discretization, which expands the random field in series,
also called spectral decomposition of random field.

Beacher and Ingra (1981) first proposed stochastic analysis
method based on center point method, which Kiureghian and Ke
(1988) improved. The center point method uses the random field
theory to calculate the random variable value X (u,) at the
centroid of each unit. It considers that the parameters in the
unit are constant and equal to the random variable value X (u;,)
at the centroid of the unit:

X(T/l,) = X(uio)‘ (1)

The most criticized point of the center point method is that it
assumes that the internal parameters of the cell are completely
related, so the calculation accuracy is related to the size of the divided
cell. The more closely the cell is divided, the more accurate the
calculation result will be. However, when the structure is complex or
there are many elements, other discrete methods are difficult to
realize. At this time, the advantages of the center point method are
particularly prominent.

Based on the studies performed by Cassidy et al. (2013), the
covariance matrix decomposition technique is used in this study
to generate RFs. The procedure is detailed as follows:

(1) A numerical model of the object of analysis that comprises #
elements is established, followed by the extraction of the
coordinates of the center of each element.

(2) An autocorrelation function is used to calculate the p(x, y, z)
of the ith element with respect to all elements (including
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itself), which yields an nth-order column vector.
Subsequently, i is traversed from 1 to n, which produces a
matrix, C,y,, comprising n column vectors arranged in i

rows. C,,,, is the covariance (autocorrelation) matrix of the

model.
Pu P Pun
C"Xﬂ = Prl prr prn . (2)
P nl P nr p nn
(3) The Cholesky decomposition technique is wused to
decompose Ciyxn:
Cnxn =LU = LLT, (3)

where matrix L” is the transpose of matrix L.

(4) Y is used to denote the resulting n-dimensional column
vector. The elements are independent of each other and
generally follow a standard normal distribution. We let

Z =sLY +y, (4)

where Z is a normally distributed RV with a mean of 4 and a
variance of s.

(5) The FISH language is used to assign Z to the corresponding
element in the numerical model, generating an MC RF in the
Fast Lagrangian Analysis of Continua (FLAC) software. The
previous steps are repeated M times to generate all the
required MC RFs.
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3 Effects of NMC on calculation
results

With study Huang et al. (2017) as a reference, a two-
dimensional FD model was developed in this study based on
a shield subway tunnel in Shanghai. Free, normal displacement-
constrained, and fixed boundary conditions were applied to the
top (ground surface), sides, and bottom of the model,
respectively, as shown in Figure 1.

The FLAC in 3 Dimensions (FLAC3D) numerical analysis
software was used to establish a model with 9344 elements, and
the tunnel diameter D was set to 6.2 m. To facilitate calculation,
the model was set as an elastic constitutive and only considers the
condition of complete drying model with a Poisson’s ratio (v) of
0.33 and a density of 1800 kg/m’.

As noted by Fenton and Griffiths (2008), of all soil parameters,
elastic modulus E and v are the primary factors affecting soil
deformation. Due to its low spatial variability, v is not as
important as E in soil deformation analysis. Therefore, only the
spatial variability of E generally needs to be considered in the spatial
variability analysis of soil deformation. E is assumed to follow a
lognormal distribution with a mean of 20 MPa. Variability can be
expressed in terms of the coefficient of variation (COV), a
dimensionless parameter defined as the ratio of the standard
deviation (SD) to the mean. In this study, COV was set to 0.3,
and the fluctuation range was set to d, = §,, = 2m.

A total of 800 RFs of E were generated. Figure 2 shows the
spatial distribution of E formed by one typical RF (different
element colors represent different E values).

The equilibrium state was first calculated under the action of
self-weight to generate the original in situ stress field.
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Mean value of convergence deformation with different
numbers of elements.

Subsequently, the horizontal displacement (D) and vertical
displacement (D,) of the contour of the cavern after
excavation were calculated, as shown in Figure 3.

In MCREDA, N, needs to be determined to produce accurate
simulations. Figures 4, 5 show the results for the case examined in
this study obtained from calculations based on 800 RFs. After Ny
exceeded 450, the maximum and minimum values of the mean
horizontal convergent deformation were 54.34 and 54.18 mm,
respectively. This difference of 0.2% suggests that the mean
horizontal convergence did not change significantly as Ny
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increased beyond 450. After Ny exceeded 500, the maximum
and minimum values of the mean vertical convergent deformation
were 207.6 and 207.3 mm, respectively. This difference of 0.1%
suggests that the mean vertical convergence did not change
significantly as Njc increased beyond 500. Therefore, for the
case examined in this study, calculations based on at least
500 RFs are required to ensure a reasonable mean for convergence.

4 Effects of the fineness of the
generated elements on calculation
results

The model was divided into different numbers of elements,
N,, while keeping its overall dimension and soil parameters
unchanged. For each N,, calculations were performed based
on 500 RFs. Figure 6 shows the distribution of the results.

Figures 7, 8 show the variation in the mean and SD of the
convergent deformation of the underground circular cavern with
N.,, respectively.

As shown in Figure 7, the mean of the simulated values did
not change significantly as N, increased. Therefore, it can be
concluded that the conventional element size is sufficient to
produce high-accuracy simulations using an accurate numerical
simulation model.

As shown in Figure 8, in contrast to the mean convergent
deformation, the SD of the convergent deformation in each of the
horizontal and vertical directions decreased considerably as N,
increased. At a fixed N, the simulated values tended to
concentrate toward the mean. This finding may suggest that
at a fixed spatial variability, increasing the density of elements
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Standard deviation of convergence deformation with different numbers of elements. (A) Horizontal direction. (B) Vertical direction.
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can increase the uniformity of the distribution of soil parameters,
thus reducing the probability of extreme cases.

5 Conclusion

An MCRFDA model of a circular underground cavern is
developed. The convergent deformation of the cavern is analyzed
with the consideration of the spatial variability of E. The effects of
Nyc and N, on random FD calculations are investigated. The
results show the following:

(1) An Ny greater than 500 is desirable for the random FD
analysis of a conventional structure.

(2) For a specific structure, N, does not have a significant impact
on the mean of the simulated values but considerably affects
the SD of the simulated values. Reducing N, increases the SD
of the simulated values.
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The geometric structure and distribution of the fracture network significantly impact
the coalbed methane flow characteristics. The indoor optical microscope test is
utilized to analyze the distribution and structural characteristics of natural fractures in
coal. The results indicate that the fracture network in coal consists primarily of
irregular bifurcated fractures, but the influence of the bifurcation fracture network’s
structural characteristics on permeability remains unclear. Therefore, the fracture
network geometric structure characteristic parameters are considered in
accordance with the fractal theory, and the analytical formula of the bifurcation
fracture network permeability is established. Meanwhile, the bifurcation fracture
network geometric model with varied structural parameters is reconstructed using
the pixel probability decomposition algorithm. Finally, the influence of the key
parameters of the reconstructed bifurcation fracture network on the coal seam
permeability is analyzed through numerical simulation. The results indicate that the
permeability of the bifurcated fracture network increases with the increase of
fracture porosity ¢f, aperture ratio y, and proportionality coefficient x, and
decreases with the increase of tortuosity fractal dimension DT, bifurcation angle
0, fractal dimension Df, and bifurcation level n. Among them, fracture porosity and
proportionality coefficient have the greatest influence on permeability, followed by
tortuosity fractal dimension, aperture ratio.

KEYWORDS

fractal geometry, permeability model, bifurcation fracture, structural characteristic, coalbed
methane

1 Introduction

Coal bed methane (CBM) is a clean, environmentally friendly high-quality energy source.
Efficient exploitation of CBM profoundly impacts the healthy and sustainable development of
the world’s resources (Li and Jin 2019; Li et al., 2022). The productivity of underground oil and
gas reservoirs is mainly determined by a large number of their randomly distributed fractures,
and their microstructure and distribution characteristics significantly impact the fluid flow
characteristics (Xu et al., 2006; Liu et al., 2015; Wang et al., 2018). At present, researchers still
have insufficient understanding, characterization, and model establishment of the structural
characteristics of the bifurcation fracture network. It is crucial to study the structural
characteristics of the bifurcation fracture networks to accurately construct the permeability
model of coal reservoirs and improve the low permeability of coalbed methane.

Studies have shown that bifurcation is the key characteristic of fractures in porous media.
Naturally, fracture networks are often interconnected to form multistage bifurcation fracture
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networks (Xu et al., 2016). This paper believes that coal, as a typical
fractured porous medium, has similar topological structures in its
fracture network. Bobaru and Zhang (2015) analyzed the causes of
fracture bifurcation and its problem in homogeneous, isotropic
materials using the near-dynamic brittle fracture model, such as
fracture morphology, bifurcation angle, and branch expansion
velocity. The authors pointed out that bifurcation is the normal
state of fracture and analyzed the structural characteristics of the
bifurcation fracture but did not study the flow characteristics of the
fluid in fracture. Through the CT scanning test, Fu et al. (2020)
observed that coal samples contained many fractures of different
scales, and their structure and distribution characteristics were
difficult to describe. Therefore, it was necessary to simplify the
structure characteristics reasonably. For example, Jin et al. (2020)
and Zhao et al. (2020) used fractal theory to describe the complex
microstructure of porous media and eases the modeling of multi-scale
microstructures significantly. In addition, some scholars have used a
tree-like bifurcation fracture network to characterize the complex
fracture network in underground reservoirs. Zhang et al. (2021)
compared the fracture network in porous media to a tree-like
bifurcation fracture, established the expression of effective thermal
conductivity according to the fractal characteristics of pores’ diameter
and fracture size, and analyzed the influence of microstructure
parameters of porous matrix and bifurcation fracture networks on
thermal conductivity. Zhu et al. (2021) used tree-like bifurcation
fracture networks to characterize fracturing fractures, established a
simulation model of tree-like bifurcation fracture networks, and
discussed the influence of fracture opening, bifurcation angle, and
tortuosity degree on the imbibition of the bifurcation fracture
network.

Much work on the structural characteristics of bifurcated fracture
networks has been done through theoretical analysis and numerical
simulation. Establishing an effective fracture network permeability
model is critical to revealing the fluid flow characteristics (Jafari and
Babadagli 2016). Miao et al. (2015a), Miao et al. (2015b) takes into
account the microstructure parameters of fractures, such as opening,
length, dip angle, density, efc., and establishes the fractal permeability
model of dual-porosity media. Jin et al. (2017) believe that the fractal
behavior of pore networks in natural tight reservoirs has a significant
influence on the transport property of the reservoir. They study the
relationship between the four fractal dimensions and establish the
mathematics to describe the flow of fluid in fractal tight porous media.
Li et al. (2021) took into account the influence mechanism of the
distribution characteristics of coal surface fracture structure on coal
permeability and developed a fractal permeability model for coal and
rock. Shi et al. (2022) proposed a fractal permeability model for
fractured rocks that comprehensively considered the geometric
fracture characteristics and the fluid transport mechanism. The
permeability of fractured rock with different geometric parameters
and roughness is analyzed. However, their study neglected the
connections between fractures and did not consider the influence
of the bifurcation structures of the fracture network on fluid seepage.
Xu et al. (2008) utilized the dual-domain model to simulate bifurcated
fractured porous media, established the fractal analytical expression of
permeability, and demonstrated that the fractal dimension of pore
distribution has a significant impact on seepage characteristics. Miao
et al. (2018) takes into account the aperture ratio, length ratio, branch
number, and bifurcation level of fractures and proposes an analytical
expression for dimensionless permeability of damaged tree bifurcation
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networks. Wang and Cheng (2020) established a fractal permeability
model of a two-dimensional curved tree fracture network. However,
the relationship between the structural parameters of the bifurcation
fracture network and permeability is unclear in their study.

In conclusion, the structural parameters of bifurcation fracture
networks, the establishment of permeability models, and the
quantitative relationship between the structural parameters and
permeability need to be studied. Therefore, based on the fractal
geometry theory, the geometric structure characteristics of
bifurcation fracture networks are considered, and the analytical
expression of permeability of bifurcation fracture networks is
derived. Afterward, the geometric model of bifurcation fracture
networks with different structural characteristics was reconstructed
by the pixel probability decomposition algorithm, and the model was
imported into COMSOL Multiphysics numerical simulation software.
Lastly, the influence of vital geometric parameters on the bifurcation

fracture network’s permeability is analyzed.

2 Structural characteristics of bifurcation
fracture networks

2.1 Sample preparation and experiment
introduction

In order to observe and analyze the geometric structure and
distribution of the primary fracture networks in coal rocks, several
samples were collected from Xichenzhuang Coal Mine, Jincheng city,
Shanxi Province, China (Supplementary Figure S1A). Some were
processed into 50 mm Xx 50 mm specimens, and their macroscopic
natural fracture networks were observed by stereomicroscope
(Supplementary Figure S1B). Due to the wide observation range
and large acceptable size of the specimens, many fracture networks
can be observed by stereomicroscopes. However, the magnification is
limited (<50x), and most microscopic fracture structures cannot be
observed.

In order to more accurately observe the fracture networks’
morphology, the rest were processed into irregular samples of
about 8 mm for scanning electron microscopy (SEM) observation
(Supplementary Figure SIC) to obtain the microstructure of the
fracture networks. The scanning electron microscope’s accuracy
(<25,000,00x) is much greater than that of the stereographic one,
but the observation range is small, and the fracture’s structure is
limited. Therefore, combining the two can reflect the structural
characteristics of coal and rock fracture networks more intuitively
and clearly.

2.2 Structural characteristics of the fracture
networks

Combining microscope (Supplementary Figure S2) and SEM
(Supplementary Figure S2) results, it is observed that the natural
fracture network in coal consists primarily of a large number of
irregularly curved bifurcate fractures, followed by a limited number
of single fractures with poor connectivity. Compared to bifurcate
fractures, single ones’ contribution to the seepage is minimal;
therefore, this paper mainly focuses on the seepage characteristics
in the coal-rock bifurcation fracture networks.
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2.2.1 Bifurcation and curved characteristics of
fracture networks

Studies have shown that fracture networks’ tortuosity and
bifurcation  properties  significantly —affect the reservoirs’
permeability (Yu and Cheng 2002; Xu et al, 2016). The fracture
networks’ structural features and bifurcation are depicted in
Supplementary Figure S2C and Supplementary Figure S3B. In the
fracture network, the main fracture usually extends into two branches,
and the branches will continue to bifurcate to form lower-level
bifurcation fractures. The level of the branch is denoted by k, and
the maximum order of the branch is denoted by n. In this study, the
angle between two branches of the same level is defined as the
bifurcation angle, denoted by 6.

In addition, the fractures’ curved nature is usually characterized by
tortuosity 7. As depicted in Supplementary Figure S4A, L, is the
bending length of the fracture, L, is the linear length of the
fracture, and tortuosity is equal to the ratio of the two.

In the figure, a is the fracture opening,  is the fracture depth, and
the relationship between L, and L, can be expressed as follows (Yu and
Li 2004):

Li(a) =a L M

Where Dris the fractal dimension characterizing the fractures’ curved
nature, the curvier the fracture, the greater is 7; that is, the greater the
value of Dy. When Dy=1, the fracture is linear, with 1<D;<2 in two-
dimensional space and 1<D7<3 in three-dimensional space.

From equation (1), D can be calculated by the following equation
(Yu and Li, 2004; Yu 2008):

Lnt,,

D=1+ ——o——
T Tn(LJam)

(2)
Where 17, is the average tortuosity of fractures; a,, Is the average
opening of the fracture.

2.2.2 Characteristic relationship between the
opening and the length of bifurcation fractures
According to Murray’s law inference, in fracture networks with
perfect fluid flow, all branched fractures’ cross-sectional sum should be
greater than the primary fracture, and the main fracture radius of the
cubic must approximately be equal to the sum of the cubic bifurcation
fractures’ radius. Therefore, fractures’ aperture will decrease during
the bifurcation process illustrated in Supplementary Figure S2,
Supplementary Figure S3, and observations. At the same time,
through plenty of observations and analysis, it is found that the
length of all the fractures in the bifurcation fracture network is
always random, and the length of the bifurcation fractures is
considered to meet the fractal distribution. In order to deeply
analyze the structural characteristics of the bifurcated fracture
networks, the length ratio B, the opening ratio y, and the
proportion coefficient # are introduced to represent the
relationship between the opening and the length of the bifurcated

fracture network:

pti ®
k
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Where f is the length ratio, expressed as the ratio between the length of
the secondary fracture and the upper one; y is the opening ratio,
expressed as the ratio of the opening degree of the secondary fracture
to the upper one’s, and 0<y<1; [, and a, are the length and the opening
of the main fractures, respectively. Ly and ay (k=0,1..,n) are the length
and the opening of the k-level bifurcation fracture, respectively, and
the length and opening ratio in the bifurcation fracture networks are
considered unchanged (Xu and Yu 2001). 4 is the proportionality
coefficient. For the fracture network satisfying the self-similar
distribution, the ratio between the opening and the length of a
single fracture is usually between 0.1 and 0.001 (Klimczak et al,
2010; Luo et al., 2021).

3 Fractal permeability model of
bifurcation fracture networks

3.1 Fractal characteristics of bifurcation
fracture networks

A large number of random fracture networks are often analyzed by
fractal geometry, and fractal dimension is often used as a quantitative
parameter to characterize the distribution complexity of fracture
networks (Miao et al, 2015a). In this study, both the length and
opening of the bifurcation fracture network meet the fractal scaling
law (Yu and Li 2001; Wu et al., 2021). The total number of bifurcation
fracture networks whose main fracture length is greater than or equal
to [, satisfies the following fractal scaling relation (Liu et al., 2016; Xu
et al., 2016):

N(Lzl) = (IOmax/IO)Df (6)

Where N is the number of bifurcation fracture networks; [, is the
length of the main fracture; Iy, is the maximum length of the main
fracture; Dy is the fractal dimension representing the distribution of
fractures, which is usually obtained by the box-counting method,
0<D<2 in two-dimensional space and 0<D<3 in three-dimensional
space. In addition, Xu et al. (2016) proved that the fractal dimension of
fracture length is equal to the box dimension Dy.

In general, Equation (6) is continuously differentiable. By
differentiating Iy, we can obtain:

~dAN (1) = Dylghdy 7 Valy @)

3.2 The establishment of the fractal
permeability model

Based on the fractal geometry theory and considering the
structural characteristics of the fracture network, this paper
establishes the permeability model of bifurcation fracture networks.
During this process, the adjacent bifurcation fractures’ impact on one
another is ignored, and the energy loss at the bifurcation is not
considered.

The fluid flow in a single fracture is usually described by the cubic
law (Miao et al,, 2015a; Miao et al., 2015b):

_ a’hAP
1= LuL,

®)
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where a is the fracture’s opening;  is its depth; y is the hydrodynamic
viscosity coefficient; and AP is the pressure difference between the two
ends of the fracture.

Since fractures are curved in natural conditions, Wang and
Cheng (2020) obtained the flow rate in a single curved fracture
considering the curved characteristics and combined it with
Newton’s law of viscosity, satisfying the fractal distribution as
follows:

APa**Pry

(a/2) (a/2)
q= J vdA = zj vhda= — S0 ()
(ar2) 0 24Pry L™ (2 + D)

According to Equation (9), the flow rate of a single k-level
fracture is:

1\F AP a>Prh
qx :( ) q s (10)

2) 47 3P (21 Dy)

Therefore, the pressure difference between the two ends of the
k-level fracture is:
qk2“DT,ulkDT (2+Dy)

2+Dr
a’"h

APk = (11)

Ignoring the pressure loss at the bifurcation, the total pressure
difference of the whole bifurcation fracture is:

AP = iApk
k=0

(12)

By substituting Equations 3 and 4 and Equation 5 into Equations
11 and 12, we can obtain:

n+l
oL+Dr 1- ﬁz.%
3 u(2+ Dr)q 271

AP = . (13)
haP -
Therefore, the total flow rate of a bifurcation fracture is):
1- 27
APha’nPr by
v = 51D o't - Tn+1 (14)
2 Tu (2+ Dr) BPT
1 - 2X2+DT

Assuming that the fracture area in each section of the study object
is equal, then:

Iomax
Af = J‘O loa()dN (lo)

lomax

Lo max
= —J haodN (l())

lo max

_ 1Dy o2l Jowin
- 72— Df 0 max lOmax

(15)

Therefore,

2-D
1Dy 2Df-2 <lo min > !

A=A =————lm |1- 16

f/(Pf (Pf(z—Df) 0 max [ Io (16)

where Asis the fracture area; A is the total area of the study section; and

¢y is the fracture porosity, which is numerically equal to the ratio of
Ay to A.

After integrating equation (7) and substituting equation (15), the
total flow of the bifurcation fracture network is obtained as follows:
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lomax
Q= J- qydN (Ip)

lomax

D
P PAPD L] 1 - b lomn N2
B 24Dy (2 + D 3-D D i I max
u@+Dr)(3-Dy) | _ (ZfMT) 0

17)

Since lomin/Lomax<10 and 0<D<2 stand in two-dimensional

space (lomin/Lomax)® =0, Eq. 17 can be simplified as follows.

_ Dr
1 APD I 1 shr

Q= -
21401 (2 + Dp)(3 - Dy) 1‘( = ) 1
2

(18)

According to the geometric relationship of bifurcation fractures,
the equivalent linear length L of the curved bifurcation fracture
networks along the flow direction (horizontal) is:

ﬁ(ll:lﬁ;")]

Therefore, by substituting equations (16) and (18) and (19) into
Darcy’s law (k=(QuL)/(AAP)) for calculation, the analytical expression

sin 6
2(1 - cos6)

L=1I|1+ (19)

of bifurcation fracture networks’ permeability satisfying the fractal
distribution can be obtained as follows:

Dy

o 111+D-r(pf(2_Df) 1 - 3omr [+ sin 6 ﬁ(l—ﬂ")]
£ = e D»,v)(3 - Df) L (zfﬁf,r)"” 2[1-cosf] 1-8
(20

3.3 Validity verification of the model

In order to verify the reliability of the fractal permeability
model of bifurcation fracture networks in this study, the data in
Supplementary Table S1 are put into Expression (20) and
compared with the fractal permeability model of fractured
porous media proposed by Miao and Yang (2015a).
Supplementary Figure S5 shows the comparison results.

In this research, bifurcations and flexural characteristics are
accounted for in Equation (20), and the results indicate that Miao
et al. overestimated permeability. The reason is that the flexural and
bifurcation properties of fractures hinder the seepage of coal seams,
which

permeability model presented in this paper is therefore more

is consistent with the actual situation. The fractal

effective.

3.4 Reconstruction of the geometric model of
bifurcation fracture network

According to Equation (20), the permeability of the bifurcation

fracture network is affected by the geometrical structural

characteristics of the fracture, such as the fractal dimension of
tortuosity, length and opening ratio, proportionality coefficient,
fracture porosity, fractal dimension, bifurcation angle, and
to quantitatively their

relationship with CBM flow characteristics, the complex fracture

bifurcation level. In order describe

networks in natural coal seams were simplified for subsequent
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modeling analysis. In the past, researchers often used CT imaging to
reconstruct the network model (Song et al., 2020; Song et al., 2021;
Song et al., 2022) present a novel pore scale modeling on dissociation
and transportation mechanism of MH in porous sediments. But the
reconstructed model was too complex and not targeted. Therefore,
based on the basic theory of the two-dimensional pixel spatial
probability decomposition method, this paper used a two-
dimensional random fracture network generation program to
generate multiple fracture networks with different tortuousness
(Xia et al., 2021a; Wu et al,, 2021) and rebuilt multiple bifurcation
fracture network models with different characteristic parameters.
Multiple fractures with specific statistical characteristics are
The growth
probability values of the eight growth directions of the fractures to

generated in the two-dimensional pixel space.

be determined and the tortuosity of the generated random fracture
network are shown in Supplementary Table S2. The relevant
geometric parameters of the reconstructed bifurcation fracture
network model are shown in Supplementary Table S3.

4 Numerical modeling
4.1 Basic assumptions

The flow situation of underground coalbed methane is very
complex. In order to make the model converge better, the
following assumptions should be made first (Wang et al., 2016; Xia
et al., 2021a):

The coal reservoir is simplified as a dual pore medium consisting
of matrix and fracture network systems. The transport of coalbed
methane mainly occurs in bifurcation fracture networks.

1) The flow of coalbed methane in coal seams meets Darcy’s law
(single-phase flow);

2) The fluid seepage direction is parallel to the main fracture of the
bifurcation fracture;

3) The interaction between fluid flow in fractures and fluid flow in
matrix is not taken into account;

4) The seepage field is simulated regardless of the deformation of the
coal bed and the surrounding mechanical field.

4.2 Fluid governing equations and boundary
conditions

The continuity equation of CBM flow in coal seams can be
expressed by Darcy’s law combined with mass conservation (Xia
et al.,, 2021b; Ren et al,, 2021):

Mg
V.(pgu) :0’ pg =ﬁ (21)
K AP
u=--Vp, VP =" (22)
U L

Where pgis the gas density, Kg/m? u is the flow rate, m/s; T is the coal
reservoir’s temperature, ‘C; Mg is the gas’s molar mass, g/mol; R is the
gas constant.

Related parameters of fluid and matrix in the simulation are
shown in Supplementary Table S4. The model’s boundary
conditions are shown in Supplementary Figure S6.
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4.3 Parameter analysis and discussion

The reconstructed bifurcation fracture network model was
imported into Comsol Multiphysics numerical simulation software,
and Equation (20) was solved according to the boundary conditions in
Supplementary Figure S6 and relevant parameters in Supplementary
Table S4. Afterward, the velocity distribution cloud diagram of coalbed
methane in the bifurcation fracture network with different structural
characteristic parameters was obtained (Supplementary Figure S7).
Then, the flow velocity at the outlet was counted. Subsequently, the
permeability value was calculated using Darcy’s law.

The simulation results show that the gas velocity in the bifurcation
fracture is significantly higher than that of in the matrix, the coalbed
methane migration mainly occurs in the bifurcation fracture networks,
and the matrix contributes little to the permeability of the coal
reservoirs, which is consistent with the previous findings of (Yu
and Cheng, 2002; Yu, 2008).

In addition, due to the presence of bifurcation structures in the
fracture the velocity of the fluid in the fracture decreases gradually
with the occurrence of bifurcation. The gas velocity in the main
fracture is significantly higher than that of the secondary fracture,
and the higher the bifurcation level is, the smaller the fluid velocity.
Therefore, the bifurcation of the fracture has an inhibitory effect on
the gas seepage.

4.3.1 Relationship between tortuosity fractal
dimension D+ and bifurcation fracture network'’s
permeability K;

In order to obtain the relationship between the fracture’s
tortuosity and permeability, other geometric structural parameters
were fixed, and the fractal dimension’s tortuosity’s value was increased
from 1.0012 to 1.0548. The structural parameters of 12 bifurcated
fracture network models with different tortuosity established in the
study are shown in Supplementary Table S3 (Case. I). Supplementary
Figure S7A shows the velocity distribution cloud of the bifurcation
fracture network model with different tortuosity.

Supplementary Figure S8 compares and analyzes the numerical
simulation and the theoretical prediction results of the bifurcated
fracture network’s permeability as the fractal dimension of tortuosity
increases. The results show that the larger the fractal dimension of
tortuosity, the smaller the permeability is. The reason is that when the
fluid flows in the fracture, the curvier (rough) the fracture wall, the
greater the flow resistance, and the longer the fluid flow path is. In
addition, the collision between the fluid particles and the convex part
of the fracture wall increases the fluid’s energy loss, and the seepage
velocity of the fluid decreases. This conclusion is consistent with
previous research results (e.g., Yu and Cheng 2002; Liu et al,, 2015).

4.3.2 Relationship between fracture porosity ¢f,
bifurcation level n, and the bifurcation fracture
network’s permeability Kf

As observed in Supplementary Figure S9, when the bifurcation
level n =1, 3, and 5, the permeability and fracture porosity both exhibit
a stable linear growth relationship, and the difference between the
permeability values at the same fracture porosity is very small.
Therefore, the permeability of the bifurcation fracture network is
almost not affected by the bifurcation level.

In order to determine the quantitative relationship between the
fracture porosity and its network permeability, it was increased from
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0.0078 to 0.0447, the bifurcation level was increased from 1 to 5, and
other structural parameters were not altered. The geometric structural
parameters of 10 groups of bifurcation fracture network models with
different fracture porosities are shown in Table 3 (Case Il). The
simulation results are shown in Supplementary Figure S7B.

Supplementary Figure S7B shows that fracture porosity positively
correlates with permeability. For example, although the maximum
fracture porosity is only increased by less than 0.04, the maximum
seepage velocity of the CBM in the bifurcated fracture network is
increased from 7.14 x 107 (m/s) to 1.15 x 107 (m/s) indicating that
the fracture porosity plays a vital role in the fracture network’s
permeability. The study area’s fracture porosity, defined as the
surface area of the fracture network as a percentage of its total
surface area, indicates that the permeability of the fracture network
increases with the fracture porosity, i.e., the number of fractures that
serve as the main channel for fluid flow. Our results and (Miao et al.,
2015a; Miao et al., 2015b) were consistent with (Xu et al., 2016) et al.’s
findings.

Supplementary Figure S10 shows the relationship between the
fracture porosity ¢; and the fractal dimension Dy of the
reconstructed bifurcation fracture network model. The fractal
dimension increases exponentially with increasing fracture
porosity. The analysis above shows that the fracture porosity of
the fracture network has a significant positive impact on the
(20), the
bifurcation fracture network’s permeability negatively correlates

permeability. However, according to Equation
with the fractal dimension. Therefore, it can be inferred that
although the bifurcation fracture network’s fractal dimension
increases indirectly with increasing the fracture porosity, the
impact of the fracture porosity on permeability is much greater

than that of the fractal dimension on permeability.

4.1.3 Relationship between bifurcation angle, 6, and
bifurcation fracture network’s permeability, Kf

Supplementary Figure S7C demonstrates that the seepage velocity
within the main fracture appears to be stable. With the occurrence of
bifurcation, however, the seepage velocity in the low-level fracture
gradually decreases, and the greater the bifurcation angle, the slower
the seepage velocity in the secondary fracture at the same level.
Additionally, it has been demonstrated that the larger the
bifurcation level, the more apparent the change. This is because the
angle between the low-level fracture and the main fracture (the
direction of fluid flow) becomes closer to vertical as the bifurcation
angle increases. Consequently, the fluid flowing through the fracture
experiences greater resistance, the local losses at the bifurcation
increase, and the fluid seepage velocity decreases. Supplementary
Figure S11 compares the simulation results with the theoretically
predicted ones of permeability at different bifurcation angles. It can be
seen from the figure that the fitting curve of the simulation results is
consistent with the theoretically predicted one.

4.1.4 Relationship between the opening ratio y, the
proportion coefficient n. And the permeability Kf of
the bifurcation fracture network

In order to determine the influence of the opening ratio and the
bifurcation fracture network’s proportionality coefficient on
permeability, the permeability values with the opening ratio
increased from 0.55 to 1.00, and other parameters fixed are

obtained when the proportionality coefficient is 0.4, 0.5 and 0.0625,
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respectively. The geometric structural parameters of the bifurcation
fracture network model in the simulation are shown in Supplementary
Table S3 (Case. VI), and the simulation results are shown in
Supplementary Figure S7D. The result show that as the opening
ratio increases, bifurcations in the fracture network fluid flow rate
increase. The reason is that the opening ratio indirectly increases the
fluid seepage channel.

Supplementary Figure S12 provides a quantitative analysis of the
three Under different
proportional coefficients, the permeability and the bifurcation

relationship among the parameters.
fracture network’s opening ratio have a non-linear growth
relationship with the same growth trend. In addition, the
longitudinal comparison reveals that, under similar opening ratio
conditions, the greater the proportional coefficients, the greater the
permeability of the bifurcation fracture network.

But the influence of the proportionality coefficient is greater than
that of the openness ratio. For example, when the scaling coefficient %
increases from 0.04 to 0.05, the fracture network’s permeability
from 2.886x107°m® to 1.0274x107”m’* when the

opening ratio is at xy=0.8. However, when the opening ratio y is

increases
increased by 0.1 with the scaling coefficient # remaining
unchanged, the permeability only increases by about 3.5x107"*> m*.

5 Conclusion

1) Based on the fractal geometry theory combined with the

bifurcation fracture network’s structural parameters, an
analytical expression of the bifurcation fracture network’s
permeability was established. The pixel probability algorithm
and mathematical software were then used to reconstruct
multiple sets of bifurcation fracture geometric models with
distinct structural parameters.

2

~

The permeability analytical formula (20) was solved using
COMSOL  Multiphysics numerical simulation software. The
simulated result was nearly consistent with the theoretically
predicted trend.

w
~

The fracture flexural and bifurcation properties inhibit the flow of
the coalbed methane in the bifurcation fracture network to
different degrees. That is, the permeability of the fracture
network decreases with the increase of the tortuosity fractal
dimension Dr, bifurcation angle 6, and bifurcation level n. The
fracture degrees and openings of bifurcation fractures play a
prominent role in promoting the coalbed methane’s transport.
That is, the permeability of bifurcation fracture networks increases
with the increase of the fracture porosity ¢ pore size ratio y, and
proportion coefficient 7.

4) The
significantly influence coalbed methane migrations. According

intricate geometric structures of fracture networks
to sensitivity analysis, the degree to which structural parameters
of a bifurcation fracture network affect permeability is as follows:

@ >n>Dr>x=Df >0>n.
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Shale gas exploration is very important for the China in the further. There are
many findings of shale gas in Northwest China, especially in Junggar Basin
Permian Lucaogou Formation of the Xinjiang Uygur Autonomous Region.
However the basic geological characteristics of Lucaogou Formation is not
still clear. In order to solve this problems, Quanzijie shale gas collected from the
southern margin of the Junggar Basin is taken as the study area, and shale gas
resources are investigated and evaluated using the organic-rich shale section.
On this basis, the investigation and evaluation of shale gas resources in the
Lucaogou Formation is performed. The reservoir performance, preservation
conditions, compressibility, and gas-bearing properties of gas-bearing shale
intervals are identified. The results are as follows: The vertical and horizontal
lithological and lithofacies variations of the source rocks of the Lucaogou
Formation are clarified. This layer is characterized by the upward thinning of
grain size and the upward darkening of color in the vertical direction. The layer
can be divided into upper and middle-lower sections, with organic shale being
most developed in the upper section, and sandstone and dolomite being more
developed in the middle and lower area. The main hydrocarbon source rocks
are developed in the upper area of the Lucaogou Formation. The total thickness
of the hydrocarbon source rocks is 78.12-513.73 m. The lithology is mainly
gray-black shale, silty mudstone, and oil shale. The average organic carbon
content is 4.86%. The maturity of the organic matter is mainly 0.7-0.8%. The
shale reservoirs have a high content of brittle minerals, but the physical
properties both of the shale and sandstone reservoirs are poor. These are
generally ultra-low porosity and ultra-low permeability reservoirs, in which the
oil and gas reservoir space is mainly fractures.

KEYWORDS

Junggar Basin, Lucaogou Formation, shale reservoirs, porosity—permeability,
hydrocarbon source rocks
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Introduction

In the past few decades, the large-scale commercial
development of shale oil and gas has changed the global
energy supply structure (Chen et al., 2011; Aljamaan et al,
2017; Tang et al,, 2021). The “shale oil and gas revolution” in
the United States has turned it from an energy-importing country
into an energy-exporting country. China is rich in shale oil and
gas resources (Wang et al., 2014; Li et al., 2018; Ju et al,, 2019).
Continental shale, marine shale, and sea-land transitional shale
are widely developed in oil- and gas-bearing basins in the
northwest, north, and northeast of China, as well as in
Qinghai Tibet and southern regions. This is an important
field of unconventional oil and gas and
development in China (Gale et al., 2007; Gou., 2017; Gong
et al., 2021).

Shale reservoirs are characterized by low porosity and ultra-

exploration

low permeability (Hou et al., 2018; Javed et al., 2019; Yuan and
Rezaee., 2019). Natural fractures are widely developed in shale,
which is an important reservoir space and seepage channel of
shale reservoirs (Dong et al., 2010; Habina et al., 2017; Guo et al.,
2019). This can significantly improve the storage and seepage
capacity of shale, affecting the enrichment, preservation
conditions, single-well productivity, fracturing, and other
development effects of shale oil and gas, and it is an
important geological factor to be considered for shale oil and
gas development (Yang et al., 2016; Yan et al., 2017; Liet al., 2018;
Zhang et al., 2020).

Sets of hydrocarbon source rocks are developed in the
southeast margin of Junggar Basin, including Permian,
Triassic, Jurassic, Cretaceous, and Paleogene. Among them,
the Permian Lucaogou Formation is one of the most
important hydrocarbon source rocks, and it is also the
stratum with the most potential for oil and gas exploration
(Jiao et al, 2014; Hu et al, 2016; Jiang et al, 2019). Until
now, several industrial oil wells have been drilled in the
Lucaogou Formation. Some scholars have studied the oil-
bearing properties, geochemical characteristics, hydrocarbon
generation potential, and the mechanisms of the source rocks
in this formation. The results show that this set of source rocks is
a set of saline and semi-saline lacustrine sediments, with complex
and diverse lithology, strong heterogeneity, wide distribution
range, and large thickness, which shows good prospects for oil
and gas exploration (Li et al., 2015; Liu et al., 2018).

In conclusion, the physical properties of shale reservoirs
have become the main controlling factor for shale oil and gas
production, and numerous research achievements have been
made. However, research on the basic geological (sedimentary
facies, reservoir physical properties, etc.) characteristics of
shale oil and gas in the southern margin of the Junggar
Basin is still insufficient, which seriously restricts the
exploration and development of shale oil and gas resources
in this area.
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In this paper, Quanzijie shale gas collected from the southern
margin of the Junggar Basin is taken as the study area, and shale
gas resources are investigated and evaluated by using the organic-
rich shale section. First, a set of strata is divided into upper and
middle-lower sections, the basic characteristics of the source
rocks are described in detail, and the shale facies type is identified
by using rock type and TOC content. Second, the spatial
distribution differences of the hydrocarbon source rocks are
studied. Third, the type of organic matter, reservoir physical
properties, and pore structure of different rock types and layers
are compared, and differences in the organic geochemical
characteristics are analyzed. On this basis, the physical
property differences of source rocks in the Lucaogou
Formation and dynamic variation of free surface energy under
their influence is studied. These results can provide a theoretical
basis for the efficient development of shale oil and gas in the
southern margin of the Junggar Basin.

Geological setting and sample
preparation

Geological setting

The tectonic environment of the study area in this paper is located
in the eastern segment of the Dahuangshan-Dalongkou reversed turn.
Owing to the influence of the Bogda Mountain front thrust belt, a series
of tectonic deformations dominated by compressive stress has
developed in this study area. Crumpled deformation formed by
south to north napping can be seen in the Lucaogou Formation,
where hydrocarbon source rocks are developed. This area is located in
the east section of the south Junggar thrust belt. Regional and secondary
faults are relatively developed. Generally, there are two large folds along
the back, namely, the Dalongkou Syncline and the West Dalongkou
Anticline. The hydrocarbon source rock horizon in this area is mainly
the Lucaogou Formation, which can be mainly divided into the upper
and middle-lower sections (Zhao et al., 2017; Qiao et al,, 2020).

The upper section of this formation is composed of grayish
black carbonaceous shale, silty mudstone, oil shale, and multi-
layer dolomitic limestone and marlstone. The lithology of the
upper section of the north wing of the Dalongkou Syncline in the
area changes continuously, but the sand content in the upper
section of the formation is significantly increased near the core of
the Dalongkou Syncline and the Bogda Mountain front area in
the south wing. The lithology is black-gray argillaceous siltstone,
siltstone, and even fine sandstone, and the shale content is lower
(Figure 1).

Sample and experimental methods

Shale and sandstone samples were collected from the

upper and middle-lower sections of the Lucaogou
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FIGURE 1
Study area, location, columnar drilling, and sampling locations.

Formation for experimental testing. The organic geochemical
characteristics and mineral composition of all the samples
were analyzed. Then, the morphological characteristics of all
the samples were observed by FE-SEM and quantitatively
characterized by PCAS
specific

software. Subsequently,

and

pore

volume, surface  area, pore  size
distribution of the pores were quantitatively studied by N,

adsorption.

TOC experiments

All the samples were manually selected, manually
ground to <60 meshes, and weighed 10 g. According to
the national standard (GB/T 19145-2003), they were
tested in the Jiangsu Institute of Geology and Mineral
Resources Design. In the XRD experiment, the clay test
sample was artificially broken into 60-80 meshes, weighing
200 g, and the whole rock test sample was broken into small
pieces weighing 30 g, ground completely to <200 meshes,
which was completed in Sinopec East China Branch’s test
center. The instrument used was Ultima IV, and the
experiments were conducted according to the industry
standard SY/T 5163-2010.

FE-SEM experiment

Small samples were selected after argon ion polishing, after
which a Quanta250 scanning electron microscope was used for
testing and analysis. The FE-SEM photos taken were
quantitatively analyzed by PCAS software, which is a
professional software developed by Liu et al. (2011) to
identify the micro pore structure in high-resolution SEM
photos. This technique has been successfully applied to the
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quantitative identification of clay mineral micro-fractures and
organic-rich shale micro pores.

Isothermal adsorption test

The instrument used in this experiment was a IS-100
high-pressure gas isothermal adsorption and desorption
instrument. In strict accordance with the GB/T 19560-
2008 Test Method for
Adsorption of Coal, the
60-80 meshes, and a 100-g sample was taken and put it

High Pressure Isothermal

sample was ground to
into the vacuum drying oven. The coal sample was dried at
373K for 6h. Then, the sample was cooled to room
temperature and put into the coal sample tank for
evacuation. Methane adsorption experiments were carried
out at ambient temperature (30°C) and an equilibrium
of 0-15MPa. The
equilibrium time at each pressure point was greater

than 12 h.

pressure  range adsorption

Results and discussion

Detailed description and difference
comparison of lithofacies types

Outcrop observation and drilling revealed that the typical
sedimentary rocks of the Lucaogou Formation (P3l) in this
area are gray shale, oil shale, siltstone with dolomite, limestone
lens, and a small amount of sandstone lens. According to the
differences in the lithology, sedimentary structure, contents,
mineral components, and logging curve of the sediments, the
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FIGURE 2

Thin section photos of black oil shale samples (A), Asphaltic concretion; (B—D) Muddy structure and layered structure can be seen under the

microscope.

oil shale of the Lucaogou Formation in the study area is
divided into five lithologic facies: black oil shale/shale
facies; gray-black/dolomitic mudstone facies; gray-white
argillaceous dolomite/limestone facies; gray-white micritic
dolomite/micritic limestone facies; and granular limestone/
dolomite facies. Among them, black oil shale/shale facies and
gray-black calcareous/dolomitic mudstone facies are the main
lithofacies types.

Black oil shale/shale facies

Black oil shale/shale facies are the most important lithologic
facies in this study area. The main lithology is black/black-brown
oil shale and gray-black shale. Many shales are intercalated with
siltstone laminae or bands (mm). The siltstone can be seen in the
liquefaction deformation structure, which may be turbidite
sandstone at the far end of the semi-deep lake. The most
intuitive features of this phase are the black color and
prominent page structure.

The weathered color of the oil shale is mainly light blue-
gray, gray-white, etc. The fresh surface is mainly black. After
weathering, it presents an obvious book-like page texture. The
fresh rock has thick foliation and common horizontal bedding.
It contains fish (ancient cod, complete or fragmented),
abundant phyllopods, bivalves, ostracods, and plant fossils
preserved in situ. There are cubic or globular pseudomorphs of
luteite with punctate ferritization and gypsum snowflake
crystals (secondary changes) and bitumen-bearing nodules
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2A). this the
argillaceous structure and the layered structure can be seen
(Figure 2).

(Figure In section, microscopically,

Lime/dolomitic mudstone facies

Compared with the black oil shale/shale lithologic facies,
the most intuitive sign of this facies is grayish black with
undeveloped foliation, mostly in a transitional relationship
with the black shale facies. The lithology of this lithofacies
includes calcareous mudstone, dolomitic mudstone, and silty
mudstone. It is mostly mixed with siltstone laminations or
bands.

The weathered color of the mudstone is mostly grayish white,
brown-gray, and other colors. The fresh surface is grayish black,
with a massive structure, and the section is mostly shell-shaped.
Lime shales mixed with thin siltstone laminations or bands are
common, and liquefaction deformation structures are found in

the siltstone (Figure 3).

Spatial distribution differences of the
hydrocarbon source rocks

Figure 5 shows that the hydrocarbon source rocks of P/ in
the study area are distributed in the upper section of the
Lucaogou Formation vertically. The thickness of the upper
section is 185.22-522.72 m. The lithology of the hydrocarbon
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FIGURE 3
Thin section photo of grayish black silty banded dolomitic mudstone rock (A), Lime mudstone; (B), Dolomitic mudstone; (C), Silty mudstone;
(D), mudstone rock.
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FIGURE 4
Thickness of the hydrocarbon source rocks in the upper part of the Lucaogou Formation.
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Distribution of the TOC content in the source rocks of the Lucaogou Formation
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FIGURE 6

Distribution of the TOC content in the source rocks of the
samples collected from the Lucaogou Formation.

source rocks is gray-black shale, silty mudstone, and black oil
shale. The total thickness of the upper
78.12-513.73 m. The proportion of hydrocarbon source rocks

section is
in the upper section of the formation is 36%-98%, with an

average of 85%. The lithology of the non-hydrocarbon source
rocks in the upper section is gray dolomite, argillaceous
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FIGURE 7
Percentage of clay minerals and components in the upper
and middle-lower sections.

dolomite, argillaceous siltstone, and a small amount of
silty limestone, with a total thickness of
2.92-136.46 m, ranging from 1 to 19 layers. The middle-
lower section is composed of gray-white silty fine sandstone
and dolomitic siltstone, mixed with a thin layer of dark
mudstone, and the source rock is not developed.

argillaceous
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Percentage of mineral components in upper and
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syncline are exposed to the surface, and their thickness is
centered around the Xiaolongkou area, showing a trend of
gradual thinning around. The core and south wing of the
syncline are covered by the Quaternary system. The
thickness of the hydrocarbon source rocks controlled by
drilling is much smaller than that of the north wing of the
syncline. The thickness of the hydrocarbon source rocks
changes: in the south wing of the syncline it is less thick
than in the core of the syncline, while it is at its thickest in
the north wing of the syncline.

In the study area, the thickness variation of the
hydrocarbon source rocks in the upper section is larger.
The thickness of the hydrocarbon source rocks in the area
of Dalongkou-Gangou in the west decreases gradually
toward the surrounding area, while the hydrocarbon
source rocks in the area of the Quancan 1 Well are

FIGURE 9

.
-

1.837um

.

ipm  JEOL
30.0kV SEI NOR WD 10.3mm 20:41:54

Pore type of all samples: (A) intergranular pore of shale reservoirs in the upper section; (B) intergranular gap of shale reservoirs in the upper
section; (C) mold pore of sandstone reservoirs in the upper section; (D) granular minerals and intergranular microcracks of sandstone reservoirs in

the upper

The results show that the hydrocarbon source rocks in the
upper section are basically distributed around the Dalongkou
Syncline. The hydrocarbon source rocks in the north wing of the

section.

Frontiers in Earth Science

thinner, and thickness of the hydrocarbon source rocks in
the area of Well Qil increases gradually toward the northeast
(Figure 4).
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FIGURE 10
Fracture type of all samples: (A) dissolution fissure in the upper section; (B) straight gap between mineral particles of sandstone in the lower
section; (C) micro-fracture of sandstone in the upper section; (D) micro-fracture of sandstone in the upper section.
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Comparison of shale rock density and organic carbon Relationship between the porosity and permeability of shale
content in the upper part of the Lucaogou Formation. reservoirs in the upper section.
Difference com pa rison of organic composed of sapropel amorphous and algal bodies, with a
geochemica[ characteristics relative abundance of 0%-86%, with an average of 49.91%.
Most of the non-resinous bodies are cuticle and chitin, with a
Type of organic matter relative abundance of 0%-87%, with an average of 18.91%. The
The organic macerals of kerogen are mainly sapropel vitrinite consists of structural vitrinite and unstructured vitrinite,
amorphous and humic amorphous. The sapropel formation is with a relative abundance of 5%-79%, with an average of 26.7%.
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Distribution frequency of the specific surface area in different
intervals of the upper shale reservoirs.
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sapropel humic type. Vertically, hydrocarbon protoliths of the
upper section are type II;, type II,, and a small amount of type I1I,
while the middle-lower section is dominated by type II;.

Organic matter content (TOC)

The organic carbon content of the source rocks is generally
higher. The surface and drilling revealed that the TOC content is
0.5%-27.48%, with an average of 4.31%. Based on 22 samples of
non-hydrocarbon source rocks, the TOC content was found to be
0.06%-0.48%, with an average of 0.33%, and the TOC content of
source rock was mainly distributed between 0.6% and 7.0%
(Figure 5). According to distribution of the TOC content
(Figure 8), the higher TOC value area of the hydrocarbon
source rocks is  basically distributed around the
basin-mountain junction in the north of the study area,
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FIGURE 14

Relationship between specific surface area and pore parameter (a, specific surface area vs porosity; b, specific surface area vs TOC; c, specific

surface area vs mineral content)

The relative abundance of the inert group is 2%-53%, with an
average of 10.48%. The kerogen is light-yellow-brown,
with no weak fluorescence, and the kerogen type index is
-82 to 81.

The results show that the types of kerogen in the source rocks
are type II;, type II,, and type III, with few type I. Type II is the
main type, accounting for 89% in total. This shows that the main
type of kerogen in the survey area is sapropel type, followed by
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indicating a decreasing trend from north to south. The higher
organic carbon content area is concentrated in the
Dalongkou-Gangou area in the west, with an average organic
carbon content of more than 6%. The average organic carbon
content in the area from Heijiawan to Dongdalongkou is 3%-4%,
while the average organic carbon content in the area from
Quancan Well 1 to Zhunye Well 4 in the south of the survey
area is 0.5%-2%.
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Change in the porosity and permeability of the sandstone sample in the upper section. The blue line is porosity and red line
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In conclusion, the hydrocarbon source rock abundance in the
north of this study area is better than that in the south. From the
tectonic location of the source rocks, the hydrocarbon source
rock abundance in the north wing of Dalongkou Syncline is
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higher than that in the core and south wing of the syncline. This
is because the northern area was a deep-water area of the lake
basin during the deposition, and the water body gradually
became shallow toward the south. Bogda Mountain provided
the main material source for the formation of hydrocarbon
source rocks in the area during the Lucaogou Formation of
the Late Permian, and the TOC content was mainly affected
and controlled by the sedimentary environment. The deeper the
sediment body, the higher its TOC content will be.

Maturity

The results show that the R, ,ax of the hydrocarbon source
rocks is 0.53%-1.24%, with an average of 0.78%. It generally
follows normal distribution characteristics. The main body
belongs to the mature stage, the second belongs to the lower-
maturity stage, and a small amount is distributed in the immature
stage, with a low degree of thermal evolution (Figure 6).

Adsorption of reservoirs in the Lucaogou
Formation

Petromineralogical characteristics
Clay minerals

The maximum clay mineral content (59%) of the shale
reservoir samples in the upper section is slightly higher than
the maximum clay content (38%) in the middle and lower
sections, while the minimum clay content (4%) is equivalent
to that of the samples in the middle and lower sections (3%), and
the average clay content (28%) in the upper section is higher than
that of the samples in the middle and lower sections (16%). The
clay mineral composition of the shale reservoirs in the upper and
middle-lower sections is mainly illite, followed by the illite/
montmorillonite interbeds, while kaolinite, chlorite, and
green/montmorillonite interbeds are relatively small. In the
clay composition of the upper section, the average illite
content (62%) is significantly higher than average illite

content (41%) of the lower-middle section (Figure 7). In both
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the upper sample and the middle-lower sample, the illite/
montmorillonite interlayer in the clay mineral components
decreases with the increase of illite content.

Brittle minerals

The brittle minerals of the upper and lower sections are
mainly quartz, feldspar, calcite, and dolomite. Among them, the
average content of quartz and feldspar in the upper section (60%)
is close to that in the middle-lower section (62%), the average
content of carbonate rock (10%) is lower than that in
middle-lower section (20%), and the average content of brittle
minerals (71%) is lower than that in the middle-lower sample
(84%) (Figure 8).

Type of reservoir space
The combination of macro and micro

Based on the core observation and scanning electron
microscope results, it can be seen that the reservoir space types
of this formation are diverse, mainly including macro-scale
fractures and pores, as well as micro-scale pores and fractures.

Pores

The pores are mainly intergranular pores, intragranular
pores, intergranular gaps, and mold holes at the micro-scale
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(Figure 9). All kinds of pores can form good self-sourced oil and
gas reservoir spaces.

The fractures include macro-scale fractures, dissolution
fractures, sutures and micro-scale fractures, lamina fractures,
dissolution fractures, intergranular fractures, and internal
fractures of clay minerals (Figure 10). For fluids, fractures
play a dual role, which can be both a fluid migration channel
and an effective reservoir space. It can not only destroy the oil
and gas reservoir, resulting in the loss of oil and gas, but can also
improve the reservoir pore connectivity and permeability.

Reservoir physical properties and pore structure
Shale reservoirs in the upper section

The rock density of the shale reservoir has a significant
negative correlation with organic carbon content (TOC), that is,
low TOC content represents high rock density (Figure 11).
Therefore, it can be concluded that rock density logging data
can be used to identify carbonaceous shale intervals during
drilling.

As shown in Figure 12, permeability tends to increase with the
increase of porosity, but the correlation between porosity and
permeability is not obvious. On the contrary, some low porosity
samples have high permeability values, indicating that their
permeability is obviously affected by the micro-fractures. Some
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higher porosity samples have lower permeability values, indicating
poor pore connectivity.

The specific surface area test results show that the minimum
value of the specific surface area in the upper section is 0.12 m*/g,
the maximum value is 14.2 m*/g, and the average value is 4.08 m?/
g, mainly distributed in the range of 0-6 m*/g (Figure 13).
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With the increase of the specific surface area, the porosity
generally has an upward trend, but the correlation between them is
general. The specific surface area is negatively correlated with the
percentage of TOC and it approximately
positively correlated with the percentage of clay minerals
(Figure 14).

content, is

Sandstone reservoirs in the upper part of the Lucaogou
Formation

Figure 15A shows that permeability tends to increase with
the increase of porosity, but the correlation between porosity
and permeability is not obvious. On the contrary, some low
porosity samples have high permeability values, indicating
that their permeability is obviously affected by the micro-
fractures in the samples. Figure 15B shows that the minimum
and maximum specific surface areas of the sandstone
reservoirs in the upper part of Lucaogou Formation are
0.951 and 5.75 m?*/g, respectively, with a main distribution
range of 3-6 m?/g. As the specific surface area increases, the
porosity has an overall upward trend.

Shale reservoirs in the middle-—lower section

Figure 16 shows that the permeability tends to increase with the
increase of porosity, but the correlation between porosity and
permeability is general. This indicates that the minimum specific

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1103286

Ge et al.

surface area of the shale reservoirs in the middle-lower section is
0.162 m*/g, and the main distribution range is 0-1 m*/g (Figure 17).

Sandstone reservoirs in the middle-lower section

Figure 18A shows that there is an upward trend with
permeability, but the correlation between porosity and
permeability is not obvious. On the contrary, lower porosity
samples have high permeability values, which indicates that
permeability is obviously affected by micro-fractures in the
samples. The minimum and maximum specific surface areas
of sandstone reservoirs are 5.75 and 2.056 m?/g, respectively,
with a main distribution range of 0-2m?*g (Figure 18B).
Figure 18C shows that porosity has an overall upward trend
with the increase of the specific surface area. Figure 18D shows
that the pore diameter interval distributions in the samples which
reflect the statics data are effective.

Physical properties of reservoir rocks

Figure 19A shows that the porosity of the shale reservoirs
in the upper section is greater than that in the middle-lower
section. The porosity of the upper sandstone reservoirs is less
than that of lower sandstone reservoirs. The porosity of the
sandstone reservoirs is greater than that of shale, and the
porosity of the sandstone reservoirs in the middle-lower
section is greater than that of mudstone. Figure 19B shows
that the permeability of the shale and sandstone reservoirs in
the upper section is higher than that in the middle-lower
section. The permeability of the sandstone reservoirs is
higher than that of shale. Figure 19C shows that the
specific surface areas of sandstone and shale are similar,
and the specific surface areas in the upper section are
larger than those in the middle-lower section. According
to the scanning electron microscope statistical analysis
results (Figure 19D), the average pore length and diameter
of sandstone rocks are larger than that of shale.

Adsorption of hydrocarbon source rocks
in the Lucaogou Formation

In this paper, high-temperature isothermal adsorption
tests were carried out on 13 samples to characterize the
the
(Figure 20). The test conditions comprised a laboratory

adsorption of organic-rich shale in study area
temperature of 30°C, a helium concentration of 99.999%,
and a methane concentration of 99.99%. These results show
that the average Langmuir volume Vi is 2.93 m’/t and the
average Langmuir pressure Pp is 7.83 MPa. In general, the
larger the Langmuir volume, the stronger the adsorption
capacity of mudstone. The average Langmuir volume V; of
siltstone fine sandstone is 0.89 m*/t, which is much smaller
than that of mudstone, and the average Langmuir pressure Py,
is 14.8 MPa.
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Conclusion

In this paper, Quanzijie shale gas collected from the southern
margin of the Junggar Basin was taken as the study area, and
shale gas resources were investigated and evaluated by using the
organic-rich shale section. On this basis, the investigation and
evaluation of shale gas resources in the Lucaogou Formation was
performed. The reservoir performance, preservation conditions,
compressibility, and gas-bearing properties of gas-bearing shale
intervals were identified. The results are as follows.

The vertical and horizontal lithological and lithofacies
variations of the source rocks of the Lucaogou Formation
were clarified. This layer is characterized by the upward
thinning of grain size and the upward darkening of color in
the vertical direction. The layer can be divided into upper and
middle-lower sections; organic shale is most developed in the
upper section, and sandstone and dolomite are more developed
in the middle-lower section.

The main hydrocarbon source rocks are developed in the
upper section of the Lucaogou Formation. The total thickness of
the hydrocarbon source rocks is 78.12-513.73 m. The lithology is
mainly gray-black shale, silty mudstone, and oil shale. The
average organic carbon content is 4.86%. The maturity of the
organic matter is mainly 0.7-0.8%. The shale reservoirs have a
high content of brittle minerals, but the physical properties both
of the shale and sandstone reservoirs are poor. They are generally
ultra-low porosity and ultra-low permeability reservoirs, in
which the oil and gas reservoir space is mainly fractures.
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To further understand the pore structure characteristics and their effect on CHy4
adsorption capacity for high-rank coals. Based on 11 fresh coal samples from
the Zhina coalfield of South China. We analyzed the pore structure
characteristics of coal samples by low-temperature liquid-nitrogen
adsorption (LP-N,A) measurements. On the basis of nuclear magnetic
resonance (NMR), we obtained the fractal dimensions of different types of
pores by the new model, studied the relationship between the fractal
dimensions, and the characteristic parameters of coals (composition and
pore characteristics) and discussed the influence of the fractal dimensions
on CH,4 adsorption. The results show that according to LP-N,A isotherms, all
coals can be classified into three types. The micropores provide the largest
proportion of the specific surface area (SSA) of coals. Two fractal dimensions, D,
(adsorption pore) and Ds (seepage pore), ranged from 2.471 to 2.805 and from
2.812 to 2.976, which were acquired in the saturated water condition by NMR.
Furthermore, D, and Ds have different correlations with ash yield, carbon
contents, moisture, SSA and irreducible fluid porosity. The coal composition
and pore parameters have much greater control over fractal dimensions.
Moreover, the different fractal dimensions have different influences on
methane adsorption. With the increase of D, the methane adsorption
capacity is enhanced, but it is weakened with the increase of Ds. The high-
rank coals have more SSA with higher D, and provide more adsorption sites for
CHg4. Langmuir pressure P has different correlations with fractal dimensions. D,
decreases with the increase of P.. The adsorption velocity is faster with higher
D.. Thus, the fractal dimensions are the comprehensive reflection of differences
among the physical properties of coal and are able to show the effect of coal
properties on methane adsorption fully.

KEYWORDS

nuclear magnetic resonance, fractal dimension, coalbed methane, adsorption, coal
pore structure
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1 Introduction

Coal is a complex and heterogeneous porous medium. Its
internal pore surface area is much larger than its external surface
area which can be neglected. The pore surface with strong
adsorption ability is the primary storage and migration of
coalbed methane (CBM) (Alexeev, 1977; Meyers, 1982). The
structure and developmental features of pores perform a
significant control function in adsorption capacity, desorption
capacity and permeability of coal reservoirs, which directly
affects the exploration efficiency of CBM. Meanwhile, the
unstable CBM production is influenced by the complex
features of pore-fracture, buried depth of coal seam and
geothermal dynamics (Johnson and Flores, 1998; Saboorian-
Jooybari, 2016; Zhao et al, 2019). Thus, it is a great
significance to characterize coal reservoirs by researching the
storage capacity and migration mechanism of pores in coal
reservoirs (Dullien, 1991).

At present, defining the coal pore system, there are various
classifications of qualitative descriptions of pores in coal
reservoirs (Hodot, 1966; Sing, 1982; Fu et al., 2005; Cai et al,,
2013a). Based gas Hodot’s
classification (Hodot, 1966) is widely used. The pores are

on adsorption—desorption,
divided into four types: micropores (less than 10nm),
transition pores (10-100 nm), mesopores (100-1000 nm) and
macropores (more than 1,000 nm). Pores (less than 100 nm) are
adsorption pores which play a crucial role in CBM adsorption
and diffusion pores (Cai et al., 2013b). In the present study, the
pore characteristics of coal reservoir are studied by many
methods
porosimetry (MIP) (Gao et al,, 2018; Ju et al., 2018), scanning
electron microscopy (SEM) (Shan et al., 2015; Li et al., 2020a), N,
adsorption-desorption and CO, gas adsorption (Acevedo and
Barriocanal, 2015; Li et al., 2019; Nie et al., 2020), atomic force
microscope (AFM) (Pan et al, 2015), small-angle X-ray
scattering (SAXS) (Ferro et al., 2012; Coetzee et al,, 2015; Liu
and He, 2017) and nuclear magnetic resonance (NMR) (Lee and
Lee, 2013; Lietal., 2017). The result shows that the pore structure
of coal has a fractal feature within a certain scale range (Fu et al.,
2005; Shi et al., 2006; Yao et al., 2009; Liu et al., 2015; Peng et al.,
2017). However, these technical methods may cause the decrease

and technologies, such as mercury intrusion

of pore diameter, the damage of coal matrix system and the loss
of some important details of coal reservoir (Yao and Liu, 2012).
NMR is an efficient experimental method to study the pore
properties of coal reservoirs. The NMR technique is widely
applied in petrophysical features, shapes, sizes and porosity of
pores, because of its rapid, accurate and high-resolution
characteristics. NMR T, cutoff value (T,c) is an important
parameter for irreducible water saturation calculation, pore
size distribution (PSD) and permeability prediction. Ge et al.
(2014) studied the influential factors of T,c and proposed the
predicating model for T value by multiple linear regressions of
multifractal parameters. Yao et al. (2010) designed the NMR

Frontiers in Earth Science

56

10.3389/feart.2022.1047557

experiments of 100% water-saturated and irreducible water coal
samples, respectively. Results show that the relaxation times
corresponding to the adsorption-pore (< 100 nm), seepage-
pore (> 100nm) and fracture are 0.5-2.5ms, 20-50 ms
and >100 ms, the NMR-based
permeability model is built on the basis of the data of

respectively. Meanwhile,
calculated irreducible and producible porosities. Zheng et al.
(2020) divided T, cutoffs into two types: the absolute irreducible
fluid T, cutoffs (T,c;) and absolute movable fluid T, cutoff
(T,c2); Based on the dual T, cutoffs model, the pore fluid typing
of coal is divided into three types: absolute irreducible fluid (T, <
T,c1), partial movable fluid (Toc; < T, < T,cy) and absolute
movable fluid (T, > T,cy).

Because of the complexity and anisotropy of the pore
structure of the coal reservoir, it is difficult to give an accurate
description by the traditional geometrical method and is unable
to measure by fixed scale. The fractal theory is an effective
method to quantitatively describe pore structure features
(Song et al,, 2013; Wang et al,, 2013). Based on the isotherms
of N, gas adsorption/desorption, adopting the fractal
Frenkel-Halsey-Hill (FHH) method, the fractal dimensions
D; and D,, which represent the irregularity of pore surface
and heterogeneity of pore structure, are obtained (Yao et al,
2008). Coupled with CH, isotherm adsorption experiments, D,
has more significant influence than D, on adsorption capacity (Li
etal., 2015). Song et al. (2017) analyzed the fractal characteristics
of nanopores in tectonically deformed coals on the basis of
mercury intrusion and N,/CO, gas adsorption experiments.
They found that the fractal dimension (<8 nm) has an
important role in the adsorption capacity. Additionally,
previous researchers have found that the NMR fractal theory
is used to study the pore-fracture characteristics of coal (Li et al.,
2013; Sun et al,, 2015; Ouyang et al., 2016). Based on the NMR T,
spectrum, the fractal dimensions are divided into D;(adsorption
pores) and D,(seepage pores). D, has a significant influence on
the permeability of the coal reservoir (Chen et al., 2018). Zhou
et al. (2016) calculated the adsorption space fractal (Damra)s
seepage space fractal (Dyyrs) and moveable fluid space fractal
(Dnmrwm) in low-rank coals, respectively. They demonstrated the
model between permeability and Dyyrm. With MIP and NMR
methods, MIP and NMR permeability were estimated by the
modified Kozeny-Carman Equation and movable porosity-
permeability model, respectively (Li et al., 2020b). Zhou et al.
(2022) proposed a novel model by the low-field NMR and
obtained the fractal dimensions of accessible, inaccessible and
total pores, respectively. Nevertheless, the correlation between
CH, adsorption capacity and NMR fractal dimensions of coals
has not been sufficiently researched.

In this paper, we collect 11 coal samples from the Zhina
coalfield of South China and carry out the experiment analyses to
investigate the characteristics of pores and coal adsorption by the
LP-N,A, NMR and CH,; isotherm adsorption methods.
According to the experimental data and results analysis, we
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FIGURE 1

Location map showing the distribution of sampling points in the Bide-Santang Basin, China (modified from Yang et al,, 2014, 2019).

analyze the pore characteristics of coal samples, calculate the
fractal dimensions of different pore types, and study the
relationships between CH, adsorption capacity and fractal
dimensions.

2 Materials and methods
2.1 Sampling

Eleven samples were collected from the Bide-Santang
Basin, which is a CBM reservoir of multiple coal seams in
the Zhina coalfield, Guizhou Province (Figure 1). Zhina
is the
largest anthracite coal occurrence area in China. The coal-

coalfield, located in western Guizhou Province,

bearing strata of the Bide-Santang Basin are the Longtan and
Changxing formations of Upper Permian, with a formation
thickness of 300-450 m. In the upper Permian, the coal-
bearing formation was mainly developed at continental,
continental-marine transitional and shallow marine
sedimentary facies. Multiple coal-bearing strata formed
during this period due to frequent sea transgression and
regression. Tectonic activities during the Yanshan and

Himalayan formed large synclines and synclinoria, which
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became important structures controlling coal in the region
(Yang et al.,, 2019). The gas content of coal seam of in Longtan
Formation is generally high. The average gas content is
10-15.78 m*/t. The reservoir pressure is 2.95-11.59 MPa.
The in-situ permeability of coal reservoir is low, and its
average value is 0.14 mD (Cheng et al., 2021). Table 1
shows the collected samples and their locations. All the
samples whose size was 30 cmx30cmx30 cm were wrapped
with plastic wrap according to the Chinese Standard (GB/T
19,222-2003) and quickly packed. The grind and screening of
samples were completed in the laboratory after sampling.
According to GB/T6948-2008 and GB/T212-2008, samples
(less than 0.200 mm in particle diameter) were selected for
proximate analysis and maximum vitrinite reflectance.

2.2 CH4 isotherm adsorption experiments

Experiments were performed at the China petroleum
exploration and development research institute Langfang
branch using TerraTek Isothermal Adsorption and Desorption
Experimental System (IS-300), according to Chinese standard
(GB/T 19,560-2008). The sensitivity of the temperature sensor
and pressure sensor is 0.3 C and 0.001°MPa, respectively. All the
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TABLE 1 Coal analysis results for samples.

10.3389/feart.2022.1047557

Sample ID Vitrinite reflectance (R, max Coal-bearing strata Proximate analysis(%)*
%)
M.a Vdas Aud FCaa

X-1 2.30 longtan formation 0.52 12.0 25.16 62.81
X-2 321 longtan formation 1.66 6.70 7.83 88.65
X-3 3.32 longtan formation 1.25 5.48 13.68 85.28
X-4 3.02 longtan formation 1.08 6.95 11.15 81.03
X-5 3.40 longtan formation 1.55 6.21 14.56 82.56
Y-1 2.60 changxing formation 0.42 11.17 15.07 72.8
Y-2 2.74 longtan formation 1.14 11.37 18.76 70.48
Y-3 2.90 longtan formation 0.68 7.56 16.87 79.52
Y-4 2.70 longtan formation 0.70 8.82 12.16 77.36
Y-5 3.11 longtan formation 0.83 7.50 11.87 79.86
Y-6 2.86 longtan formation 0.94 8.08 9.95 80.82

Note: The approximate content of fixed carbon (FC,q), ash (A,q) and moisture (M) are from the air-dried basis of samples; V 4, is volatile matter content from the dry ash-free basis of

samples.

coal samples were broken, smashed and screened to a size range
of 0.18-0.25 mm. Then, the moisture-equilibrium treatment of
200 g samples was carried out. The screened experimental
samples were put in an incubator with oversaturated K,SO,
solution. The samples were weighed every other 24 h until the
quality change was below 2 percent of their weight. The
experimental temperature was 30°C, and the experimental
pressure range was 0-13MPa. The time of adsorption
equilibrium kept above 12 h.

2.3 LP-N>A and NMR measurement

LPN,A was performed for the 11 coal samples using a
Micromeritics ASAP 2000 surface area measurement. First,
the coal samples were ground into a size range of
0.25-0.40 mm. Approximately 5 g of coal particles was placed
in a vacuum oven and degassed at 105 C for 12 h to remove air,
free moisture and other impurities. Then, degassed samples were
exposed to N, with purity greater than 99.99% at a temperature
of 77.3°K. The range of relative pressure (P/Py) was from 0.01 to
0.995. Moreover, the (BET),
Barrett-Joyner-Halenda (BJH) and density functional theory

Brunauer-Emmett-Teller

(DFT) models were applied to evaluate the specific surface
area (SSA), pore volume (PV) and PSD, respectively
(Brunauer et al., 1938; Barrett et al., 1951; Geerlings et al., 2003).
performed at SGS
Unconventional Petroleum Technical Testing Limited

NMR measurement was

Company, following specifications of surveys SY/T 6490-
2007. Firstly, several horizontal cylindrical core plugs with a
diameter of 2.5 cm were drilled; Secondly, all core plugs
were placed in a drying oven until drying to constant weight,
then saturated with 100% saturated standard brine for 24 h;

Frontiers in Earth Science

Thirdly, core plugs were placed in the probe of low magnetic
field resonance core analyzer to test the transverse
relaxation time T, and worked out relaxation time
spectrum of T, by inversion. Finally, core plugs were
placed in a centrifuge to dehydrate, and the centrifugal
pressure was 200°psia.

2.4 Fractal theory based on NMR

Lots of papers have extensively reported the fractal
dimensions of NMR (Zhang et al, 2007; Wang et al., 2011;
Zhang and Weller, 2014). The fractal dimensions of NMR are
obtained from the NMR data of the irreducible water and
saturated water by establishing the equation of fractal
dimension of coal pores (Ouyang et al, 2016; Zhou et al,
2018), But the low correlation coefficient of fractal makes
these methods
heterogeneity for porous media. We calculated the fractal

unsuitable for obtaining quantitative
dimension of pores by the new model (Zhou et al., 2022).

The critical characteristic of fractal targets in nature is self-
affinity of dimension and can be quantified by a power-law
function (Lai et al.,, 2018).

N@)ocr™® )

Where r is the pore size for rock, D is the fractal dimension, N (r)
is the number of objects whose sizes are greater than the size.

The pore size distribution could be directly related to the

distribution of NMR T), relaxation time (Daigle and Johnson,
2016). The formula can be expressed as

~=r? @)
r

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1047557

Jiang et al.

30

~
0
T

N
S
T

—_
w
T

QX1 @ X2 X3
Q X4 X5 @ Y-1

Y2 @ Y30 Y4
QY5 @ Y6

—_
5
T

Methane adsorption volume(mL-g™)
wm

0 2 4 6 8 10 12
Pressure/MPa
FIGURE 2
Results of methane adsorption test and the fitting Langmuir
curves.

If the coal structure is a tube, then Fs = 2; Fs = 3 for spherical;
p is the strength of transverse relaxation;

The signal amplitude at the T, relaxation time is a
function of the number of protons, corresponding to the
pore volume of pore radius r; (Dillinger and Esteban,
2014). The total PV ( V, , %) represents the sum of the
signal amplitudes from minimum to maximum T, values,
then V, can be expressed as

V,= ZVP,. ®3)

Where Vj,; and V ;,, are the signal amplitude at the minimum and
maximum T, value, respectively. Vp; corresponds to the signal
amplitude at T; value.

The pore morphology of coal samples is assumed to be spherical,
then the number of pores with a specified size r; can be given by

TABLE 2 Fitting results of methane adsorption test.

Sample ID Langmuir volume (m’/t)

X-1 21.65 2.45
X-2 31.04 1.57
X-3 30.76 2.42
X-4 29.86 2.34
X-5 29.48 2.98
Y-1 23.82 3.14
Y-2 24.17 2.82
Y-3 27.56 3.34
Y-4 23.24 3.26
Y-5 28.27 2.03
Y-6 26.83 2.50
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Therefore, the number of pores whose pore size is larger than
r; is expressed as

n n V i
N(r)=YN; =) 2 (5)

- —~ 2 717

j j3t

Where j=i+1
By combining Equations 1, 2, and 5:
Vi -D
N(r) = —L2 o (3pT (6)
36”(PT2,‘)3 ( P 2)

Using logarithms for Eq. 6, is revised as

- Vi 1
lo —2_ ) +log— = -Dlog B- Dlog (T, 7
Where A =367p*> and =3p . —DlogB and log(1/A) are the
constants. The fractal dimension can be obtained by the slope of
the optimal fit line in the log-log plot of pore number N (r)
against pore radius (T5) .

3 Results

3.1 Coal rank, coal component and CH,4
adsorption analysis results

As seen from Table 1, the maximum vitrinite reflectance of
coals ranges from 2.30 to 3.40%, which belongs to high-rank coal.
Moisture contents of coals increase from 0.52 to 1.66%, ash yields
of coals increase from 7.83 to 25.16%, carbon contents of coals
reduce from 88.65 to 62.81% and volatile matter contents of most
samples increase from 5.48 to 12.00%. The composition of coal
samples is complicated, and each component concentration has
the noticeable differences. Most of the coal samples are

Equilibrium moisture (wt%) Correlation coefficients R*

4.58 0.9972
6.05 0.9695
5.37 0.9973
5.45 0.9975
4.86 0.9976
5.07 0.9972
425 0.9971
6.03 0.9980
3.60 0.9977
4.80 0.9955
2.99 0.9966
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The results of the methane adsorption experiment of each

coal sample are shown in Figure 2. The experimental results are
fitted by the Langmuir equation:

Adsorption volume(em¥/g)
N
Adsorption volume(em’/g)

VP
V=2 ®)

0] (PL+P)

os ]
v os | §

s> R r<tonm |10 Where P is the pressure, MPa; V is the absorption at the pressure
To0 01 02 03 04 05 06 07 08 09 L0 L1 00 01 02 03 04 05 06 07 08 09 10 1. 3/t . G : 3/t DL ; :
M ey ey P, m’/t; Vi is the Langmuir volume, m’/t; Py is the Langmuir

pressure, MPa.
The fitted results are shown in Table 2. The degree of the
fitting is high by the Langmuir equation about the methane

adsorption curves of all coal samples. The Langmuir volume

Adsorption volume(em*/g)

Adsorption volume(cm®/g)

ranges from 21.65 ml/g to 31.04 ml/g, and the Langmuir pressure
3851 ; ranges from 1.57°MPa to 3.34 MPa. It shows that the adsorption
H el F<10nm § r>10nm

R S R A A P A capacity of different coal samples has the certain difference. But

Relative Pressure(P/Py) Relative Pressure(P/P,)

m D ﬂ N methane adsorption of coal samples has a different growth rate

_'

r<l10nm

{r>10nm]

with increasing pressure. Methane adsorption of some coal

samples increases rapidly at low pressure but flattens at high

pressure. Yet methane adsorption of some other coal samples

increases slowly (Li et al., 2013). For example, the methane

Adsorption volume(cm*/g)
Adsorption volume(em*/g)

R % r<tonm ot 205 . Veosoos o 5 adsorption of coal sample X-2 is about 17.4 ml/g at 2 MPa
edy I ematttttatnes AR i pressure, but that of coal sample X-3 is only about 13.9 ml/g
N e ey e ety at the same pressure. Although their V; has little difference, the

methane adsorption at low pressure differs greatly. This
illustrates that the ease of their methane adsorption is
different. Coal sample X-2 is easy to adsorb methane, but coal
sample X-3 is the opposite. In the process of coalbed gas

Adsorption volume(cm®/g)
Adsorption volume(cm®/g)
N

production, the adsorbing methane of coal sample X-2 is

e i difficult to desorb, but coal sample X-3 is not.
r<I0nm it'>l(luln r<I0nm 3r>ll)mu

00 01 02 03 04 05 06 07 08 09 10 LI 00 01 02 03 04 05 06 07 08 09 10 LI
Relative Pressure(P/Py) Relative Pressure(P/Py)

3.2 LP-N>A isotherms and pore structure
characteristics

The characteristic differences of adsorption and desorption

Adsorption volume(cm®/g)
Adsorption volume(em®/g)

isotherms of coal samples represent the development of different

r<lOnm L r>10nm|

w e >"' I types of pores (Yang et al., 2014). For porous media, the LP-N,A
Y ety M e bty curves may be grouped into six types and hysteresis loops may be
' divided into four types (Sing, 1985). Figure 3 shows the LP-N,A

" @ isotherms for 11 coal samples. The LP-N,A isotherms of coals

have remarkable differences. Based on the classification scheme
proposed by De Boer (De Boer, 1958) and IUPAC (IUPAC,
1982), all coal samples can be classified as three types (A, B, and
PiSevriia v sotid N C) by the characteristics of LP-N,A isotherms.

I e Type A is for X-2, X-4, Y-3, Y-4 and Y-6 samples. When p/

Relative Pressure(P/P,)

Adsorption volume(cm/g)

0
=

Po < 0.8, the adsorption curves increase slowly. The adsorption
FIGURE 3

curves increase rapidly at approaching 1.0. There are
N, adsorption/desorption isotherms of all the samples. pidly P/Po pp g

inconspicuous hysteresis loops and no inflection points at
0.4 < p/pp < 1.0. But the adsorption and desorption curves
nearly overlap at p/p, < 0.4. The adsorption volume is small

low-middle ash coal. Vitrinite is the dominant maceral at p/py < 0.4. At this stage, the pores consist mainly of
composition for all coal samples. impermeable pores closed at one end. When 0.4 < p/p, < 0.9,
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TABLE 3 Pore characteristics of all the samples based on N, adsorption/desorption analysis.

Sample ID SSA(m?/g) PV (cm’/g) Average PD
(nm)

X-1 0407 0.0027 26.4
X-2 1277 0.0038 125
X-3 0.989 0.0013 6.6
X-4 0.805 0.0035 174
X-5 0.980 0.0010 39
Y-1 0.761 0.0035 18.6
Y2 0.657 0.0032 195
Y-3 0.925 0.0039 16.8
Y-4 0519 0.0017 12.8
Y-5 1.037 0.0030 116
Y-6 0.841 0.0040 18.6

TABLE 4 NMR porosity of coal samples.

Sample No. Irreducible fluid porosity
(%)
X-1 211
X-2 5.77
X-3 5.02
X-4 5.96
X-5 491
Y-1 3.96
Y-2 2.89
Y-3 454
Y-4 443
Y-5 4.62
Y-6 478

the pore was dominated by cylindrical pores with openings at
both ends. Due to the obvious adsorption hysteresis loops and the
rapid rise of the adsorption curve, the pores are mainly open
parallel plate pores at 0.9 < p/py < 1.0. This shows that the
transition pores, mesopores and some micropores of samples
have good connectivity. The samples (e.g., X-1, Y-1, Y-2 and Y-6)
belong to type B. Their adsorption curves increase steadily at p/
Po < 0.8 and then increase significantly and rapidly at 0.8 < p/p, <
1.0. It is different from type A in that it has a wide hysteresis loop
at 0.5 < p/po < 1.0. When p/p, < 0.4, most of the pores are
impermeable pores closed at one end. But their adsorption and
desorption branches have no overlap at p/p, < 0.5, which is
thought to be due to pore swelling and chemical interactions of
gas and coal pore surface (Sun et al., 2015; Li et al,, 2018). The
hysteresis loop indicates that the pores are mainly open cylinder

Frontiers in Earth Science

PV-N, (cm’/g)

SSA-N, (m*/g) Hysteresis loop

types

<10 nm >10 nm <10 nm >10 nm

0.00045 0.0023 0.236 0.171 B
0.0012 0.0026 1.013 0.264 A
0.00044 0.00086 0.911 0.078 C
0.00082 0.00268 0.577 0.228 A
0.00055 0.00045 0.949 0.031 C
0.00053 0.00298 0.514 0.247 B
0.00069 0.00251 0.447 0.210 B
0.00081 0.00309 0.649 0.276 A
0.00048 0.00122 0.399 0.120 A
0.0012 0.00183 0.856 0.181 A
0.00062 0.00338 0.584 0.257 B

Moveable Total porosity (%)

61

fluid porosity (%)

1.54 3.65
1.48 7.25
1.64 6.66
1.73 7.69
1.24 6.15
1.42 5.38
1.58 4.47
1.02 5.56
1.15 5.58
1.19 5.81
1.51 7.29

pores at 0.4 < p/py < 0.9. The desorption curve has an inflection
point at a relative pressure of approximately 0.5, which reacts to
the presence of thin neck and ink bottle pores. When 0.9 < p/p, <
1.0, the pore types are also open parallel plate pores. Moreover,
type C is for X-3 and X-5 samples. The pore types are similar to
type B and type C at p/p, < 0.4, but the hysteresis loop is also not
completely closed. When 0.4 < p/p, < 0.9, the appearance of wide
hysteresis loops indicates that the pores are mainly composed of
open pores, including cylinder pores and wedge pores. The
desorption curve has a sharp inflection point at p/p, of 0.5,
which indicates the presence of a large number of fine bottleneck
and ink bottle pores. When 0.9 < p/p < 1.0, type C differs from
other types in having few plate-shaped pores.

The LPN,GA test results are shown in Table 3. The SSA
and PV of coal samples are obviously different. The SSA and
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The distribution of incremental PV and SSA with LPN,GA. (X-
2,X-4,Y-3,Y-4and Y-5) Type A, (X-1,Y-1,Y-2and Y-6) Type B, and
(X-3 and X-5) Type C.

PV range from 0.407 to 1.277 m*/g and 0.001-0.004 cm®/g,
respectively. The PSD of the PV and SSA in different types of
coal samples is shown in Figure 4. The SSA distribution curves
suggest that all coal samples exhibit unimodality with the main
peak at ~1 nm, indicating that the SSA of coal samples is more
concentrated in micropores (the SSA for < 10 nm and > 10 nm
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NMR T, distribution of X-1 coal sample in the saturated water
condition and the irreducible water condition.

is 0.236-1.013'm*/g and 0.031-0.276'm’/g, respectively).
Compared with type A, the SSA of type B/C pores is
generally undeveloped at > 3 nm. Except for samples X-3
and X-5, the PV distribution shows obvious multimodality
in which the peaks of the overall samples are at ~1, ~20 and
~50 nm. The PV for < 10nm and > 10nm is 4.4x10-4-
1.2x10-3°cm?/g and 4.5x10-4-3.38x10-3°cm’/g, respectively,
indicating that the pores for > 10 nm provide most of the pore
volume. Meanwhile, the micropores of type C provide the
largest proportion of PV and SSA. Mainly because of the
increasing metamorphic degree of coals, the loss of oxygen
functional groups and side chains is accompanied by the
significant improvement in the degree of aromatization and
the increasing and orderly arrangement of aromatic ring layers
in the molecular structure of coal, which results in the decrease
of larger pores and the increase of smaller pores (Li et al.,
2017).

3.3 Pore size distribution of NMR

Previous researches (Cai et al., 2013a; Li et al., 2013)
found that T, can reflect the PV/size distribution in the
saturated water, but cannot provide absolute full-scale
PSD. There are two methods to obtain full-scale PSD by
NMR measurement, namely centrifugation test and surface
relaxation method.

According to the relationship between different centrifugal
forces and centrifugal pore radius (Washburn equation), the
pore radius r corresponding to the T, cutoff value can be
obtained at the optimal centrifugal pressure. Yao et al.
(2010) propose the centrifugal experiment method of full-
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TABLE 5 The fractal dimension and correlation coefficient of different
pores from NMR data.

Sample No. D, R D, R?
X-1 2471 093 2976 0.94
X-2 2.805 0.89 2814 0.91
X-3 2.68 091 2843 0.86
X-4 2.738 0.90 2819 0.85
X-5 2612 092 -

Y-1 2522 098 2904 0.93
Y-2 2.579 092 2.869 0.85
Y-3 2.545 0.88 2926 0.98
Y-4 2497 0.88 2957 0.98
Y-5 2,605 091 2863 0.99
Y-6 2.755 0.89 2812 0.96

scale PSD of coal reservoir by NMR T, cutoff value. The
formula can be expressed as

Ve = r*TZi/TZC (9)

Where r; (nm) is a pore size corresponding to a relaxation time

TZi

(ms), T, is a relaxation time threshold, r (nm) is the pore size

corresponding to the T,. and r is about 100 nm.

in

It is worth noting that there are still some movable fluids
the sample when T, < T,c. Thus, the centrifugal

experiment method is inapplicable. Then, Zheng et al,

2019 proposed a surface relaxation method to calculate the
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surface relaxivity of different coals, which are 2.1 um/s,
3.0 um/s and 1.6 pum/s for low-, medium-, and high-rank
coal, respectively.

The pore of coal can be divided into micropores,
transition pores, mesopores, and macropores. Micropores
and transition pores belong to adsorption pores, mesopores
and macropores belong to seepage pores. According to Eq. 2,
the T, spectrum of coal samples is divided into four parts,
corresponding to <2.08 ms, 2.08-20.8 ms, 20.8-208 ms, >
208 ms,
transition

and representing different pores: micropore,

pore, mesopore, macropore, respectively
(Figure 5). We also calculated the cumulative porosity in
two conditions. The cumulative porosity of other coal
samples is given in Table 4. The irreducible and moveable
fluid porosity range from 2.11% to 5.96% and 1.02%-1.73%,

respectively.

3.4 Characteristics of fractal dimensions
in NMR

The fractal dimension of pore structure can be obtained
from the slope of the equation by the linear fitting data of
log(N(rj)) and log(T,). The linear correlation coefficient for
sample X-1 is greater than 0.92, indicating that the
adsorption and seepage pore structures of samples can be
characterized by the fractal geometry theory (Figure 6). D,
and Dy represent the fractal dimensions of adsorption and
seepage pores under the condition of saturated water,
respectively. The fractal dimension results of all samples
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are listed in Table 5. Generally, the fractal dimension D is
between 2 and 3. When fractal dimension D is 2, the pore
surface is smooth. When fractal dimension D is 3, the pore
surface is rough (Zhang and Weller, 2014). The more
complicated rock surface is, the larger D is (Mandelbrot
and Benoit, 1998). The ranges of D, and D; vary from
2.471 to 2.805 and from 2.812 to 2.976, with the average
of 2.619 and 2.878, respectively. Because the relaxation time
of the seepage pore is not detected for sample X-5, the fractal
dimension of the seepage pore is missing. The fractal
dimension D, is less than Dy, indicating that seepage pores
are more complex than adsorption pores in all samples.
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4 Discussions

Due to the complex physical properties of coal, the
methane adsorption capacity of the coal is affected by
many factors, such as coal composition, pore characteristics
and so on (Lin et al., 2021). Fractal represents the complexity
of coal samples and can be used as a combination of
comprehensive factors. However, most previous studies
focused on the relationship between the coal permeability
and fractal dimension by NMR, so this study mainly discussed
the influence of fractal characteristics on methane adsorption
capacity for high-rank coals.
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4.1 Relationships between composition
and fractal dimensions of coals

In order to solve the effect of coal composition on fractal
characteristics of different coal pore structures by NMR, all
correlations between coal compositional parameters and
fractal dimensions are shown in Figures 7-9, and the data on
coal composition is listed in Table 1.

Figure 7 shows the relationships between moisture
contents and fractal dimensions of coals. With the increase
of moisture content, fractal dimension D decreases
(Figure 7B). Yet fractal dimension D, increases with
increasing moisture content (Figure 7A). It means that the
fractal dimensions D, and Dy are greatly influenced by
moisture content.

The moisture of coal reservoirs includes free water from
seepage pore and irreducible water from adsorption pore.
Moisture change in coal is influenced by coal rank. The
volume of seepage pore is reduced by compression with the
rising of coal rank, but the volume of adsorption pore
increases (Yao, et al., 2008). The volume of the adsorption
pore increases and that of the seepage pore decreases with the
increase of moisture content of high-rank coals, and the
surface of the adsorption pore may be influenced by gas-
liquid interfacial tension. As a result, the adsorption pore is
more complicated, and the seepage pore is more homogeneous
(Li et al., 2015).

The relationships between the ash yield and the four
fractal dimensions of coals are shown in Figure 8. Ash
yield of coals is negatively correlated with D, (Figure 8A),
and positively correlated with D (Figure 8B). The mineral
content of coal is reflected indirectly by ash yield. If ash yield
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is high, mineral content is high. With increasing ash yield,
adsorption pores may be more homogeneous by filling
which lead the
dimension D,. But D has a positive correlation with the

minerals, can to decreased fractal
ash yield of coals. The main reasons are as follows. On the one
hand, with increasing ash yield, some seepage pores are
partially filled with ash, leading to more heterogeneous
structure of seepage pores, and greater fractal dimensions.
On the other hand, the newly generated mineral pores lead to
enhancing the heterogeneity of seepage pores (Yao et al,
2008; Liu and Wu, 2016).

9

contents and fractal dimensions of coals.

between carbon
With the
increase of carbon content, the fractal dimension D,

Figure showsthe relationships

increases and Dy decreases. We conclude that because of
devolatilization and/or oxidation, the high carbon coal
usually has low water content and ash yield in the
coalification process. In this case, decreasing moisture
content and ash yield may have caused the increase of
D, and the decrease of D,. Meanwhile, the volume and
percentage of seepage pores are reducing in coals with
which leads
homogeneous structure of seepage pores.

increasing carbon contents, to more

4.2 Relationships between porosity and
fractal dimensions of coals

Figure 10 shows the line relationship between pore
structure parameters and fractal dimensions (D, and Dy).
The fractal dimension D, has a positive linear correlation
with the total SSA and SSA of micropore, indicating that
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high-rank coals with higher total SSA and micropore SSA
have higher D, values (Figure 10A, Figure 10C). This means
that the total surface area is mainly provided by micropores
for high-rank coals. The higher the total SSA is, the higher
the micropore percentage will be, resulting in more
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complexity of the adsorption pore structure. With the
increase of total SSA and micropore SSA, Dy gradually
decreases, indicating that the higher the total SSA of
high-rank coals is, the smaller the content of seepage
pores is, leading to more heterogeneous structure of
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seepage pores (Figure 10B, Figure 10D). To further reveal
the correlation between fractal dimensions and pore
structure characteristics, more information is needed.
Table 3
porosity, moveable fluid porosity and irreducible fluid

shows the parameters including the total
porosity, which are obtained from NMR experimental
analysis. The D, has a positive correlation with the
irreducible fluid porosity (Figure 10E). In contrast, The
fractal dimensions D has a negative correlation with the
irreducible fluid porosity (Figure 10F). This means that
with increasing irreducible fluid porosity, the volume and
percentage of adsorption pores are increasing, which leads
to the increase of SSA, more complicated structure of
adsorption pores and more heterogeneous structure of
seepage pores for high-rank coals. Therefore, they may
result in relatively high CH,4 adsorption capacity of coals
with higher D, and less Dy value.
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4.3 Relationship between coal adsorption
capacity and fractal dimension

The influence of fractal dimensions of different coal samples
on Vi, and Py is shown in Figure 11. As shown in Figure 11A and
Figure 11B, Vi gradually increases with the increase of D,, which
illustrates that the ultimate adsorption capacity of coal samples is
gradually enhanced. V| has a positive linear correlation with D,.
However, Vi, has a negative correlation with D, which means
that the increase of the Dy value results in a decrease in CH,
adsorption capacity. The analysis shows that D, and Dj reflect the
fractal feature of adsorption and seepage pores, respectively. As is
well-known, the adsorption pore has the primary influence on
the adsorption capacity of coal. On the one hand, the higher D,
value represents more SSA of high-rank coals which provide
more adsorption sites for CHy, so the high-rank coals have
stronger adsorption capacity with higher D,. On the other
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hand, with the increase of Dy value, the high-rank coals have
stronger heterogeneity of seepage pore structure, fewer
adsorption sites for CH, and higher capillary condensation on
pore surfaces, which leads to the reduction of CH, adsorption.
Above all, the fractal dimension D, affects on CH, adsorption
capacity greater than D,.

In the Langmuir equation, Py, which reflects the adsorption
capacity of coal at the low-pressure stage, represents the
adsorption pressure when the adsorption volume of CH, gets
to half of Vi. The influence of the fractal dimensions D, and D,
on Py is shown in Figure 11C and Figure 11D. As can be seen
from the figures, The D, value is negatively correlated with P;.
The CH, adsorption velocity of coal samples is increasing.
According to the volume filling theory of micropores (Carrott
et al.,, 1987), the micropores with the adsorption potential of
significant superposition can reach saturation of adsorption
capacity at lower pressure, and the adsorption energy has a
close relationship with the surface of the micropores. With
the increase of D, value, the percentage and surface of
micropores will increase, which causes the increase of CH,4
adsorption velocity for high-rank coals. However, there is a
positive correlation between P and D,. With the increase of
D, the percentage of seepage pores will increase and the surface
of micropores will decrease. So the CH, adsorption velocity
decreases with higher Dy value for high-rank coals. Therefore,
the fractal dimension D, has an important influence on Py.

Since the physical properties of coal are complicated, the
difference in fractal dimensions of coal samples is caused by
multiple factors, such as the content of each component in coal,
pore size distribution, and so on. The above factors result in the
heterogeneity of coal surface and structure, which will influence
the methane adsorption capacity of coal. Thus, the fractal
dimensions are the comprehensive reflection of differences
among the physical properties of coal and are able to show
the effect of coal properties on methane adsorption fully.

5 Conclusion

1. According to the characteristics of LP-N,A isotherms, all coal
samples can be classified into three types. The SSA
distribution curves exhibit unimodality with the main peak
at ~1 nm for all coal samples, indicating that the SSA of high-
rank coals is more concentrated in micropores. The PV
distribution shows obvious multimodality for most coal
samples, and the peaks are at ~1, ~20 and ~50 nm. The
pores for > 10 nm provide most of the pore volume.
Meanwhile, the micropores of type C provide the largest
proportion of PV and SSA.

2. We divide the T, spectrum of coal samples into four parts by the
surface relaxivity of high-rank coal. Meanwhile, the fractal
dimensions of different pore types are obtained from the slope
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of the equation by the linear fitting data of log(N(r;)) and log(T>).
The average values of D, and D; are 2.619 and 2.878, respectively.

3. The composition and pore parameters of coals have much
greater control over fractal dimensions. The fractal dimension
D, has a negative correlation with ash yield and moisture
content, and a positive correlation with carbon content. The
fractal dimension Dy has a positive correlation with ash yield
and moisture content, and a negative correlation with carbon
content. The high-rank coals with higher D, value have the
more complicated structure of adsorption pores with higher
SSA and irreducible fluid porosity, which results in relatively
high CH, adsorption capacity of coals.

4. The different fractal dimensions have varying effects on
methane adsorption. With the increase of fractal dimension
D,, Vi increased and P; decreased, which illustrates that the
CH, adsorption capacity and velocity are gradually enhanced
for high-rank coals. Compared with Da, Ds has the opposite
effect on the CH, adsorption capacity and velocity of high-
rank coals. Thus, the fractal dimensions of different pore
types, which are calculated based on NMR, are able to show
the effect of coal properties on CH, adsorption fully.
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Gas is one of the necessary contributing factors for coal and gas outburst
accidents, and the gas desorbed in coal is the energy carrier in the outburst
process. The study of gas desorption laws is the premise and basis for gas
content determination and gas accident prevention. To solve the problem of
inaccurate gas content measurement due to the unclear characteristics of rapid
gas desorption in 0-10s, the gas desorption experimental device was
improved, the influence factors of gas desorption were studied
experimentally, and a comprehensive analysis method was proposed based
on the gas desorption rate, gas desorption efficiency, initial gas desorption
amount and total desorbed gas. The experiment analysed five factors that
affected gas desorption, including the degree of metamorphism, type of failure,
particle size, pressure and temperature. The results show that there is a
monotonically decreasing power function relationship between the initial
gas desorption rate and time and a monotonically increasing logarithmic
function relationship between the gas desorption amount and time; the
curve has a limit value. The gas desorption amount is large in 0-10s and
increases slowly afterwards. Among the factors affecting gas desorption, their
importance decreases in the order of pressure > metamorphism > particle size >
failure type > temperature. This study is of great practical value for the
calculation of gas losses in gas content determination, and the resulting gas
desorption laws are of great importance in guiding gas control work.

KEYWORDS

gas content, gas desorption, weighting analysis, gas pressure, metamorphism, particle
size

1 Introduction

Excavation activities in coal mines cause the formation stress balance to be destroyed,
thereby increasing the gas potential energy. Gas can be desorbed from the coal body and
flooded into the mining tunnel in a very short period of time. The exposed coal is in a state
of stress unloading. Under the dual action of in situ stress and gas, the coal is crumpled
and damaged, resulting in the relaxation of pores and fissures. The diffusion resistance of
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free gas is reduced, and it continuously flows into the roadway,
causing hidden dangers to production (Hao et al., 2000). The
accurate determination of gas content is difficult but it is a crucial
factor in coal mine production and is the premise of resource
utilization and disaster prevention (Zhang, 2009; Wang et al,
2018; Wang et al, 2018b). To predict the risk of gas-related
disasters, it is necessary to timely and accurately measure the
initial gas release velocity and gas content.

The initial velocity of gas release (AP) is an important index for
evaluating the risk of coal and gas outbursts in China (with AP > 10 as
the critical value). AP is an empirical value, and it is not accurate to use
the same index under different metamorphism, pressure, temperature
and other conditions (Zhang, 2006); this indicator represents the
amount of gas emission in 10-60s after atmospheric pressure
adsorption but cannot reflect the instantaneous emission
characteristics and actual attenuation changes of gas when different
blocks are exposed. However, the instantaneous desorption and
release of gas is the basic reason for the complex occurrence
conditions and prominent dangers of coal gas (Fu and Yang,
2008). It is also the basis for coal seam gas content determination
and outburst risk prediction (Jia and Chen, 2009; Jiang et al., 2009).

Therefore, the accurate determination of gas content and
initial gas release velocity cannot be separated from the study of
gas desorption laws. Previous researchers have performed much
research on gas desorption, but there is a lack of research on gas

release in the first 0-10 s and its influencing factors.

2 Experimental design

The desorption of gas in coal particles is a complex dynamic
and hydrodynamic process. In the original state, the adsorbed
gas, on the surface of the coal matrix or in the micropores, and
the free gas in the fracture system are in a relative dynamic
equilibrium. When the environmental factors around the
tectonic coal change or under the action of vibration (Wang
et al,, 2021), the increased kinetic energy of the gas molecules is
sufficient to overcome the gravitational effect of the adsorption
potential well on the surface of the coal body; then, the adsorbed
gas becomes free, and the adsorbed gas will be desorbed again.

The desorption of gas from coal is a complex process. First,
the gas is desorbed from the adsorption state on the surface of the
coal body into a free state (Wang et al., 2021b) and then desorbed
from the coal body. To analyse the law of gas desorption under
different conditions, based on the Langmuir adsorption model,
the experimental equipment is improved, and the experimental
conditions are established.

2.1 Experimental setup

The “Method for Determination of Methane Adsorption
Capacity of Coal (High Pressure Volumetric Method)”
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(Ministry of coal industry of the people’s Republic of China,
1997) was adopted, and the experimental device was improved,
which consisted of 7 units of aeration, air extraction, temperature
control, adsorption, desorption, desorption rate measurement,
and communication auxiliary (Table 1).

The principle of the test device is shown in Figure 1.

2.2 Sample preparation

Coal samples were collected at the excavation face of the
Changcun Mine in the Lu’an Mining Area and the Zouzhuang
Mine in the Huaibei Mining Area. The coal was sampled from the
newly disclosed coal, and its firmness coefficient and initial gas
release velocity were determined. Later, it was transferred to the
laboratory for sample preparation. A total of 30 coal samples with
different degrees of metamorphism, failure types and particle
sizes were prepared, the gas parameters were measured, and
industrial analysis was performed. The characteristics of the
experimental samples are shown in Table 2.

2.3 Experimental steps

2.3.1 Parameter design

A large number of studies have shown that gas desorption is
controlled by the degree of coal metamorphism (Grazyna and
Kinga, 1998; Zhang, 2018), the type of failure (Xie, 2014; Wang
et al, 2020), particle size (Wang, 2018; Tu et al, 2022),
equilibrium pressure (Li et al, 2018; Li et al, 2021),
temperature (Liu, 2011; Li et al., 2022), moisture (Xiao, 2010;
Zhang, 2011; Chen et al, 2013; Wang et al, 2018c),
electromagnetic field (Xu et al,, 2003; Li and Lei, 2012; Zhao
and Deng, 2022) and so on.

Group 0 was selected as the control group, and 10 groups of
experiments were designed with metamorphic degree, failure
type, particle size, pressure and temperature as variables. To
explore the influence of the metamorphic degree on gas
desorption, gas coal with a low metamorphic degree was
selected as Group 1. Geological structure is an important
factor for the occurrence of coal and gas outbursts. Tectonic
action will change the physical structure and chemical properties
of coal, and the failure type of a coal body is an index used to
measure the impact of tectonic action. Tectonic coal has the
characteristics of low strength, poor cohesiveness, looseness and
even pulverization after being damaged by extrusion deformation
and shear crumpling. Therefore, structural coal from the same
mining area is selected as Group 2 to study the influence of failure
type on gas desorption. For primary structure coal, the smaller
the particle size is, the larger the specific surface area. Group 3 is
the experimental group of coal gas desorption with different
particle sizes. According to the Langmuir adsorption model,
pressure and temperature are important factors affecting the
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TABLE 1 Unit equipment list of gas desorption experimental device.

Unit Component

Pneumatic unit @ Gas tank

Extraction unit ® Vacuum gauge
® Vacuum pump
Temperature control unit
Adsorption unit @® Coal sample tank
Pressure gauge
Desorption unit ® Graduated cylinder
® Desorption tube

® Gas mass flowmeter

@ Desorber
Computer

Desorption rate measurement unit

Auxiliary units @ Four-way valve
® Three-way valve
® Globe valve

Ball valve

@ Super constant temperature water bath

10.3389/feart.2022.1053142

Technical parameter

Concentration 99.9%, Pressure 13 MPa

Control range 1.0 x 10°-1.0 x 10™'Pa

Control accuracy +1%

Ultimate vacuum 6.7 x 107*Pa

Temperature range +5 ~ +95°C, constant temperature fluctuation
Volume<150 ml, pressure<10 MPa

Range 0-16 MPa, minimum scale 0.1 MPa

Range 60 L, minimum scale 10 ml

Range 1000 ml, scale 4 ml, Range 500 ml, scale 2 ml
Response time <1 s, differential pressure range 0.05-0.3 MPa
Automatic valve opening and closing

data acquisition software

Drying box; valve etc,.

44
=N 8
o L @ 1O @
3 ap
= — -
] ) =
@ ® ©

FIGURE 1

Principle picture of experimental device studying gas (CBM) desorption feature of tectonically coal.

adsorption and desorption of gas on the coal surface. In China,
the identification of coal and gas outbursts is based on the gas
pressure (<0.74 MPa), and the minimum experimental pressure
is 0.5 MPa. Five groups of desorption experiments with different
pressures are designed with an increasing interval of 0.5 MPa.
According to the practice of production and the geothermal
studies, the formation temperature of coal seams in China is
mostly 21°C-37°C, so desorption experiments of 20°C, 30°C, and
40°C at different temperatures are designed. Due to the
limitations of the experimental setup, influencing factors such
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as water content and the presence of an electromagnetic field
were not tested. The experimental variables and parameters are
shown in Table 3.

2.3.2 Operation steps

The experimental operation process is divided into 7 steps:
Step 1: Put the experimental coal sample into the drying oven

for 4 h, remove the moisture in the coal, and seal it after removal
from the oven.
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TABLE 2 Characteristics of experimental coal samples.

Changcun mine in
Lw’an mining area

Changcun mine in
Lw’an mining area

10.3389/feart.2022.1053142

Zuzhuang mine in
huaibei mining area

Zuzhuang mine in
huaibei mining area

Metamorphism degree lean coal lean coal gas coal gas coal
Type of damage Type I~II Type HI~IV Type 11 Type IV~V
Robustness factor (f) 0.70 0.21 0.69 0.16
Initial velocity of gas release (AP) 5 14 4 10
Adsorption constants a (em*g™) 32.238 32.334 20.648 20.554
b (MPa™) 0.684 0.770 0.414 0.347
Apparent density (g-cm™) 1.38 1.42 1.18 1.23
Real density (grem™) 1.42 1.47 1.29 1.35
Moisture of coal M,q (%) 1.13 1.40 1.45 1.98
Ash content of coal A, (%) 9.52 12.37 12.67 19.28
Volatile matter of coal V4 (%) 13.43 13.60 37.02 38.58
TABLE 3 Experimental parameters and variable design.
Number Metamorphism degree Damage type Particle size Pressure (MPa) Temperature ("C)
(mm)
Group 0 High Type II 1.0-3.0 1.00 30
Group 1 Low Type II 1.0-3.0 1.00 30
Group 2 High Type IV 1.0-3.0 1.00 30
Group 3 High Type II 0.5-1.0 1.00 30
Group 4 High Type II 1.0-3.0 0.50 30
Group 5 High Type I 1.0-3.0 1.50 30
Group 6 High Type II 1.0-3.0 2.00 30
Group 7 High Type II 1.0-3.0 2.50 30
Group 8 High Type II 1.0-3.0 1.00 20
Group 9 High Type IT 1.0-3.0 1.00 40

Step 2: Load the cooled experimental coal sample into the coal
sample tank and weigh it. Fill it as much as possible to reduce
dead space.

Step 3: Tighten the coal sample tank and connect it to the
experimental system to check the hermeticity of the system.

Step 4: Turn on the constant temperature water bath and set the
experimental temperature.

Step 5: Vacuum the gas adsorption unit until the vacuum gauge
shows 10 Pa. Once this value is reached, stop vacuuming.

Step 6: Close the connection between the gas adsorption unit
and the vacuum pumping unit, open the gas charging unit and
the gas adsorption unit, and fill the coal sample tank with pure
CHy, gas so that the gas in the coal sample tank reaches 1.2 times
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the design pressure. Once this is achieved, stop charging. Observe
the change of the pressure gauge, and after the pressure gauge
drops to the design pressure, fill the coal sample tank with pure
gas. After more than 36-60 h of adsorption, the pressure in the
coal sample tank will reach the experimental design adsorption
equilibrium pressure.

Step 7: After the gas pressure in the coal sample tank reaches the
design pressure for 6 h, turn on the flowmeter and stabilize it for
more than 0.5h. At the same time, prepare a stopwatch, and
record the initial scale of the graduated cylinder, laboratory
When
desorption, first open the desorption valve of the coal sample

temperature and atmospheric pressure. starting
tank. Open the stop valve connecting the coal sample tank and
the large cylinder, and when the pressure gauge of the coal
sample tank drops to zero, close the stop valve connecting the

coal sample tank and the large cylinder, and open the coal sample
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TABLE 4 Comparison of gas desorption characteristic values.

Number Vo [ mL/(gs) ] Tigo [ ml/g ]
Measured Ratio Measured Ratio
value value

Group 0 4.83 1 1.99 1

Group 1 2.53 0.52 0.95 0.48

Group 2 7.22 1.49 3.01 1.51

Group 3 7.83 1.62 2.42 1.22

Group 4 2.05 0.42 1.09 0.55

Group 5 8.33 1.72 2.93 1.47

Group 6 12.32 2.55 3.25 1.63

Group 7 15.14 3.13 3.46 1.74

Group 8 4.53 0.94 2.05 1.03

Group 9 4.77 0.99 1.76 0.88

tank ball valves connected to the small and large measuring tubes.
The gas mass flowmeter starts to collect data automatically. The
stopwatch starts timing and the data reading of the desorption
amount both start when the ball valve is opened.

2.3.3 Experiment records and readings

1) 0-10s, read the desorption amount every 1s, counting
10 times;

2) 10-90s, read the desorption amount every 2s, counting
40 times in total;

3) 90-180s, read the desorption amount every 5s, counting
18 times in total;

4) 180-600 s, read the desorption amount every 10 s, counting
42 times in total;

5) 10-30 min, read the gas desorption amount every 1 min,
counting 20 times;

6) 30-120 min, read the gas desorption amount every 5 min,
counting 18 times in total;

7) 120-360 min, read the desorption amount every 10 min,
counting 24 times in total;

8) After 6 h, read the gas desorption amount every 1 h until the
reading no longer changes.

3 Experimental results and discussion
3.1 Experimental results

The results of 10 groups of gas desorption experiments under
different conditions were counted, including the initial rate of gas
desorption (Vy), initial gas desorption capacity (Tig), initial gas
desorption efficiency (E ), total gas desorption (T}g), and total gas
desorption efficiency (E,gp). The ratio of gas desorption characteristic
values of the experimental groups to that of control Group 0 was
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Esg0 [ 5] Tyg0 [ ml/g ] Ejgo [ min ]
Measured Ratio Measured Ratio Measured

value value value

68 1 6.28 1 198 1
122 1.79 5.81 0.93 204 1.03
77 1.13 8.01 1.28 121 0.61
92 1.35 10.53 1.68 170 0.86
102 1.50 5.39 0.86 216 1.09
65 0.96 10.22 1.63 182 0.92
68 1.00 12.69 2.02 191 0.96
70 1.03 12.98 2.07 173 0.87
70 1.03 6.78 1.08 201 1.02
79 1.16 6.50 1.04 189 0.95

75

calculated under different experimental conditions (Table 4). Among
them, desorption efficiency refers to the time required for gas
desorption to reach 80% of the total amount of desorption.

3.1.1 Experimental results of group 0

The experimental conditions for Group 0: meager lean coal,
primary structural coal (Type II), particle size 1.0-3.0 mm, pressure
1.00 MPa and temperature 30°C (Figure 2). Group 0 was selected as
the control group, the gas desorption conditions under different
experimental conditions were compared, and then the influence of
various factors on the gas desorption rate and amount were analysed.

3.1.2 Experimental results of group 1

The experimental conditions for Group 1: gas coal, primary
structural coal (Type II), particle size 1.0-3.0 mm, pressure
1.00 MPa and temperature 30°C (Figure 3).

3.1.3 Experimental results of group 2

The experimental conditions for Group 2: meagre lean coal,
tectonic coal (Type IV), particle size 1.0-3.0 mm, pressure
1.00 MPa and temperature 30°C (Figure 4).

3.1.4 Experimental results of group 3

The experimental conditions for Group 3: meagre lean coal,
primary structural coal (Type II), particle size 0.5-1.0 mm,
pressure 1.00 MPa and temperature 30°C (Figure 5).

3.1.5 Experimental results of groups 4, 5, 6, and 7

To explore the influence of pressure on the gas desorption law,
experimental Groups 4, 5, 6, and 7 were designed to conduct a
comparative analysis of gas desorption under experimental pressures
of 0.50, 1.50, 2.00 and 2.50 MPa, respectively, with meagre lean coal,
primary structural coal, and particle sizes of 1.0-3.0 mm at 30°C. The
results of the experiment are shown in Figure 6.
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FIGURE 3
Gas desorption law diagram (Group 1).

3.1.6 Experimental results of groups 8 and 9

To explore the influence of temperature on the gas desorption
law, experimental Groups 8 and 9 were designed to conduct a
comparative analysis of gas desorption at 20°C and 40°C,
respectively, under the conditions of meagre lean coal, primary
structural coal, and particle sizes of 1.0-3.0 mm with a pressure of
1.0 MPa. The results of the experiment are shown in Figure 7.
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Gas desorption in 480min

3.2 Discussion of the influencing factors of
gas desorption

The rate of gas desorption in 90s, the amount of gas
desorption in 180 s and the total amount of gas desorption in
480 min were analysed through 10 groups of experimental
studies on gas desorption under different conditions. The
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Gas desorption law diagram (Group 3).

function curve and correlation coefficient of the experimental
results are shown in Table 5.

3.2.1 Influence of the metamorphism degree on
gas desorption

Studies have shown that the effect of the degree of
metamorphism on the gas desorption rate is mainly controlled
by the pore and fracture system in the coal body (Li, 2011). The
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adsorption and desorption capacity of coal depends on the pore
structure and specific surface area of coal.

Table 6 (Li and Si, 2004; Zhang et al., 2006; Tang and Wang,
2010) shows that with the increase in the degree of
metamorphism, the micropores and small pores in the coal
the
and the adsorption capacity increases (Zhang, 2006; Zhang,
2009).

increase, speciﬁc surface area increases,
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180s (2.5MPa)

Gas desorption in 480min (2.5MPa)

1) According to Figure 3A, we find that as the degree of
metamorphism increases, the initial gas desorption rate
increases significantly. The initial gas desorption rate of

lean coal is 1.91 times that of gas coal.
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2) Comparing Figure 2B and Figure 3B, we can see that the
difference in the gas desorption amount within 10s is
obvious. The gas desorption amount of meagre lean coal

reaches more than 60%, while that of the gas coal is less than
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Influence law of temperature on gas desorption (Group 8,9).

TABLE 5 Gas desorption curve of characteristic.

Number Vi

Fitting function

Group 0 Vi0=9.360 t~1:0°
Group 1 Vi1=4.809 708!
Group 2 Vir=14.513 t 52
Group 3 Vi3=12.779 t°7%
Group 4 Vi 4=5.942 t 1072
Group 5 Vi.5=13.926 t 088
Group 6 Vi6=16.645 t0%
Group 7 V,.7=22.340 085
Group 8 Vis=8.412 t~10%7
Group 9 Vi0=7.686 7052

R2

0.968
0.966
0.966
0.979
0.866
0.977
0.963
0.983
0.979
0.982

T180
Fitting function

Ti50.0=0.193In(t) + 0.127
T)50.1=0.233-In(t)0.162

T150-=0.216-In(t) + 0.021
Ti50-5=0.210-In(t) + 0.016
T'50-4=0.229-In(t)"0.085

T'50.5=0.189-In(t) + 0.141
T80.6=0.202In(t) + 0.093
T'50.7=0.200-In(t) + 0.090
T150.5=0.194In(t) + 0.116
Ti50.0=0.217In(t) + 0.006

R2

0.957
0.938
0.993
0.968
0.984
0.969
0.977
0.980
0.975
0.994

T480
Fitting function

T 150.0=0.2061n(t) + 0.083
T 450.1=0.225:In(t) + 0.008
T450-,=0.185:In(t) + 0.207
T450.5=0.211In(t) + 0.084
T4504=0.224-In(t) + 0.002
T50.5=0.204In(t) + 0.102
Tys0.6=0.212In(t) + 0.069
Tys0.,=0.213In(t) + 0.077
T4s0.5=0.210-In(t) + 0.068
Ti50-6=0.221In(t) + 0.031

R2

0.988
0.998
0.968
0.996
0.997
0.995
0.997
0.995
0.990
0.997

40%. With the increase in the degree of metamorphism, the
initial (180 s) gas desorption capacity increases significantly:
Tig0.0 is 1.99 ml/g, Tigo.1 is 0.95ml/g, and the initial gas
desorption capacity of lean coal is 2.09 times that of gas coal.
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3) Comparing Figure 2C and Figure 3C, it can be seen that the
initial gas desorption efficiencies of coals with different
metamorphic degrees are higher. With the prolongation of
desorption time, the desorption rate becomes slow, and the
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TABLE 6 Relationship between metamorphism degree and coal pore development.

Metamorphism degree Micropore, small hole

Medium hole, large hole

Development Pore volume ratio Development Pore volume ratio
Low No development 20% on average Developing 46% on average
Medium Less development <50% More development 38% on average
High Developing >50% Less developed <10%

total amount of desorption increases slowly. The total amount of
gas desorption in 480 min is similar, approximately 6.0 ml/g.

4) In the early stage of gas desorption, the time required for the
gas desorption volume of Group 1 to reach 80% is 122,
which is much longer than Group 0 at 68s. In the whole
process of gas desorption, it took approximately 200 min for
both groups to reach 80%. The analysis shows that the
amount of gas desorption differs greatly in the early stage
of gas desorption in coal with different metamorphic degrees,
the pores and fissures in coal with high metamorphic degrees
are well developed, and the gas adsorption and desorption
capacity is strong.

3.2.2 Influence of the failure types on gas
desorption

The desorption rate of coal gas is closely related to its damage
degree. In the same mining area, the same coal seam, and the
same location, the measurement of the initial gas release velocity
(AP) of samples with different damage degrees and types shows
that with the increase in the damage degree, the initial gas release
velocity increases, that is, the gas desorption rate increases.

The pore-fracture system of tectonic coal is fully developed,
and the rich internal surface area gives a strong gas adsorption
capacity, but the low strength of the coal makes it easy to close
microcracks under high pressure conditions and form “coal
bricks”, thus sealing a large amount of high-energy gas
(Zhang and Zhang, 2005). Wang Chaojie et al. studied the
pressure gradient on the coal surface and the gas expansion
energy generated during tectonic coal desorption (Wang et al.,
2021c), establishing the evolution law of key gas parameters
during the initial desorption process.

1) According to Figure 4A, the initial gas desorption rate of Type
IV coal is significantly higher than that of Type I, and V; , is
7.22 ml/(gs). The initial rate of gas desorption from tectonic
coal is 1.49 times that of primary structural coal; the
difference in desorption rate is mainly in the first 30s.
With the extension of desorption time, the gas desorption
rate of coal with different failure types tends to be equal.

2) Comparing Figures 2B,C and Figures 4B,C, the gas resolution
of Type IV coal in the same mine and coal seam is
significantly higher than that of Type II coal, and the more
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serious the damage of the coal body is, the larger the amount
of gas desorption will be; the T} 3 of Type IV coal is 3.01 ml/
g, which is 1.51 times that of Type II coal, and the Tyg0 3 is
8.01 ml/g, which is 1.28 times that of Type II coal.

3) In the early stage of gas desorption, the time needed for the
gas desorption of Group 2 to reach 80% was 77 s, which was
almost the same as that of Group 0. However, in the whole
process of gas desorption, it only takes 121 min for the
desorption amount of Group 2 to reach 80%, which is far
less than that of Group 0. This indicates that the initial gas
desorption rate of Type IV coal is high, but the decay is faster,
and the variation in gas desorption velocity in Type IV coal is
greater per unit time. The gas desorption of tectonic coal can
be divided into two different processes: first, a part of the
methane adsorbed on the outer surface of coal and the surface
of open large pores can communicate with the surrounding
environment, and methane directly exchanges with the
environment to produce desorption. Second, the other part
of the adsorbed methane on the internal pore surface of coal
must undergo a diffusion process to exchange with the
environment and produce desorption. Surface adsorption
and desorption can be completed instantaneously, while
the diffusion process is relatively slow, so the desorption
speed of structural coal is faster.

3.2.3 Influence of the particle size on gas
desorption

There is a correlation between the coal failure type and the
coal particle size on the gas desorption law. The experimental
results show that the gas desorption rate is highly sensitive to the
particle size of the coal sample. The larger the particle size is, the
greater the distance of gas diffusion and flow, the greater the
resistance, and the smaller the desorption rate and the desorption
amount; the smaller the particle size is, the shorter the distance of
gas diffusion and migration, and the larger the desorption rate
and the desorption amount; and the effect of particle size on gas
desorption has a limit value. When the limit particle size is
reached, the desorption rate no longer changes with the particle
size. Liet al. (2019) established a mathematical expression for the
desorption index K, believing that the smaller the particle size of
the drill cuttings is, the more significant the desorption
performance.
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TABLE 7 Correlation analysis table of influencing factors of gas
desorption.

Rg Rg Ry Ry R

Metamorphism degree 1.91 1.79 2.09 1.08 7.72
Failure type 1.50 1.13 1.51 1.28 3.28
Particle size 1.62 1.35 1.22 1.68 4.48
Pressure 2.44 1.15 1.67 1.72 8.06
Temperature 1.04 1.10 1.08 1.06 1.31

The analysis shows that in the case of the natural exposure of coal mining, among the
factors affecting gas desorption, the order of significance is pressure > metamorphism >
particle size > failure type > temperature.

1) According to Figure 5A, as the particle size decreases, the initial
gas desorption rate increases: Vj 5 is 7.83 ml/(gs). The initial
gas desorption rate of coal with particle sizes of 0.5-1.0 mm is
1.62 times that of coal with particle sizes of 1.0-3.0 mm.

2) Comparing Figure 2B and Figure 5B, there is little difference in
the total amount of gas desorption in 180 s for coal with different
particle sizes. The desorption capacity of small particle size coal is
only 0.42 ml/g more than that of large particle size coal.

3) Comparing Figure 2C and Figure 5C, it can be seen that the gas
desorption capacity of coal with a particle size of 0.5-1.0 mm in
480 min is significantly higher, which is 10.53 ml/g, 1.68 times
higher than that of coal with a particle size of 1.0-3.0 mm.

4) The experimental results also show that the desorption amount
of coals with different failure types is very different, even if the
particle size is the same, that is, the initial gas desorption
increase rate of Type II coal (primary structured coal) is
significantly higher than that of Type IV coal (tectonic coal).

3.2.4 Influence of the pressure on gas desorption
The gas adsorption equilibrium pressure is an important factor
affecting the gas desorption law. It not only characterizes the gas
content in coal but also provides the energy required for gas
desorption and diffusion. The gas desorption rate and desorption
amount of the same coal sample increased with increasing gas
adsorption equilibrium pressure in the same time period.

1) According to Figure 6A, with the increase in adsorption
equilibrium pressure, the initial rate of gas desorption
increases continuously. Pressure has a particularly
significant effect on the gas desorption rate at the initial
stage (within 10s), and the desorption rate does not
change much in 10-90s.

2) Comparing Figure 2B and Figures 6B,D,F,H, it can be seen
that with the increase in adsorption equilibrium pressure, the
initial gas desorption amount increases continuously. The
effect of pressure on the initial gas desorption rate and
desorption amount is significant.

3) Comparing Figure 2C and Figures 6C,E,G,], it can be seen that
with the increase of adsorption equilibrium pressure, the total
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amount of gas desorption also increases, Tygo 4 is 5.39 ml/g, Tygo-
018 6.28 ml/g, Tygo5 is 10.22 ml/g, Tygo6 is 12.69 ml/g, Tygo 7 is
12.98 ml/g, and with the increase of pressure, the time for gas
desorption to reach more than 80% is gradually shortened.

4) Furthermore, the gas desorption rate and desorption amount
of Type IV coal (tectonic coal) increase faster with pressure.
At the same time, with the increase in adsorption equilibrium
pressure, the gas desorption rate of Type IV coal decays faster
and tends to be stable after 10s.

5) The effect of pressure on gas desorption is mainly to increase the
ability of coal particles to adsorb gas. The increase in the gas
concentration gradient in the coal changes the stress state of the
coal particles, and the increase in pore stress mainly changes the
shape of the coal particle pores, making the elastic deformation of
coal significant and improving the gas desorption rate. The
intuitive response is that as the pressure increases, the gas
desorption rate of coal particles increases. The effect of pressure
on gas desorption is obvious, regardless of the desorption amount,
desorption rate, desorption efficiency and so on.

3.2.5 Influence of the temperature on gas
desorption

Some studies suggest that with increasing temperature, the
ability of coal to adsorb gas gradually decreases (Kim, 1977; Fails,
1996). However, Krooss et al. (2002) believed that when the gas
adsorption equilibrium pressure was higher than a certain value, the
gas adsorption isotherm curves of coal at different temperatures
would appear to cross; when the gas adsorption equilibrium pressure
was higher than the pressure at the cross point, with increasing
temperature, the adsorption amount under the same pressure also
increased. From the perspective of gas expansion energy, Li et al.
(2022) found that with increasing desorption time, the degree of
linear correlation between gas expansion energy, desorption rate and
desorption amount decreased.

Gas adsorption by coal is an exothermic process, and gas
desorption is an endothermic process. Temperature has a great
influence on gas desorption. The higher the temperature is, the
higher the ability of gas molecules to desorb from the pores and
surface of coal, and the easier it is for gas to be desorbed from the
coal body to become free gas. The amount of gas desorbed per
unit time and the amount of gas desorbed cumulatively in the
same time period are also larger. Therefore, temperature is an
important factor affecting the law of coal gas desorption.

1) According to Figure 7A, the gas desorption rate does not
change significantly, and the desorption rate of Type IV coal
(tectonic coal) only slightly varies with temperature. In the
initial stage (within 30s), the gas desorption rate decays
rapidly at 20°C, but the gas desorption rate decays slowly
at 40°C.

2) Comparing Figures 2B,C and Figures 7B-E, the effect of
temperature change on the total amount of gas desorption is
almost the same, but its increment over time is different. Initial
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amount of gas desorption followed the order Tigy (20°C) > Tigo
(30°C) > Tygo (40°C), while the total amount of gas desorption
followed the order Tygo (20°C) > Tyg (40°C) > Tygo (30°C). The
analysis indicated that with increasing temperature, the gas
content adsorbed in the coal body decreased correspondingly.

3.3 Tradeoff analysis of the influencing
factors for gas desorption

Some scholars have performed a considerable amount of research
on the influencing factors of gas desorption, and they have differing
opinions on which is the single dominating factor. However, there are
few studies on the weight analysis of each factor. Structural
deformation has a very important effect on the particle size and
adsorption/desorption properties of coal, and deformation can
promote gas desorption, which increases as the deformation
increases (Li et al, 2022). Through regression analysis, some
scholars believe that the influence sensitivity order of gas
desorption is pressure > temperature > particle size > moisture >
moulding pressure (Wang et al,, 2019).

In this paper, the coal property factors (metamorphic degree,
failure type, particle size) and environmental factors (pressure,
temperature) are experimentally studied. To weigh the sensitivity
of each factor, the R-value method is proposed, which combines
four indicators: gas desorption rate, gas desorption efficiency,
initial gas desorption volume and total gas desorption.

R:RR'RE‘RI‘RT

Rg----The degree of influence on the gas desorption rate.

RR = Max (Vn) Vo)/Min (Vn) Vo)

Rg----The degree of influence on the gas desorption
efficiency.

Ry = Max (E,, E,) [Min(E,, E)

R;----The degree of influence on the initial gas desorption
amount.

R; = Max (T1s0-n» T180—0)/Mi” (T'1580-n> T180-0)

Rr----The degree of influence on the total gas desorption.

Rr = Max (T4so-n» T480—0)/ Min (T 4g0-n> Ts0-0)

The results of the correlation analysis are shown in Table 7.

4 Conclusion

1) Under different there is a

monotonically  decreasing power

experimental ~ conditions,

function  relationship
between the initial gas desorption rate and time, that is, Vi=a

t - b (a, b are regression constants). There is a monotonically
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increasing logarithmic function relationship between the gas
desorption amount and time, namely, Ti=aln(f) + b (a, b are
regression constants), and the curve has a limit value.

2) In the initial stage of gas desorption (0-180s), the gas desorption
amount is very large in 0-10's, and then the gas desorption amount
increases slowly, while the desorption rate is almost uniform. From
the perspective of the entire gas desorption process, the gas
desorption amount increases rapidly in 0-30 min, and the
gradient of the increase in gas desorption amount decreases in
30-180 min; at 180 min, the gas desorption amount is approximately
80% of the total desorption. When the desorption time is longer than
180 min, the gas desorption amount basically stablizes.

w
~

The weight of the following factors affecting gas resolution is
listed as follows: pressure > degree of metamorphism >
particle size > type of failure > temperature. If the coal is
subjected to strong structural extrusion and shearing during
the formation process, the coal is broken and pulverized, and
abundant micropores and inner surfaces are formed. These
microcracks easily accumulate free gas. However, coal with
high pressure, serious damage, and the poor mechanical
strength of powdery or mylonitic coal is beneficial to the
rapid desorption and release of gas within 0-10 s in the initial
stage of gas desorption, and the risk of gas outburst is high.
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The enrichment of coalbed methane (CBM), in-situ stress field, and permeability
are three key factors that are decisive to effective CBM exploration. The
southern Junggar Basin is the third large CBM basin in China but is also
known for the occurrence of complex geological structures. In this study,
we take the Fukang area of the southern Junggar Basin as an example, coalbed
methane accumulation and permeability, and their geological controls were
analyzed based on the determination of geological structures, in-situ stress, gas
content, permeability, hydrology and coal properties. The results indicate that
gas contents of the Fukang coal reservoirs are controlled by structural
framework and burial depth, and high-to-ultra-high thickness of coals has a
slightly positive effect on gas contents. Perennial water flow (e.g., the Baiyanghe
River) favors gas accumulation by forming a hydraulic stagnant zone in deep
reservoirs, but can also draw down gas contents by persistent transportation of
dissolved gases to ground surfaces. Widely developed burnt rocks and sufficient
groundwater recharge make microbial gases an important gas source in
addition to thermogenic gases. The in-situ stress field of the Fukang area
(700-1,500 m) is dominated by a normal stress regime, characterized by
vertical stress > maximum horizontal stress > minor horizontal stress. Stress
ratios, including lateral stress coefficient, natural stress ratios, and horizontal
principal stress ratio are all included in the stress envelopes of China.
Permeability in the Fukang area is prominently partitioned into two distinct
groups, one group of low permeability (0.001-0.350 mD) and the other group
of high permeability (0.988-16.640 mD). The low group of permeability is
significantly formulated by depth-dependent stress variations, and the high
group of permeability is controlled by the relatively high structural curvatures in
the core parts of synclines and the distance to the syncline core. Meanwhile,
coal deformation and varying dip angles intensify the heterogeneity and
anisotropy of permeability in the Fukang area. These findings will promote
the CBM recovery process in China and improve our understanding of the
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interaction between geological conditions and reservoir parameters and in
complex structural regions.

KEYWORDS

gas content, permeability, in-situ stress, burnt rocks, hydrogeology, structural
curvature, coal deformation

1 Introduction

Recovery of coalbed methane (CBM) from coal seams can
not only benefit mining safety, reduce greenhouse gas emissions,
and also increase clean energy supply (Karacan et al., 2011;
Moore, 2012). In the Junggar Basin, the CBM resources have
been estimated at 3.83 trillion cubic meters, which is the third
largest CBM basin in China after the Qinshui Basin and Ordos
Basin (Fu et al,, 2016; Ou et al, 2018; Yu and Wang, 2020).
Exploration of CBM in the Junggar Basin has made significant
progress in recent years, among which the Fukang area of the
southern Junggar Basin is one of the most successful and typical
representatives. The previous investigation demonstrated that
coal seam gas-in-place (GIP) resources in the Fukang area are
about 682 x 10® m?, which account for more than twenty percent
of the known CBM resources in the southern Junggar Basin
(Yang et al, 2005; Ou et al, 2018). The highest daily gas
production of vertical wells in China, 27,896 m’, was archived
and gas production has reached 100 million cubic meters
annually in this area (Cao et al,, 2012; Zhang B et al,, 2021).
However, before the massive CBM development of this area, coal
mining safety issues once seriously threatened coal mining
activities in this area because of the coal-and-gas-outburst
risks. About 83 workers were killed in the coal-and-gas-
outburst accident at the Qimei No.2 mine in 2005 (Yin,
2009), and among the 29 coal mines in the Fukang area, 13 of
them are outburst-prone coal mines (Figure 1). Despite the
abundant CBM resources, severe coal mining safety situation,
and active CBM exploration activities in the Fukang area,
complex geological conditions, like, complicated tectonic
structures, varying in-situ stress, large dip angle, occurrence of
deformed coals and widely-developed burnt rocks all make this
area a special CBM development case and has aroused great
interests among researchers. Understanding how these factors
control gas accumulation and permeability, which are critical to
CBM exploration and development, is urgent to be solved.

Sedimentology, organic geochemistry, and petroleum and
gas potential of Jurassic coal measures in the Junggar Basin, NW
China were firstly investigated by Graham et al. (1990), Hendrix
et al. (1992) and Chen et al. (1998). Recently, diverse databases
have been reported on the geology and reservoir properties of
coal reservoirs in the complex structural regions of the southern
Junggar Basin. In terms of gas enrichment and origin, Fu et al.
(2016), Ou et al. (2018), and Yu and Wang (2020) evaluated the
CBM potential of the southern Junggar Basin. Zhi et al. (2013),
Fu et al. (2019), Fu et al. (2021) and Wang et al. (2022)
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investigated the origin and distribution of coalbed gas in the
Jurassic coal reservoirs from different parts of the southern
Junggar Basin by isotopic and compositional analysis. Several
enrichment patterns were further proposed by Li et al. (2018) and
Hou et al. (2021). In the aspect of coal properties, Wang et al.
(2018) and Zhang T et al. (2021) studied the permeability
anisotropy of high-dipping coals from the southern Junggar
Basin based on laboratory experiments and numerical
simulations. Li et al. (2019) and Fu et al. (2020) reported
several datasets of in-situ stress from the eastern part of the
southern Junggar Basin and discussed vertical permeability
trends. Zhou et al. (2016) and Li et al. (2017) conducted
experimental studies on the pore structure characteristics of
coals in the southern Junggar Basin. Meanwhile, Kang et al.
(2020, 2022) studied the in-seam variation of permeability and
coal structures through analysis of geophysical Logging in the
western Fukang area, southern Junggar Basin.

Although significant contributions have been made by
previous researchers, these published studies were mostly
experimental research or investigations based on unilateral
production data, and important issues concerning gas
accumulation and permeability, and their geological controls
from tectonic structures, in-situ stress, hydrology, burnt rocks,
and coal deformation in the complex structural region are thus far
poorly understood due to a lack of sufficient data. In this study, we
take the Fukang area of the southern Junggar Basin as an example,
55 datasets of field-measured gas contents, 141 datasets of
permeability by injection/fall-off well tests, eight datasets of in-
situ stress by multi-cycle hydraulic fracturing tests, 11 datasets of
gas composition were determined, combined with observation and
statistics of tectonic structures, fractures/macro-fractures, burnt
rocks, coal macerals, and hydrological conditions, we hope to
address important issues mentioned above, and further the
understanding of gas accumulation and heterogeneity of
permeability of the steep-dipping coals in complex structural
regions. This work will contribute to the CBM exploration of
the southern Junggar Basin, northwestern China, and other CBM
basins with complex geological structures.

2 Geological setting
2.1 Tectonic background

The Fukang area is located in the eastern part of the
southern Junggar Basin, with an East-West extension of

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1076076

Li et al. 10.3389/feart.2022.1076076
Junggar Basin
Beijing
*
Shanghai
brus, . Urumnchi
st »Urumchi i 5
NG Y. : .
L ¢'h 1000Km South Ch/ina~7’, 5
L — Sea -
C ; / N
& Huangcaogou Coal Mine A
2 14 Baivanehe Ri
6 alyanghe River
1 = e 16 N Xigou Ri
=29 290\ 15 IN 1g€u iver
4 8 =N 20
) 10 18 19 { )
o o
\gA he Ri @ Fukang Coal-bearing areca 26 57 (328
RIZONENE ASLVEK - Gas outburst coal mines I ] ]
X :I High gassy coal mines 0 4km Huangshan River
«—Sangonghe River l:l Low gassy coal mines | —
Shuimohe River - Coal mines with unknown gas grade 0 5 miles
FIGURE 1

(A)-Geographical location of the Junggar Basin. China. (B)-Tectonic units of the southern Junggar Basin and location of the Fukang area. (C)-
Distribution of major coal mines and its potential of coal-and-gas outburst in the Fukang area. (1-Mopangou mine, 2- Qimei No. 2 mine, 3-
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Choumeigou mine).

57 km and a North-South extension of 3-15 km (Figure 1).
The total coal-bearing area is approximately 310 km*. The
Fukang area is tectonically situated in the eastern portion of
the south margin piedmont thrust zone of the Junggar Basin
(also known as North Bogda Mountain Thrust Zone; Hu et al.,
2010; Wu, 1989), and is characterized by a series of
compressional synclines and anticlines sandwiched by the
two approximately parallel boundary faults, including the
Fukang Reverse Fault to the north and the Yaomoshan
Reverse Fault to the south. Abundant secondary reverse
faults that strike south and southeast are present in these
folds and are cut by a series of strike-slip faults (Figure 2; Yang
and Tian, 2011; Yin, 2009).

Fault and fold intensity generally increase westward, with
the most intense folds and faults occurring at the central
portion of the Fukang area, that is, the arcuate structural zone.
Compressional thrust from the south by the Bogda Mountain
has resulted in large formation dipping angles in the Fukang
area, averaging greater than 40°. Coal-bearing strata in the
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north limbs of these synclines dip towards the south or
southeast with an angle of 20°-55°, whereas for strata in the
south limbs, the dip is generally 30°~-85°NW, or even reverses

(Figure 2).

2.2 Coal-bearing sequences and coal
seams

Coal-bearing sequences were deposited along the southern
Junggar Basin due to tectonic extension and subsidence during
the Early and Middle Jurassic, when warm and humid climates
were developed (Graham et al., 1990; Carroll et al., 2010; Hou
et al,, 2022a). The Lower and Middle Jurassic coal-bearing
sequences of the southern Junggar Basin have a total
thickness of about 2000 m (~6,600 ft). In the Fukang area,
coal measures consist of the Lower Jurassic Badaowan
Formation and Sangonghe Formation, and the overlying
Xishanyao Formation of the Middle Jurassic (Figure 3). The
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Badaowan Formation is characterized by thick coal seams
interbedded with coarse-grained clastic rocks, which were
deposited in fluvial deltaic and lacustrine environments
(Hendrix et al, 1992; Hou et al, 2020). The younger
Sangonghe Formation is typically composed of mudstones,
siltstones, medium-to-coarse sandstones, and conglomerates,
deposited on the alluvial and flood plains. The Xishanyao
Formation consists of sandstones, siltstones, mudstones, and
thick coal seams, which are of fluvial-deltaic origin (Hendrix
et al., 1992; Hou et al., 2022b).

The Badaowan and Xishanyao formations are the major coal-
bearing strata in the study area. Up to 44 coal seams, namely,
Nos. B44 to BI, from bottom to top, occur in the Badaowan
Formation. The Xishanyao Formation includes 45 coal seams,
namely, Nos. X45 to X1 from bottom to top. Due to differential
erosion, the Xishanyao Formation is only residual to the west of
the Sigonghe River in the study area. Considering the stability
and depth of coal as well as coal reservoir properties, gas
exploration, and production, by now, were dominantly
targeted in the Badaowan Formation in the Fukang area.

Due to the widespread outcropping of coal seams and extremely
hot and dry weather of northwestern China, spontaneous combustion
of coals occurred frequently in the shallow part of the Fukang area,
which led to the formation of coke, and hard, tight, porous burnt rocks
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which constitute the burnt rock zones in the shallow subsurface area
(Figure 4A). Burnt rock zones were frequently developed in the Fukang
area and have a strong ability for water storage. In the west part, burnt
rock zones are distributed in the limb portion of the Fukang Syncline
and the axis portion of the South Fukang Anticline with a width of
30-120 m and a depth of 50-250 m. In the east part, burnt rock zones
occur along the north coal outcrops with a width of 30-170 m and with
a depth of 250-590 m (Figures 2, 5, 6).

2.3 Characteristics of coal reservoirs

The major coal seams of the Badaowan Formation for
coalbed methane exploration are Nos. B14-B15, B19-B21, B39,
B41, B42, B43, and B44 coals, of which No. B42 coal is the most
stable and continuous seam and has been given priority for
fracturing and recovery (Figure 3). But all these major seams are
thick (3.5-8.0 m) to ultra-thick (greater than 8 m) coals, with an
average accumulated thickness of 76.76m, and are widespread in
the entire study area. Nos. B14-15, B19-21, B42, and B44 coal
seams are ultra-thick coal and have average thicknesses of 19.48,
8.22, 16.54, and 16.33 m respectively. Nos. B39, B41l, and
B43 coals are thick coal seams, with an average thickness of
5.60, 5.18, and 5.41 m respectively. The thickness of the No.
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FIGURE 3

Stratigraphic column of the Lower-Middle Jurassic coal-
bearing sequences in the Fukang area, southern Junggar Basin,
China.

B42 coal ranges between 3.5 and 51.0m, with an average
thickness of 18.5m. A prominent increasing trend of coal
thickness of Coal B42 is recognized (from less than 6.0 to
51.0 m), with coals thicker than 30 m (depocenter) situated in
the west part of the study area (Figure 5). Meanwhile, economic
coals of the Xishanyao Formation include Nos. X41, X43, and
X45 coals with thicknesses averaging 6.74, 18.00, and 33.24 m
respectively.
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Taking coal No. B42 and X45 as examples, burial depths of
coal reservoirs of the Badaowan and Xishanyao Formations were
illustrated in Figure 5B and Figure 6B. The burial depth of the
Badaowan Formation ranges from zero to about 2000 m
(0-6,562 ft) and generally increases towards the south and
west, and that of the Xishanyao Formation ranges from zero
to about 1000 m. Both burial depths of these two coal measures
reach the maximum at the syncline axis portion.

The rank of coals in the Fukang area is dominated by high-
volatile C-D bituminous with vitrinite reflectance (Ro) ranging
from 0.54% to 0.72%. The macro-lithotype is represented by
semi-bright and bright coals. Coal macerals are dominantly
composed of vitrinite (ranging from 51.70% to 96.03%) and
inertinite (ranging from 0.39% to 45.20%). Exinite is rare and
shows a range from 0.1% to 4.94%. The inorganic components of
coals consist of carbonate minerals, clay minerals, and pyrites
(Supplementary Table SI).

3 Samples and methods

A series of coal cores and blocks were obtained from CBM
exploration boreholes as well as underground coal mines in the
Fukang area, southern Junggar Basin. Observation of tectonic
structures, burnt rocks, fractures, coal deformation, and
determination of in-situ stress, gas content, and permeability
were conducted in the field, while coal composition, vitrinite
reflectance, and coalbed gas composition were determined based
on collected samples in the laboratory. Vitrinite reflectance
measurements were made using a Zeiss microscope with
a x40 oil immersion objective by the national standard of
‘Method of determining microscopically the reflectance of
vitrinite in coal’ (GB/T 6948-2008). Maceral analyses of the
samples were made using a point counter by the Chinese
National Standard of ‘Determination of maceral group
composition and minerals in coal’ (GB/T 8899-2013). The
minimum number of points counted is 500 and the amounts
of organic and mineral components determined from point-
counting are given as volume percent. Gas contents were
determined using the ‘direct method’, according to the
Chinese National Standard of ‘Method of determining coalbed
gas content’ (GB/T 19559-2008). A total of 11 gas samples from
field CBM wells in the Fukang area were collected directly from
the wellhead. All these

volumetrically and analyzed for gas composition (CH,, CO,,

gas samples were quantified
N,, C,Hg, and longer-chain hydrocarbons) based on the Chinese
National Standard of ‘Analysis of natural gas composition-gas
chromatography’ (GB/T 13610-2014).
The test

measurements were conducted for the determination of

injection/fall-off ~ well and in-situ  stress

reservoir properties after well completion and before

production. The injection/fall-off well test in this study was
performed according to the Chinese National Standard of
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FIGURE 4

Tectonically deformed coals, coal fractures and coal macerals in the Fukang area. (A)-Burnt rocks in the Qimei No.1 coal mine. (B)-Coal seam
outcrops in the western Fukang area. (C)-Strong-brittle cataclastic coal in the Huangcaogou mine. (D)-Strong-ductile granulated coal in the
Wugong mine. (E,G)-High-frequency fractures developed in coals from the Jintai No.1 mine (E) and Sangongjianjiang mine (G). (F)-Well-developed
macrofractures at outcrops from Qimei No. 1 mine. (H)- Interconnected fractures under microscope of coals from the Qimei No.2 mine.).

‘The method of injection/falloff well test for coalbed methane
well’ (GB/T 24504-2009). Through the injection/fall-off well test
process, reservoir parameters including reservoir pressure,
permeability, and geothermal status were recorded and
calculated. To ensure the accuracy of the data, the well test
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data in this work were primarily analyzed using the semi-log and
log-log curves and were further verified using historical matching
pressure curves as discussed by Hopkins et al. (1998). After the
injection/fall-off well test, the in-situ stress measurements were
carried out using multi-cycle hydraulic fracturing tests based on
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Thickness (A), burial depth (B) and gas content (C) of the Coal B42 of the Badaowan Formation in the Fukang area.

the Chinese Earthquake Industry Standard (DB/T14-2000). To
ensure the data are representative and comparable, the
measurement of in-situ stress was performed for four cycles.
During the in-situ stress measurement, the balance pressure that
can just keep the fracture open is called closing pressure (P.) and
is considered to be equal to the minimum horizontal principal
stress (0},) (Haimson and Fairhurst, 1970; Haimson and Cornet,
2003),

o

O'h:PC

At the moment a coal seam cracks, because the liquid cannot
be timely supplemented, the pressure will greatly decrease;
therefore, the critical pressure value recorded by the electric
pressure gauge is the breakdown pressure (Py) of coal seams.
According to the theory of elastic mechanics, the maximum
horizontal principal stress (o) can be expressed as

0y =3P, ~P;—P,+T @)

where Py is the breakdown pressure, MPa; P, is the reservoir
pressure, MPa; and T is the tensile strength of coal or rock, MPa.

The vertical stress can be estimated according to the weight of
overlying rock as discussed by Hoek and Brown (1980) who
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combined 116 in situ stress test results worldwide and established
the prediction formulas of vertical stress (o,) as Eq. 3.

0, = 3yD =~ 0.027D 3)

where y is the bulk density of rock in kN/m?, and D is depth in m.

4 Results
4.1 Gas content

To investigate the gas accumulation of the Fukang coals, the
lateral distribution of gas content of the total coal measures in the
Badaowan Formation has been illustrated in Figure 5C. Gas
contents of coal reservoirs from the Badaowan Formation show a
great variation, ranging from about 0.29 to 16.64 m*/t with an
average of 8.15 m’/t (Supplementary Table S1). Gas contents of
the Badaowan Formation are typically greater in the western
Fukang area, mostly ranging from 10 to 17 m*/t, while that of the
central and eastern Fukang area is generally from 8 to 14 m*/t.
Variations of gas contents in the Fukang area show clear
variation with structure. High gas contents are dominantly
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found in the axis portion of synclines where the burial depths
increased dramatically due to the high dip angle of coal seams in
the limb portion of the synclines. For example, the highest gas
content occurs around the axis portion of the Fukang Syncline,
ranging from 14 to 17 m*/t (Figure 5C). These areas include the
Guangyuan mine, Liuyun mine, Sangongjianjiang mine, and
Qimei No.l mine. Meanwhile, the gas content of coal seams
adjacent to the outcrop or burnt rock zones generally has gas
contents less than 8 m?/t.

4.2 Permeability

Permeability is a critical control of effective and economical
coalbed methane production (Pan et al, 2010; Anggara et al,,
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1100 m

2016; Niu et al., 2021). Previous studies illuminated that the
permeability of low-to-medium-rank coals is generally favorable
despite a high degree of heterogeneity (Wang et al., 2009; Li et al.,
2017). The maximum permeability of 16.640 mD was found in
the Qimei No.1 mine where the maximum daily gas production
of 2.7 x 10*m*/d was achieved in the Fukang area, southern
Junggar Basin. On the whole, permeability in the Fukang area
shows a high degree of dispersity and is prominently partitioned
into two distinct groups behaving different trends with burial
depth, one group of high permeability (0.988-16.640 mD) and
the other group of low permeability (0.001-0.350 mD) (Figure 6;
Supplementary Table S2). In the high permeability group, a
positive co-relationship between permeability and depth was
found where permeability increases from 1mD to over
10 mD. However, this group of high permeability only exists
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at burial depths shallower than 1,100 m. In the low permeability
group, permeability shows different variations as burial depth
increases. At depths shallower than 500 m, permeability is
generally stable at around 0.01-0.02 mD. From depths of
500-800 m, permeability begins to decrease with depths, and
down to an extremely low value (0.004 mD) at depth of around
750 m. From depths of 800-1,000 m, permeability shows an
evident increase, and shifts to a relatively high value ‘plateau’
(>0.01 mD). Between this high permeability interval, two levels
of relatively high permeability occur at depths of 850 and
1,000 m. than 1,100 m,
permeability but a gradually
deteriorated trend was found through this strata range, and

For coal reservoirs deeper

shows great dispersion,
permeability reduces to extremely low at the deeper reservoirs
(0.001 mD ~ 0.01 mD) (Figure 6). In addition, permeability also
shows a high degree of variation in the horizontal direction due
to different reservoir properties around the Fukang area.
Permeability is typically high in the axis portion of the
Fukang Syncline and Huangshan Syncline (Figure 7), where
permeability is mostly greater than 1 mD even for some deep
coal seams (depth > 1000 m).

4.3 In situ stress field

With Eqs 1-3, in-situ stress of eight datasets were derived
from depths between 700 and 1,500 m in the Fukang area,
southern Junggar Basin (Supplementary Table S3). The
stress (o,) ranges from 20.49 to
38.18 MPa with an average of 27.04 MPa. The maximum

vertical principal
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horizontal principal stress (oy) is mainly from 12.66 to
35.57 MPa with an average of 23.28 MPa, and its stress
gradient is 1.67-2.66 MPa/100 m. The minimum horizontal
principal stress (oy,) is 8.26-24.67 MPa with an average of
16.22 MPa. By an arithmetic average of the maximum
horizontal principal stress, minimum horizontal principal
stress, and vertical stress, the total average in-situ stress
(04y) of the Fukang area was calculated, which is from
13.80 to 32.81 MPa, (Figure 8).
Compared with the magnitudes of in situ stress of the

averaging 22.18 MPa

eastern Ordos Basin where o0,, is 19.81 MPa, the southern
Qinshui Basin where ¢,, is 18.92 MPa and the western
Guizhou where o,, is 15.79 MPa(Meng et al., 2011; Zhao
et al., 2016; Chen et al., 2017; Chen et al., 2018), the in-situ
stress of the Fukang area, southern Junggar Basin is relatively
high, which may result from the intense tectonic activities
during the Yanshan and Himalaya movements (Li et al., 2019;
Fu et al., 2020).

Vertically, the maximum and minimum horizontal principal
stresses, and the vertical principal stress are all positively
correlated with buried depth with varying trends at specific
burial depths. The maximum principal stress and minimum
principal stress markedly decrease at depths of 750 m, 850 m,
and 1,000 m, while varying trends of vertical stress with depth do
not change. The average in-situ stress (0,,) also shows evident
decreases at depth of 850 and 1,000 m, which means the in-situ
stress at these levels are relatively low, and this is well coincident
with the relatively low values of reservoir pressure between
850 and 1,050 m. It is reasonable to conclude that it is the
relatively low in-situ stress that contributes to the low

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1076076

Li et al. 10.3389/feart.2022.1076076
A Ky K, K
0.0 0.5 1.0 1.5 0.5 0.7 0.9 0.4 0.6 0.8 1.0 1.3 1.4 145 1.6
700 L L s O . . . ) L . . )
& < o <O
800 - \ \ \ /
o o o &
J « & %

900 4

E
ool 0 O—

= o < <
= 1000 o o= o <>/<>
[}
el
S 00l A=124H'+1.0
=
=
[aa]

1200 4

* A=54H'+0.2
1300
1400 S S &
——  Stress envelopes in China
1500 -
FIGURE 8
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reservoir pressure at these levels. On the whole, the measured
results show that the in-situ stress of the Fukang area is
characterized by o, > oy > o0y, revealing a normal stress
regime (Anderson, 1951; Hoek and Brown, 1980). Although
the tectonic structure of the southern Junggar Basin is
dominated by a series of thrust fault systems, the current in-
situ stress regime of the Fukang area, at least from depths of
700-1,500 m, is advantageous for normal faulting activity and
indicates an extension zone which is favorable for developing
high permeability.

To characterize the variation of in situ stress field, several
stress ratios, including lateral stress coefficient (A) and natural
stress ratios (Ky and Kj) were introduced (Brown and Hoek,
1978; Hoek and Brown, 1980). The lateral stress coefficient is
defined as the ratio of average horizontal principal stress to
vertical stress, expressed as
_ Oy + 0y
- 20,

A (4)

The natural stress ratios (K, K},) are defined as the effect of
tectonic movement on the stress and can be expressed as

Ky = 2 5)
Oy

Ky = 2 ©6)
Oy

And the horizontal principal stress ratio (K) reflects the
degree of anisotropy of the horizontal stress, expressed as

On
K=—
Oh

7)
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The lateral pressure coefficient (\) is an effective parameter to
characterize the in-situ stress distribution characteristics. The
lateral pressure coefficient (\) of coal reservoirs (700-1,500 m)
in the Fukang area is in the range of 0.51-0.85, with an average of
0.72, and all the lateral pressure coefficients are included between
the in-situ stress envelopes of China (Figure 9) (Zhao et al., 2016).
Overall, X is lower than 1, which means that the Fukang CBM
reservoirs are dominated by overburden stress. At depths of
750-825m, A shows a remarkable increase from 0.51 to 0.85,
indicating a vertical-stress-dominated stress regime. From
depths >825m, A is relatively high (averaging 0.8), except for
two levels of low values at 850 and 1000 m, indicating that
horizontal stresses begin to play an important role at
depths >825m despite fluctuations of stress field at specific
depths. The value of oy/o, ranges from 0.62 to 0.98 with an
average of 0.85, and that of oy,/0, is from 0.40 to 0.72 (average of
0.60). The horizontal principal stress ratio (K) ranges from 1.36 to
1.53, with an average of 1.45, indicating relatively low variation of
in-situ stress in the horizontal direction (Figure 9).

5 Discussions

5.1 Influencing factors of gas
accumulation

5.1.1 Coal thickness and sealing performance

The dissipation of coalbed methane is dominated by
diffusion, deriving from differential concentration between
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two points (Fick, 1995; Pillalamarry et al,, 2011; Fu et al., 2019).
Concerning Fick’s Law and Principle of Mass Balance, as coal
thickness increases, the time lasting for achieving the median
concentration when diffusion is terminated will be lengthened
accordingly (Fick, 1995; Pillalamarry et al., 2011). In the Fukang
area, a slightly positive correlation between coal thickness and gas
contents was revealed which indicates a high resource potential
due to the ultra-thickness of the Fukang CBM reservoirs
(Figure 10A). Meanwhile, CBM reservoirs are known as ‘self-
generation and self-accumulation” reservoirs, a well-sealed
surrounding condition will undoubtedly improve gas
accumulation. The roof of coals in the study area is

dominated by mudstones, carbonaceous mudstones, siltstones,

10.3389/feart.2022.1076076

and muddy siltstones. Hou et al. (2021) analyzed the surrounding
rock condition of coal reservoirs in the middle section of the
southern Junggar Basin and subdivided it into four types. The
surrounding rocks of the Fukang coals can be classified as Type
III and IV which are mainly developed in the distributary bay of
the lower deltaic plain and deep-water facies. This indicates a
good reservoir sealing performance, and is in favor of the
development of high gas
occurring faults increase the likelihood of gas escape through

content. However, intensely
these discontinuous gaps of coal seams. But no evidence shows
faults have enhanced gas escaping from coal seams by comparing
tectonic structures in Figure 2 and variations of gas contents in

Figure 5C, probably due to the compressional properties of the
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Correlations of gas content with coal thickness (A), vitrinite reflectance (B), ash percentage (C), burial depth (D), moisture percentage (E), and

vitrinite percentage (F).
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occurring reverse faults in the southern Junggar Basin. In
addition, steep coal seams in the Fukang area with large dip
angles (30°-85°, even reverse) and associated fractures are
possible factors that are unfavorable for the preservation of
coalbed methane. Decreasing gas contents adjacent to coal
outcrops dominatingly resulted from the high dipping
properties of coal measures.

5.1.2 Tectonic structure and burial depth

Burial depth has been proven to have a profound effect on
gas accumulation which can be summarized into three aspects,
1) reservoir pressure generally increases as deepening burial
depth, and gas storage capacity at deep coal reservoirs can be
enhanced due to the dominance of adsorption over desorption
at high pressures (Faiz et al., 2007; Scott et al., 2007; Xu et al,,
2021). 2) gas flow can be limited due to the generally weakened
permeability of coal reservoirs in deep positions (as discussed in

10.3389/feart.2022.1076076

4.2), and the increasing distance of gas diffusion and escaping
from deep coals to the ground surface is beneficial to gas
accumulation (Bustin and Clarkson, 1998; Palmer and John,
1998; Yao et al, 2013; Kang et al., 2020). 3)However, with
further increases in depth, temperature increases and will
account for more free, soluble gases due to elevated
desorption capacity beyond adsorption at high temperatures
(Liu et al., 2013; Kang et al., 2018; Fu et al., 2019). As a result,
the occurrence of more free, soluble gases adds the chance of gas
leakage which might override the positive effects of increased
pressures in deep coal reservoirs. As shown in Figure 10B, the
gas content of the Fukang coals is positively related to burial
depth, but the rate of gas content increase with depth is
gradually reduced from depth deeper than 800 m, which
might result from the increasing negative effect of elevated
temperature. In general, at depths shallower than 600 m gas
contents are mainly lower than 8 m’/t, and at depths greater
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Gas accumulation model showing the effect of burnt rock zone, hydrology, biogenic gas formation and coal seam structures on gas contents.
(A)-Contour map of gas content showing the distribution of geological factors. (B)-Diagram of section I-I" in diagram (A) showing migration of
coalbed methane and formation water controlled by hydrogeology and tectonic structures. (C)-Variation of gas content in section I-I'.
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(A) Burial history of the southern Junggar Basin, showing basin wide subsidence during the Jurassic-Cretaceous, and Late Cretaceous-
Quaternary uplift (modified after Wang et al., 2009). (B) Genetic characterization of coalbed methane from the southern Junggar Basin using
§"C(CH,) versus hydrocarbon index [CH4/(CoHg+C3Hg)l. Data of blue circles are from Zhi et al. (2013) and that of red diamonds are from Wang et al

(2022). Compositional fields are from Whiticar (1999).

than 600 m gas contents are mostly over 8 m*/t. However,
behind the positive trend between gas content and burial
depth, their covariation behaves a large scatter, from which
we can infer that combined effects from the three different
aspects mentioned above might coexist in the Fukang area.
Interestingly, there are two erratic dots at depth of around
250 m in Figure 10B, which exhibit extremely high gas contents
(14.21 and 13.00 m?/t, respectively). Concerning the high gas
content at such a shallow burial depth, late-stage biogenic gases
might occur in these positions which have been confirmed in
literature in the southern Junggar Basin (Hu et al.,, 2010; Zhi
et al,, 2013; Wang et al., 2022), and will be discussed in the
following section. As a result, late-stage biogenic gases might
also contribute to the scatter correlation between gas content
and burial depths.

5.1.3 Hydrogeology and burnt rocks

Regional structures and basin hydrodynamics can
significantly affect the gas generation and accumulation in
coal reservoirs (Bustin and Clarkson, 1998; Pashin, 2010;
Gentzis, 2013; Li et al., 2022; Wang et al., 2022). In the
Fukang area, groundwater recharges are dominated by
glacial melt-water runoff from the Bogda Mountain
perennial snow areas, and burnt rock hydrops in the burnt
rock zones (Li et al., 2018). Both glacial melt-water runoff and
burnt rock hydrops flow down into the deep Jurassic aquifers.
Burnt rocks are characteristic of porous fissures which can
naturally connect coal outcrops and aquifers in the deep strata
(Figures 4A,B). Glacial melt-water runoffs generally flow from
south to north and across the coal outcrops, which include the
Shuimohe, Sangonghe, Sigonghe, Baiyanghe, and Xigou
Rivers in the Fukang area (Figure 1). Worth to note,
perennial water flow only exists at the Baiyanghe River

which has an average discharge rate of 2.50 m’/s and a
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clear flow direction. The Baiyanghe River (water level at
+1,060 m) normally occurs as a watershed and forms the
groundwater recharge source of the Fukang coal reservoirs
(Figure 11). On the west side of the Baiyanghe River,
groundwater moves from west to east, through the
Baiyanghe River, to burnt rock hydrops, and eventually to
the Quanshuigou Springwater outlet (water level at +970 m).
In these areas, continuous water flow can transport dissolved
coalbed gases away from coal reservoirs to the groundwater,
and ultimately to the ground surface. After hundreds of
thousands of years of persistent gas loss, gas content can be
drawdown to relatively low. For instance, gas content to the
west of the Baiyanghe River is generally lower than 10 m’/t
(Figure 11). On the east side of the Baiyanghe River,
through the
Baiyanghe River, to aquifers in the deep part, where a

groundwater flows from east to west,
hydraulic stagnant zone was formed. Overpressure in the
deep stagnant zone and opposite-direction transportation
of water flow compared to gas migration in coal reservoirs
can significantly prevent upward gas escaping and favor gas
accumulation. As a result, relatively high gas content is
developed to the east of the Baiyanghe River, for instance,
gas content in the Xigou No.l and Xigou No.2 mines is

generally greater than 11 m’/t.

5.1.4 External factors

Coal rank and composition are two factors controlling the
potential of gas generation (Scott et al.,, 2007; Yao et al., 2013).
However, no clear correlation between gas content and maceral
component and coal rank (vitrinite reflectance) was discovered
(Figures 10B-F). this may probably result from the narrow range
of coal rank, and vitrinite-dominant composition or their effects
on gas accumulation were covered by other effects from the
factors mentioned above.
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FIGURE 12

Composition (A) and dryness (B) of coalbed gases in the Fukang area.

5.2 Origins of coalbed methane

The Lower-Middle Jurassic coal-bearing succession in the
Fukang area reached its maximum burial depth in the Late
Cretaceous when the first coalification event took place, and
maximum vitrinite reflectance reached about 0.8% at that age.
After the Late Cretaceous, the coal sequences were continuously
uplifted and coalification ceased (Chen et al., 1998; Zhi et al,
2013) (Figure 12A). due to differential burial depth, the vitrinite
reflectance of the Fukang coals is from 0.54% to 0.72%, which
indicates a thermogenic stage of coalbed gas generation. In
addition, components of coalbed gases from the desorption of
drilling coal cores were determined, which include CH,, N,, CO,,
C,Hg, C3Hg, C4Hyo, Ar, and He (Figure 13). The percentage of
methane ranges from 89.16 to 95.78%, and that of carbon dioxide
ranges from 0.04% to 24.71%. Air dryness of well extracted gases
shows C,/C,.5 ranges from 0.96 to 1.00, indicating a coal-type,
dry gas. These characteristics of coalbed gases further manifest
that thermogenic coalbed gases from the Fukang coal reservoirs
are mainly thermal degrading gases (Graham et al., 1990; Rice,
1993; Whiticar, 1999).

Recently, carbon isotopic analyses were conducted in the
southern Junggar Basin by several researchers. The isotopic
composition of methane from the southern Junggar Basin
indicated that methane 8“C value ranges between —41.9%o
and —64.6%o (Figure 12B) (Hu et al, 2010; Zhi et al., 2013;
Wang et al., 2022). In general, thermogenic methane has §"°C
values higher than —55%o and biogenic methane has values lower
than —60%o because of preferential depleted carbon consumption
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by methanogens (Whiticar, 1996, 1999; Rice et al.,, 2008). The
Intermediate carbon isotopic value has been interpreted to be a
mixture of coexisting biogenic and thermogenic gases (Hu et al.,
2010; Fu et al, 2021; Zhang B et al.,, 2021; Wang et al., 2022).
Biogenic gases in the study area have been demonstrated to be
dominated by second-stage biogenic gases and a combined
microbial pathway of methane generation via both CO,
reduction and acetate fermentation was proposed by Wang
et al. (2022). Fu et al. (2021) pointed out that CO, reduction
is the main pathway for generating microbial gas based on the
identification of bacterial and archaeallés rRNA genes in
formation water (Fu et al, 2021). What is worth noting is
that burnt rocks are widely developed around coal outcrops in
the Fukang area and other places of the southern Junggar Basin.
Freshwater abundant in microorganisms can be easily
transported to the deep coal reservoirs through these porous
burnt rocks. Coal reservoirs beneath the burnt rock zones, where
sufficient groundwater supply exists, can make microbial gases
formation for a persistent long period, and high gas content
reservoir ‘sweet spots’ can be developed. High gas content
(greater than 13m’/t) and methane concentration in the
Choumeigou mine confirm the contribution of burnt rocks to
gas accumulation in the Fukang area. Wang et al. (2022) further
demonstrated that microbial gas is mainly present at
depths <800 m, while thermogenic gas primarily occurs at
buried depths greater than 1,000 m, and a mixture of the two
was present at buried depths of 800-1,000 m. As a result, analyses
of widespread burnt rocks and regional hydrodynamic
conditions along coal outcrops could be an effective way to
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Diagram showing influences of in-situ stress field (A—C), effective stress (D), reservoir pressure (E), and lateral stress coefficient (F) on
permeability.
determine areas with enriched coalbed methane in the southern Fukang coals, which is consistent with the published cognition
Junggar Basin. that high-density of fractures are generally formed in low-to-
medium-rank coals (Dawson and Esterle, 2010; Moore, 2012;
Wang et al., 2018). Field observation shows the density of face
53 Influencmg factors of permea blllty cleats in the Fukang area ranges from 7 to 49 in every 5 cm while
that of butt cleats are from 8 to 29 in every 5 cm (Figure 4H). In
5.3.1 Fractures/macro-fractures addition to these millimeter-centimeter-scale cleats, macro-
Naturally occurring fractures in coal are deemed to be the fractures with magnitude from several centimeters to tens of
single most important physical attribute governing gas flow in meters can be obviously found at outcrops in the Fukang area
CBM reservoirs (Bustin, 1997; Zhou et al., 2016; Wang et al,, (Figure 4F). Macro-fractures can cut through more than one type
2018; Niu et al, 2022). Fractures are very developed in the of coal sublayers or the whole coal seams. The well-developed
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(A) Diagram showing distribution of deformed coals and measured permeability of Coal B42 from coalbed methane wells. (B) Enlargement of

diagram (A) at the core part of the Fukang Syncline.

fractures in the Fukang coals of the southern Junggar Basin are
partly due to the semi-bright and bright coal (vitrinite group)
dominated coal composition on the one hand, and the relatively
high intense tectonic stress condition (before present) also has a
profound effect on the formation of fractures. Although high-
frequency fractures are revealed in the Fukang area, but one thing
should bear in mind that all the measurements of fractures are
not at the in-situ status of geo-stress and depth anymore. The
apertures and interconnectedness of the original fractures could
be extraordinarily different from the measured fractures. So, in-
situ permeability determination should be conducted based on
analyses of in-situ stress, depths, and other external effects. And
this appropriately explains why the permeability of the Fukang
coals in the southern Junggar Basin exhibit a high range from
0.001 to 16.640 mD despite the high-frequency fractures.

5.3.2 In-situ stress

Coal reservoir permeability is basically controlled by
fractures and its connectivity, and in-situ stress field, but will
be dynamically regulated by changing effective stress, matrix
shrinkage, and gas slippage during the depletion of CBM wells
(Smyth and Buckley, 1993; Pan and Connell, 2011; Chen et al.,
2018; Niu et al, 2021; Zhang T et al, 2021). Magnitude,
heterogeneity, and anisotropy of initial permeability before
CBM production generally determine the potential production
rate of CBM wells and have become the core of exploring CBM
‘sweet spots’ and optimizing CBM well types. Based on
measurement of in-situ stress and permeability, the influence
of in-situ stress on the magnitude and heterogeneity of
the
fracturing method adopted in this work cannot be used to

permeability was analyzed. Considering hydraulic

derive in-situ stress orientation, therefore, the effect of in-situ
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stress on the anisotropy of coal permeability is not included in
this paper.

Figures 14A-C shows the relationship between principal
stress and permeability. As increases in vertical stress, and
maximum and minimum horizontal principal stress, the
corresponding permeability perform exponential decline
except for two erratic dots (discussed in the following
section). Many studies pointed out it was the effective stress
that fundamentally formulates the magnitude of permeability
(Palmer, 2009; Meng et al., 2011; Liu and Harpalani, 2013). To
further quantify the influence of effective in-situ stress on
permeability, we take the average total in-situ stress minus
reservoir pressure (P,) as effective in-situ stress (EIS),

expressed as,

Oy + 0y + 0y
3

EIS = P, ®)
An exponential decline of permeability with increases in
the Fukang

(Figure 14D), which is also verified by the cases from the

effective  stress was discovered in area
Qinshui Basin, Ordos Basin, western Guizhou province in
China, and other basins of the globe (Jasinge et al., 2011;
Meng et al.,, 2011; Chen et al., 2017; Chen et al., 2018). In the
Fukang area, when EIS <11 MPa, permeability dramatically
reduces from 16.64 to 0.17 mD with the increase of EIS,
which reconfirms the significant effect of effective stress on
the permeability of coal reservoirs. When EIS >11MPa,
permeability declines to extremely low, mostly below 0.2 mD,
which means the major fracture systems in coal seams tend to be
closed under high effective stress.

Furthermore, distinct varying trends between lateral stress

ratio (\) and permeability were analyzed here. As shown in
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Permeability variation model showing the combined effects of in-situ stresses and coal structures on permeability in the Fukang area, southern

Junggar Basin.

Figure 14F, where A < 0.75, permeability is generally greater than
0.1 mD, but when X > 0.75, permeability is lower than 0.1 mD.
The lateral stress ratio actually reflects the change of the in-situ
stress regime, when X < 0.75, the horizontal stresses are relatively
low as vertical stress dominates the in-situ stress field, and low
stress in the horizontal direction favors the development of
relatively high permeability. When A > 0.75, the in-situ stress
from both the horizontal and vertical directions are tending to
converge, and the consistency of in-situ stress from three
directions in a normal faulting stress regime enhanced the
compression and closures of fractures in coal reservoirs, which
resulted in the relatively low permeability. In addition, the
relationship between coal permeability and reservoir pressure
was plotted in Figure 14E. When reservoir pressure is low
(2-8 MPa), permeability is relatively high (=1 mD), however,
when reservoir pressure is >8 MPa, permeability decreases
rapidly to less than 0.2mD. As shown in Figure 8, low
reservoir pressures (2-8 MPa) generally distribute at depths
shallower than 1,100 m where the total in-situ stress is low.
As a result, it can be inferred that it is the low in-situ stress
(EIS), not the low reservoir pressure, that eventually accounts for
the relatively high permeability in the shallower coal seams
(<1,100 m).

At the same time, as mentioned above, permeability can be
partitioned into two separate groups with distinct relationships
with depths, and the low group of permeability performs a
distinct variation trend with depth. Associated with vertical
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variation of in-situ stress field, the co-relationship between
depth-dependent in-situ stress field and permeability was
discussed here. At shallower coal reservoirs (depths <500 m),
in-situ stress measurements in major Chinese coal basins have
revealed that in-situ stress field at this depth range is dominated
by tectonic compression, and the major principal stress
normally exhibits the trend of oy>0,>0, (Chen et al, 2017;
Chenetal, 2018; Lietal., 2019). As a result, the reverse faulting
stress regime reflected by the principal stress field is decisive to
the low permeability at depths shallower than 500 m
(0.01-0.02 mD) (Figures 6, 8). When coal reservoirs go
deeper, in-situ stress in the Fukang area shifts to the regime
of o,>0>0y, and is dominated by gravitational loading but
with distinctive variation of stress field as shown in Figure 8. At
depths of 500-800 m, with deepening coal reservoirs, in-situ
stress increase gradually, and a decreasing trend of permeability
with depth were found at this depth range. Then, as burial depth
increases, horizontal stress behaves a prominent decline at
depths of 800-1,000 m, especially at levels of 850 and
1,000 m, this causes the effective stress acted on coal seams
to attenuate, as a result, a relatively high permeability ‘plateaw’
was developed. Finally, as depth increases to deeper than
1,000 m, the in-situ stress regime transfers to the normal
increasing stress field and persists to decrease with depth, so
a persistent decline of permeability was discovered at depths
below 1,000 m. Therefore, the variation of permeability of the
low permeability group with depths actually reflects the co-
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variation between depth-dependent stress field change and
permeability.

5.3.3 Geometry and attitude of coal seams

As a layered energy reservoir, the geometry and attitude of
coal seams also have a great impact on permeability. The
frequency of fractures, apertures, interconnectedness, and
orientation of fractures can be quite different in different
parts of the coal seams, and all these factors can significantly
influence the heterogeneity and anisotropy of reservoir
properties. The Fukang area of the southern Junggar Basin is
characterized by intense tectonic structures as shown in Figure 2,
and varying strike and dip angles shaped the complex attitude
and frequently changing morphology of coal seams. Kang et al.
(2022) calculated the structural curvature of coal seams in the
western Fukang block, which ranges from 0.0001 to 0.005 and
can be classified as high structural curvature as discussed by Shen
et al. (2010). It is worth noting that in the core parts of folds,
where high structural curvature occurs, extraordinary high-
frequency fractures and favorable apertures have been
developed due to the relatively tensile stress regime (Figures
4E,G; Figure 15). The distribution of measured permeability from
CBM wells shows a remarkable increase of permeability in CBM
wells in the core parts of synclines compared to that in the lime
parts of synclines (Figure 7). Measured permeability from CBM
wells in the core parts of synclines is mainly greater than 1 mD,
while that in the lime parts of synclines is mostly lower than
0.1 mD. Moreover, the closer to the core of synclines, the higher
permeability is prone to be developed. The highest permeability
(16.64 mD) has been discovered in the CBM well CSD-01 which
is located just at the core of the Fukang syncline. So, it is not
difficult to infer that the high group of permeability in Figure 6
represents measured permeability from CBM wells proximal to
the fold core, and the correlation between permeability and
depths reflects the covariation between measured permeability
and the distance from the operating well to the core of the
corresponding folds. Additionally, these high permeability dots
erratically exhibited in Figures 14A-D are from CBM well
CSDO03 and Fk17 with permeability of 576 mD and 7.14 mD
respectively. It can be seen in Figure 14 that both of these two
wells are distributed at the core part of the major synclines in the
Fukang area, actually, it is the high structural curvature of coal
seams that accounts for the high permeability in these coal
reservoirs.

Furthermore, the dip angle of the Fukang coal has a high
range from 20° to 90°, or even reverse. The orientation of
fractures/cleats in coal seams, and the stress and strain of coal
reservoirs vary with dip angle changes, and this can significantly
increase the anisotropy of permeability. Zhang B et al. (2021)
demonstrated that the rate of permeability decrease had a
tendency of first decrease and then increase with dip angle
gradually increased from 0° to 90°. This will increase the
the

difficulty of permeability prediction and upgrade
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uncertainty of optimization of sweet pot for CBM exploration.
However, detailed field observations and measurements of
fractures and microfracture at outcrops and underground coal
mines will help determine the heterogeneity and anisotropy of
permeability. Statistical analysis of macro-fractures in the
western Fukang area shows that a group of macro-fractures
along the strike are more developed than another group of
macro-fractures perpendicular to the strata strike, which
indicates prevailing permeability will be developed along the
strike, and fracturing in the Fukang area should be conducted
along this direction.

5.3.4 Coal deformation

Tectonic deformation can lead to obvious alteration of pore-
fracture systems in coal reservoirs, and can significantly change
the seepage capacity of gas flow (Karacan and Okandan, 2000; Li
et al., 2003; Li et al.,, 2021). Deformation of coal structure in a
brittle or cataclastic manner can enhance permeability by the
magnitude of 3-8 times above the surrounding reservoir (Li and
Ogawa, 2001; Jiang et al., 2010). This kind of relatively weak
deformation tends to open up existing cleat apertures and
increase their interconnectedness, thus increasing permeability
(Kang et al.,, 2022; Li et al., 2003; Pan et al, 2015). On the
contrary, in sheared coals behave in a more ductile or mylonitic
manner, permeability has been demonstrated to be dramatically
deteriorated (Li and Ogawa, 2001; Li et al., 2021). With mylonitic
deformation, the coals tend to be tightly compressed and cleat
apertures collapse (Li et al., 2003). These types of shear zones
have also been related to a high risk of coal and gas outbursts
during mining activities (Li et al., 2016; Pan et al., 2019).

In the Fukang area, tectonic deformation is widely recognized at
both outcrops and heading stopes in underground mines.
Tectonically deformed coals in this area can be subdivided into
cataclastic coals (Deformation in a cataclastic manner), as well as
granulated and pulverized coals (Deformation in ductile and
mylonitic manners). All three types of deformed coals are
dominantly distributed in the central part of the Fukang area, as
known as the arcuate structural zone, that is to the west of the
Kanglong coal mine and to the east of the Wugong coal mine (Figures
4CD, 7). In these places, intense tectonic movement and high
shearing stress resulted in the high occurrences and intensity of
coal deformation. Kang et al. (2022) evaluated in-seam variation of
coal structures in the western Fukang area by logging data analyses
and found that the whole thick coal seams in the western Fukang area
are vertically composed of 5-10 sublayers with different coal
structures, and tectonically deformed coals are mainly developed
in the lower-middle part of coal seams (Kang et al., 2022). Although
the occurrence of cataclastic coals can improve the aperture of
fractures/cleats and enhance gas flow in coal seams, unevenly
distributed granulated and pulverized coals can profoundly
decrease the interconnectedness of fractures/cleats and hinder gas
flow. For instance, at the Qimei No.2 mine where granulated coals
were developed, extremely low permeability (0.023 mD) was
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discovered at CBM well CX5-X2, and a serious coal-and-gas-outburst
occurred in 2005. Overall, the development of deformed coals has a
profound effect on the permeability heterogeneity of coal reservoirs,
which increases the difficulty of coalbed methane stimulation and
recovery and increase the ever-existing risk of coal-and-gas-outburst
during the underground mining in the Fukang area. CBM
exploration and exploitation in the Fukang area should avoid
these places where deformed coals were reported.

6 Conclusion

1) Structural framework and burial depth generally control
gas contents of coal reservoirs in the Fukang area. Gas
contents increase with deepening burial depth, but the
rate of gas content increase with depth is gradually

effects

increased temperature beyond the positive effects from

reduced due to enhanced negative from
increased pressures in deep coal reservoirs. The high-to-
ultra-high thickness of coal reservoirs has a slightly
positive effect on gas content.
2) Perennial water flow of the Baiyanghe River is in favor of gas
accumulation to the east part of the Baiyanghe River by
forming a hydraulic stagnant zone in the deep coal
reservoirs. But gas contents can be drawdown by persistent
transportation of dissolved coalbed gases to ground surfaces
(Quanshuigou Springwater outlet) to the west of the
Baiyanghe River. Meanwhile, widely developed burnt rocks
make groundwater easily access the deep coal reservoirs, and
abundant microorganisms transported to the deep coal
reservoirs facilitate the generation of late-stage microbial
gases, which, together with thermal degrading gases,
account for the origin of coalbed gases in the Fukang area.
3) The in-situ stress field of the Fukang area is characterized by
vertical stress (0,,) > maximum horizontal stress (oy;) > minor
horizontal stress (0y,), indicating a normal stress regime. The
maximum principal stress, minimum principal stress, and
vertical stress generally increase with depth, but the
maximum and minimum principal stress show an evident
decline at depths of 850 and 1,000 m. All the stress ratios,
including lateral stress coefficient (A), natural stress ratios (Ky
and Kj,), and horizontal principal stress ratio (K) are included
in the in-situ stress envelopes of China.
4) Permeability in the Fukang area shows a high degree of
dispersity, ranging from 0.001 to 16.640mD, and is
prominently partitioned into two distinct groups, one group
of high permeability (0.988-16.640 mD) and the other group of
low permeability (0.001-0.350 mD). The low group of
permeability is prominently formulated by depth-dependent
stress field change. At depths of 500-800 m, permeability
gradually decreases with increasing in-situ stress as burial
depth deepens. From 800 to 1000 m, horizontal principal

stresses behaved a prominent decline which contribute to a
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relatively high permeability ‘plateau’. At depths deeper than
1,000 m, a persistent decline of permeability occurs with
deepening burial depth. For the high group of permeability,
relatively high structural curvature in the core parts of
synclines, and the distance to the syncline core significantly
dominate permeability in the Fukang area.
5) Furthermore, permeability shows exponential decline with
increasing effective in-situ stress and lateral stress ratio () has
a profound effect on permeability., When A < 0.75,
permeability is generally greater than 0.1 mD while
permeability is lower than 0.1 mD when A > 0.75.
Frequently occurring deformed coals increase the difficulty
of coalbed methane stimulation and recovery. High-ranging
dip angle of the Fukang coal seams can dramatically increase
the anisotropy of permeability. Analysis of the attitude of
fractures/macro-fractures will favor the determination of
preferred fracturing orientation and optimizing CBM well

types.
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The apertures of cleats and micro-fractures in coal play an important role in the
permeability of the coal bed. In this study, optical microscopy and scanning
electron microscopy were used to investigate the morphology of cleats and
micro-fractures and their apertures, distribution of minerals, and matrix/fracture
interactions. The neighboring mineralized and unmineralized cleats suggest the
possibility of multi-stage evolutionary processes of cleat formation during the
coalification process. The micro-fracture distribution of coals is closely related to
their components, including organic macerals and inorganic minerals. Micro-
fractures are prone to developing at the junction surface of organic macerals or
the surface of organic and inorganic minerals. A mineral-genetic micro-fracture
can be classified as an intra-crystal micro-fracture, an extra-crystal micro-scale
fracture, or a grain-edge micro-scale fracture. Compared with the low- and
middle-ranking coals, cleat and micro-scale fractures in high-ranking coal are
usually filled with carbonate minerals and clay minerals. Statistical analysis reveals
that the aperture distribution of cleat and micro-fracture in coal shows a log-
normal distribution. The aperture of cleat and micro-fracture shows a decreasing
trend with increase in coal rank. For low-ranking coal, cleats contribute more to the
permeability than micro-fractures. However, for the middle- and high-ranking
coals, the contribution of cleats and micro-fractures to the coal reservoir
permeability will be close. As the rank of coal increases, the degree of cleat
contribution to reservoir permeability decreases, while the degree of micro-
fracture contributing to the reservoir permeability increases. Possible reasons
for the extremely low reservoir permeability in China may be the following: 1)
subsurface cleats and micro-fractures close their apertures significantly due to the
in situ geo-stress or 2) cleats and micro-fractures have better permeability in the
geological history, which makes the precipitation of minerals decrease the coal
reservoir permeability. Therefore, the acid solvent (e.g., HAc, HCl, and HF) added to
the drilling or hydraulic fracturing fluid or the geo-stress relief technologies may be
an effective way of enlarging the cleat or micro-fracture aperture and enhance the
reservoir permeability for coalbed methane production.
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Introduction

In coal, fractures form the primary seepage passage for
coalbed methane (CBM) migration out of the coalbed, which
plays an essential role in the successful production of CBM
(Heriawan and Koike, 2015; Weniger et al., 2016; Zhang et al.,
2016; Shi et al,, 2018; Wang et al.,, 2018; Wang et al.,, 2021; Du
et al,, 2022). At present, enhanced measures commonly used in
the development of CBM production, including the technology
of hydraulic fracturing or foam fracturing, are primarily intended
to create fracture channels or fracture networks in the coalbed.

Due to the importance of fractures in coal, scholars have
performed extensive investigations into the fracture attributes,
including the aperture, appearance, extension, and distribution
characteristics. Usually, cleats refer to systematic fractures in coal
beds since miners adopted the term in the early 19th century
(Kendall and Briggs, 1933). In all the factors that can affect the
gas transport of CBM production, the permeability of cleat
systems has the most influence (Niu et al, 2021; Du et al,
2022). Pan et al. (2014) noted that cleats are usually restricted
to a single lithotype, while fractures can cross different lithotypes.
Cleat apertures between 4 um and 50 pm may be optimal for
CBM production, based on the San Juan Basin coals. Larger
apertures may lead to high permeability as well as high water
production, which is detrimental to economic production (Scott,
2002). Sapiie et al. (2014) applied 2D and 1D methods to
determine the distributions of cleat spacing and found a
Cleat
apertures in the subsurface are smaller than in unstressed

power-law relationship in Indonesian coal cleats.
surface samples, but core samples at the surface approximate
the aperture.

With the development of advanced testing technology, the
contribution of micro-fracture to the permeability of coalbed has
attracted the attention of many scholars. Gamson et al. (1993)
studied the low- and middle-ranking coals in the Bowen Basin,
Australia. They defined micro-fractures in the coal as those that
are invisible to the naked eye and that have an aperture of
0.05-20 pm and micro-permeability. Karacan and Okandan
(2000) studied middle-ranking coal in the Zonguldak Basin of
Turkey and found that the micro-fractures often communicate
with the cleats in the coal. Yao et al. (2010) studied mass samples
(including low-, middle-, and high-ranking coals) in North
China and found that the micro-fracture density in the coal is
closely related to the rank of the coal. Gong et al. (2010) used CT
image analysis technology and found that the micro-fracture
aperture in the coal can reach 182.62 pum. Kumar et al. (2011)
proposed using microwave energy to induce fractures and
increase cleat apertures in coal. Mohamad and Katsuaki
(2015)studied low-ranking coal in Indonesia and concluded
that the micro-fracture development in coal is closely related
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to the mineral components. Taking coals suffering from different
degrees of geological deformation, Du et al. (2019) examined the
permeability of cleats and micro-fractures in the coal using
statistical methods and found that the permeability of the
cleat (about 1-100 mD) was much larger than that of the
micro-fracture (about 0.01-1 mD).

On the whole, earlier works have conducted a wide range of
research studies on fractures in coal. In addition to the study of
cleats, research on micro-fractures is increasingly active in recent
years. Quantitative approaches have been used to express the
relationship between coal fractures and permeability. In the

classical ~permeability ~parallel-plate fracture model, the
permeability of the coal can be written as follows:
84.4 x 10°)x*
= (844X 100x )

N

where k is fracture permeability (D), x is the aperture of the
fracture between two fracture surfaces (cm), and s is the fracture
space. This relationship indicates that the fracture aperture, x,
has a significant influence on permeability, as it is raised to the
third power of the permeability.

A better understanding of the cleat and the micro-fracture
structure, especially the aperture, is essential for evaluating the
permeability of the coal reservoir and the economic aspects of
CBM exploration and exploitation (Nalendra et al.,, 2020). At
present, the distribution of fracture apertures and their effects on
fluid flow in the rock are attracting more attention, but little work
has focused on this issue in coal (Yang et al., 2012; Rutqvist et al.,
2018; Brixel, 2020). This study seeks to provide a further
understanding of the fracture attribute of coal and its
permeability. The experiment samples were prepared in the
way described by Du et al. (2019). The cleat and micro-
fracture characteristics and their aperture distribution to the
coal reservoir permeability are investigated for coals of different
ranks in North China. The implications of this for the CBM
exploration and exploitation are also discussed.

Materials and methods
Sample collection

In this study, 50 coal samples were collected. The locations of
the samples are shown in Figure 1. These include low-ranking
coal from the Shendong mining area of Shaanxi Province,
middle-ranking coal from the Pingdingshan mining area of
Henan Province and high-ranking coal from the Qinshui
Basin of Shanxi Province.

Basic  coal vitrinite reflectance

analyses, including

measurements, petrographic composition analysis, mineral
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FIGURE 1
Location of sampled coals.

matter, micro-fracture frequency, and orientation determination,
were performed for all these samples by using the standard
methods described in the previous research (Li et al, 2015;
Du et al, 2019). These methods are here briefly described.
The coal blocks were crushed, and polished sections were
(with
500 points) and petrographic composition analysis. Chemical

prepared for vitrinite reflectance determination
compositions of mineral matter were determined using SEM-
EDS on naturally broken surfaces. The original micro-fracture
frequency was investigated using optical microscopy.

The collected coal samples were assigned designations, as
follows: Shendong sample (SD), Pingdingshan sample (PDS),
and Qinshui sample (QS). In terms of coal quality (Table 1), the
sulfur content in the SD and PDS samples was higher than in the
QS sample. In the petrographic composition (Table 2), all of the
coals mainly consisted of vitrinite maceral. A comparison shows
that there was more inertinite maceral in the PDS sample. The
coals were typically richer in vitrinite than inertinite macerals,
with more than 80% vitrinite and 10-20% inertinite in most of
the samples studied. Liptinite was usually present as only a small
fraction (0-3.4%) of the macerals in three of the coals (samples
B1, B3, and B4), while the others had no liptinite. The ash yield of
the coals varied from 4.34% to 17.44%, and fixed carbon varied
from 75.06 to 85.94%.
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Sample preparation

Studies of fractures in coal have been performed with
sample preparation randomly or arbitrarily by small particle
samples. Due to the arbitrariness of the sample preparation,
there are no reference standards to systematically classify
micro-scale fractures in the coal. Cleat as endogenous
fractures, formed during the process of coalification, has
good continuity, and face cleat (long fracture) and butt
cleat (short fracture) can be clearly distinguished in a hand
specimen (Figure 2). Therefore, taking the direction of the
cleat in the coal as a positioning standard, an oriented sample
was prepared.

Fractures at the edge of the sample are considered
damage-induced and were not used in the analysis. To
minimize these fractures, the non-destructive method of a
diamond wire cutting machine was used. The collected coal
samples were prepared as follows: first, the oriented block
samples (width 50 mm x length 80 mm X thickness
10-15 mm) were cut from the collected samples with the
diamond wire cutting machine along the direction of the face
cleat and butt cleat (Figure 3). The cutting speed of the
diamond wire cutting machine was 0.02 m/s. The oriented
samples (width 1 x length 1 x thickness 0.5 cm) were also
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TABLE 1 Coal quality data of the sampled coals.

Sample Proximate analysis (wt%, adb) Element analysis (%)

M.q Aq Vaat FCaa Sta Odaf Caat
SD 13.90 7.69 39.64 47.94 0.79 20.30 73.18
PDS 1.01 6.10 16.63 77.49 0.40 3.40 90.51
Qs 1.47 8.51 593 84.09 039 442 90.77

TABLE 2 Petrographic composition data of the sampled coa

Meso-cleats

Sample Formation Ry, max %
SD Middle-lower Jurassic (J,y) 0.56
PDS Lower Permian (P,sh) 1.32
Qs Lower Permian (P,sh) 2.75
P t
Coal matrix Butt cled
with pores
Bright coal
Dull coal
Q—
FIGURE 2

Fracture patterns in the coal (revised from Laubach et al.,
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Petrographic analysis (vol.%, mmf)
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Density
10° kg/m’
Haar Naf
448 118 152
439 127 131
3.74 0.64 1.4

Inertinite vol.% Mineral vol.%

7 12
19 7
2.0 5
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Samples used for the SEM taking instance of the QS sample

PDS sample

SD sample

QS sample

Samples used for the OM.

FIGURE 3
Prepared oriented coal samples.

prepared. Then, these samples were gold coated (Figure 3A)
and polished (Figure 3B) for study by scanning electron
microscopy (SEM) and optical microscopy (OM).

To interpret the coal micro-structure, oriented block samples
are the best method of examining a small, specific part of a given
sample in three dimensions: 1) the face cleat, 2) the butt cleat, and
3) the bedding. The major advantages of using this technique are
that it allows observation of 1) coal micro-structure in three
dimensions and therefore provides information on the shape,
size, and cross-sectional area of the micro-structures and their
bearings to the face and butt cleat and bedding; 2) fracture
aperture, orientation, and continuity; and 3) the distribution
of the micro-fracture and its relationship to the pore or cleat.

Apparatus and methods
In this study, the combined methods of OM and SEM were

adopted. The OM method can be used to observe the micro-
fractures in the coal. Its model is Leica DM4 P with a
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magnification of eyepiece 10x and a magnification of objective
lens of 5x, 10x, 20%, 50, and 100x. Then, with the eyepiece and
the objective lens, a maximum magnification of 1000x imaging
can be achieved. In addition, the SEM method was also adopted
to study the fractures in coal. Its model is Quanta 250 with a
function of magnification imaging of 1 million times. This can be
taken to observe the nano-fracture in coal. An X-ray energy
spectrometer is attached to this instrument, which helps
recognize the minerals.

In the results section of this study, frequency diagrams of the
cleat and micro-fracture aperture are compared between coals of
different ranks. The fracture aperture, which contributes to the
permeability of the coal reservoir, can be fitted to an appropriate
probability distribution. In the case of a coal fracture aperture,
several probability distributions are available to describe such
data; they vary significantly in mathematical complexity and the
number of parameters that require fitting. Minitab® 17, for
instance, has over 20 distributions that can be readily tested.
The log-normal distribution of fracture aperture of rock was
previously reported by Snow (1968). According to the results
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from the rock, the normal, logarithmic normal, and square root
distributions were selected. The distributions and their
transformations are listed in Table 3. All of these are two-
parameter distributions, although some have three-parameter
versions as well. The maximum likelihood method was used to
estimate these parameters.

Results and discussion
Cleats and micro-structures in coals

Cleats commonly show little shear offset and are,
therefore, opening-mode fractures (Solano et al, 2007;
Sapiie et al., 2014). Previous studies of coals using scanning
electron microscopy (SEM) show a range of micro-structures
between the micro-pores and the cleat system. To characterize
cleats and micro-structures in coals (Figure 4), a line is placed
perpendicular to the cleat or micro-fracture direction.
Fracture aperture is determined from the opposite fracture
plane in this way.

The occurrence of nanometer-sized pores or cavities
(209.2 to 456.8 nm) on the cleat suggests that it is a gas
drainage passage in the transmissibility of methane from
the coal matrix to the cleat. Among cleats in coal, the face
cleat is the most conspicuous fracture seen in the hand
specimen and penetrates the coal at right angles to the
bedding. The butt cleat, in comparison, is less pervasive
and is confined to areas between the face cleats and
typically penetrates the coal at right angles to the face cleat
and bedding. Both the face and butt cleats commonly occur as
orthogonal sets, oriented perpendicular to the bedding.
Characteristically, face and butt cleats are of a planar shape,
varying in vertical extent or height (L-5 mm) and width
(0.1-2 mm), and are usually spaced 0.3-2 mm apart. In all
of the coals examined, cleats are infilled with clays, quartz, or
calcite, offering little porosity and permeability, which will be
discussed in detail as follows.

A cleat network can be simply classified into two orthogonal
fractures (face and butt cleats). Both face and butt cleats are
oriented perpendicular to bedding, but butt cleats usually abut
against face cleats. Thus, face cleats are through-going, while butt
cleats end at intersections with face cleats. Cleats form in
response to the physical and chemical processes during
coalification. Fracture growth modeling shows that this
orthogonal relationship can arise under biaxial extension
(Olson et al,, 2009), a circumstance that can accompany the
conditions under which cleats form. Laubach et al. (1998) gave a
thorough review of the origins of cleats as well as a discussion of
cleat-forming mechanisms. The coupling action of the fluid
pressure and in situ stress determines the development of
cleats and micro-fractures in the coal, which is also related to
the coal types, rank, maceral, and coal thickness.
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Cleat in the hand specimen

Vertical face cleat surface

50 um
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FIGURE 4
Cleats and micro-structures in coal.
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FIGURE 5
Mineralized face cleat and butt cleat: (A), face cleat; (B) butt cleat.
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FIGURE 6

Cleat and micro-fractures in the coal: (a), face cleat and butt cleat; (b), enlarged view of point 1 in Figure 6(a); (c), enlarged view of point 2 in
Figure 6(a); (d), enlarged view of point 3 in Figure 6(a); (e), enlarged view of point 4 in Figure 6(a); (f), enlarged view of point 5 in Figure 6(b); (g), face
cleat and micro-fracture; (h), enlarged view of point 1 in Figure 6(g); (i), enlarged view of point 2 in Figure 6(qg); (j) enlarged view of point 3 in
Figure 6(g).
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Cleat and micro-fractures related to the
inorganic non-metallic mineral

Figures 5A,B show the mineralized face cleat and butt cleat in
the QS sample, respectively. From a genetic perspective, the
mineral matter in coal, similar to the organic matter, is a
product of the processes associated with coal formation, as
well as changes in subsurface fluids and other aspects of
sediment diagenesis (Golab et al., 2013). Cleat minerals are
not intimately associated with coal, unlike detrital and early
diagenetic (syngenetic) minerals. The occurrence of cleat
minerals is of great importance for determining the
evolution of the pore fluids and the age of the cleat itself.
Cleat minerals may form due to several different processes,
and the formation and migration of CBM and other
hydrocarbons generated during or after coalification may
also be related to mineralization (Ward, 2002, 2016).
Tectonism and  geothermal can
fluids, which
mineralization and alteration of diagenetic minerals within
coals (Saxby, 2000; Dai et al., 2014). At least, the mineralized
cleats imply that cleats had better fluid conductivity during

activity produce

hydrothermal can result in epigenetic

geological history, which is beneficial for the infiltration and
migration of mineralized fluids and the precipitation of
minerals in the stressed cleats. This further indicates that
although cleat apertures in the subsurface are smaller than
in unstressed surface samples, core samples at the surface
approximate the apertures (Weniger et al., 2016).

Figure 6 shows the cleat and micro-fractures related to the
inorganic non-metalic mineral. The minerals in the fractures
were analyzed using an X-ray energy spectrometer attached to
the SEM microscope. Figure 6A presents the overview of the
orthogonal face cleat and butt cleat. Figure 6B shows the non-
mineralized butt cleat, where several micro-fractures exist in
communication with the cleats, and the micro-pores exist on the
cleat surface; Figure 6C shows the mineralized face cleat. In this
situation, the adjacently mineralized and unmineralized cleats
suggest a multi-stage evolutionary process for cleat formation
and fluid migration during coalification. The face cleat and butt
cleat in Figures 6C,D are filled with kaolinite and illite,
respectively. Regarding the genesis of minerals in the coal
fractures, Spears and Caswell (1986) proposed that the
precipitation of sulfides first occurs at an early stage of
coalification. As the coalification progressed, quartz and clay
minerals precipitated one after another. Finally, the clay mineral
precipitates. The adjacent cleats are filled with two different
minerals, which further indicates the multi-stage evolutionary
characteristic of the cleat formation and fluid migration in its
geological history.

From the results, it can be observed that the original fractures
normally exist as two sets: one set of fractures is almost parallel to
the bedding layer plane, and these fractures are most likely
hydraulic fractures which by definition form via a different

Frontiers in Earth Science

114

10.3389/feart.2022.1048042

mechanism that is unrelated to cleats. The second set of
fractures is closely perpendicular to the bedding plane, which
is probably cleats. The coexistence of unmineralized and
mineralized fractures in the coal means that the coal seam
underwent  structural ~ deformation  before  chemical
precipitation by hydrodynamics. However, many of the open
fractures originate from structural deformations
The

underwent three-stage orogeny. Non-sealing faults and folds

during
coalification. coal-bearing basin of North China
with axial striking NNE-SSW and near N-S are common,
which were formed by the NW-SE compressional stresses
during the Jurassic-Cretaceous Yanshanian Orogeny. After
undergoing Indosinian orogeny, Yanshanian orogeny, and
Himalayan orogeny, many tensile faults formed during these
tectonic movements.

Two mechanisms are related to the origin of coal micro-
fractures: coalification and post-coalification. Coalification is the
origin of endogenous micro-fractures (endo-microfracture). By
contrast, the post-coalification resulting from the extraneous
stress deformation induces the formation of exogenous micro-
fractures (exo-microfracture). Endo-microfracture was distinctly
distinguished from the exo-microfracture in the frequency and
morphology of the investigated coals. As shown in Figures 6E,],
the endo-microfracture is commonly characterized by the
the
characterized by the brittle fracturing appearance such as the

isolated  distribution, ~whereas exo-microfracture s
dendritic (Figure 6B), step-shaped (Figure 6D), filamentous
(Figure 6F), and turtleback (Figure 6H) textures. More
importantly, in terms of the permeability contribution, the
frequency of the micro-fractures, their morphology, the
connectivity of the network, and the degree of mineral filling
are important controls on coal permeability. This shows that
most endo-microfractures are mineralized. By contrast, most
exo-microfractures are unmineralized and randomly developed
by high anisotropy within the coal. The different characteristics
between exo-microfracture and endo-microfracture are
responsible for their different effects on coal permeability. The
endo-microfracture is commonly formed within certain macerals
as a result of peat formation and coalification. Based on the
results of coal macerals, coal lithotype, and coal facies analyses, it
was found that these factors are strongly correlated to the
of the
microfractures to form, two primary preconditions must be
fulfilled for coal macerals or lithotypes: the high gas
generation yield together with poor gas diffusibility (Yao and

Liu, 2009).

development endo-microfractures.  For endo-

Micro-fractures related to the inorganic
metallic mineral

Coal consists of a variety of inorganic constituents (minerals
and nonmineral inorganics) that are broadly referred to as
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FIGURE 7

Micro-fractures to the inorganic metallic mineral: (A), micro-fractures extending along the banded pyrite; (B), micro-fractures bifurcated by the
adjacent banded pyrite; (C), micro-fractures extending along the center of the dispersed pyrite; (D), micro-scale fractures extending around the edge
of the cluster-like pyrite particles; (E), 200-fold magnification of the Figure 7D; (F), micro-fractures extending perpendicular to the banded pyrite; (G),
micro-fractures extending along the center of the banded pyrite; (H), micro-fractures extending along with the banded mineral (unknown
mineral).
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of micro-fracture in the coal

area

FIGURE 8
Propagation mode of micro-fracture in the coal.

mineral matter (Ward, 2002). It has been found that the
extension modes of micro-fractures in coal are closely related
to the occurrence of minerals. The presence of mineral matter
may alter the way an induced fracture propagates through coal
seams, as can the presence of pre-existing fractures. The induced
fracture modes depend on the heterogeneity of the coal and the
arrangement of the pre-existing macroscopic mineral bands, as
well as the underground stresses. Thus, it is of great importance
to study the mineral occurrence and its impact on fracture
generation for CBM production.

Mineral-related micro-fractures can be classified into three
types: intra-crystal micro-fractures (i.e., micro-fractures that
completely developed within the mineral crystal particles),
that
developed in the coal matrix and terminated in the mineral

extra-crystal  micro-fractures (i.e., micro-fractures
band or along with the mineral band), and grain edge micro-
fracture (i.e., micro-fractures that developed along the edge of the
particle). The mentioned three types of micro-scale fractures
have been observed in the coals of SD-1, SD-2, PDS-1, and PDS-
2, and their formation mechanisms were intimately associated
with the occurrence form of pyrite in the coal.

Figure 7A shows the micro-fractures extending along the
banded pyrite. Figure 7B shows the micro-fractures are
bifurcated in the adjacent banded pyrite. Figure 7C shows the
micro-fractures extending along the center of dispersed pyrite.
Figure 7D shows the micro-scale fractures extending around the
edge of the cluster-like pyrite particles. Figure 7E represents a
200-fold magnification of the marquee in Figure 7D to show the
trace trajectory of micro-fracture development. Figure 7F shows
the micro-fractures extending along the direction perpendicular
to the banded pyrite. Figure 7G shows the micro-fractures
extending along the center of the banded pyrite. Figure 7H
shows the micro-fractures outside the crystal, and it extends
along with the banded mineral (unknown mineral). Figure 8
shows the micro-fractures in the SD-1 samples. From the left
view to the right view: first, the micro-fracture bifurcates at the
edge of the cluster-like minerals and extends around this mineral
and then extends along with the banded pyrite, eventually ending
and being crossed by the vertically developed micro-fracture on
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the right side. The endo-microfractures are commonly formed by
the processes of generation, accumulation, and centralized-
release of gas from coal (Yao and Liu, 2009).

For coal, the organic compositions primarily include vitrinite
maceral, liptinite maceral, and inertinite maceral. Among these,
the vitrinite maceral and the liptinite maceral are brittle, whereas
the inertinite maceral is somewhat ductile (Permana et al.,
2013).By contrast, the mechanical properties of the organic
micro-components are weaker relative to the inorganic
components. The presence of inorganic micro-components in
coal can cause mechanical differences between the interface of
organic and inorganic components, which will make the interface
boundary prone to fracturing (Li et al., 2015).

In mechanical properties, Young’s modulus of pyrite is between
15 GPa and 30 GPa by the atomic force microscope contact probe
testing (Cui et al.,, 2013). This is significantly higher than that of the
coal matrix. For the pyrite present in the coal, it will improve the
brittleness of the coal and affect the occurrence form of micro-
fractures in the coal. At the boundary of coal maceral and pyrite, due
to the differential elastic stiffness, tensile stress is formed within the
pyrite particles. This finally induces the intergranular micro-
fractures to be formed (Moustafa et al, 2004). In addition, due
to the density difference between coal maceral and inorganic
minerals, the cohesion of coal drops significantly, which makes
the micro-fractures grow and extend along with the interface of coal
maceral and inorganic minerals.

Micro-fractures related to the organic coal
maceral

Bright coals with an abundance of brittle and fracture-prone
vitrinite can become the host of many fractured flow paths during
seam deformation. This makes bright coals more permeable than
dull ones, which could result in more fracture-filling minerals
when hydrothermal fluids or brine water flows through the seam
(Permana et al.,, 2013). The micro-fracture development shows
selectivity to the coal maceral, where the vitrinite maceral has a
higher micro-fracture density for the coal, and the micro-
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TABLE 4 Summary of fracture aperture goodness-of-fit statistics of coal with different ranks.

Fracture Coal Statistical Expected aperture (um) Skewness  Kurtosis  Confidence  Interval probability Quartile  Abundance
type sample analysis S) (K)
Mean Interval Plcf ng
Cleat Low-ranking coal x ~ Ny, %) 123.84 71.86-175.82 191 6.18 0.95 43.9% 87.1% 206.78 4-7 (5 cm)
Ln(x) ~ N (g, 0%) 412 3.72-4.53 0.28 1.89 0.95 65.5% 90.3% 206.43
VX ~ N (4, 0%) 9.42 7.42-11.42 1.07 3.30 0.95 53.8% 90.6% 206.78
Middle-ranking coal  x ~ N (g, 0%) 2730 23.17-31.43 1.64 5.78 0.95 100% 100% 35.23 5-14 (5 cm)
Ln(x) ~ N (g, 0%) 3.11 2.98-3.25 0.35 2.40 0.95 100% 100% 35.16
VX ~ N (g, 0%) 4.97 4.62-5.33 0.95 3.44 0.95 100% 100% 35.23
High-ranking coal x ~ Ny, %) 24.32 18.51-30.14 1.96 6.40 0.95 100% 100% 27.78 4-10 (5 cm)
Ln(x) ~ N (4, 0?) 2.90 2.69-3.10 0.27 2.86 0.95 99.8% 100% 27.66
VX ~ N (g, 0%) 4.58 4.08-5.09 1.20 4.08 0.95 99.8% 100% 27.77
Micro-fracture Low-ranking coal x ~ Ny, 0%) 5.38 3.93-6.83 3.58 17.57 0.95 47.6% 99.1% 5.30 3-9 (200 pm)
Ln(x) ~ N (g, 0%) 1.33 1.14-1.51 0.51 3.63 0.95 63.9% 98.3% 5.30
VX ~ N (g, 0%) 2.11 1.88-2.34 2.06 8.53 0.95 55.2 99.3% 5.30
Middle-ranking coal ~ x ~ N (4, 0?) 4.37 3.62-5.11 1.73 6.46 0.95 56.6% 100% 6.10 4-11 (200 pm)
Ln(x) ~ N (4, 0%) 1.06 0.86-1.27 -0.97 4.55 0.95 70.1% 96.9% 6.10
La(x+1)~N(y 0%) 146 1.34-1.60 0.10 2.62 0.95 69.0% 99.2% 6.10
VX ~ N (4, 0%) 191 1.74-2.08 0.61 3.29 0.95 65.0% 99.8% 6.11
High-ranking coal x ~ Ny, %) 422 3.27-5.17 4.08 23.62 0.95 56.1% 100% 5.51 3-7 (200 pm)
Ln(x) ~ N (g, 0%) 097 0.78-1.17 -0.91 5.50 0.95 72.7% 97.3% 5.50
La(x+1) ~N(y, o) 140 1.28-1.52 0.57 3.90 0.95 72.2% 99.3% 5.50
VX ~ N (g, 0%) 1.83 1.66-2.01 1.68 8.25 0.95 66.7% 99.8% 5.50

Cf

For cleats, P, and ng are the probability of aperture sizes less than 100 um and 300 pm, respectively; for micro-fractures, Pf/[ /and PQ’U are the probability of aperture sizes less than 5 um and 20 um, respectively. Determination for the goodness-of-fit

statistics model of aperture size distribution depending on whose kurtosis deviates little from value of K=3 and skewness deviates little from value of S=0.
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FIGURE 11

Micro-fracture aperture distribution for the coals with different ranks: (A—C), low-ranking coal; (D—F), middle-ranking coal; (G-I), high-ranking

coal.

fractures in the vitrinite maceral are interrupted at the location of
their intersections to the liptinite and inertinite macerals
(Figure 9A). Micro-fractures are prone to being formed along
with the interface of coal maceral (Figure 9B).

For lignite of a low coal ranking, there is no self-
generating high-pressure fluid. With the increase in
metamorphic degree, especially in the middle-rank coal,
there is more fluid in the coal pores. This decreases the
liquid phase and increases the gas phase. Meanwhile, the
porosity of coal decreases with the increase of metamorphic
degree and the pore structure deteriorates, which hinders
fluid expulsion out of the coal pores. Thus, the capillary
pressure due to the existing gas-liquid two-phase fluid in the
coal pores produces the local high pressure in the coal. This
phenomenon forms a better choice for the vitrinite maceral,
which has a high abundance of organic matter and a high
potential for hydrocarbon

generation. Consequently,
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vitrinite maceral carries more micro-fractures and

endogenous fractures.

Statistical analysis of cleat and micro-
fracture aperture and their permeabilities

Aperture distribution of cleat and micro-fracture

Figure 10 plots the aperture distribution for the cleat aperture of
coals with different ranks. Figures 10A-C present the aperture
frequency versus the normal distribution, the log-normal
distribution, and the square root-normal distribution for the
low-rank coal, respectively. Similarly, Figures 10D-F and Figures
10G-T plot the aperture frequency of cleat for the middle-rank coal
and the high-rank coal, respectively. The statistical cylindrical
diagram displays the aperture distributions of the cleat in the
coal of different ranks are somewhat skewed. The determination
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Permeability of cleat and micro-fracture for the coals of different ranks based on Weniger et al. (2016).

of the goodness-of-fit statistics model of aperture size distribution
depends on four parameters as the mean value (u), standard
deviation (¢), kurtosis coefficient (K), and skewness coefficient
(S). For the mean value () and the standard deviation (o) in the
normal distribution and the square root-normal distribution
cylindrical diagram, the cleat aperture will be negative for its
two standard deviations from the mean value. Furthermore, their
kurtosis coefficients and skewness coefficients deviate more from
the value of K=3 and S=0, which constitute a standard for
meeting a standard normal distribution (Table 4). This shows
that the lognormal distribution can better descript the cleat
aperture attribute, which is similar to the distribution law of
fractures found in the rock (Snow, 1968). Comparingthe
statistical ~results, further
examined to determine the relationship between cleat aperture

cleat aperture attributes are
and coal rank. The statistical results show that the cleat apertures
of low-, middle-, and high-ranking coals range from 41.26 to
92.76 pum, 19.69 to 25.79 ym, and 14.73 to 22.19 ym, respectively.
Most cleat apertures are smaller than 300 ym. With the increase
in coal ranking, the cleat aperture presents a decreasing trend.

Figure 11 plots the aperture distribution for the micro-
fracture aperture field of coals with different ranks. Figure 11A
plots aperture frequency versus the normal distribution of
micro-fracture aperture size for low-ranking coal; and
Figure 11B plots aperture frequency versus the lognormal
distribution of micro-fracture aperture size for low-ranking
coal. Figure 11C plots aperture frequency versus the square
root-normal distribution of micro-fracture aperture size for
low-ranking coal. As such, Figures 11D-F and Figures 11G-I
plot the corresponding aperture frequency for middle-ranking
coal and high-ranking coal, respectively. The aperture size of
the micro-fracture is lower than that of the cleat by
approximately an order of magnitude, and the aperture
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distributions are also somewhat skewed. The statistical
cylindrical diagram shows that the log-normal distribution
can best describe the micro-fracture aperture attribute.
Determination from the skewness coefficient, data in the
middle-rank coal and the high-rank coal appear to be square
root-normally distributed. Actually, due to the nano-scale
fracture present in the coal (88.2, 89.0, 171.2, 322.7, 400.1,
427.8, 515.8, and 639.5 nm in middle-ranking coal and 63,
230.5, 285.8, 305.6, 368.4, 456.8, 610, 630, and 712.4 nm in
high-ranking coal), with an aperture size of less than 1 um
(i.e., 1000 nm) and this leads to the occurrence of negative
skewness for the log-normal distribution in the unit of microns.
As the data were treated as Ln(x + 1) ~ N (g, 02), the goodness-
of-fit statistics of micro-fracture aperture attribute by the
lognormal distribution was achieved.

Permeability of cleat and micro-fracture

Though cleat and micro-fracture apertures in the subsurface are
smaller than in unstressed surface samples, they can approximate the
aperture (Weniger et al,, 2016). On the assumption that the cleat and
micro-fracture are unmineralized and parallel each other, the
permeability of cleat and micro-fracture for the coal of different
ranks is evaluated from the measured abundance and apertures
according to Eq. 1, as shown in Figure 12. It can be seen that the
permeability of cleats for the low-, middle-, and high-ranking coal are
474-9440, 640406, and 220184 mD, respectively. The permeability of
micro-fracture for the low-, middle-, and high-ranking coal are
39-353, 38-275, and 22-134 mD, respectively. Generally, for low-
ranking coal, due to the differential aperture size, the cleat contributes
more to the reservoir permeability than micro-fractures. For middle-
and high-ranking coals, the contributions of cleats and micro-
fractures to the coal reservoir permeability are similar. With the
increase of coal rank, the cleat in the roles of contributing to the
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reservoir permeability decreases, whereas the contribution of the
micro-fracture to the reservoir permeability increases.

In the field, evaluated from the well test, the reservoir
permeability of low-ranking coal in the Powder River Basin,
America, falls at 10 to 1000 mD, that of low-ranking coal in the
Surat Basin, Australia, falls at 1 to 1600 mD, that of middle- and
high-ranking coals in the Bowen Basin, Australia, falls in
1-500 mD, and that of high-ranking coal in the Qinshui
Basin, China, falls at 20-1.76 mD (Long et al., 2014; Kang
et al., 2017). Generally, the in situ coal reservoir permeability
for Australia and America is comparable with statistically
evaluated permeability in Figure 12, with a difference of about
an order of magnitude. However, the in situ coal reservoir
permeability of China is lower than that of Australia and
America by approximately 1-3 orders of magnitude.
According to Tang (2001), due to the strong orogeny, the
minimum geo-stress for the coal basin in China is close to the
maximum geo-stress in Australia and America. Among possible
reasons for the extremely low permeability of coal reservoirs in
China are two aspects: 1) the subsurface cleat and micro-fracture
close their apertures significantly due to the much larger geo-
stress, which reduces the contribution of cleat and micro-
fracture to the coal reservoir permeability; 2) the subsurface
cleat and micro-fracture have better permeability for the
hydrothermal fluids in the geological history, which is
beneficial to the precipitation of minerals in the stressed
cleat and micro-fracture and thereby the decreased coal
reservoir permeability.

Implications of cleat and micro-
fracture to the field CBM exploration
and exploitation

Cleat and micro-fracture apertures in conjunction with
spacing and degree of mineralization define the permeability
of coal reservoirs. To stimulate gas production, hydraulic
fracturing is a means of creating more fractures for fluid flow,
which includes newly created fractures and increased sizes of
openings of the existing ones. The mineral in the coal can
change the mechanical and petrophysical features of the coal
seam, which determines the growth of created fractures. In
addition, the mineral matter in coal, especially the massive
clay minerals and carbonate minerals, is a significant aspect
in the design and selection of fluids for drilling and hydraulic
fracturing. Nowadays, acid treatment is extensively used in
sandstone reservoirs to remove the formation damage
(Shuchart and Gdanski, 1996; Taylor et al., 2005; Yang
et al,, 2012; Zhang et al., 2017). In terms of the common
mineral occurrences in cleats and micro-fractures in coal,
acid solvents such as HAc, HCIl, and HF at a certain
concentration can be added to the drilling or hydraulic
fracturing fluid to remove the minerals and enhance the
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reservoir permeability. Meanwhile, geo-stress relief
technologies may be also an effective way of enlarging the
cleat or micro-fracture aperture for enhancing the coal

reservoir permeability (Du et al., 2022).

Conclusion

1) The neighboring mineralized and unmineralized cleats

suggest multi-stage evolution processes for cleat
formation during the process of coalification. The
micro-fracture distribution of coals is closely related to
their components, including organic macerals and
inorganic minerals. Generally, micro-fractures have a
high density in the vitrinite maceral and develop more
at the junction surface of organic macerals or the surface
between the organic and inorganic minerals. The
formation mechanism of mineral-genetic micro-
fractures can be classified as intra-crystal micro-
fractures, extra-crystal micro-fractures, and grain edge
micro-fractures. Compared with the low- and middle-
ranking coals, cleats and micro-fractures in high-ranking
coal are usually filled with carbonate minerals and clay
minerals.

2) Statistical analysis reveals that the aperture distribution of

~

cleats and micro-fractures in coal meets a log-normal
distribution. The aperture of cleat and micro-fracture in
the coal shows a decreasing trend with the increase of coal
rank. Given the assumptions that the cleat and micro-
fracture are unmineralized and parallel each other, the
permeability of cleats for the low-, middle-, and high-
ranking coals is 474-9440 mD, 64 to 406 mD, and 22 to
184 mD, and the permeability of micro-fractures for the
low-, middle-, and high-ranking coals is 39-353 mD, 38 to
275mD, and 22 to 134 mD, respectively. For the low-
ranking coal, cleat contributes more to the reservoir
permeability than micro-fractures do. For the middle-
and high-ranking coal, the contribution of cleat and
micro-fracture to the coal reservoir permeability will be
close. With the increase in coal ranking, the degree of
cleat contributing to reservoir permeability decreases,
whereas that of micro-fractures contributing to the
reservoir permeability increases.

3

=

Among the possible reasons for the extremely low
permeability of coal reservoirs in China may be two
aspects: one is that the subsurface cleats and micro-
fractures close their apertures significantly due to the in
situ geo-stress; the other is that subsurface cleats and
micro-fractures better the
hydrothermal fluids in the geological history, which

have permeability  for
increases the precipitation of minerals in the cleat and
micro-fracture and then decreases the coal reservoir

permeability.
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4) Regarding the mineral presenting in the cleat and micro-
fracture of coal, acid solvents (e.g., HAc, HCI, and HF) can be
added to the drilling or hydraulic fracturing fluid to remove
the minerals for enhancing the reservoir permeability. In
addition, the geo-stress relief technologies may also be an
effective way to improve the coal reservoir permeability for
CBM production.
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The C; coal of Latest Permian during mass extinction in eastern Yunnan was
studied to reveal the terrestrial paleoenvironment and influence of geological
events on coal-formation during mass extinction. An analysis of Rare Earth
Elements (REEs) was conducted on the C; coal from the Yantang Mine of
Xuanwei, eastern Yunnan Province, which was deposited during the latest
Permian. A total of 24 samples from coals, partings, roofs and floors from
the C, coal were taken from the fresh face in the underground mine. The results
of the REEs analysis indicated that the total REE content (}REE) in the C; coal
varies from 23.99 ug/g to 267.94 ug/g, averaged 122.69 ug/g. The C; coal is
enriched in light REE (LREE) relative to heavy REE (HREE), signifying the
fractionation between LREE and HREE. Most samples of the coal seam C;
are depleted in Eu in various degrees and slightly depleted in Ce, especially two
partings in sub-seams B; and Bs which show the significant negative Eu
anomalies. The geochemical characteristics of REE reveal that the C; coal
was deposited in a weak oxidation environment; the sedimentary environment
was turbulent during the middle-later stage of coal-forming process; the C,
coal was affected by the basalt clastic materials from the Khangdian Oldland and
acidic synsedimentary volcanic ash in the coal-forming period. The
geochemical characteristics of Tonsteins in C; coal are similar to those of
marine Permian-Triassic boundary (PTB) volcanic ash layers in South China,
which are both derived from the felsic volcanism caused by the closure of the
Paleo-Tethys at the southwestern margin of the South China. Furthermore, the
C; coal was also affected by the eruption of Siberian large igneous province
(SLIP) in the early stage.

KEYWORDS

the latest Permian, rare Earth elements, coal-forming environment, volcanism, eastern
Yunnan
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1 Introduction

Rare Earth elements (REEs) present relatively stable chemical
properties as well as a high degree of uniformity, and are easily
preserved in a geologic body after sedimentation. The information
about the sediment provenance that REEs carry is not easy to lose
and is little affected by metamorphism. Therefore, REEs have been
used as powerful geochemical indicators to reflect provenance
compositions and changes, and provide geochemical evidences
for the formation and evolution of coal seams (Wang et al,
2008; Xie et al, 2014; Arbuzov et al, 2018). At present, many
studies on REEs in coals have been focusing on the characteristics of
contents and the spatial distribution, occurrence, distribution
pattern, provenance analysis and primary sedimentary
environment of coals (Hao et al, 2004; Ren et al, 2006; Wu
et al., 2013; Liu et al, 2015; Munir et al., 2018; Hedin et al.,
2019; Ulrich et al, 2019). However, fewer studies have focused
on the relationships between the geochemical characteristics of REEs
and special geological events.

End-Permian time is one of the most important critical
transition in geological history, and the largest mass extinction
occurred at the Permian-Triassic transition (Wang et al., 2018;
Guo et al,, 2022). As the last coal deposited at the end Permian, the
C, coal recorded the terrestrial paleoenvironment changes during
mass extinction (Wang et al., 2018), the geochemical characteristics
of C; coal may be closely related to the event. The geochemical
characteristics of trace elements other than REEs have been studied
by Shao et al. (2015), and they proposed that enriched elements

10.3389/feart.2022.1057831

mainly derived from continental weathering of the Emeishan basalt,
synsedimentary volcanic ashes and medium-low temperature
hydrothermal fluid. REEs, however, are more reliable tracers to
reveal provenance and paleoenvironment, and can better constrain
the environment and biological evolution events (Tian et al., 2014).
In this paper, systematic REEs geochemical analyses of the latest
Permian C, coal in Xuanwei county have been conducted, combined
with previous research results about major and trace elements in C,
coal to accurately trace the provenance change during the coal
forming (Shao et al., 2015), reveal the sedimentary environment and
tectonic background of coal forming, and discuss a series of
geological events occurred on land during the mass extinction at
the latest Permian, especially the effects of volcanic activities on coal-

formation.

2 Geological setting

Xuanwei County is located in the eastern Yunnan Province and
adjacent to the west Guizhou Province (Figure 1), which was
tectonically located in the western part of the South China
cratonic basin during the Late Permian (Shao et al, 2013). The
siliciclastic sediments in this area were supplied predominantly by
the Khangdian Oldland to the west. Meanwhile a long-term gradual
easterly transgression throughout Late Permian provided sufficient
accommodation space for the development of this important latest
Permian coal province (Wang et al., 2011; Shao et al., 2013). The C,
coal is widely distributed in eastern Yunnan, mainly located in
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FIGURE 1

Location of the Yantang mine, Laibin Town, Xuanwei county, Yunnan Province (cited from Wang et al., 2018).
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The stratigraphic section of mineable coal seam and sampling horizons of the Yantang Mine.

Xuanwei, Fuyuan and Weining areas, and lied in the uppermost
portion of the Xuanwei Formation of Late Permian. The Xuanwei
Formation unconformably underlaid by the Emeishan Basalt, and is
conformably overlaid by the Kayitou Formation of Early Triassic
(Figure 2). In the Xuanwei area, this formation consists mainly of
grey fine-grained sandstone, siltstone and mudstone, some volcanic
ash beds, and numerous coal seams including the C; coal seam at its

TABLE 1 Partial proximate analysis, sulfur contents and vitrinite
reflectance in coals from the Yantang Mine in Xuanwei,
Yunnan (%).

No. M.g Aq Va Sta Ssa  Spa  Soa Riv

>

Bi-1 1.86 63.36 12.13 0.24 0.03 0.18 0.03 1.28
B;-2 0.90 48.21 14.15 0.12 0.01 0.10 0.01 1.26
B,-4 1.12 28.32 20.30 0.10 bdl 0.07 0.03 1.37
B-5 1.16 40.29 16.91 0.06 bdl 0.05 0.01 1.31
B,-6 0.91 32.11 16.95 0.17 bdl 0.16 0.01 1.24
B,-7 0.93 27.54 19.65 0.07 bdl 0.03 0.04 1.27
B,-1 1.16 37.01 17.53 0.38 0.02 0.30 0.06 1.19
B,-2 0.96 23.06 20.93 0.22 0.02 0.19 0.01 1.25
B,-3 0.94 61.32 9.68 0.19 0.01 0.17 0.01 nd
B,-4 0.80 32.10 19.62 0.64 0.02 0.34 0.28 1.27
B,-5 0.81 25.37 20.71 0.13 0.01 0.12 bdl 1.33
Bs-1 0.78 40.23 16.24 0.10 bdl 0.06 0.04 nd
B5-2 0.31 27.55 19.66 0.10 0.01 0.03 0.06 nd
B;-3 0.88 45.71 17.71 0.11 0.01 0.02 0.08 nd
Bs-5 0.99 17.80 24.94 0.10 0.01 bdl 0.09 nd
B;-6 0.41 16.88 26.30 0.11 0.02 0.01 0.08 nd
B;-7 0.25 2243 27.16 0.11 0.02 0.02 0.07 nd
M, moisture; A, ash yield; V, volatile content; ad, air dry basis; d, dry basis; St, total

sulfur; Ss, sulfate sulfur; Sp, pyritic sulfur; So, organic sulfur; Roav, average vitrinite
reflectance. All data in Table 1 comes from Shao et al., 2015.
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top (Wang et al., 2012). The Xuanwei Formation of Late Permian is
mostly made of continental fluvial deposits (Wang et al., 2011).

3 Sampling and experimental
methods

3.1 Sample description and basic data

Samples were collected from the Yantang Mine of Laibin
Town, Xuanwei County, and the coal seam C,; is the only
minable seam in this mine which included three sub-seams
B, By, and B; in descending order. Within the sub-seam B,
and B;, a 5 cm-thick Tonstein (kaolinite claystone altered
from volcanic ash) layer exists (Figure 2). The total of
24 collected coal-seam channel samples including coal,
Tonstein, roof and floor, were taken from the fresh face of
the underground mine. The sampling site was located at N
26°18’18" and E 104°08'35” and the samples were collected
with a vertical spacing of about 10 cm. All samples collected
were at least 1 kg in weight and were immediately stored in
plastic bags to ensure as little contamination as possible. The
method of sample collection followed the Chinese National
Standard for Collecting Channel Samples GB/T 482-2008.

The partial proximate analysis, sulfur contents and vitrinite
reflectance of C, coal are presented in Table 1. The analytical data
show that all samples are bituminous coal with a medium-high
ash yield, ultralow total sulfur content and low-medium volatile
content. According to coal ash classification (GB/T 15224.1-94),
the coal samples B;-1 and B,-3 are classified as mixture of coal
and mudstone since their ash yields exceeds 50%. Therefore,
these are not included in the discussion of the C; coal in the
present paper.
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TABLE 2 REE contents of the late permian coal seam samples from the Yantang Mine, Xuanwei, Yunnan (ug/g).

No. La Ce Pr Nd Sm Eu
B-R 68.80 126.00 15.50 61.50 8.46 2.00
By-1 2620 48.70 532 2020 249 0.52
B;-2 29.70 62.70 7.67 29.50 5.96 0.95
B,-3P 60.00 117.00 13.50 51.40 10.20 1.71
Bi-4 35.90 80.50 10.00 42.90 9.00 1.49
By-5 3330 65.65 7.77 30.10 5.58 0.87
B,-6 12.70 24.90 3.03 12.80 2.38 048
B,-7 461 9.30 125 521 2,01 057
B,-F 72.60 167.00 21.80 88.20 15.40 2.49
B,-R 48.80 92.60 9.11 32.00 535 0.97
B,-1 41.90 94.40 11.40 44.40 7.63 1.60
B,-2 3.17 6.09 0.86 3.93 1.09 0.32
B,-3 21.50 51.50 6.63 25.30 5.28 1.02
B,-4 71.00 114.00 12.40 48.00 7.03 161
B,-5 3.62 7.85 112 5.62 1.88 0.70
B,-F 50.40 96.90 10.70 34,50 7.15 247
B;-R 98.20 178.00 24.10 97.50 15.70 331
Bs-1 7.59 17.50 1.41 557 1.02 0.26
Bs-2 11.80 21.50 2.39 9.47 1.97 0.34
B;-3 17.40 33.10 3.69 13.90 3.66 0.58
B;-4P 32.40 61.90 7.17 26.80 5.81 047
Bs-5 13.90 27.30 3.60 14.80 430 0.93
Bs-6 21.60 37.60 4.92 21.70 6.05 1.51
B;-7 50.90 106.00 15.70 58.70 12.30 3.04

3.2 Analytical methods

The bulk samples were air-dried, crushed, ground to less
than 200-mesh and dried for 2h in a drying oven at
105°C~110°C. The samples were then preprocessed by low-
detailed
procedure is described hereafter. An accurately weighed

temperature airproof acid digestion, whose
sample of 0.0500 g was mixed with 1 ml of HF, 3ml of
HNO; and 1 ml of HCIO, in a dedicated 25 ml digestion
vessel. After the cap assembles were sealed, the vessel was put
into a low-temperature electric warming plate for heating at
125°C for 24 h. Finally, the residue was dissolved with 1%
HNOj; and then transferred to a 50 ml volumetric flask. The
prepared samples were then determined for their REE
compositions using the inductively coupled-plasma mass
spectrometry (ICP-MS) (Finnigan MAT), with the relative
analysis error of #5%, according to the “GB/T
14506.30-2010”. The REEs testing was performed at the
Analytical Laboratory of Beijing Research Institute of
Uranium Geology. The final results were reported as the
pg/g in coal with a dry basis for each sample.
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Gd Tb Dy Ho Er Tm Yb Lu
7.77 1.60 10.10 2.01 6.09 1.02 5.62 0.75
1.99 0.53 3.42 0.77 2.27 0.60 2.28 0.30
5.02 0.76 3.95 0.75 1.94 0.33 1.96 0.30
10.60 242 14.90 2.98 9.81 1.52 10.70 1.67
9.61 2.10 11.20 2.26 6.52 0.99 5.65 0.86
4.73 0.76 391 0.83 2.62 0.44 2.76 0.48
2.82 0.53 2.53 0.50 1.44 0.23 1.49 0.26
4.58 1.34 9.26 2.01 6.15 1.00 5.52 0.96
10.50 1.68 7.97 1.66 5.18 1.00 6.54 1.06
4.80 1.01 6.59 1.29 3.96 0.72 4.48 0.71
6.37 0.93 4.62 0.85 2.55 0.48 2.54 0.42
1.85 0.42 2.54 0.47 1.40 0.22 1.39 0.24
3.90 0.67 3.38 0.70 2.25 0.42 2.44 0.41
5.30 0.80 3.64 0.53 1.51 0.21 1.27 0.21
3.05 0.77 4.46 0.90 2.65 0.43 2.14 0.33
9.07 1.83 10.90 1.90 5.63 0.87 5.36 0.78
11.10 2.11 10.30 2.75 7.26 1.01 6.53 1.02
0.96 0.19 1.12 0.25 0.69 0.11 0.81 0.11
1.88 0.34 1.62 0.39 0.99 0.19 1.24 0.16
3.08 0.60 3.60 0.83 2.03 0.36 2.62 0.40
4.79 1.13 7.52 1.85 5.71 1.16 8.32 1.16
3.77 0.69 4.40 0.93 247 0.39 2.34 0.34
5.72 1.12 8.18 2.00 4.85 0.71 5.13 0.71
8.91 1.23 5.05 0.83 2.47 0.32 2.16 0.33
4 Results

127

The contents of REEs and other trace elements in the C; coal
obtained by ICP-MS analysis are presented in Tables 2, 3. The total
REE content (YREE) in C; coals (excluding roof, floor and
Tonstein) varies from 23.99ug/g to 267.94pg/g, averaged
122.69 pg/g, which is slightly lower than that of average Chinese
coal with 135.89 pg/g (Dai et al, 2012). Compared with the Late
Permian coal in the adjacent area, the average Y REE in C; coal is
slightly lower than that of Yueliangtian coals from Panxian county,
western Guizhou (136 pg/g, marine and continental transitional
environment, cited from Wang et al., 2017), but higher than that of
continental coals from Shizong county and Fuyuan county in
eastern Yunnan (101 pg/g and 105.9 pg/g, respectively, cited from
Wang et al,, 2017 and Wang et al,, 2012). The Y REE of the roof and
floor strata ranges from 212.39 ug/g to 458.89 ug/g, averaged
326.01 pg/g, which is 2.65 times of that of coal, indicating that
the total amount of REEs in mudstone is significantly higher than
that of coal. However, there is not significant vertical variation of
REE contents among benches of individual coal seam, as seen from
Figure 3.
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TABLE 3 The REE and elements data of the late permian coal seam samples from the Yantang Mine, Xuanwei, Yunnan.

Sample No. Y REE (pug/g) HREE (ug/g) LREE (ug/g)
B,-R 317.22 34.96 282.26
By-1 115.59 12.16 103.43
B,-2 15148 15.00 136.48
B,-3P 308.41 54.60 253.81
B,-4 21897 39.18 179.79
B;-5 159.78 16.52 14327
B,-6 66.09 9.80 56.29
B,-7 53.77 30.82 2295
B,-F 403.08 35.59 367.49
B,-R 212.39 2356 188.83
B-1 220.10 18.77 201.33
B,-2 23.99 8.53 15.46
B,-3 125.39 14.16 11123
B,-4 267.52 13.48 254.04
B,-5 3552 14.73 20.79
B,-F 238.46 42.08 41681
B;-R 458.89 4.23 3335
Bs-1 37.58 6.81 47.47
B-2 54.28 13.53 7233
B;-3 85.85 3164 13455
B;-4P 166.19 15.33 64.83
Bs-5 80.16 28.42 9338
B-6 121.80 2130 246.64
Bs-7 267.94 12.16 103.43

L/H (La/Yb)n SEu 8Ce Ceanom Al/Ti

8.07 7.27 0.84 0.80 -0.067 6.05

8.51 6.82 0.80 0.86 —-0.050 15.61
9.10 9.00 0.59 0.87 -0.015 25.95
4.65 3.33 0.56 0.86 —-0.037 42.62
4.59 3.77 0.55 0.89 -0.006 41.39
8.67 7.16 0.57 0.85 —-0.036 15.04
5.75 5.06 0.63 0.84 -0.048 16.61
0.74 0.50 0.64 0.81 —0.046 18.22
10.33 6.59 0.67 0.88 0.003 38.88
8.02 6.47 0.65 0.92 —-0.030 24.47
10.73 9.79 0.78 0.90 0.008 27.30
1.81 1.35 0.76 0.77 -0.077 31.33
7.86 523 0.77 0.90 0.024 9.45

18.85 33.19 0.90 0.80 —0.104 15.17
1.41 1.00 1.00 0.81 —-0.050 20.45
9.91 8.93 1.05 0.87 -0.027 7.82

7.88 5.57 0.86 0.76 —-0.081 8.53

6.97 5.65 0.88 1.12 0.047 11.25
5.35 3.94 0.61 0.84 —-0.061 18.73
4.25 2.31 0.59 0.86 -0.042 23.68
4.23 3.53 0.30 0.85 —-0.043 62.95
3.29 2.50 0.79 0.80 -0.052 18.67
11.58 13.99 0.88 0.76 -0.099 13.19
8.51 6.82 0.99 0.78 -0.035 5.14

Chondritic values by Herrmann are used for normalization with the modification of REEs (Hao et al., 2004); ¥ REE=LREE+HREE; LREE=La+Ce+Pr+Nd+Sm+Eu;
HREE=Gd+Tb+Dy+Ho+Er+Tm+Yb+Lu; L/H=LREE/HREE; (La/Yb)yx =Lan/Yby; SEu=Eun/(SmyxGdy)'%; 8Ce = Cen/(LanxPry) /%N stands for chondrite normalization; Data of Tiand

Al are cited from Shao et al., 2015.

The REEs contents of chondrites were taken from
Herrmann (Hao et al.,, 2004) and the chondrite-normalized
REE distribution patterns of all samples from the seam C, are
showed in Figure 3. All of the curves show a certain slope and
are tilted to the right. The curves of Light REE (LREE) are
slightly sloping compared with Heavy REE (HREE). The
samples from seam B, and B; show a similar distribution
trend respectively, while the curves of samples from seam B,
are haphazard. The (La/Yb)y ratios of all samples change from
0.50 to 33.19, with an average value of 6.73, indicating that
LREE were significantly enriched relative to HREE. This is
consistent with all other studies which reveal the
predominance of the LREE relative to HREE.

Most samples of the C; coal are depleted in Eu at various
degrees, with SEu values ranging from 0.55 to 1.00 for an average
of 0.74, and with a peak negative value (0.30) appearing in
Tonstein B;-4. The 6Ce value of C; coals show slightly
negative or free anomalies, ranging from 0.76 to 1.12,
averaged 0.85.
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The REE patterns may be subsequently altered to a variable
extent by post-depositional, diagenetic exchange or surface
weathering (Zeng et al., 2001; Blake et al., 2017). As a special
organic sedimentary rock, coal may also be affected by the above-
mentioned factors during the coal-forming process, which could
affect REEs fractionation and enrichment. For instance, §Ce
value easily changes due to diagenesis, which then leads to a
significantly positive correlation between 8Ce and JEu, a
significantly negative correlation between 8Ce and (Dy/Sm)y;,
and a significantly positive correlation between 6Ce and ) REE
(Shields et al., 2001; Zeng et al., 2011; Qu et al., 2018). To confirm
the influence of diagenesis on samples from seam C;, the above
three correlation coefficients are calculated as -0.10, 0.15 and
0.18, respectively (Figure 4). The correlation values are not
significant, showing that diagenesis has very little influence on
the Ce anomaly in the C; coal. In consideration of this result, the
Ce anomaly is regarded to reflect the characteristics of the
terrestrial environment during sedimentary period as it
represents the information of the original samples.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1057831

Wang et al.

10.3389/feart.2022.1057831

B B & ZREE/10* 6Eu 8Ce
Samples REESs distribution 100200 300 400 | 0.4 06 08 10 08 1.0
Pl i ;
Br-rool | € Y ' J
Bl | | 1
B2 | & .. : ]
B-3p | € ° | 1
B4 | & | ]
Bes |4 o L ] ]
B-6 |4 L] : :
B-7 |+ ° ) B
B-floor | € oo o ! Bz
sl 63 S . : ¥
Bl | & ° 1 £ S
B2 | % ° | gl S
1l L, =
By |« . ] g ©
S o
Bt | . ] 2%
2 8 3
Brs | € o= e pow — ) L] 2 £
B-floor | 4= . | °:
Breroof | 4= L \ \
Bl | % :
B-2 |4 L4 | 1
B3 |4 S . 1 i
Brip |+ ° ' '
Be=5 - .k_‘_._ ™Y \ '
B-6 | e ° ! !
Br? | e g g ° ' !
L] | Il
: :
g | 1
- coal - parting - roof/ floor

FIGURE 3

Stratigraphic distribution of patterns of Y REE, 8Eu, §Ce and Zr/Hf in all coal samples from Yantang Mine, Xuanwei,
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8Ce correlate with 8Eu, (Dy/Sm)y and Y REE in the C; coal of Yantang Mine, Xuanwei, Yunnan.
5 Discussion 2019). Therefore, the influence of sea water can be

5.1 Sedimentary environment

Ce anomaly is an effective redox indicator, which can be
used to analyze sedimentary environment and paleo-water
medium conditions. The 8Ce greater than 1 indicates a
reducing condition, while that less than 1 reflects a more
oxidizing condition (Qu et al., 2018). In general, the negative
Ce anomaly indicates the marine sedimentary environment,
while the mafic basalt has slightly positive or free Ce anomaly
(Zhao etal., 2019; Wang et al., 2020). The §Ce of samples from
the seam C,; are mostly between 0.76 and 0.92, averaged 0.84,
indicating a slightly negative Ce anomaly (Table 3 and
Figure 3), which is significantly different from the REE
characteristics of seawater (Qu et al., 2018; Huang et al,,
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excluded. The above discussion of 8Ce in samples from
seam C; suggested that the coal-forming peatland was
affected by the input of basic basalt clastic materials from
the Khangdian Oldland, and the coalforming peatland was in
weak oxidation environment.

In addition, Ce,yom is also widely used in the identification
of paleoredox conditions. The Ce,nom is greater than
0 indicates water hypoxia, while that less than 0 reflects
oxidized water (Tian et al., 2018). Most Ce,nom Of samples
from seam C, are less than 0 (Table 2), indicating the weak
oxidation environment of coal-forming peatland. Only a few
samples in seam B, have Ce,,om greater than 0, indicating that
peatland oxidation and reduction environments alternate
during coalforming, suggesting a turbulent coal-forming
environment.
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Chondrite-normalized REE patterns of the tonsteins in the C;
coal, PTB volcanic ashes and subduction-related rock.

5.2 The character of volcanic ash

Eu anomaly is inherited from the source rock, and as such Eu
is generally recognized as an indicator of the nature of
provenances. Basalt shows mostly no negative Eu anomaly,
while granite and other acidic rocks present obvious negative
Eu anomaly (Chen et al, 1990; Wang et al, 2019). Since the
main provenance area of the coal-bearing basin in the study area is
basalt (and its weathering and alteration products) originating
from Khangdian Oldland, there should be no Eu anomaly in the C;
coal samples. However, most coal bench samples of the C, seam
are depleted in Eu at various degrees (Figure 3 and Table 2), except
those at the roofs and floors and their vicinity. According to the
sedimentary sequence of the C; coal, the bottom coal of seam B;
that was first deposited has no Eu anomaly, and then the degree of
negative Eu anomaly increases gradually upward, and reaches the
maximum value of the whole coal seam rapidly at Tonstein B;-4
(8Eu is 0.30), and then decreases rapidly upward. There was no Eu
anomaly in the floor and bottom coal of the sub-seam B, which
deposited followed by the sub-seam B;, and the degree of negative
Eu anomaly increased slowly from the bottom of sub-seam B,
upward to sub-seam B; (B;-4) and Tonstein (B;-3), reaching the
maximum Eu negative anomaly, and then the Eu negative anomaly
decreased rapidly. The Eu negative anomaly degree of Tonstein B;-3
is significantly lower than that of B;-4, which may be caused by
the input of acidic volcanic materials, and acidic volcanic
activities are more intense during the B; coal-forming period.

The Al in normal igneous rocks resides mostly in feldspars and
the Ti in mafic minerals. Therefore, the Al/Ti ratio is an important
parameter to determine the parent rock composition. Generally,
basic rock with a Al/Ti ratio of 3-8 and intermediate rock with a Al/
Ti ratio of 8-21, 21-70 indicate acidic rock (Hayashi et al., 1997).
The Al/Ti ratio of Tonstein B;-3 and Bs-4 is 42.62 and 62.95,
respectively, whereas that of most coals is between 9.45 and 41.39
(Table 3). Integration of 6Eu and Al/Ti ratios suggest that there were

Frontiers in Earth Science

130

10.3389/feart.2022.1057831

e Coal
P * Roof/Floor

15 Tholeiite A Tonstein
™y .,
gf ./ Lower crust
E 9 S
Z 10k /_ Andesite island arc
3 ~ o
g o| V\ Felsic/Basic rocks

s / Felsic rocks &5

o
’/ _‘_‘_—_—._—_r/\ Passive continental margin
\Upper crust , : | | L A
0 5 10 15 20 25 3a
w(Hf)/10-6
FIGURE 6

w(La)/w(Th)—w(Hf) discrimination diagram for provenance
attribute Data of Zr and Hf are cited from Shao et al. (2015).

twice significantly acidic volcanic activities during coal-forming
(Figure 7A).

Tonstein is the preserved “relic” of volcanic activity, the SEu
with 0.56 and 0.30 of Tonstein B;-3 and B;-4 are very close to that of
five typical PTB ash beds in South China (He et al., 2014; Tan et al,,
2019), so it is inferred that the two volcanic activities are the same
provenance with those indicated by the PTB volcanic ash layer in
South China. Furthermore, the similar shaped curves and negative
Eu anomaly indicate that the Tonsteins and ash beds have the same
REE origin from volcanic rocks related to plate subduction (Siberian
Traps) (Widiatama et al.,, 2021) (Figure 5).

5.3 Source and tectonic background of the
C, coal

REEs have special geochemical characteristics, and are stable
during weathering, erosion, transportation, deposition and early
diagenesis. Therefore, the REEs have been used to infer the
material source of sediments (Bai et al., 2015; Tian et al,
2018; Qu et al, 2018). The different chondrite-normalized
patterns of sub-seam B;, B, and B; (Figure 3) show different
coal-forming process. With few exceptions, the distribution
curves of REEs in the first deposited sub-seam B; are most
similar, indicating the stable and single provenance. The
distribution curves and abundance of REEs in samples from
the sub-seam B, have more variability than sub-seam B; In
addition, Ce,nom of samples reflected that the oxidation and
reduction environment appeared alternately during coal-forming
of sub-seam B,. All of the above results indicate that the
sedimentary environment of peat swamp was relatively
turbulent and the provenance was unstable during this period.
The distribution curves of REEs in the latest sub-seam B, are
slightly different. Besides, the abundance of Y REE in top coal
suddenly decreases, inferred that the input of terrigenous
substances replaces the paleoplant, and finally leads to the
termination of coal-forming process.
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(A) Zr versus Ti diagram (modified from He et al., 2014), (B) plots of mass fractions of Al,Oz versus TiO,, and (C) Zr/TiO, versus Nb/Y diagram

(modified from He et al.,, 2014).

Diagrams of w(La)/w(Th)—w(Hf) is commonly used to
discriminate the source rocks and tectonic setting (Bai et al.,
2015; Qu et al., 2018). The result shows that coals from the seam
C, are from multiple sources, such as tholeiite, andesite island
arc, felsic and basic rocks (Figure 6). Tonsteins, seam roofs and
floors are plotted mainly into the felsic and basic rocks area
(Figure 6). All samples from the seam C; are deposited in the
passive continental margin.

Tonsteins in the seam C; classify as acidic rock on the Al,O;
versus TiO, and diagram of Nb/Y—Zr/TiO, (Figures 7A,B), and
Tonsteins originate from felsic magmatic arc.

Integration of dispersion of coal samples plotted in above
diagrams and variation of distribution curves of REEs, it can
be inferred that the provenance of C; coal is complex and
influenced by the input of basalt and acidic volcanic ash
during coal-forming process (Figures 3, 6, 7). Concretely,
the roofs and floors originated from the basalt clastic
materials of the KhangDian Oldland, while the Tonstein
layer is derived from the acidic synsedimentary volcanic
ash. Based on the dual influence of volcanism and basic
basalt clastic material, the source rocks of the coal seam C,
show basic, intermediate and acidic (Figure 7A).

5.4 The relationship between coal
formation and volcanic activity

During the Permian-Triassic, the Paleo-Tethys along a
subduction zone between the South China and Indochina
cratons closed gradually, and Indochina Plate moved rapidly
northward and collided with other plates, consequently felsic
volcanic activities were extraordinarily active(Cawood, 2005;
Wang et al., 2019; Zhao et al., 2019) (Figure 8A). During one
eruption, dust nanoparticles can travel thousands of kilometers
through the stratosphere and affect all areas of the Earth for years
(Ermolin et al,, 2018). The volcanic ash falling to South China
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was altered in different sedimentary environments to form
kaolinite, illite or illite/smectite, such as Tonsteins interbedded
in C; coal from Xuanwei area and five typical marine PTB
sections in South China (Figures 8B,C) (He et al., 2014; Wang
et al, 2018). Multiple volcanic claystone beds are widely
developed in South China, which become more frequent and
thicker towards southwest margin of Yangtze, indicating that the
source of PTB tuff and volcanic claystone is in the southwest
margin of the Yangtze Plate (Sun et al., 2013; Wang et al., 2022).
Recently, previous studies on the source of PTB volcanic ash in
South China have shown that, the PTB volcanism occurred near
southwest South China and their
continental margin due to the closure of Paleo-Tethys.

adjacent convergent
Furthermore, volcanic ash derived from subduction-zone arc
between South China and Indochina cratons, which is not the
trigger of PTB mass extinction due to limited eruption (Isozaki
et al,, 2007; Zhao et al., 2013; He et al., 2014; Wang et al., 2018;
Wang et al., 2019; Zhao et al., 2019; Hou et al., 2020).

The age of Tonstein (252.0 £2.3 Ma, Wang et al., 2018) of the
sub-seam B overlaps with age of granite (235-252 Ma, Ma et al.,
2019) as evidence of subduction-zone, and Xuanwei area is
immediately adjacent to the continental magmatic arc of the
southwest margin of the South China at the End-Permian (Wang
et al., 2018). By comparing REE patterns of two Tonsteins, five
typical PTB volcanic ash layers, volcanic rocks related to
subduction and Siberian traps (Figure 5) (He et al., 2014; Liu
et al., 2015), it is found that the distribution curves of the first
three are very similar, except the last one, mainly due to the
absence of negative Eu anomaly. In addition, the REE patterns of
Tonsteins are slightly different from those of PTB volcanic ash
layers, such as little fractionation of LREE and HREE and flatter
distribution curve, which may be caused by the volcanic ash
falling in different sedimentary environments. Tonsteins were
deposited in continental fluvial sedimentary environment, and
the input of terrigenous materials tends to flatten the distribution
curves of REE, which is different from the marine PTB volcanic
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(A) Global paleogeography at late permian (Changhsingian) (modified from Metcalfe, 2013; Wang et al., 2019); (B) Potential volcanic ash source
areas and inferred direction of ash transport (A—B) in South China and Indochina area during late permian (modified from Wang et al., et al,, 2018;
Zhao et al., 2019); (C) Composite cross-section of Late Permian South China and Indochina Craton, showing subduction of the Paleo-Tethys Plate
beneath the Indochina Craton margin (modified from Wang et al., 2018; Zhao et al.,, 2019). Abbreviations in A: STLIP-Siberian Traps Large
Province; NC-North China; SC-South China; In-Indochina Craton; B: DP-Dongpan, XW-Xuanwei, SS-Shangsi, RCP-Rencunping, CT-Chaotian, MS-

Meishan.

ashes (Liu et al., 2018). The diagrams of Al,O3-TiO,, Nb/Y-Zr/
TiO, and Zr-Ti (Figure 7) also confirmed that the two layers of
Tonstein derived from volcanic magmatic arc and were acidic,
which was different from the basic SLIP (Kamo et al., 2003).
Therefore, it was inferred that Tonsteins in the C, coal were from
felsic volcanism of the End-Permian, rather than SLIP.

Significantly, the bottommost coal sample B;-7, which has
been plotted in the SLIP area (Figure 7C), and its §Eu of 0.99,
Al/Ti of 5.14, REE pattern curve and diagram of w(La)/w(Th)-
w(Hf) and Zr-Ti, indicating that it has been affected by basic
basalts. It is further confirmed that C; coal was influenced by
SLIP in its early stage. Compared with Indochina craton, SLIP
and eastern Yunnan Province are more far apart. However, the
SLIP is known as the largest continental volcanic event since
Phanerozoic, and volcanic ash nanoparticles can transport to
worldwide. With the overlap between constraint on SLIP
eruption and C; coal forming, therefore it can be inferred
that the C; coal was affected by SLIP in the early stage of
coal forming.
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6 Conclusion

The C; coal from Xuanwei County, Yunnan Province
contains two layers of Tonstein. REEs, several major and trace
elements data indicate the following:

(1) The total REE content of the C; coal ranges from 23.99 to
267.94 ug/g, averaged 122.69 ug/g. C,; coal samples are
enriched in LREE relative to HREE and show significant
fractionation between LREE and HREE. Most samples
including coals, Tonsteins, roofs and floors present
varying degrees of negative Eu anomaly, especially two
Tonsteins in sub-seam B; and B; with the significant
negative Eu anomalies. Most samples of the seam C,; are
slightly depleted in Ce.

(2) The C; coal-forming peatland was affected by the input
of basic basalt clastic materials from Khangdian Oldland
and acidic volcanic ash. The C; coal was deposited in a
weak oxidation environment, and experienced turbulent
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environment during the middle and later stage of coal-
forming period.

(3) The geochemical characteristics of Tonsteins in the C; coal
are similar to those of the marine PTB volcanic ash layers in
South China, which are both derived from the felsic
volcanism caused by the closure of the Paleo-Tethys at

South  China.

Furthermore, the C; coal was also affected by the

the southwestern margin of the

eruption of SLIP in the early stage.
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Coal measure energy production and reservoir space utilization are both important
for energy security and can assist in achieving carbon neutrality. Coal measure
energy production and reservoir utilization are therefore of scientific significance.
This study focuses on the security of coal supply by discussing the possible technical
approaches of combining low-carbon mining of coal measure resources and coal
reservoir space utilization. Our study found that 1) the integration of underground
coal gasification and carbon capture and sequestration (UCG-CCS) is an effective
technology to improve energy efficiency and achieve the carbon neutral target in
China; 2) CO,-enhanced coalbed methane (CO,-ECBM) recovery is an important
way to reduce CO, emissions during coalbed methane recovery; and 3) the
integrated technology of solid waste filling (WF), coal bioconversion (CB), gas
production (GP), and CO, capture and sequestration (CCS) in coal goafs and
abandoned coal mines can improve the energy production efficiency and
reservoir space utilization and reduce geological disasters due to surface
subsidence. These integrated technologies will become increasingly important for
coal measure energy production and efficient reservoir space utilization as they will
provide scientific theory and technical support to achieve carbon neutrality.

KEYWORDS

carbon neutral target, CO, sequestration, reservoir space utilization, UCG-CCS, WF-CB-
GP-CCS

1 Introduction

China is richly endowed with coal but has fewer oil and gas resources. Coal production and
consumption account for a high proportion of China’s energy production and consumption
(Zou et al,, 2021a; Chen et al., 2021; Xie et al,, 2021). The total primary energy production in
China increased from 628 million tons of standard coal in 1980 to 4.08 billion tons of standard
coal in 2020, and the total energy consumption increased from 517 million tons of standard coal
to 4.98 billion tons of standard coal over the same period (Figure 1). The Chinese gross domestic
product (GDP) rapidly increased from 367.87 billion yuan to 101,598.62 billion yuan (National
Bureau of Statistics of China, 2021; Zou et al., 2021b). The rapid development of China’s
economy has been supported by the increased consumption of energy. The increased energy
output also caused a large increase in greenhouse gas emissions, such as CO, (Dong et al., 2014;
Yang et al., 2020). In 2020 alone, China’s energy-related CO, emissions were about 9.9 billion
tons, accounting for 30.9% of the global total carbon emissions and ranking first in the world
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(Zhang et al., 2021). Against this background, even if the proportions
of natural gas and renewable energy could be increased to reduce the
carbon-intensive power supply, the development of renewable energy
will not outpace the price and security advantages of coal-fired power
(Hecking, 2016; Fan & Chen, 2018; Zhang et al., 2018). China’s 14th
Five-Year Plan (2021-2025) and the Outline of Long-term Goals for
2035 specifically stated the following: “We will formulate an action
plan to peak carbon emissions by 2030, improve the system of
controlling both the total amount and intensity of energy
consumption, and promote the clean, efficient and safe use of fossil
energy such as coal.”

To keep the global temperature rise within 1.5°C, as proposed in
the Paris Agreement, net-zero global CO, emissions, where there is a
balance between man-made removal and man-made emissions, must
be achieved by 2050. This is known as “carbon neutrality” (Chen et al.,
2021). Global climate catastrophes are becoming more and more
severe. Achieving this goal is regarded as the key to climate
security and the survival of humanity (Zhang et al, 2021). By the
end of 2020, 127 countries and regions had put forward their carbon
neutrality targets, with some having set timetables for restricting or
banning the use of fossil energy (Chen et al., 2021). At the General
Debate of the 75th Session of the United Nations General Assembly,
President Xi Jinping of the People’s Republic of China promised that
the CO, emissions will achieve peak before 2030, and carbon
neutrality will be achieved before 2060.

Coal measure energies, which include coal, coalbed methane, coal
measure gas, and shale gas, are the main current sources of energy in
China. The production of coal measure energies and the utilization of
their reservoir spaces are important for achieving the carbon peak and
carbon neutrality targets in China. Over the past few decades,
significant progress has been made in the exploration and
production of coal measure energies.

For a long time, coal mining rates were low in China, being
affected by the resource conditions, the state of mining technologies,
and resource management. The resource recovery rate of a state-
owned coal mine was generally about 50%, while the resource recovery
rate of locally administered state and township-individual coal mines
with relatively poor conditions was only about 20%-30% (State
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Administration of Coal Mine Safety, 2002). From 1949 to 2014, the
total amount of residual coal in China was 126.644 billion tons. These
included state-owned, local state-owned, and township-individual
coal mines at 26.93 billion tons, 20.198 billion tons,
78.87 billion tons, respectively (Huang et al, 2014). The main

and

obstacle was how to improve the coal mining rate.

In contrast, the volumes of coal goafs totaled 13.836 billion m” in
China by the end of 2016. These coal goafs led to frequent mining
disasters such as land subsidence, and it is estimated that the volume of
coal goafs in China will reach 23.452 billion m® by 2030 (Xie, 2018).
Challenges that must be addressed in coal goaf mining are how to
efficiently use the underground space and reduce coal goaf mining
disasters.

Coal measure gas in China has the characteristics of “three low and
one high” (low pressure, low permeability, low saturation, and high
content) due to the complex geological conditions that often
(Lv et al, 2011).
Improving the recovery of coal measure gas is a key problem to
overcome. Only a few technologies can simultaneously exploit coal

complicate coal measure gas production

measure energy and optimally use coal reservoir space. Coal measure
energy production must be increased to reach China’s carbon neutral
target, and the reservoir space utilization must be optimized. To meet
the demand for clean and green mining against the background of
future carbon neutrality, this study considers these two technologies
comprehensively by focusing on coal measure energy production and
reservoir space utilization from theory and practice.

2 Theoretical basics

2.1 Principle of underground coal
gasification (UCQ)

Underground coal gasification, which involves in situ coal
gasification, is the controlled burning of coal under in situ
conditions (Figure 2). The thermal and chemical reaction of the
solid organic matter in the coal generates mixed gases during
controlled burning. These gases can be converted into various fuels
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or raw materials after ground classification, such as natural gas for
power generation, carbon monoxide, and hydrogen for synthetic
ethanol. UCG is a relatively new technology for the clean
utilization of coal and the production of chemical raw materials
(Blinderman, 2017; Perkins, 2018). UCG has a high coal recovery
rate (up to 85%) and can be generated at a low economic cost. It also
has a limited environmental impact with almost no groundwater
pollution risk. Since it is an unstaffed form of underground coal
mining, it has a higher worker safety performance, especially for some
thin coal seams, deep high gas coal seams, abandoned coal seams, and
marginal unminable coal seams. However, its application can be
restricted by the coal quality, hydrogeology, and other limitations
(Qin et al., 2019).

The ash content of the slag in the oxidation zone is 94.9%, with a
small amount of unburned carbon after UCG (Ma, et al., 2019). The
volatile content of the residue in the reduction zone is lower than that
of the residue in the dry distillation zone, and the fixed carbon content
is slightly higher than that in the dry distillation zone. From the
temperature and the reaction of the coal seam, the coal seam first
undergoes drying and distillation and then undergoes gasification at a
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favored.

Principles of biogas and coal
bioconversion (CB)

Biogas is generated by microbial fermentation of organic
substances under anerobic conditions. Biogas is generally generated
in marshy areas. People often see marshes, sewage ditches, or cesspools
emitting biogas bubbles. During biogas generation, human and
livestock manure, straw, sewage, and other organic substances are
fermented under anerobic (oxygen-free) conditions in a closed biogas
tank, where biogas fermentation microorganisms decompose and
transform the organic material to biogas. Methanation of the
organic substrates under anerobic conditions is thought to occur in
four generally accepted stages (Figure 4). The pathways of biogas are
acetic acid fermentation and CO, reduction:

1
(@)

Acetic acid fermentation

CO, reduction

CH;COOH — CH,4 + CO,.
C02 +4H2 - CH4 + 2H20

Coal measure gas is an unconventional natural gas. There are two
types of coal measure gas: thermal and biological. Biogenic coal
measure gas, similar to biogas, is formed through the synergic
degradation of organic matter by microbial communities in a coal
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seam. Due to the theory of biogenesis, coal bioconversion has been
receiving more attention as a clean coal utilization technology (Zhang
et al,, 2017; Zhao et al., 2022).

3 Integration of technologies and their
applications

The energy composition and carbon neutralization target in China
requires that coal measure energy should be produced effectively, with
low carbon emissions, and that the reservoir space should be utilized
effectively. Therefore, several integrated technologies were proposed
to exploit coal measure energy and efficiently use the reservoir space.

3.1 Coal mining and reservoir space utilization

With continuous economic development, China’s demand for
energy is on the rise. Most of the easily exploitable shallow coal

138

Frontiers in Earth Science

seams have already been mined out. Traditional deep coal seam
mining methods not only increase energy consumption and pollute
the environment but also have a low recovery rate. After mining, it is
difficult to use the residual coal reservoir space. Efficient technology is
urgently needed to mine underground coal and ensure the rational
utilization of the mined reservoir space to reduce disasters caused by
surface subsidence. Therefore, we propose a technology that integrates
UCG and CCS. In this integrated technology, combustible gas is
provided by UCG, after which CO, is captured and sequestrated in
the residual UCG reservoir space.

Previous studies show that the coal reservoir space consists of
UCG slag, the cavity, reduction coal, dry distillation coal, and raw coal
after UCG, distributed outward along the gasification channel after
UCG was implemented (Figure 5). There are significant differences in
the material composition of the gasification slag in the three zones
(Akbarzadeh & Chalatrunyk, 2014; Bhaskaran et al., 2015; Howaniec,
2016; Liu et al., 2018). As shown in Figure 2, Oxidation zone, reduction
zone and dry distillzaiton zone. These factors cause significant
differences in the CO, sequestration paths of the three zones of the
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FIGURE 6
Schematic diagram of the CO, reaction with alkaline oxides.
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Methane adsorption isotherm of the raw and distillation coals.

UCG space. Slag is mainly composed of alkaline oxides, silica, and a
small amount of residue carbon. This means that CO, sequestration
on the slag surface occurs mainly via chemical reactions and/or CO,
adsorption on residual carbon (Figure 6). The chemical reactions that
sequestrate CO, are as follows:

Ca? + CO¥ — CaCO;, A3)
Mg®" + COY — MgCO;, (4)
Fe?* + CO¥™ — FeCOs. (5)

The substances in dry distillation coal are dominated by organic
matter and a small amount of morphologically transformed minerals.
After high-temperature baking during coal gasification, dry distillation
coal has a stronger gas adsorption capacity than raw coal and can,
therefore, sequestrate more CO, (Figure 7). The composition of
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reduced coal is between that of slag and dry distillation coal. CO,
sequestration in dry distillation coal mainly occurs via adsorption and
mineralization.

The integrated technology of UCG and CCS is efficient for mining
coal resources, and the UCG space can also be used effectively while at
the same time providing a new pathway for geological CO,
sequestration.

3.2 Coal measure gas production and its
reservoir space utilization

Coal measure gas recovery is limited because the coal measure
reservoirs have the “three low” (low pressure, low permeability, and
low saturation) characteristics. Many researchers have suggested CO,-
enhanced coalbed methane recovery to make up for the defect of the
reservoir and to reduce CO, atmospheric emissions during peak CO,
emissions (Clarkson & Bustin, 2000; Mukherjee & Misra, 2018). The
integrated technology that we suggest is simultaneous coal measure
gas production and CO, sequestration. A schematic of this integrated
technology is shown in Figure 8.

Thermodynamic calculations indicate that the maximum density
of CO, is 500-700 kg/m*® under the reservoir temperature and
pressures characteristic of a depth of 800-1000 m (Orr, 2009).
Supercritical carbon dioxide (SC-CO,) has both acidic and
supercritical solvent characteristics. Therefore, it is both easy to
have a series of complex interactions between SC-CO, and some
inorganic minerals and to extract small organic molecular substances
from the coal, which changes its pore structure, adsorption, and
permeability.

A weak acidic system is formed after CO, has been injected into
the coal measure strata. Under these conditions, carbonate minerals
(such as calcite, siderite, and dolomite) in coal are prone to dissolution,
precipitation, and carbonation, while clay minerals may undergo
carbonation (Chen &Qin, 2012; Harvey et al, 2013; Du et al,
2018). The chemical reactions for the carbonate mineral dissolution
are as follows:

CaCO; (s) + H" & Ca** + HCO;. (6)

CaCO; (s) + CO, + H,0 < Ca?* + 2HCO;. )

CaCO; (s) + H,O & Ca?* + HCO; + OH . 8)

ALSi,O5 (OH), (s) + 6CO, + 5H,0 © 2AP* + 2H,Si0, + 6HCO;.
)]

The interaction between the CO, and the carbonate and clay
minerals affects the pore structure, adsorption capacity, and
permeability of coal measure reservoirs, which in turn affects the
CO, injectability, sequestration capacity, and stability during the
processing of enhanced coal measure gas recovery and CO,
sequestration (Chen & Qin, 2012). The interaction between the
CO, and carbonate minerals and/or clay minerals enlarges the pore
size and increases the number of pores, which increases the pores’
special surface and increases the methane adsorption ability (Chen
et al., 2017a). Carbonate minerals (calcite, dolomite, efc.) dissolved
after the reaction of CO,-H,O increase the permeability of the coal
seam (Zhang et al., 2015).

Previous studies have shown that supercritical CO, extracted small
and medium molecular substances that change the physical properties
of coal, especially its adsorption and permeability characteristics. The
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FIGURE 8

Schematic diagram of CO, sequestration and enhanced coal measure gas recovery.
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FIGURE 9
Schematic diagram of the coal goaf.

adsorption of coal was enhanced at the low-rank stage and weakened
at the high-rank stage, which generally enhanced the recovery of coal
measure gas and improved CO, geological sequestration (Chen et al.,
2017b; Chen et al., 2018).

These studies have proved that CO,-ECBM is an important
extraction method to improve coal measure gas production, reduce
CO, atmospheric emissions, and effectively utilize the coal measure
reservoir space.

3.3 Gas production and the utilization of the
coal goaf space and abandoned coal mine
space

Previous studies have identified the presence of large volumes of coal

measure gas in coal goafs and abandoned coal mines (Han, 2003; Meng
et al,, 2016). Coal mining in these strata can easily crack and collapse the
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overlying strata (Wang et al., 2022). Random stacking of coal gangue and
disposal of domestic garbage cause land waste and environmental
pollution (Wang, 2006; Jin et al., 2014). An integrated technology of
gas production (GP), waste filling (WF), coal bioconversion (CB), and
CO, sequestration, based on the principles of biogas and biogenic coal
measure gas, is proposed for the coal goafs and abandoned coal mines.

This paper uses the coal goaf as an example to illustrate the coal
measure energy production and its reservoir space utilization. First,
pipes are laid in the roof strata of the coal goaf for grouting and gas
extraction after mining the coal. Figure 9 shows a schematic diagram
of the coal goaf. Second, the coal goaf is infilled with solid wastes such
as coal, gangue, and domestic garbage. Third, the coal goaf is closed to
inject a solution of microorganisms and nutrients into the goaf.
Fourth, CO, is injected into the coal goaf after a period of gas
extraction to sequestrate the CO,.

The feasibility of the integrated technology has been confirmed by
research studies. After mining the coal seam, coal measure gas
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accumulates in the coal goaf through the micro-fissures due to induced
pressure differences caused by the mining disturbance (Liu, 2011; Sun,
2014; Yin et al, 2014; Wang et al,, 2022). After filling the goaf with
domestic garbage and gangue, the coal goaf space is used effectively with
WE, and the organic matter in the domestic garbage, the gangue, and the
coal is bioconverted to gas by the microorganisms under the anerobic
conditions in the goaf (Lin et al., 2006; Rathi et al., 2015; Ritter et al., 2015).
Accumulated and bio-converted gases provide sufficient gas resources for
extraction. Meanwhile, the mesopore-specific surface area and the pore
volume are decreased after coal-gangue—domestic garbage bioconversion,
while the micropore-specific surface area increases as the pore volume
decreases. After bioconversion, the gas adsorption capacities are increased
(Zhang et al,, 2017; Wang et al., 2021), which means that the residues can
sequestrate more CO, in the goaf. The changes in the pore structure and
gas adsorption enhance both CO, sequestration in the coal measure strata
and coal measure gas recovery. Therefore, the WF-CB-GP-CCS
technology is suitable for energy production and reservoir space
utilization in coal goafs and abandoned coal mines.

4 Conclusion

The principles of UCG, CO,-ECBM, biogas generation and CO,
sequestration are used against the background of carbon neutrality that
integrates the concepts of coal measure energy production and reservoir
space utilization. This study found that 1) the integrated UCG-CCS
technology can ensure better energy exploitation and reservoir space
utilization in minable coal seams. 2) The integrated CO,-ECBM is
especially appropriate for coal measure gas exploitation and reservoir
space utilization in unminable coal seams. 3) The integrated WEF-CB-GP-
CCS technology can be adopted for both energy production and effective
reservoir space utilization in coal goafs and abandoned coal mines. These
integrated technologies will become an important tool for coal measure
energy production and reservoir space utilization and provide scientific
theory and technical support for achieving the carbon neutrality target.
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Guaranteeing CO, injectivity has been the precondition for implementing the
CO,-enhanced coalbed methane recovery (CO,-ECBM), however, it
dramatically decreases during the CO, injection process because it is
influenced by the dynamic change of the anisotropic permeability of coal.
To reveal and evaluate the CO, injectivity of coal, the anisotropic permeability
test and the CO, injectivity simulation test were first conducted, then the
corresponding numerical models were established and verified by the
experimental data. The results show that the permeability of coal in parallel
face cleat direction is the largest, followed by the permeability of coal in parallel
butt cleat direction and that in vertical bedding direction is the minimum. The
peak value of the instantaneous injectivity rate is enhanced and the injection
time is prolonged with the increase of the CO, injection pressure. The total CO,
injectivity rate is nonlinearly increased from 13.61 to 311.87 cm?/MPa min when
the CO; injection pressure raises from 2 to 10 MPa. The anisotropic permeability
model is appropriate to describe the dynamic evolution of permeability under
different boundary conditions, the CO, injectivity prediction model can be used
to evaluate the CO, injectivity during the CO; injection process. Increasing the
CO; injection pressure may temporarily promote CO, injectivity, while the CO,
injection increment is limited. The CO, fracturing by phase transition may be an
available reservoir stimulation method for enhancing the CO, injection and
should be focused on in the future.
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Introduction

In 2018,
2.74 billion
adjusting its

China’s total coal consumption has reached
tons. Although the Chinese government is
energy structure, it is predicted that the coal
demand is up to 50% of total energy
in 2025 (Xie et al., 2019). Coal burning has
of additional environmental problems, such as

consumption
consumption
caused a lot
the sharp increase in greenhouse gas emissions and some
heavily polluted weather (Rao and Rubin, 2002; Liu et al,
2021). The Chinese government pledges to reach a peak in its
emissions by 2030 and strives to achieve carbon neutrality by
2,060, and a set of carbon emission reduction actions have been
established. The carbon capture, utilization, and storage (CCUS)
technology have been identified as the only option for
substantially reducing GHG emission intensities while using
fossil-fuel-based processes (Xu et al, 2019; Janzen et al,
2020).
reservoirs, the main CCUS forms are: utilizing CO, for
enhanced oil recovery (CO,-EOR) (Wei et al, 2019), gas
recovery (CO,-EGR) (Shi et al, 2017), coalbed methane
(CO,-ECBM) (Niu et al., 2017a; Niu et al., 2020a). As clean
and efficient energy, the exploration and development of coalbed

According to the differences in the geological

methane (CBM) can both relieve the energy crisis and improve
the safety of coal mine operations (Wen et al., 2020; Niu et al.,
2022). The Chinese government and related enterprises have
advocated some technologies to improve the CBM extraction
rate, among them, CO,-ECBM is an effective and significant
feasible way, and lots of pilot tests have been implemented all
over the world (Godec et al, 2014; Pan et al, 2018). The
theoretical basis of CO,-ECBM is that the adsorption capacity
of CO, on coal is stronger than that of CH,, more CH, molecules
are replaced and displaced out of the coal seam with the benefit of
their competitive adsorption effect. However, the volumetric
swelling induced by CO, adsorption is extremely serious,
which compresses the space of fractures in coal seam and
causes the significant attenuation of the reservoir permeability
(Wang et al,, 2020; Wang et al,, 2021) and the CO, injectivity
(Kumar et al.,, 2012), which has been confirmed by field tests (van
Bergen et al., 2006; Shi et al., 2008). Guaranteeing CO, injectivity
has been the precondition for implementing the CO,-enhanced
coalbed methane recovery (CO,-ECBM) (Niu et al., 2021a).
For this issue, many researchers analyzed the evolution
mechanism of coal permeability during the CO, injection
process. Lin et al. found that the permeability reduction can
reach 13 %-70% for the CO, exposure time in different testings
(Lin et al., 2021), however, the permeability is also affected by
many factors, for example, effective stress has a significant
control effect on the permeability (Lv et al., 2022), when the
CO, is injected into coal seams at high pressure, the decrease of
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effective stress has a dominated on permeability and can
compensate the permeability loss induced by adsorption
swelling (Anggara et al, 2016). Moreover, the moisture,
temperature and coal rank are also related to the permeability,
their positive and negative effects on the permeability of coal
during CO, injection have been thoroughly studied (Niu et al.,
2019a).

The coal has a complex pore-fracture structure, with the face
cleat, butt cleat and bedding plane developing in it (Wang et al.,
2018a; Jin et al,, 2022; Liu et al,, 2022), the permeability thus
exhibits strong anisotropic characteristics. The fracture system is
the medium to connect the wellbore and the pores in the coal
matrix, the anisotropic characteristic of permeability should be
emphasized because the permeability in any direction can affect
the CO, injectivity of coal. To quantitatively describe the
permeability of coal, Pan and Connell developed a model to
predicate the behavior of anisotropic permeability for primary
and enhanced coalbed methane recovery (Pan and Connell,
2011). And lots of investigators have improved the anisotropic
permeability model by considering more conditions, such as the
temperature (Zhou et al,, 2020), the damaging effect (Cheng
etal, 2022) and the gas slippage (Chen et al., 2020). However, the
dynamic evolution of anisotropic permeability is complex and
the evolution mechanism is not clear, meanwhile, the CO,
injectivity model is lacking and causing the prediction of CO,
injectivity to be difficult.

Therefore, in this paper, the anisotropic permeability and
CO, injectivity experiments are first performed by a self-
developed CO, injection and coalbed methane enhanced
then  the
permeability evolution characteristics and mechanism are

development model platform, anisotropic
analyzed in depth, and finally, the anisotropic permeability
and CO, injectivity models are established and verified by the
experimental data. This research will provide technical guidance
for the efficient CO, injection of coal seams and lay the

theoretical foundation of CO,-ECBM.

Experimental work
Sample preparation

The coal samples used in this paper were selected from the
Chengzhuang coal mine and Sihe coal mine in Shanxi Province,
China. The cubic sample (30 mm x 30 mm x 30 mm) was
obtained by cutting from the block coal of Chengzhuang coal
mine along the face cleat direction, the butt cleat direction and
the bedding plane direction. The cylinder sample (50 mm x
100 mm) was obtained by core drilling rig from the block coal of
Sihe coal mine along the vertical bedding direction. Then the
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TABLE 1 The basic information of samples used in this work.

Sample source

Ro,max (%) Proximate analysis (wt%)

Maa  Aaa Vdat
Chengzhuang coalmine 2.96 2.71 12.18 6.94
Sihe coalmine 3.33 1.48 13.12 6.32

10.3389/feart.2022.1042477

Ultimate analysis Maceral composition

(Wt%) (vol%)
FCad Odaf Cdaf Hdaf Ndaf Vit Ine Min
81.72 3.27 92.84 2.31 3.27 75.80 21.40 2.80
81.39 2.98 93.45 2.15 1.00 79.84 18.36 1.80

Note: M,4, moisture content of air-dried basis;

A,q, ash content of air-dried basis; Vu, volatile content of dry ash-free basis; FC,q, fixed carbon content of air-dried basis; Ogap 0Xygen

content of dry ash-free basis; Cq,p, carbon content of dry ash-sfree basis; Hg,p, hydrogen content of dry ash-free basis; Ng,p, nitrogen content of dry ash-free basis; Vit, vitrinite; Ine, inertinite;

Min, mineral.

Pressure gauge
Booster pump

=

. .
t i Valve
Vacuum
pump
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"n SRS
Downstream
Rubber sleeve
Gas source

FIGURE 1
The anisotropic permeability testing system.

surfaces of the sample were polished with diamond sandpapers to
ensure the accuracy of the experimental results. The proximate
analysis, ultimate analysis and maceral composition were
according the suggested by
International Standardization Organization (ISO 589, ISO 562,
ISO 1171 and ISO 7404-3) (Table 1). The R, may of coal samples
from Chengzhuang coal mine and Sihe coal mine are 2.96% and

measured to standards

3.33%, respectively, and the fixed carbon, the carbon content and
the inertinite are dominant in the results of proximate analysis,
ultimate analysis and maceral composition.

Experimental setup
The anisotropic permeability was measured by the testing

system shown in Figure 1. The CO, is stored in the gas tank and
provides the gas source for the whole experimental setup. The
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Pressure control

Upstream system

Mould

145

IO

Computer

Sample

booster pump is used to promote the gas pressure to the target
value. The pressure gauge and the mass flowmeter are adopted to
measure the gas real-time gas pressure and gas flow, with the
accuracy of 0.01 MPa and 0.01 ml/min. The temperature control
system is employed to guarantee that the experimental setup is
still in a state of the constant target temperature. The pressure
control system permits independent control of the axial stress
The
monitored data is transmitted to the computer and the

and confining pressure of the sample, respectively.

experimental process is operated by the control software
installed on the computer. For the measurement of the
permeability of the cubic sample, the sample is first installed
in the homemade mould and then placed in the rubber sleeve
with corrosion resistance, then the anisotropic permeability is
tested by changing the sample orientation according to the
method by Niu et al. (2018). For the measurement of the

permeability of the cylinder sample, the sample is wrapped by
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FIGURE 2

Schematic diagram of the representative elementary volume (REV) of coal and adsorption-induced swelling.

a rubber sleeve and placed in the sample room to measure the
permeability.

Experimental scheme

The influence of the confining pressure and the gas pressure
is analyzed and thus the permeability of coal is measured by
alternately changing the confining pressure and the gas pressure.
Referring to actual reservoir conditions, the confining pressure is
set to 10, 12, 14 and 16 MPa, the gas pressure is set to 1, 2, 3 and
4 MPa, and the temperature is set to 35°C during the whole
experimental process. The permeability of coal is calculated by
the steady-state method based on the Darcy law, the principle has
been introduced in previous research (Niu et al., 2019b; Niu et al.,
2020b). For the simulation test of the CO, injection process, the
confining pressure is 12 MPa, the injection pressure is increased
from 2 MPa, 4 MPa, 6 MPa, 8-10 MPa, and the CO, injection
flow is dynamically monitored by the inlet flowmeter and
recorded in the computer.

Anisotropic permeability model of
coal during the CO, injection process

Model establishment

A large number of studies show that the pores and
fractures are widely regularly distributed in coal (Pan et al.,
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2016; Niu et al., 2017b; Niu et al., 2019a), i.e., the pores with
different scales occur in the coal matrix (Jin et al., 2017; Jin
etal., 2020), while the fractures occur between the coal matrix
and cut coal into a system of matrix blocks. The fractures
mainly include the face cleat, the butt cleat and the bedding
plane fracture, they are vertically staggered with each other
and distributed in the coal body (Rodrigues et al., 2014; Wang
et al,, 2018b; Jin et al., 2019). For the primary coal without
geological structural fractures, the three-dimensional model
of coal can be simplified to the representative elementary
volume (Figure 2).

The cleats and bedding plane fractures are the main seepage
channels, while the permeability of coal has a direct relationship
with the porosity (Mckee et al., 1988):

kK (o)
o (2)

where the k and ¢ represent the permeability and porosity

1

respectively, and the subscript 0 represents the initial value.
For the REV, taking the oz direction as an example, the
porosity in this direction is the plane porosity degree
perpendicular to the oxy section:

A
A

‘/’f = (2)
where the Af represents the porosity in the oxy section, A,,
represents the area of oxy section. The oxy section is composed of
several fractures. Assuming the fracture number is 15 A, and Ay
can be expressed as:
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{Af = nyayl, 3)

A, =1,

where bf represents the width of the coal matrix, the width of
REV (1) is thus composed of fracture width (a,) and coal matrix
width:

ln = (af + bf)nf (4)
Substituting Eqs 3,4 into Eq. 2 to obtain:
Ar _ el nyas a5
¢ =L = = = (5)
A, lnlp (af + bf)nf as + bf

Considering the anisotropic characteristics of coal, the
porosity of the face cleat, butt cleat and bedding plane are

respectively:

ax

¢ = a,+b,
a

¢, = —— 6

7 oay+y O

a,

9= a,+b,

Taking the face cleat as an example, the derivative of Eq. 6
can be obtained:

a, I-b,\ b, (dl, db,
d¢*=d<ax+bx>‘d<ax+bx>‘i<f bx> @

Where:

) ®
Substituting Eq. 8 into Eq. 7 to obtain:
It can also be written as:
A9, _ AL Ab, (10)

1-¢, I, by

The porosity of coal is quite low. To simplify the formula, the
1-¢, is approximated to 1. And the variation of face cleat width is
caused by the strain in the direction of the butt cleat, then Eq. 10
can be converted into:

A, = Asy” - Ag) (11)

The strain of coal is composed of two parts, i.e., the strain
caused by the change of effective stress (Ae,) and the strain
caused by gas adsorption (Ae¢,), then the strain caused by the
change of effective stress and gas adsorption in butt cleat
direction are:
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b_ Ab b
{Asy = Asay +Asey (12)

m __ n n
Asy = Asay + Aeey

According to Pan and Connell. (2011), for the anisotropic
media, the strain caused by the effective stress in the face cleat
direction under the action of three-dimensional stress can be
expressed as:

b b
Ao,y — ViyOex = V00

b
Asey = B
'y
(13)
m m

A6 = Ao,y — ViyOex =V, 0z
sey - E™
y

In this work, the compression is set as negative, the tension is
set as positive, and the effective stress of coal is

Ao, = aAp — Ao, (14)

Where the Ao, represents the change of the external stress, «
represents the Biot coefficient, Ap represents the change of the
gas pressure. The deformation increment of coal due to gas
adsorption is:

Al=1- lo =art 2bf - (afo + 2bf0)
= ag0 — 2A£::-nbf0 + beo (1 + As;"t) - (afo + beo)
= 2by, (Aely — A€l

ain

(15)

Where Ae”} represents the total swelling strain change caused by

the gas adsorption under limited conditions; Ael)} represents the
internal swelling strain change caused by the gas adsorption,
which compresses the fractures in the coal and affects the
permeability of the coal seam. In combination with Eq. 15,

the swelling strain change of coal can be expressed as:

Al beo (2em-aem )

Agb = —
sy + Zbﬂ)

at — 10

(16)

Since the fracture width in coal is far smaller than the size of the
coal matrix, i.e., af < by Eq. 16 can be rewritten as:
Al _ beO (Aa;';—As"'

i) o pgm
ain ~A8ut

— A€l
lo s t+ 2bf0

b _
Asat - ain

17)

The measured swelling strain change is Ae’, and the internal
swelling strain is difficult to measure directly. Therefore, the
internal swelling coefficient (f;,) is introduced in this paper,
which is the ratio of internal swelling strain to total swelling
strain. In addition to the influence of gas adsorption, the
temperature and moisture will affect the permeability by
affecting the internal swelling coefficient of coal. Therefore,
assuming that fi, fiur and fj,, are the internal swelling
coefficients caused by gas adsorption, temperature and
moisture respectively, the total internal swelling coefficient is:

Sin =Fina * Foir + Fimw

Then Eq. 17 can be converted into:

(18)
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b
Asat = A'f::: _mAsur;:‘n = 8% - strz’:‘o _m(sur;:‘n _msﬂo m
=& T Earo ~ (finsat _finO'EatO) =&y (1 _fin) ~ &0 (1 _fino)

(19)

The change of swelling strain caused by gas adsorption in the
face cleat can be expressed as:

Ae’l:y = 8:’;(1 _fin) - samyo(l _finO) (20)

The matrix swelling of coal conforms to the Langmuir-type
equation, then the strain of matrix caused by gas adsorption of
face cleat is:

Er. P
m _ 24
Ag;

=—7 21
4 P+PLy ( )

Taking Eqs. 12, 13, 18, 20, and 21 with Eq. 11, the variation of
porosity of face cleat is:

b b

Ao,y — VoyOex = V0 Ao,y — v;';,aex - v;”yaez
A¢X - Eb - E™
y y

Y (fina +finT +finw)xp _ (fina + inT +finw)x0P0
b P+Py Py + Py,

(22)

In the same way, the variation of porosity of the butt cleat and
bedding plane is as follows:

b b m m
B Ao, — V3iOey = V.06 AG . — ViiOey = ViOez

= B £
3 sﬂ( (Fina + Fiur +finw)yP 3 (Fina + Finr +finw)y0P0>
P+ Py, Py + Py,
(23)
Ag, = Ao, — ng;:y - o, B AG,, — v}',"zgmey — V"0
z 2
_ st< (Fina + Fiur + Fimo)P B (Fina + Fint +finw)zOP0>
P+ Py, Py + Py,
(24)

Therefore, the porosity in any seepage direction is:

Ao, - v;Aae,» - v,':jAaek Aoy — ViAo, — ViAo
b - m
E ' Ej
LAaek - vkaaei - v]'?kAaej AC g — ViAG,; — ijkAO'ej
' E E
b=y + g .
e (Fina + Finr +finw)jP B (Fina + Fiur +finw)j0P0
1 P+ PL] P+ PL]
—_¢ (.fina +finT +finw)kP _ (fina +finT +finw)k0P0
| P+ Py Py + Py ]

(25)

Substitute Eq. 25 into Eq. 1 to obtain:
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FIGURE 3
Changes in the permeability of cylinder sample with the
increasing CO, injection pressure.

Aaejfvg,Aaervz},Aaek Aaejfv;}'.'Aae,-fvaﬂek 1)
EP N E"
j J

Auek—vf’kAaeg—v”,’kAagj _ Aa,k—v‘f;Acrg,-—vj'"kAaq

1 E, E;
k,‘ = k,‘o 41+ — -
¢i0 (finn+flnT+finw),~P (fina+finT+finw)i0P0
& PPy - P+Py

—e (f ina it inw ) kP _ (f inatfinrtf inw) k(,P 0
| ~ Lk P+Pp Po+Pry ]

(26)

Where, i # j # k, for coal with a porous structure, the elastic
modulus of the matrix is far greater than that of coal,
ie., E]"‘ > E]'.’, Eq. 26 is converted into:

b b
Aaej—vijAae,-—vijcrek Aaek—ngcre,-—v;Aa,j
b g
EJ' i

k=ked1+ i (fina+fin'l'+finw)fp (fina+fin'l'+finw)jgpl)
i i0 b —€ij P+Py; - Po+Py;

_ (fina+finT+finw)kP_ (finn+finT+finw)kQP0
€Lk PPy Po+P

27)

Boundary condition
(1) Constant confining pressure

Under this boundary condition, the pore pressure changes
while the total stress remains unchanged:

Aoy, = Aoy, = Aoy, = 0 (28)

The effective stress can be expressed as:
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AO = Ao,y = Ao, = AP (29)

Substitute Eq. 29 into Eq. 27 to obtain the permeability model

under the boundary condition of constant confining pressure:
3

b b b b
(1—Vx.j—VkI.)AP . (I—V'.k—V’,k)AP
Eb Eb

i k

ki = ki

1
1+—
¢

_£L'( (fina*fin'r*finw)JP _ (fina*fin'r*finw)jgpo)
i0

J P+Py; Py+Pyj

e (finu+finT+finw)kP _ (finu+finT+finw)k0P0
Lk P+Py Po+Pr

(30)
(2) Constant effective stress

Under this boundary condition, the effective stress remains
unchanged, i.e., the increment of the effective stress is always zero:

A6 = AG,, = Ao, = 0 (31)

Substitute Eq. 31 into Eq. 27 to obtain the permeability model
under the boundary condition of constant effective stress:

3
(f ina it inw ) P (f inaFin tf inw ) oFo
1 2] P+Py; Py+Pyj

k,' = kiO 1

¢i0 . ( (f inatFint t inw ) kP _ (f inatFint t inw ) koP 0 )

P+Ppy Py+Ppy

(32)

(3) Constant pore pressure

Under this boundary condition, the pore pressure remains
unchanged, i.e., the increment of pore pressure is constant at zero:

AP =0 (33)
The effective stress formula can be changed to:
Ao, = —Ao, (34)

Substitute Eq. 34 into Eq. 27 to obtain the permeability model

under the boundary condition of constant pore pressure:

3

b b b b
Aa,j—vijAo',,-—vija,k Aa,k—vikAaﬁ—vjkAa,j

EY Em
j i
1 (f ina it tf inw) e (f ina it tf inw) »DP 0
ki=ko) 1-0- +8Lj( Pt ’
(Fina iz Finw )i~ FinatFint+Finw ) ioPo
+£Lk( I’;0+PLk °

(35)

Results and discussion

Permeability and model validation of
cylinder sample

The permeability of the cylinder sample under different CO,
injection pressures and confining pressures is shown in Figure 3.
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When the CO, injection pressure increases from 2 to 8 MPa, the
permeability averagely increases from 0.95m” x 10'* m’ to
5.81 m* x107** m* when the confining pressure increases from
10 to 16 MPa, the permeability averagely decreases from
3.64m* x 107" m® to 1.96 m* x 107'* m®. Apparently, the CO,
permeability of coal is positively related to the injection pressure
and negatively related to the confining pressure. Increasing the
confining pressure will compress the fractures developed in coal
and reduce the permeability while increasing the injection
pressure will decrease the effective stress and promote the
permeability.

For the cylinder sample, the permeability is assumed to be
isotropic, hence, and Eq. 36 can be transformed into:

=== B - B B o)
] 2(1 ) b)AP (fina+finT+finw)P 3
— 27 P+Py
¢i0 E _ (fina*finl'*finw)opv
P0+PLj
(37)

To verify the reliability of the proposed model, the relevant
parameters are from the literature (Peng et al., 2017), as shown in
Table 2. The experimental data for permeability were first
converted to k/ky and then fitted by the permeability model
(Figure 4). The experimental data has a high correlation with this
model, the correlation coefficients are all greater than 0.99. It
indicates that the anisotropic permeability model can be used to
predict the change of isotropic permeability if the difference of
mechanical parameters in different directions is ignored. It can
be seen that the k/k, gradually increases with the increase of CO,
injection pressure. This is because the CO, injection causes the
closed fractures to reopen. At the same time, the coal matrix
swells to the outside, resulting in the widening of the fractures
and improving the permeability of coal.

Permeability and model validation of cubic
sample

The permeability of the cubic sample under different CO,
injection pressures and confining pressures is shown in
Figure 5. As a whole, the variation trends of permeability
in either direction with confining pressure and CO, injection
pressure are coincident, this indicates that the influence of the
effect stress on the seepage capacity of face cleat, butt cleat and
the
permeability measured in different directions shows distinct
anisotropic characteristics. The ratios of k,:k,:k, are 1.53:1.35:
1,1.58:1.42:1, 1.58:1.33:1, and 1.61:1.43:1 respectively, e.g., the
permeability of coal in parallel face cleat direction is the

bedding plane fracture is analogous. However,

largest, followed by the permeability of coal in parallel butt
cleat direction, and that in vertical bedding direction is the
minimum. The ky, ky and k, of coal are respectively
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FIGURE 4
Fitting results of the permeability results of cylinder sample.

TABLE 2 Parameter values used for model validation of permeability of To Verif}' the correctness of the anisotropic

cylinder sample. permeability model proposed in this paper, the parameters

Parameter Value Unit of elastic modulus, Poisson’s ratio, Langmuir strain and
Langmuir pressure were selected from the previous

B 1300 MPa literatures and the porosity was the assumed value. The

iy 03 _ elastic modulus, Langmuir strain and Langmuir pressure

$o 03 % are considered isotropic in the parallel bedding plane

o 0 MPa direction, while the Poisson’s ratio is considered isotropic

o 6 MPa in three directions. The permeability results of the cubic

. 0.025 _ sample are fitted by Eq. 38, it can be seen that the
model value and the measured value show the same change
trend (Figure 6), their correlation coefficients are higher than
0.96. Obviously, this anisotropic permeability model can be

contributed by the “face cleat + bedding plane fracture”, the appropriate to evaluate the permeability evolution of

“butt cleat and bedding plane fracture” and the “bedding plane heterogeneous coal reservoirs with CO, injection under in

fracture”, generally, the sequence of the average aperture from situ conditions.

large to small is bedding plane fracture, face cleat and butt
cleat (Busse et al., 2017; Shi et al., 2018; Wang et al., 2019).
According to the parallel-plate law of fractures (Klimczak CO;, injectivity characteristic of coal
et al, 2010), it can be deduced that the permeability

distribution in the different directions measured in this As analyzed above, CO, injectivity is the most critical factor
paper is reasonable and correct. restricting the implementation of CO,-ECBM projects. To
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FIGURE 5
Changes in the permeability of cubic sample with the increasing CO, injection pressure.

investigate the CO, injectivity, the parameter of injectivity rate (J)
is used to characterize the CO, injectivity of coal (Heddle et al., k= ik ke, 1)
2003):
J= Qe (38) Combining Egs. 35, 39 the CO, injectivity evaluation model
h(P,; - P) . .
is obtained as follows:

The equivalent permeability can be expressed as:

where  is the coal reservoir thickness, m; p, is the pressure at A0y~ ViAGy ~ViAda  Adu — Aoy —Vidoy

the wellbore, MPa; p is the reservoir pressure, MPa; Q;, is the Ef E,
i : 3 _ AP, -P) kio (Fina +For +Fin); Fina + Finr + Fin)joP
injection flow, m*/d. T, Py 1;[k ot g ,&]_( ! +TP” i PU: o o a)
The indoor permeability test formula is: o+ For fo P (o Fr + Fun o
o *Sl.k( P, + P B P, + Py )
k= 721’“” d (39) )
A (P in P ut)

Then, the CO, injectivity evaluation model under the

Where k is the permeability, 107" m?, Q is the volumetric rate of constant confining pressure condition can be converted to:

flow, cm?®/s; u is the fluid viscosity, cp; L is the length of the
/ ‘H . . ty p g . (lfvz.fvzj)AP (lfvf;‘fvj"k)AP
sample, cm; A is the cross-section area of the sample, cm?, Pin IS

E E}
“j k
the inlet gas pressure, Pa; po, is the outlet gas pressure, Pa. J- APL-P) T4k s Ko ((f,,,,, +fuir +Fiw)Pin Fia +fir +finw)j0P“>
= o+ | —gp; -
Q=Qi,-V/t, V is the volume of pore in coal (cm?) and ¢ is the (P = PIPabl i i PPy Po+ Py

e . . . ina * it ¥ Fis WP _ Fina + Fiir + Finn o P
injection time (min). _m((f Sur + L )iP _ (Fina * Fir + L io o)

P+ Py Py + Py
Thus, the calculation formula for CO, injectivity of coal is: (3)
J kA (P;, - P;,,) (40) The changes in instantaneous injectivity rate with the time

~ h(Py — P)Pul of coal under the confining pressure of 12 MPa are shown in
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FIGURE 6

Fitting results of the permeability results of cubic sample.

Figure 7. When the CO, injection is injected into coal, the
instantaneous injectivity rate is advanced immediately and
shows several fluctuations. The maximum instantaneous
injectivity rate for the subcritical CO, (CO, injection
pressure < 7.4MPa) can reach 1.8cm’/MPa min. The
injection pressure is then reduced after 1h and the CO,
the

monitoring process. Compared with the subcritical CO,,

injectivity ~ cannot  recover  during subsequent
there is no improvement in the instantaneous injectivity rate
when the injection pressure reaches 8 MPa, while the
maintenance time of the CO, injection process is promoted.
In particular, two instantaneous injectivity rate peaks appear
after 2 h of CO, injection. When the CO, injection pressure is
equal to 10 MPa, the instantaneous injectivity rate increases
dramatically, the maximum instantaneous injectivity rate is
close to 5cm?/MPa min, and the injection process has the
longest duration (3 h). It can be seen that the CO, injectivity of
coal increases with the increase of injection pressure, which is
because the closed fractures of coal are effectively supported
and reopened under high injection pressure. At the same time,

the high reservoir pressure drives more CO, molecules to
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migrate and diffuse into coal pores and further causes the
injectivity increase of the coal seam.

Sum the instantaneous injectable rate at each injection
the
relationship between the total CO, injectivity rate and the

pressure to obtain the total CO, injectivity rate,
CO, injection pressure is shown in Figure 8 The total CO,
injectivity rate is nonlinearly increased from 13.61 cm*/MPa
min to 311.87 cm’’MPa min when the CO, injection pressure
raises from 2 MPa to 10 MPa. The total CO, injectivity rate
increases slowly during the subcritical CO, injection process and
increase quickly during the supercritical CO, injection process.

The Formula (45) is used to fit the results between the total
injectivity rate and the CO, injection pressure, the comparison
results of the model value and the measured value are shown in
Figure 8. The parameters used in the fitting process are from Table 3,
the overall change trend of the CO, injectivity evaluation model is
consistent with the experimental value. The main reason for the
inconsistency depends on the selection of parameters and supposed
conditions. Despite all this, the proposed CO, injectivity evaluation
model is capable of predicting the CO, injectivity of a coal seam and
will guide the favorable area optimization of CO,-ECBM.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1042477

Niu et al. 10.3389/feart.2022.1042477
= 20
= 20 = L
£ B =,
é CO, injection pressure=2 MPa g €O, injection presiure 4 MPa
< o & -z,
& B e
S 154 : NZ 1.5 £
) g e
) QL 06
§ 1.04 £ 1.0+ 04
b 4? 0.2
= 2 00
g = 00 01 02 03 04 05 31 06 o7 o8 09 1o
2 054 Time (h) 2054 Time (h)
g g
2 8
g g
S 0.0 g 0.0
5 g . . . . . .
i 0 2 4 6 8 0z 0 2 4 6 8 10
Time (h) Time (h)
z 4 ICHL —
‘g CO, injection pressure=6 MPa g CO, injection pressure=8 MPa
o 20 Q? '
: s
= 34 P S s NE 1.0
=) T 7
2 /// ‘é 10 %
Q z o]
i 24 ’ g 05 g
E goo = 0.54 2 s s | 4
= k] = Time ()
8 -0.1 0.0 0.1 02 03 04 05 8
g 1 Time (h) ?
w wa
:
g 2 0.0
E 04 &
g T T T T T T § T T T T T T
E 0 2 4 6 8 10 .—2 0 2 4 6 8 10
Time (h) Time (h)
= 38
é CO, injection pressure=10 MPa
g 1.
2 64 :
s _—
8 >
Q 1
T 44
-
2 I
.E Time (h)
8 2
E
172]
=
8 0 WL l
§ J
=}
s T T T T T T
2 0 2 4 6 8 10
Time (h)
FIGURE 7

Changes in instantaneous injectivity rate with time.

Analysis of improving CO injectivity of
coal

CO, injectivity is the first requirement for evaluating the
effectiveness of CO,-ECBM, the main reason for CO,-ECBM not
being carried out on a large scale in China is that the CO, is
difficult to be injected into coal seams. The key to restricting CO,
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injectivity is the permeability reduction induced by the
adsorption swelling of the coal matrix. While the cleats are
more susceptible to the swelling strain compared with the
bedding plane fractures or other larger structural fractures
(Niu et al, 2018), therefore, the narrowing or closing of the
cleats intercepts the continuous injection process of CO, from
the wellbores to the coal matrix pores. And both our experiment
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TABLE 3 Parameter values used for model validation of permeability of
cubic sample.

Parameter Value Unit Data source
E'=E/ 2,800 MPa Zhao et al. (2014)
E} 2,120 MPa

Ve =V, =V, 0.24 — Jia, (2016)

Px0 0.340 % Experimental value
b0 0.350 %

a0 0.295 %

EL=ELy 0.634 % Wang et al. (2013)
er. 1.063 %

Prs= Pry 2.707 MPa

PL 2.582 MPa

and numerical simulation confirm that increasing the CO,
injection pressure can first offset the permeability decrease
induced by adsorption swelling and then promote the
permeability, this positive effect may be more favorable for
the larger fractures and has little effect on the cleats (Zhang
et al,, 2019). Thus, increasing the CO, injection pressure may
temporarily promote CO, injectivity, while the CO, injection
increment is limited.

In the previous research, the intermittent CO, injection, N,
displacing CO, and pre-fracturing for improving CO, injectivity
were validated by the indoor experiment (Niu et al.,, 2021b), the
reservoir stimulation may be the direct and effective measures to
solve the problem of CO, injectivity attenuation. While
traditional hydraulic fracturing induce

can large-scale
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fractures and cannot connect the fractures on the cleat scale.
The high-pressure CO, gas fracturing can damage the coal seams
and promote the formation of the complex network of micro-
fractures (Cao et al., 2022), which may promote the cleat seepage
of coal during the CO, injection process and then increase the
CO, injectivity. Thus, the CO, fracturing by phase transition may
be available for enhancing the CO, injection and should be
focused on in the future.

Conclusion

In this paper, the anisotropic permeability and CO,
injectivity of coal during CO, enhanced coalbed methane
recovery process were measured, and the corresponding
numerical models were established and verified by the
experimental data. Based on this, the dynamic evolution of
CO, injectivity and methods of improving CO, injectivity was
clarified. The major conclusions are drawn as follows:

(1) The anisotropic permeability of coal during the CO,
injection process can be measured by the cubic coal
samples. The permeability of coal in parallel face cleat
direction is the largest, followed by the permeability of
coal in parallel butt cleat direction, and that in vertical
bedding direction is the minimum. The ratios of kykyk,
are 1.53:1.35:1, 1.58:1.42:1, 1.58:1.33:1, and 1.61:1.43:
1 respectively when the CO, injection pressure increases
from 10 MPa to 16 MPa. The CO, injectivity is transformed
from the data of CO, inlet flow, with the increase of the CO,
injection pressure, the peak value of instantaneous injectivity
rate is enhanced and the injection time is prolonged. The
total CO, injectivity rate is nonlinearly increased from
13.61 cm?*/MPamin to 311.87 cm?*/MPamin when the CO,
injection pressure raises from 2 to 10 MPa.

(2) The anisotropic permeability model of coal considering the
influence of adsorption swelling, effective stress, water and
temperature are established, the injectivity rate is proposed
to describe the CO, injectivity of coal and the CO, injectivity
prediction model is built based on the anisotropic
permeability model. The validity of these models is
confirmed by the experimental results in this paper.

(3) The narrowing or closing of the cleats during the CO,

injection process intercept the continuous injection
process of CO, from the wellbores to coal matrix pores.
Increasing the CO, injection pressure may temporarily
CO, the CO,

increment is limited. The CO, fracturing by phase

promote injectivity, while injection
transition may be effective for connecting the cleats in
coal, which is thus an available reservoir stimulation
method for enhancing the CO, injection and should be

focused on in the future.
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A series of studies were carried out on 11 tight sandstone samples of Upper
Carboniferous in Ordos Basin. Firstly, the deposit composition and pore structure
characteristics are investigated based on analysis and experiments including cast thin
section scanning electron microscope high-pressure mercury intrusion and nuclear
magnetic resonance Then, combined with DP-P test, the stress-dependent
permeability change and pore compressibility characteristics of sandstone
reservoirs were studied to reveal the influencing factors and mechanism of
reservoir pore compressibility. The detrital particles of the sandstone reservoir in
the study area are mainly quartz (75.8%—-89%), followed by fragments (3%—-16.1%),
and almost no feldspar. The content of interstitial materials is 6.5%—-11.2%. The type |
reservoirs mainly consist of mesopores and macropores, accounting for 60.57% and
32.84% respectively. Mesopores are dominated in Type Il reservoirs, accounting for
78.98% of the total pore volume. There are almost no macropores, while a similar
proportion of mesopores, micro mesopores and micropores in the type lll reservoirs.
The study of pore compressibility shows that the pore compressibility coefficient
decreases with the increase of effective stress, and the reduction rate shows the two-
stage characteristics of rapid in the early stage and slow in the later stage. The
pressure turning point is between 3 and 10 MPa. The average pore compressibility
coefficient increases from type | to type Ill reservoirs. The compressibility coefficient
is directly proportional to the changing rate of the pore volume. The higher the
content of rigid detrital particles, quartz and carbonate cement in sandstone, the
smaller the pore compressibility coefficient, while the higher the content of ductile
components such as soft rock fragments and clay minerals, the greater the pore
compression coefficient. The pore-throat structure is closely related to the pore
compressibility, reservoirs with low displacement pressure, Toqm Vvalue, and large
average pore-throat radius show lower compressibility coefficient. In addition, the
compressibility coefficient of the reservoir is positively correlated with D, (dimension
of large pores such as mesopores and macropores), and negatively correlated with
Ds (the fractal dimension of micropores and micro mesopores). It is considered the
pore compression of sandstone including two stages, viscoplastic destructive
deformation of ductile components for the first and then the small-scale non-
ideal elastic deformation on rigid particles.
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tight gas, pore compressibility, medium deformation, sandstone reservoirs, ordos basin
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1 Introduction

Tight gas has become an important research field in worldwide
exploration and development of oil and gas (Higgs et al., 2007; Guo
et al, 2015; Wang et al,, 2018; Hu et al., 2020a). The pore-throat
structure characters, reflecting the pore-throat geometry, pore size
distribution (PSD), and connectivity of tight sandstone reservoir, can
affect the migration and accumulation of hydrocarbon, which thereby
determines its subsequent efficient development (Lai et al., 2018; Jiang
et al., 2020; Zong et al, 2020; You et al, 2021). The pore-throat
structure of tight sandstone reservoir is mainly characterized by
complexity and diversity appears as strong heterogeneity and
disconnectivity, various types of pores in micron scaled and
irregular forms of nano to submicron scaled throats, which all
greatly destroy the seepage performance of the reservoir (Desbois
et al.,, 2011; Zou et al.,, 2012a; Rezaee et al., 2012; Li et al., 2017; Wang
etal,, 2018). In addition, certain compressibility for pores of sandstone
reservoir exists, and which can be characterized by compressibility
coefficient. On the one hand, reservoir compression can provide a
driving force for oil production, but at the same time, the reduction of
pore pressure caused by reservoir exploitation will also increase the
effective stress of the pores in the reservoir, which would get the
complexity of pore throat structure increased, change the porosity and
permeability, and thereby affect the natural gas productivity of the
reservoir significantly (Vairogs et al.,, 1971; Jones and Owens, 1980;
Lorenz, 1999; Dou et al., 2015; Zhang et al., 2015; Huang et al., 2021;
Zhang et al., 2021). Therefore, the compression of reservoir pores
needs to be carefully evaluated and utilized.

Reservoir pore compressibility coefficient, described as the changing
rate of reservoir pore volume caused by the unit pressure added or unload,
is a significant parameter in the calculation of dynamic geological reserves,
the simulation of reservoir fluid flow, the prediction of petroleum
productivity, and the evaluation of reservoir stress sensitivity
(Zimmerman et al., 1986; Li et al., 2004; He et al., 2016; Yuan et al,
2018). The most intuitive calculation method for measuring the rock
compressibility coefficient is to quantify the loss of pore volume caused by
unit differential pressure (Seidle et al., 1992; Liu and Harpalani, 2014).
However, due to the extremely low porosity of pores and fractures of
samples in tight gas sandstone reservoirs, it is complicated to accurately
measure the change of pore and fracture volume, and the measurement
results are often of low confidence levels (Seidle et al., 1992; Liu and
Harpalani, 2014). Under the action of effective stress, the compression of
pore and fracture volume is bound to cause the change of reservoir
permeability (Mckee et al., 1988; Seidle et al., 1992; Ross and Bustin, 2008;
Dong et al,, 2010; Ouyang et al,, 2016; Yang et al., 2019). A large number
of mathematical formulas and models have been established revealing the
internal relationship between effective stress and reservoir permeability,
among which the exponential relationship between the reservoir
permeability and effective stress based on the pore-fracture
compression coefficient is finally widely used (Seidle et al, 1992; Shi
and Durucan, 2010; Chen et al., 2015; Yang et al., 2019). Therefore, the
calculation method of deducing the pore compressibility coefficient by
using the reservoir permeability changes obtained through laboratory
experiment tests or logging numerical simulation is widely adopted (Li
et al., 2013; Yao et al, 2021).

The compression of reservoir pores will cause a change in reservoir
permeability to a certain extent. A large amount of research work has been
brought into force on the stress sensitivity of reservoir permeability and its
controlling factors. It is considered that the sensitivity of reservoir
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permeability is jointly controlled by the deposit composition and
micro-pore structure (Kang et al, 2006; Sheng et al, 2016; Meng
et al., 2019; Liu et al.,, 2020). However, there are limited studies on the
characteristics, influencing factors, and mechanisms of the pore
compressibility coefficient of tight sandstone reservoirs. Ordos Basin is
an important petroliferous basin in China, which is rich in tight sandstone
gas resources. In present study, sandstone samples from Benxi Formation,
Upper Carboniferous of Ordos Basin, with different microstructures were
selected for the measurement of porosity and permeability under different
confining pressures. In addition tests and analyses such as CTS analysis,
SEM observation, HPMI and NMR are carried out as well. On the basis of
the study on reservoir material composition, micropore structure, and
reservoir heterogeneity of samples, the discussion on the mechanism and
influencing factors of reservoir pore compressibility were discussed
subsequently, which will provide a theoretical basis for the evaluation
of reservoir stress sensitivity in the process of drilling and production.

2 Experimental test and sample
preparation

2.1 Sample collection

Ordos Basin with rich resources is one of the main natural gas-
producing areas in China (Zou et al., 2012b). Benxi Formation in the
basin is mainly filled with Lagoon-tidal flat, with lagoon iron
aluminum mudstone at the bottom and tidal flat sandstone,
mudstone, coal seam, thin limestone lens, barrier sand bar, and
shallow water delta sediments upward. Its strata are widely
distributed and the hydrocarbon source rocks with stable thickness
generating here, which is an important gas source stratum in the
Ordos basin. Meanwhile, two sets of large-scale sand bodies in the
Pangou member and Jinci member also developed here (Figure 1C).
The study area is located in the northeast of the Yishaan slope in Ordos
Basin, as shown in Figure 1A, B

In the present study, a total of 11 tight sandstone reservoir column
samples were drilled from different exploration wells for various tests
and comprehensive analysis. The location distribution of sampling
wells and their basic parameters are shown in Figure 1B and Table 1
respectively.

2.2 Experimental tests

11 column samples with a required size of 25 mmx50 mm were
drilled from 11 sandstone samples, which were prepared for NMR and
overburden permeability experiments. The remaining samples were
broken into blocks of different sizes and prepared for CTS, SEM and,
HPMI experiments.

The cast thin section (CTS) samples were prepared in the
Langfang Branch of China Petrol. Explor. Dev+ Research Institute
and then identified and analyzed via polarizing microscope technology
in China University of Mining and Technology (CUMT), Xuzhou to
investigate the petrological characteristics including reservoir deposit
composition, characters of detrital particles, and pore-throat
characters. The SEM observation was completed in the Advanced
Analysis and Calculation Center of CUMT. In this study, all
11 samples about 0.5 cm long for each were gold-coated and dried
and then the subsequent analysis was conducted with FEI quantatm
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FIGURE 1

Sample information in the study area. (A) Location of Ordos Basin. (B) Location of the study area. (C) Stratigraphic characteristics of Benxi Formation in

study area.

TABLE 1 The basic information and related parameters of selected experimental samples.

Number Lithology Permeability (mD) Porosity
1 22 Double 99 1966.4 Quartz arenite 1.2837 9.74
2 30 Tong 77 3326.27 Quartz arenite 1.2323 7.17
3 38 Shuang 74 2123.05 Sublitharenite 8.1069 10.91
4 69 Mi 35 2539.85 Sublitharenite 3.0147 9.70
5 18 Mi 51 2148.4 Quartz arenite 0.2424 6.44
6 21 Tong 3 2153.84 Sublitharenite 0.4775 7.26
7 37 Shuang 109 2381.44 Quartz arenite 0.2940 8.56
8 39 Shan 211 2129.13 Sublitharenite 0.1312 7.10
9 13 Qi 17 3026 Quartz arenite 0.0968 5.84
10 16 Mi 73 2298.85 Sublitharenite 0.0352 3.20
11 52 Mi 38 2773.77 Sublitharenite 0.0146 2.01

250 equipment to investigate the characteristics of mineral, pores, and
reservoir morphology.

Sandstone samples with a size of about 4 mm were selected for
high-pressure mercury intrusion experiments by using Micro metrics
Auto pore V9520 (0.1-60000 psi) according to the Chinese Standard
SY/T5346-2005 to investigate the pore-throat structure characters.
Firstly, the sample is dried in an oven at 70°C for 12 h, and then the test
is carried out. A total of 108 pressure points were collected under the
control of the computer during the whole experiment process. The
upper-pressure limit was 200 MPa, as a result, the pore throat radium
of 3nm-1000 pm can be measured.

11 plunger samples were selected to conduct T, spectrum signal
measurement under saturated centrifugal state by MacroMR12-150H-
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1 tester produced by Newmark testing company, Suzhou, China. The
specific operation flow and parameter setting during the experiment
are shown in Hu et al. (2020) (Lai et al., 2018).

Then, the AP-608 overlying pressure porosimeter produced by
American core Temco Products Co., Ltd. was used to conduct
pressure-sensitive experiments on column samples (Figure 2),
aiming to measure the permeability of samples. The experimental
method is called the unsteady-state pressure drop method, of which
the experimental gas is high-purity nitrogen. The displacement
pressure was provided by plunger pumps and the confining
pressure was provided by separate confining pressure pumps.
Under the condition of keeping the displacement pressure
unchanged, the change of effective stress was simulated by
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FIGURE 2
Schematic diagram of stress sensitivity experiment.

changing the confining pressure. In this way, the effective stress was
increased to 3, 10, 15, 20, 25, 30, 40, and 50 MPa. At the same time, to
avoid the influence of pressurization time and the change of total
volume, it took 30 min to measure each pressure point, and the time
interval of 30 s between the two pressure points was maintained.

2.3 Data processing method

2.3.1 Pore compressibility

Based on the data result of DP-P, Seidle et al. (1992) derived the
typical formula on permeability and stress by using the matchstick
model:

k= koe—3Cf(J—ao) (1)

Where Cs is the volume compressibility coefficient of pores and
fractures under the effective horizontal stress in a changing state,
Mpa'; K is the permeability measured under the changed stress, mD;
Kj is the initial permeability, mD.

Logarithmic operation on both sides of eq 1 can be further
performed to obtain the calculation formula of compression
coefficient C; based on DC-P measurement:

_ ~In(k/ko)

3(0 —0y) @

Cr

Equation 2 has become the most common method to solve C¢(Shietal,

2014; Zhang et al., 2019). Therefore, the average compressibility coefficient
Cs under different effective stresses can be solved according to Eq 2.

o —In (ki /ko)

= 3(0i = 00) ®

Where Cj is the average compression coefficient after the ith
pressurization, MPa-1.

2.3.2 Fractal dimension

NMR fractal theories has showed its unique advantages in
quantitatively characterizing the morphological and structural
characteristics of pores and fractures in reservoirs (Harmer et al,
2001). When the fluid was placed in the environment where
intergrated action of static magnetic field and radio frequency field
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exists, the spin hydrogen nuclei would performed NMR relaxation.
Which could be expressed by transverse relaxation time T, (Cai et al.,
2013). The formula is as follows.

1 1 1 1

= — (4)
T, T Tis T

Where the T,5 and T,p, is the relaxation time caused by the fluid
and pore surface interaction and diffusion, respectively, while the T
is surface relaxation time.

Taking the single fluid and well-distributed magnetic field into
consideration, the Ty, and T,p can be ignored (Cai et al., 2013). Then
the T, formula can be rewritten as follows.

1 1 N P
T—ZZT—ZSZP‘—/:FS; (5)

Where F is the morphological factor. If the pore shape in the reservoir
is regarded as spherical, the value of Fs would be 3. Then, the capillary
pressure P, can be calculated through the following formula 6.

P.=C Tiz (6)

Where P, represents capillary pressure, (MPa); and Cis refer to the
conversion factor and can be expressed as C = |20 cos 0/Fpl|.

From Eq 6, we can conclude that there is an inverse relationship
between capillary pressure P, and transverse relaxation time T5.
Therefore, Pemin = Cramax -

Taking Washburn formula into consideration and then combining
the derivation results of Ouyang et al. (2016), the formula describing
the relationship between cumulative pore volume Vp and capillary
pressure P, can be concluded as follows

D-3
I

V,= 7

P <P cmin) ( )

Combine Eq 6 and Eq 7, the formula of Vp can be rewritten as

TZ max o
V,= 8
P ( T, > ®)

Take logarithm on both sides of Eq 8, and then equation (8) is
transformed into
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FIGURE 3

Material composition characteristics of tight sandstone reservoirs. (A). Lgneous rock fragments (arrow ll) slate fragments (arrow 1), well Shuang74,
2123.05m, orthogonal polarization; (B). Phyllite fragments, well Qi 17, 3026m, orthogonal polarization; (C). Strongly deformed mica, well Mi 73, 2421.1m,
orthogonally polarized; (D). Kaolinite (arrow 1), quartz (arrow Il), well Tong 77, 3326.27m; (E). Calcite (arrow 1), iron calcite (arrow 1), kaolinite, well Mi 38,

3480.45m, single polarized light; (F). Illite, well Mi 73, 2421.1 m.

18(Vp) = (3 = Du)Ig(T2) + (D = 3)1gT max )

Where V, is the percentage of cumulative pore volume under
saturated water state; D,, is the fractal dimension value based on
NMR data under water-saturated state. T, is the maximum
transverse relaxation time.

3 Results
3.1 Lithology characteristics

Through CTS and SEM analysis, it is found that the reservoir rocks
are mainly quartz arenite and sublitharenite. quartz is mainly single
crystal quartz (75.8%-89%, with an average of 81.79%). Almost free of
feldspar. The content of rock fragments is low (3%-16.1%, with an
average of 9.14%), and it mainly consists of rigid rock fragments such as
magmatic rock and quartzite (Figure 3A) (with an average of 5.65%) and
a small amount of ductile rock fragments such as slate, phyllite, and
mica (Figure 3B,C) (with an average of 3.48%). The content of
interstitial material ranges from 6.5% to 11.2%, with an average of
9.07%. It mainly consists of clay minerals (4.65%), quartz cement
following (2.91%), and a small amount of carbonate and iron
(average 1.13% and 0.47% respectively) (Figures 3D-F). The particles
with good sorting are in subround-subangular shape and their size
distribution of main particles range are different. The cement types are
mainly poreed and enlarged pore type.

3.2 Pore type and structural characteristics

According to the analysis of CTS and SEM, various pores
including residual primary intergranular pores, intergranular
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dissolved pores, intragranular dissolved pores, intergranular
pores, and microfractures exist in the reservoir of the study
area (Figure 3). Previous studies demonstrated that mercury
injection parameter Rso of sandstone pore structure shows a
significant correlation with reservoir porosity and permeability
(Zhong et al., 2020). In the present study, based on the mercury
injection experimental parameter Rsy and the morphological
characteristics of the capillary pressure curve of each sample,
the pore structures are divided into three categories, type I, type II,
and type lll. The type I pore-throat structure reservoirs are
composed of quartz arenite in coarse grain and giant grain
size. The pore types appear in the form of multiple pore
combinations, including residual intergranular  pores,
intergranular dissolved pores, intragranular dissolved pores,
and intergranular pores, however, it is dominated by the
intergranular pores and the throat is mainly necked and curved
lamellar throat. The type II pore-throat structure reservoirs
mainly consist of quartz arenite in medium-grained, with the
pore types similar to the type I reservoir, however, the pores are
mainly dissolution pores, with the curved lamellar throats. The
type Il pore-throat structure reservoirs are composed of quartz
arenite and sublitharenite, fine-silt grained. The pores are mainly
intragranular dissolved pores and intergranular pores, tubular
throat. The pore structure characteristics of different types of
reservoirs are shown in Table 2.

In terms of characterizing reservoir pore size and its
distribution, The NMR technology shows higher accuracy than
high-pressure mercury injection technology (Loucks et al., 2012; Li
etal.,, 2019; Hu et al., 2020b). A large amount of research work has
been conducted on pore classification based on pore size (Zou et al.,
2012a; Zou et al., 2012b; Hu et al., 2020a). This research adopts the
previous schemes of pore size division to divide pores into

micropores, micro mesopores, mesopores, and macropores (Lai
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TABLE 2 Pore structure characteristic parameters of different types of tight sandstone reservoirs.

Average Average
Porrosity, % 8.2%-10.9 9.63 6.4-8.6 7.35 3.2-5.8 4.6
Permeability, mD 0.8-3.02 147 0.15-0.48 0.29 0.04-0.13 0.09
Threshold pressure, MPa 0.14-0.44 0.28 0.53-2.09 1.09 0.68-2.38 1.31
Sorting cofficient 0.28-0.94 0.59 0.06-0.24 0.13 0.05-3.04 1.08
Medium pressure, MPa 0.46-1.2 0.76 1.14-4.6 2.8 5.84-9.1 7.38
Medium Radius, t m 0.62-1.64 1.11 0.26-0.56 0.41 0.02-0.14 0.1
Average pore throat radius, u m 0.4-1.12 0.85 0.1-0.37 0.22 0.05-0.09 0.07
T2cutoff 20.8-51.3 38.8 16.9-57.6 31.7 0.5-34.3 3.8
Moverable water saturation,% 41.3-84.8 66.8 49.0-65.6 55.4 30.5-36.9 33.7

FIGURE 4

Pore types and pore characteristics of tight sandstone reservoirs (A). Residual intergranular pore (arrow 1), intergranular dissolved pore (arrow 1), well Mi

35, 2539.85m, single polarized light; (B). Intragranular dissolved pore (arrow l), intergranular dissolved pore (arrow II), well Mi 51, 2151.41m, single polarized
light; (C). Kaolinite intercrystalline pore (arrow 1), illite intercrystalline pore (arrow I1), well Mi38, 3480.45m, single polarized light.
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Reservoir (A) pore size division and (B) stage pore volume ratio of different types of pore structure reservoir.

Frontiers in Earth Science 162 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1100951/overview

Hu et al.

35
10 —=— 38# K=2.46mD,p=10.9% —o— 69# K=3.02mD,9=9.7%
R % —4—30# K=1.23mD,p=8.2% —v— 22# K=0.80mD,=9.7%
\ +— 37#K=0.35mD,p=8.6% —<— 39# K=0.15mD,0=7.1%
2.5 1 wl 21# K=0.48mD,p=7.3% —*— 18# K=0.24mD,p=6.4%

>
\ *— 13# K=0.10mD,p=5.8%
©+—52#K=0.05mD,p=5.0%

\ *16#K=0.04mD,p=3.2%
2.0 1 \\

Permeability(mD)
&
1

1.0
0.5
0.0
-0.5 L L L L L L
10 20 30 40 50
Pressure (MPa)

FIGURE 6

10.3389/feart.2022.1100951

=}
1

=3
o
1

=4
(=2
1

=4
N
1

[ = 38% K=2.46mD,p=10.9% o 694 K=3.02mD,=9.7%

—a—30# K=1.23mD,p=8.2% —v— 22# K=0.80mD,0=9.7%

0.2 4 37#K=0.35mD,g=8.6% < 394 K=0.15mD.9=7.1%

> 21# K=0.48mD,0=7.3% —e— 18# K=0.24mD,9=6.4%
- 13# K=0.10mD,9=5.8% —*  16#K=0.04mD,0=3.2%

Permeability demage (%)

0.0 o 524K=0.05mD,g=5.0%
1 1 1 1 1 1
0 10 20 30 40 50
Pressure (MPa)

Variation of (A) permeability and (B) permeability damage rate of different samples under dynamic effective stress.

et al., 2016), and the corresponding T, values are < 1m, 1 < T, <
10m, 10 < T, < 100m and 100 < T, < 1000 m respectively
(Figure 4A). By comparing the pore distribution characteristics
of type L, II, and Il reservoirs at different stages, it is founded that
with the deterioration of reservoir physical properties, the
proportion of reservoir pore volume at different stages changes
significantly. The proportion of macro pores decreases sharply
from the average of 32.84% of type I reservoirs to the average of
1.63% of type Ill reservoirs; The proportions of micro mesopores
and micropores in type I and type II reservoirs are low, but they
increase rapidly to an average of 25.16% and 36.77% respectively in
type lll reservoirs. The proportion of mesopores increases first and
then decreases, and shows the highest proportion in type II
reservoirs, accounting for 78.98%.

3.3 Change of reservoir permeability under
effective stress state

The DP-P test result of 11 sandstone samples is shown in
Figure 5A. It appears that as the effective stress increases from
0MPa to 50MPa, the permeability shows a good exponential
function decreasing trend. To investigate the influence of dynamic
effective stress on permeability quantitatively, the dimensionless
parameter Dy (permeability loss rat) was introduced to evaluate the
permeability sensitivity caused by stress. The Dy can be calculated
through the formula as follows:

ko —k,‘

D, =
k ko

x 100%

(10)

where k, is the permeability of sandstone samples under initial
confining pressure, mD; K; is the permeability of sandstone
samples after applying confining pressure for i times, mD.

The variation of permeability damage rate of different samples
with different effective stress is shown in Figure 5B. When effective
stress reaches 50MPa, the permeability loss rate of samples ranges
from 81.51% to 99.74%, with an average of 93.01%, which indicates
that effective stress can compress reservoir pores, resulting in great
changes in reservoir pore structure, and the permeability response of
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samples with different pore structures differs greatly to the same
effective stress.

4 Discussion

4.1 Pore compressibility of tight sandstone
reservoirs

The pore compression coefficients of 11 sandstone samples under
different effective stress are calculated, as shown in Figure 6A. When
effective stress is 3Mpa, the pore compression coefficients of sandstone
samples are between 0.054 and 0.125, with an average of 0.084. When
effective stress increases to 50MPa, the pore compression coefficients
are between 0.013 and 0.040, with an average of 0.021. The pore
compression coefficients decrease with the increase of the confining
pressure. The comparison analysis of the pore compressibility
characteristics among the three types of reservoirs (Figure 6B)
indicates that under the same effective stress, the type Ill reservoir
shows the largest average pore compressibility coefficient, and the type
I reservoir has the smallest average pore compressibility coefficient,
which indicates that the response sensitivity of pore compressibility to
the change of effective stress increases from type I to type Ill reservoirs.

The effect of effective stress on pore compressibility among the
tested samples shows obvious stages. During the stage of effective
stress less than10MPa, with the increase of effective stress, the pore
compressibility of samples decreases sharply. However, when effective
stress reaches 10MPa, the change of pore compressibility coefficient to
the increase of stress is not obvious. The unit stress-strain rate of
pore pore
compressibility coefficient tends to be stable, which reflects that

reservoir volume decreases gradually and the
pores are more difficult to be compressed in the later stage of
compression. It is probably because pores and fractures of
sandstone samples used to show high compressibility under the
low-pressure stage, during that period, the large, medium-sized
pores and micro-fractures tend to close firstly with the increasing
effective pressure, thereby resulting in the obvious decrease of
sandstone permeability (Figure 5A). However, with the continuous

increase of the effective stress, the decreasing rate of pore-fracture
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compressibility slows down to a very obvious extent. It is mainly
because in this stage, the increase of stress can only cause the closure of
some small pores, which leads to the slight change in the pore
compressibility coefficient of sandstone during the later stage of
stress increase (Figure 6A).

4.2 Influencing factors of pore compressibility

4.2.1 Porosity

The relationship between porosity and pore compressibility is
analyzed, as shown in Figure 7, it is found that pore compressibility is
negatively correlated to porosity. However, it is well known that loose
rocks with high porosity are easier to be compressed than dense rocks.
It should be pointed out that the compressibility coefficient is the rate
of volume change under pressure. For rocks with the same volume, the
higher the porosity, the less the skeleton volume, and the weaker level
of support, therefore, the pore compressibility coefficient would be
quite large. On the contrary, rocks with lower porosity show larger
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Relationship between reservoir porosity and pore compressibility
under different stress states.
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skeleton volume, stronger lever of support and smaller pore
compressibility. The compressibility coefficient is not inversely
proportional to the pore volume but directly proportional to the
change rate of the pore volume. The smaller the pore volume is,
the more difficult it is for the pores to be compressed. Therefore,
compared with large pores, the change of small pore volume is smaller,
however, the changing rate for pore volume is often greater than that
of large pores.

4.2.2 Lithology

Tight sandstone is composed of skeleton particles and interstitial
materials that show a quite different compaction resistance properties.
Skeleton particles of the tight sandstone reservoirs in the study area
mainly consist of quartz and rock fragments. Quartzes and felspars
with strong hardness and brittleness are not easy to be compressed,
therefore the shape and size of skeleton particles are hardly get
changed with the increase of effective stress (Zhang et al, 2004).
The higher the relative content of quartz, the stronger the support of
the reservoir rock skeleton and the more difficult it is for reservoir
media to be compressed (Figure 8A). Therefore, the pore compression
coefficient of type I reservoirs with higher quartz detrital particles is
the smallest (Figure 6A). The type lll reservoirs dominated by
sublithiarenite are high in phyllite, slate fragments (Figures 9A, B),
mica and other flexible components content. In addition, the
abundant ductile clay mineral cement such as illite and kaolinite
(Figures 9D, F) in type Ill reservoirs are easy to deform and break
under external force. When effective stress increases, the ductile
fragments and clay mineral particles are first compacted, deformed,
and arranged more closely, and then the reservoir permeability gets
reduced (He et al.,, 2012), At the same time, the loss of pore space
makes the reservoir medium show strong pore compressibility.
Therefore, the content of ductile material in sandstone is positively
correlated with the pore compressibility coefficient (Figures 8B, C).
Rigid cement existing among skeleton particles, such as over growth of
quartz cement and continuous crystal cementation of carbonate
cement (Figure 9E), can resist external stress and provide a strong
supporting effect on pores and fractures, thus reducing the reservoir
porosity compressibility (Bloch et al., 2002; Henares et al., 2016)
(Figure 8D).
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4.2.3 Pore structure characteristics

There is a close relationship between reservoir micropore structure
and reservoir pore compressibility. Micro-pore structure of tight
sandstone reservoirs differs greatly (Liu et al, 2019) (Table 2;
Figure 6), resulting in the different compressibility in the different
types of reservoirs. In general, type lll reservoirs with high
displacement pressure, irreducible water saturation, low median
pore throat radius, and T, geometric average have high pore
compressibility (Figure 10; Figure 6).

The
compressibility coefficient with different pore structure parameters
under different effective stress is shown in Figures 10A-D. With the
continuous increase of displacement pressure and irreducible water

distribution and variation trend of reservoir pore

saturation, the continuous decrease of the median pore throat radius,
and NMR Ty, the pore compression coefficient of sandstone
reservoir samples keeps increasing, meanwhile, in the process of
increasing effective stress, the pore compression coefficient of
sandstone samples with higher displacement pressure, higher
irreducible water saturation, lower median pore throat radius and
NMR T, shows a more obvious decrease trend. However, the final
pore compression coefficient is still greater than that of sandstone
samples with lower displacement pressure and lower irreducible water
saturation (Figure 10; Figure 6B), which the reason is that the
sandstone with lower displacement pressure and irreducible water
saturation, large average pore throat radius and T, are mainly type I
reservoir sandstone and it is mostly pure and is of good physical
property, low content of ductile rock fragments and clay minerals,
high content of rigid cement and less content of compressible

Frontiers in Earth Science

deformation materials among skeleton particles. When effective
stress increases, the ductile rock fragments and clay minerals
among quartz particles are compressed first. With the destruction
and deformation of ductile materials, the support force of sandstone
reservoir skeleton particles increases, the reservoir pore compression
changes from the compression of ductile materials to that of rigid
skeleton particles and the pore volume strain rate decreases greatly,
resulting in the overall performance of the rapid decrease of pore
compression coefficient before the effective stress reaches 10 MPa and
the slow decrease after that. In addition, type I reservoirs mainly
consist of large pores, and the proportion of small size pores is
relatively low (Figure 4B). The reduction of the pore volume of
large pores shows a very small changing rate. However, reservoirs
with high displacement pressure, high irreducible water saturation,
small average pore throat radius and T, value, show a relatively high
content of compressible deposit composition such as ductile fragments
and fillings, and a relatively low pore space as well. The low stress
resistance and small pore volume make these reservoirs show a higher
pore compression coefficient.

4.2.4 Pore heterogeneity of the reservoir

Comparison and analysis of the relationship between stage pore
volume and pore compressibility coefficient under different pressure.
The results are shown in Figure 11. Pore compressibility coefficients is
positively correlated with the volume of micropores and micro
mesopores in sandstone reservoirs (Figures 11A, B), while it is
correlated with the volume

negatively of mesopores and

macropores (Figures 11C, D), and the pore compressibility
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coefficient has a greater correlation coefficient with micropores and
micro mesopores, which all indicate that the loss of pore space of
micropores and micro mesopores, etc, caused by compression and
destruction of clay minerals runs through the whole effective stress
loading process, and the response of pore volume ratio of micropores
and micro mesopores to the change of reservoir pore compressibility is
more obvious. However, the correlation coefficient between pore
compression coefficient and macropores, mesopores is lower,
indicating that the compressibility of macropores and mesopores
are jointly controlled by many factors, such as sorting, rounding,
arrangement of rock fragments particles, and the mechanical
properties of cement, which results in the difference of pore
compression degree of different types of reservoir samples under
changing stress state.

In the present study, the micropores and micro mesopores are
regarded as small pores, correspondingly, the mesopores and
macropores are considered macropores. On this basis, the stage
fractal dimension of small pores and macropores of different
samples are obtained (Zhang et al, 2022) (Figure 12A), In
addition, the relationship between the stage pore fractal dimension
and pore compressibility coefficient is analyzed (Figure 12B), It is
found that reservoir pore compressibility coefficient has an obvious
positive correlation with the fractal dimension D; of mesopores and

Frontiers in Earth Science

macropores, while a negative correlation with the fractal dimension D
of micropores and micro mesopores. The pore fractal dimension is
jointly controlled by the dispersion degree of reservoir pore size
distribution and the complexity of the pore surface (Wu et al,
2019; Hu et al, 2020a). The Larger Dy indicates fewer large pores
developing in reservoirs and the reservoir total porosity is small,
resulting in a large change rate of pore volume under a stress state,
to present a large pore compression coefficient, but it does not mean
that reservoir medium is easier to be compressed. On the contrary, the
larger the Dg, the higher the proportion of relatively large pores in
reservoirs, corresponding to the large total porosity in the reservoir,
which caused the smaller change rate of pore volume under dynamic
stress.

4.3 Pore compressibility mechanism

The deformation of sandstone reservoir medium resulted from the
deformation and destruction of skeleton particles and interstitial
materials under effective stress can lead to the change of reservoir
pore-throat morphology and loss of reservoir space, which is
macroscopically reflected in the compressibility of reservoirs (Shan
and Zhou, 2020). The compression deformation of sandstone
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reservoirs is not a single complete elastic deformation or ductile  sized pores and micro-fractures also close at first with the increase

deformation, but an extremely complex elastic-ductile deformation  of pressure. Slate, phyllite soft rock fragments and kaolinite, illite,

process, which is jointly controlled by the sandstone deposit and other clay minerals filled in reservoir throat are deformed and

composition, contact relationship of detrital particles, arrangement — damaged by compression, resulting in the occupancy of the pore

of the detrital particles, and the mode of cementation and type of  space and the great reduction of the pore volume. All of those make

cement. the reservoirs more compact (Fjaer et al., 2008), and make the

When tight sandstone is compressed, deformation happens in ~ permeability of sandstone decrease significantly. At this stage

the throat firstly (Ruan and Wang, 2002), and large and medium-  (stage I), the sandstone reservoir is dominated by viscoplastic
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Schematic diagram of pore compression mode of tight sandstone reservoirs.

failure and deformation of ductile rock fragment and clay minerals.
During this stage, the sandstone reservoir shows high permeability
13). After the
compression of the first stage, reservoir rigid quartz particles are

damage and pore compressibility. (Figure
in close contact. With the further increase of effective stress, the
closure of the reservoir throat will not continue, the damage
increment of reservoir permeability decreases and small-scale
non-ideal elastic deformation of rigid quartz particles occurs in
sandstone reservoirs, which cause a small amount of loss of

intergranular pore space (stage II) (Figure 13), thereby
presenting a small pore compression coefficient. The
compression deformation of sandstone reservoirs without

ductile material mainly happens in stage II.

5 Conclusion

In this study, the characteristics, influencing factors and,
mechanism of pore fracture compressibility of tight sandstone
reservoir are analyzed and the main conclusions are as follows:

1) Sandstone in the study area are mainly quartz arenite and
sublitharenite. The content of quartz detrital particles is
75.8%-89%, of 81.79%.
fragments, ranging from 3% to 16.1%, with an average of

with an average Fewer rock
9.14%, and almost free of feldspar. The content of interstitial
materials is 6.5%-11.2%, with an average of 9.07%. The type I
reservoirs mainly consist of mesopores and macropores,
accounting for 60.57% and 32.84% respectively. Mesopores
are dominated in Type II reservoirs, accounting for 78.98%
of the total pore volume. There are almost no macropores, while
a similar proportion of mesopores, micro mesopores and
micropores in the type Ill reservoirs.

2) The study of pore compressibility shows that the pore

compressibility coefficient decreases gradually with the increase
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of effective stress, and the reduction rate shows the two-stage
characteristics of rapid in the early stage and slow in the later stage.
The pressure turning point is between 3 and 10 MPa. The type IlI
reservoir shows the largest average pore compression coefficient,
however, type I for the lowest value.

3

~

The coefficient of pore compressibility is not inversely proportional
to pore volume, but directly proportional to the change rate of pore
volume. The higher the content of rigid detrital particles, quartz
and carbonate cement in sandstone, the smaller the pore
compressibility coefficient while the higher the content of
ductile components such as soft rock fragments and clay
minerals, the greater the pore compression coefficient. The pore
structure of the reservoir is closely related to the pore
compressibility, reservoir with low displacement pressure, large
average pore throat radius, and small T,gy, value show a lower
compressibility  coefficient. Moreover, the compressibility
coefficient of the reservoir is positively correlated with Dy
(dimension of large pores such as mesopores and macropores)
and negatively correlated with Dg (the fractal dimension of
micropores and micro mesopores).

4

~

The compression deformation of sandstone reservoirs is jointly
controlled by the material composition of skeleton particles, the
contact relationship between skeleton particles, the arrangement of
particles, the mode of cementation, and type of cement. It is
considered the the pore compression of sandstone including
two stages, viscoplastic destructive deformation of ductile
components for the first and then the small-scale non-ideal
elastic deformation on rigid particles.
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Linfen mining area is one of the main coalbed methane industrial bases in the
eastern margin of Ordos Basin, China. However, there are few studies on the
hydrogeochemical characteristics of coalbed-produced water in the area. This
article collected water samples from 14 coalbed methane drainage wells and
analyzed the ionic concentrations, hydrogen and oxygen isotopes, dissolved
inorganic carbon isotopes (§~Cp,c) and trace elements. The results showed that
the water of Nos. Five and eight coal seams are both Cl-Na type. The total
dissolved solids content was high, ranging from 5011.45 mg/L to 23405.39 mg/
L. Hydrogen and oxygen isotope data indicated that the coalbed-produced
water in the study area is recharged from atmospheric precipitation. In addition,
the HCO3™ in the produced water of No. Five coal seam and No. Eight coal seam
was negatively correlated with §*Cp,c. The value §“Cpc in the produced water
of No. Five coal seam was heavier than that of No. Eight coal seam. These
indicate that microbial degradation occurred more strongly in No. Five coal
seam than in No. Eight coal seam. The water-rock interaction in the study area
was found to be dominated by cation exchange and dissolution filtration
through the relationships between anion and cation.

KEYWORDS

coalbed-produced water, hydrogen and oxygen isotopes, microbial action, water-rock
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Guo et al.

1 Introduction

Coalbed methane (CBM) is mixture gases dominated by
methane that is mainly adsorbed on the surface of coal matrix
and partially free in the pores and fissures of coal, and has shown
good development potential in recent years as an efficient and
clean energy source (Zhang and Qin, 2018; Bao et al.,, 2020).
China is rich in CBM resources. At present, two CBM
development bases in the Qinshui Basin and the eastern edge
of the Ordos Basin have been established and commercialized
(Qinetal, 2012; Huang H. X. et al., 2018). Mining CBM not only
relieves the pressure of conventional natural gas supply, but also
greatly reduces the probability of accidents in coal mines through
pre-pumping. While ensuring safety and improving economic
efficiency, it is also conducive to environmental protection and
provides a strong guarantee for clean energy. The principle of
CBM drainage is to pump the groundwater into the coal seam
and its surrounding rocks (Liu et al., 2013), reduce the pressure in
the coal reservoir, desorb the gas adsorbed in the coal reservoir
and diffuse, percolate and transport it into the wellbore through
the pores and fractures, so that it can be exploited (Tao et al.,
2011). The coalbed-produced water experienced a long-time
with the
underground, which contained rich geochemical information
(Bao et al,, 2021). As a direct product of CBM well drainage,
coalbed-produced water has an important impact on CBM

contact coal seam and surrounding rocks

enrichment mechanism and exploration and development
research (Bao et al.,, 2021).

In recent years, research on coalbed-produced water has
received increasing attention from scholars at domestic and
international (Bao et al., 2016; Guo et al,, 2017; Guo et al,
2020). Previous studies have also done a lot of research
around the geochemical characteristics of the coalbed-
produced water (Bao et al., 2016; Guo et al, 2017; Zhang
et al, 2018; Guo et al., 2020). Since Craig (1961) first
proposed the global precipitation line (GMWL), hydrogen and
oxygen isotopes have been widely used in hydrogeochemical
studies (Zheng et al., 1983; Chen et al.,, 2011; Bao et al., 2021).
Hydrogen and oxygen isotopes have played an important role in
determining the source of water and the types and mechanisms
of water-rock interactions (Bozau et al., 2017; Hao et al.,, 2019).
Water-rock interaction refers to the physicochemical reaction
between groundwater and surrounding rock during the
geological action of coalbed-produced water, which generally
includes cation exchange, rock dissolution and filtration, and
evaporation and concentration (Li Q. G. et al,, 2016; Li X. et al,,
2016; Huang X. J. et al.,, 2018). Bao et al. (2021) investigated the
hydrogeochemical characteristics of coalbed-produced water
from the Dafosi biogas field on the southern margin of Ordos
and found that cation exchange occurs in coalbed-produced
water in this area. Qin ef al. (2014) proposed a method to
distinguish between the source resolution of the produced
water and the mixed CBM feasibility discrimination based on
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the trace element concentration in the coalbed-produced water.
Redwan et al. (2016) investigated the effect of water-rock
interaction on the chemical elements of coal-bearing rocks
and applied statistical methods to identify and evaluate water-
rock reaction processes. Therefore, the geochemical index of
coalbed-produced water is a good indicator of the water source
and water-rock interaction process.

The Linfen mining area is located at the eastern margin of the
Ordos Basin and is rich in CBM resources (Huang H. X. et al,,
2018). Although the CBM in this area has undergone more than
two decades of exploration and development, little research has
been conducted on the mechanism of water-rock interaction in
the coalbed-produced water in this area. The geochemical
characteristics of the coalbed-produced water can predict the
CBM enrichment area, which is important for drainage.
Therefore, this article collected water samples from 14 CBM
wells with single-layer discharge in the study area, and tested
their pH, total dissolved solids (TDS), conventional ions,
hydrogen and oxygen isotopes, dissolved inorganic carbon
isotopes and trace elements to analyze the water chemistry
types, of
coalbed-produced water. The water-rock action types and

ionic composition characteristics and sources
mechanisms were also elucidated. The research results can
the

development of CBM in the study area and the selection of

provide theoretical support for exploration and

the sweet spot area.

2 Sample collection and test methods
2.1 Sample collection

There are 220 CBM extraction wells in Linfen mining area.
The main CBM wells are developed in the No. Five coal seam of
Shanxi Formation and No. Eight coal seam of Taiyuan
Formation. The well types are straight wells and directional
wells. According to the location of CBM wells and single layer
drainage, a total of 14 representative coalbed-produced water
samples were collected to cover the whole area as much as
possible, including 10 samples from No. Five coal seam and
four samples from No. Eight coal seam. Sample numbers were J5-
1,]5-2,J5-3, J5-4,]5-5, ]5-6, ]5-7, J5-8, ]5-9, ]5-10, J8-1, ]8-2, 8-
3, J8-4, respectively. Before sample collection, polyethylene
sampling bottles were sterilized in the laboratory under UV
light. The water samples were collected using 2.5 L and 500 ml
polyethylene sampling bottles at the drainage of CBM wells to
collect coalbed-produced water. The 500 ml polyethylene
sampling bottles were acidified to pH <3 with dilute
hydrochloric acid on site for subsequent cation detection. The
2.5 L polyethylene sampling bottles were used to collect raw
water samples for pH, anion, TDS, trace elements, hydroxide
isotopes and dissolved inorganic carbon isotope composition.
The water samples were collected in the field by rinsing the
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TABLE 1 Geochemical parameters of coalbed-produced water in the Linfen mining area (unit, mg/L).

ID pH DS Na* K+ Ca? Mg?* COs> HCO5~ ar S0,
J8-1 6.78 13093.97 5249.20 48.97 215.98 62.64 0.00 1333.52 6489.84 0.58

J8-2 7.07 16434.21 6386.60 87.15 186.57 73.30 0.00 1316.89 9042.14 <0.10
J8-3 7.50 7465.12 2930.80 44.64 74.83 2542 0.00 1509.02 3632.02 2.90

]8-4 9.14 5011.45 2161.90 19.44 6.81 9.10 249.73 1279.54 2170.20 4.23

Ave 7.62 10501.19 4182.13 50.05 121.05 42.62 62.43 1359.74 5333.55 2.57

J5-1 7.72 5096.39 2134.10 41.23 3091 7.68 0.00 1424.47 2170.09 0.14

J5-2 7.37 6484.87 2693.90 14.95 45.99 12.04 0.00 1004.55 3215.68 0.03

J5-3 7.54 6529.45 2651.60 44.82 45.79 11.23 0.00 1160.28 3195.87 <0.10
J5-4 7.29 9758.49 4013.60 19.66 72.78 17.43 0.00 1405.81 4932.11 <0.10
J5-5 7.85 5464.32 2231.20 24.43 41.42 8.87 0.00 1372.13 2472.33 <0.10
J5-6 7.63 7874.54 3262.80 18.25 66.67 17.28 0.00 1314.31 3852.38 <0.10
J5-7 6.91 23405.39 8506.80 53.73 618.43 105.61 0.00 671.24 13785.20 <0.10
J5-8 7.22 14999.15 5752.00 213.06 181.58 4424 0.00 1255.38 8180.58 <0.10
J5-9 7.03 13719.69 5411.50 55.39 153.20 38.45 0.00 1329.68 7396.31 <0.10
J5-10 7.25 13648.50 5260.70 24.48 154.85 32.54 0.00 1045.24 7653.31 <0.10
Ave 7.38 10698.08 4191.82 51.00 141.16 29.54 0.00 1198.31 5685.39 0.09

polyethylene sampling bottle three times with the coalbed-
produced water. Then filtered microorganisms, coal dust and
suspended substances with 0.5 pm filter paper placed at the
mouth of the bottle, and filled the bottle to remove the air
from the bottle. Next sealed the bottle with the cap and
checked whether it leaked. Finally marked the sampling time
and place and sent it to the Guizhou Institute of Geochemistry,
Chinese Academy of Sciences for testing.

2.2 Test methods

The water samples were tested for anions and cations,
hydrogen and oxygen isotopes of water, dissolved inorganic
carbon isotopes and trace elements. Among them, the
instrument used for cation test is Vista MPX inductively
coupled plasma - emission spectrometer of Varian,
United States. The anion test used ion chromatography
(Thermo Fisher ICS-90). The HCO5™ and CO5* ion test used
acid titration method to detect. Anion and cation detection
standards referred to GB/T 5750.6-2006 and DZ/T 0064.51-
1993, respectively. The instrument used for hydrogen and
oxygen isotope testing was the liquid isotope analyzer 912-
0026, with a standard deviation of 0.6%o for 6D and 0.1%o for
8'%0. The isotopes of dissolved inorganic carbon were measured

by gas isotope mass spectrometer MAT252 with an accuracy
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of <0.01%o. The isotopes of hydrogen, oxygen and inorganic
carbon were measured according to DZ/T 0184.19-1997, DZ/T
0184.21-1997 and GB 13193-91, respectively.

The pH was measured by PP-50-pllm and TDS was
measured by DDSJ-308A conductivity meter. The testing
standards were executed according to GB/T 6920-1986 and
DZ/T 0064.9-1993, respectively.

3 Results and analysis
3.1 Produced water conventional ion

The results of water quality testing and analysis of coalbed-
produced water in the Linfen mining area were shown in Table 1.
The pH of the produced water of No. Five coal seam ranged from
6.91 to 7.85 with an average value of 7.38. The produced water of
No. Five coal seam was weakly alkaline, which was favorable to
the survival of methanogenic bacteria in the coalbed-produced
water. The pH of the produced water of No. Eight coal seam
ranged from 6.78 to 9.14 with an average value of 7.62. But the
pH of No. Eight coal seam had a larger span and a higher average
pH than that of No. Five coal seam. The cations of coalbed-
produced water in the study area are mainly Na*. The
concentration of Na" ranges from 2134.10 to 8506.80 mg/L. In
addition, they also contain certain concentrations of Ca’", Mg**
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Piper diagram [(A); Bao et al,, 2021 and box chart of ion concentrations (B); Guo et al.,

area.

and K*. The anions were dominated by CI™. The concentration of
CI” ranges from 2170.09 to 13,785.20 mg/L. In addition, they also
contained CO5*", HCO3™ and SO4*". Among them, CO3>" was
only detected in J8-4 with a concentration of 249.73 mg/L. The
concentration of HCO;™ ranges from 671.24 to 1509.02 mg/L,
and higher levels of HCO;™ were detected in 10 CBM wells in No.
Five coal seam and four CBM wells in No. Eight coal seam. The
higher content of HCO;  suggested a higher degree of
confinement in the groundwater environment. The SO,*
<0.10 423 mg/L. The
concentration of TDS in the study area ranges from
5011.45 mg/L to 23,405.39 mg/L. The TDS of J5-7, J5-8, J5-9,
J5-10, J8-1 and J8-2 were all higher than 13,000 mg/L. The higher
mineralization may be related to groundwater rock action.

concentration ranges from to

The data of 14 sets of water samples from the Linfen mining
area were plotted on a Piper trilinear graph (Figure 1A),
showing that the water chemistry type in the study area is
Cl-Na type. According to the box plot of ion concentrations in
coalbed-produced water in the study area (Figure 1B), the
concentrations of Na*, CI~ and HCO;™ are much larger than
other ions. The data are more concentrated, with the median
line located almost half of the length of the square box,
indicating that the concentrations of Na*, CI” and HCO;5~
ions do not vary much. The concentration of SO,> is lower
and the data are scattered. The lower quantile line of Ca*" and
SO, box plots with the lower quantile line far from the square
box imply that the Ca** and SO,> concentration content of each
individual well is low and varies more than most CBM wells.
The anomalous data were marked by boxes in the graph. The
presence of anomalous values of K*, Ca®', Mg**, and HCO;~
concentrations in the coalbed-produced water indicate that
they are related to the groundwater environment and that
groundwater-rock interactions need to be identified.
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TABLE 2 Hydrogen and oxygen isotopic and DIC carbon isotopic
compositions of coalbed-produced water in the Linfen mining area.

Sample ID 8Dpso (%0)  8"0u0 (%0)  8"*Coic (%o)
J8-1 -74.95 -10.82 9.65
J8-2 -79.10 -11.32 11.12
J8-3 -78.02 -11.03 7.98
J8-4 —85.84 -12.14 12.68
Ave -79.48 -11.33 10.36
J5-1 -79.87 -11.27 28.34
J5-2 -77.79 -10.92 31.58
J5-3 -80.32 —-11.54 28.07
J5-4 -73.35 -10.46 26.94
J5-5 -76.88 -10.77 25.79
J5-6 -81.27 -11.61 29.49
J5-7 -64.31 -9.07 34.16
J5-8 —68.40 -9.91 29.57
J5-9 —67.13 -9.83 36.50
J5-10 —65.39 -9.63 35.48
Ave -7347 -10.50 30.59

3.2 Hydrogen, oxygen, and carbon
isotopic signatures

Table 2 shows the hydrogen, oxygen and carbon isotope

values of the coalbed-produced water in the Linfen mining area.
As shown in, the hydrogen and oxygen isotopes of the produced
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TABLE 3 Results of trace element concentration of coalbed-produced water in the Linfen mining area (unit, pg/L).

ID ] As Ba (@) Cr Mn Mo Rb Sr Zn
J8-1 1119.52 7.83 30930.46 0.28 113 128.03 1.76 38.76 28799.65 5.01
J8-2 1923.32 9.48 47203.30 1.07 0.96 699.89 1.52 61.24 46215.72 487
18-3 55520 2.81 20694.38 0.12 0.86 131.24 1.55 41.70 17105.84 6.23
J8-4 398.79 1.84 4323.18 0.04 0.82 2147 14337 13.25 3996.26 0.75
J5-1 287.88 1.25 11832.31 022 0.65 223.18 19.28 2281 8786.70 2.78
J5-2 32397 231 13879.82 0.50 071 165.32 33.48 17.98 11797.50 3.26
J5-3 399.01 3.02 14784.00 5.02 0.67 991.65 21.01 3255 13558.49 1.52
J5-4 703.56 3.28 25330.83 0.64 0.74 175.01 1133 35.07 26896.25 3.82
J5-5 32238 1.94 11139.32 0.10 0.73 165.86 6.18 3358 7673.70 1.94
J5-6 408.78 3.14 16613.33 439 0.75 223.70 22.87 3273 15896.56 2.70
J5-7 1162.15 9.82 137348.67 2.10 0.90 1116.92 335 59.06 107240.41 33.07
J5-8 970.06 5.02 69528.23 0.80 118 299.06 6.00 79.23 43521.63 16.89
J5-9 807.38 3.85 39979.54 243 1.01 1065.28 578 25.94 30316.57 8.66
J5-10 713.54 3.78 47319.29 0.67 0.77 680.79 256 2832 34156.31 9.74
Ave 721.11 424 35064.76 131 0.85 43481 20.00 37.30 28282.97 7.23

water from No. Five coal seam and No. Eight coal seam do not
differ significantly. 6D ranges from —85.84%o to ~64.31%o, with
an average value of —75.22%o. 0'°0 ranges from —12.14%o
to —9.07%o, with an average value of —10.74%o. However, the
inorganic carbon isotopes of the produced water from No. Five
coal seam and No. Eight coal seam differed significantly. The
dissolved inorganic carbon isotopes §"*Cpyc of the produced
water from No. Eight coal seam ranges from 7.98%o to 12.68%o
with a mean value of 10.36%o. The dissolved inorganic carbon
isotopes 6"°Cpyc of the produced water from No. Five coal seam
ranges from 25.79%o to 36.50%o0 with a mean value of 30.59%o.
All of the §"Cpyc in the study area exhibited positive values,
indicating that dissolved CO, in groundwater is enriched in ">C
(Li et al., 2022).

3.3 Produced water trace elements

In this article, a total of 22 trace elements were detected in the
coalbed-produced water of the Linfen mining area. The average
content of Cd, Cu, Hg, Pb, Sb, Sn, Ti, T1, U, and Zr elements below
0.10 pg/L were not analyzed, and the statistical results of other
elements with stable distribution and high content were shown in
Table 3. The trace elements in the produced water of No. Five coal
seam and No. Eight coal seam do not vary much. The content of Li
in this area ranges from 287.88 to 1923.32 ug/L, with an average
value of 721.11 pg/L. The content of Al ranges from 1.60 to
61.57 ug/L, with an average value of 14.77 ug/L. The content of
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As ranges from 1.25 to 9.48 pg/L, with an average value of 4.24 ng/
L. The content of Ba ranges from 4323.18 to 69,528.23 pg/L, with
an average value of 35,064.76 ug/L. The content of Co ranges from
0.10 to 5.02 pg/L, with an average value of 1.31 pg/L. The contents
of Ni ranges from 0.52 to 39.43 ug/L, with an average value of
15.28 ug/L; The contents of Cr ranges from 0.65 to 1.13 ug/L, with
an average value of 0.85 pug/L; The contents of Zn ranges from
0.75 to 16.89 pg/L, with an average value of 7.23 pg/L; The contents
of Sr ranges from 3996.26 to 107,240.41 pg/L, with an average
value of 28,282.97 ug/L; The contents of Rb ranges from 13.25 to
79.23 ug/L, with an average value of 37.30 pg/L. The content of Mo
ranged from 1.52 to 143.37 pg/L, with an average value of 20.00 pg/
L. The content of Mn ranges from 21.47 to 1116.92 ug/L, with an
average value of 434.81 pg/L. The concentrations of Li, Ba, Sr, Rb,
Mo and Mn in the coalbed-produced water are relatively high, and
the average values are all greater than 20 pg/L. Ba is the trace
element with the highest content in the coalbed-produced water in
this area. The average concentrations of trace elements in the
coalbed-produced water in this
Ba>Sr>Li>Mn>Rb>Mo>Zn>As>Co>Cr.

area are

4 Discussions
4.1 Source of coalbed-produced water

The hydrogen-oxygen isotopic composition of coalbed-
produced water can reflect the source of produced water.
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Relationship between §D(H,0) and §'*0O(H,0) of coalbed-
produced water in the Linfen mining area (modified from Bao et al.,
2021).
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Relationship between §*Cp c and HCO3~ of coalbed-
produced water in the Linfen mining area.

Craig (1961) obtained the global meteoric water line (GMWL) as:
8D = 88"0+10. The Chinese meteoric water line (CMWL) first
proposed by Zheng et al. (1983), expressed as: 6D = 7.95'°0+8.2.
The hydrogen-oxygen isotope data in Table 2 were projected
onto the 6"*0-0D relationship diagram (Figure 2), it was found
that the hydrogen-oxygen isotope projections of the produced
water from 14 CBM wells in the study area were all located near
the GMWL and CMWL. It showed that the coalbed-produced
water in the study area originated from atmospheric precipitation
and received recharge from atmospheric precipitation, providing
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FIGURE 4
Radar map of trace elements concentration of coalbed-
produced water in the Linfen mining area.

a way to carry microorganisms into the coal seam for microbial
degradation to occur.

4.2 Microbial action

Dissolved inorganic carbon in coalbed-produced water is
generally considered to originate from dissolution of carbonate
minerals, dissolution of CO, in CBM, and microbial action
(Lemay and Konhauser, 2006). Figure 3 showed the
relationship between HCO;  and 6"”Cpic in the coalbed-
produced water in the study area. As shown in, both were
positive and showed a significant negative correlation. This
suggested that strong microbial action had occurred in situ in
the coal seam in the study area. The positive §"*C values indicate
the occurrence of methanogenesis in groundwater environments
because methanogens preferentially utilize *CH,, resulting in the
remaining "’C enriched in CO, and DIC (Meng et al., 2014; Li
et al., 2022). The comparison shows that No. Five coal seam
8"Cpyc is heavier than that of No. Eight coal seam, implying that
microbial degradation occurs more strongly in No. Five coal
seam than in No. Eight coal seam.

4.3 Water-rock interaction and
mechanism

Figure 4 shows the radar map of trace element content
distribution in coalbed-produced water. The content of Ba, Sr,
Mn, Li and other elements are relatively high. On the one hand,
these trace elements have their own active chemical properties
and easily loss or gain electrons with existing in ion form in
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of [SO42-(Na*-Cl)] vs. (Ca**+Mg?*-HCO3). The ionic unit is meqg/L (modified from Bao et al., 2021).

produced water. On the other hand, Ba, Sr, and Mn elements
have high affinity for silica-aluminates. Li element has carbonate
affinity (Dai et al., 2005), and these properties result in different
trace elements. During the contact between the coal seam and the
surrounding rocks, a certain degree of enrichment of these trace
elements will occur in the water through dissolution-
precipitation, adsorption of substances such as iron-
manganese oxides and hydroxides, carryover of organic matter
and ion exchange of clay minerals, etc. In addition, the stronger
the groundwater dynamic conditions, the stronger the water-
rock interaction will be, and the higher the element dissolution
will be. As a result, the coalbed-produced water contains higher
concentrations of trace elements such as Ba, Sr, Mn and Li.
The source of ions and the process of water-rock action can
be determined from the relationship between the content of
major ions in water (Lakshmanan et al., 2003). The occurrence of

cation exchange is usually reflected by the ratio relationship

Frontiers in Earth Science

177

between y(Na*-Cl") and y[(Ca>*+Mg>*)-(HCO3 +SO,>")] (Tang
et al., 2013) The relationship between the chloride base index
(CAI-I=[CI"-(Na*+K*/CI7]) (CAI-lI=[CI-(Na*+K")]/
(S04 +HCO; +CO5*)) relationships can characterize the
direction and intensity of ion exchange (Li et al., 2013). The
ratio relationship between y(Na*™+K") and y(Cl") can reflect the
source of Na* and K* (Li et al.,, 2015). The relationship between
the ratio of y(Ca**+Mg**) and y(HCO3 +SO,*") can determine
the source of Ca** and Mg*" in the produced water (Tang et al.,
2013). The relationship between the ratio of y(Ca®"+Mg**-
HCO;") and y[SO,*-(Na*-Cl")] can reflect the source of
SO,* in the produced water (Singh et al., 2015).

The relationship between y(Na'-Cl") and y[(Ca**+Mg*")-
(HCO; +S0,*)] of the coalbed-produced water in the study area
is shown in (Figure 5A), which show a significant negative
correlation (R*=0.77), indicating that cation exchange is
occurring in this mine. The chloride and alkali index of the

and
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coalbed-produced in the Linfen mining area is almost less than 0
(Figure 5B), implying that positive cation exchange occurs
mainly in the study area. Exchange Ca** and Mg’ in the
water with Na® in the surrounding rocks, resulting in an
increase in the Na' content in the coalbed-produced water.
The reaction mechanism is shown in Eq. 1 (Houatmia et al,
2016).

(Na*) (Rock) + (Ca® + Mg*") (Water)

= (Ca® + Mg*") (Rock) + (Na*) (Water) 1)

The sample points of the coalbed-produced water in the
study area basically fall above the y(Na'+K")/y(Cl")=1:1 line
(Figure 5C), indicating that the main source of Na* and K" in the
study area is the dissolution of silicate minerals such as potassium
feldspar and sodium feldspar. The reaction mechanism is shown
in Egs 2, 3.

2NaAlSi; Og (Sodium feldspar) + 2CO,
+11H,0 — ALSi,O5 (OH), + (2Na*) + 4H,SiO, + 2HCO;
(2)
2KAISi;O; (potassium feldspar) + 2CO,
+ 11H,0 — Al,Si,O5 (OH),. + 2K + 4H,SiO, + 2HCO;
(3)

The ratio of y(Ca’>*+Mg*) to y(HCO; +SO,*") in the
coalbed-produced water in Linfen mining area is almost all
less than 1 (Figure 5D), suggesting that the dissolution of
silicate minerals and evaporite is the main source of Ca®* and
Mg*" in the coalbed-produced water (Li et al., 2015). Figure 5E
shows the scatter plot of y(SO,*+Cl") to y(HCO5") milligram
equivalent ratio of coalbed-produced water, which can reflect the
dissolved evaporite and carbonate rocks in the water column
(Tang et al,, 2013). The sample points of the coal seam produced
water in the study area were mainly distributed above the 1:1 line,
exhibiting that the dissolution of evaporite in the produced water
mainly occurred in the study area. y(Ca®*+Mg**-HCO;") can
characterize the Ca®" concentration and y[SO,*"-(Na*-Cl")] can
characterize the SO,>~ concentration of gypsum dissolution in
the produced water. The sample points of coal seam output water
in the study area were all distributed above the y(Ca**+Mg**-
HCO;7)/y[SO,>-(Na*-Cl)] = 1:1 line (Figure 5F), displaying
that SO,*” in coalbed-produced water mainly originated from the
dissolution of gypsum and mannite.

5 Conclusion

The water chemistry of the produced water from No. Five
coal seam and No. Eight coal seam in the study area is of CI-Na
type and the TDS concentration is generally high. The degree of
confinement of the groundwater environment is high, which is
favorable to the generation of biogas. The hydrogen-oxygen
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isotope relationship indicates that the coalbed-produced water
in Linfen mining area originates from atmospheric precipitation,
which provides a way to carry microorganisms into the coal seam
for microbial degradation. The pH value of the No. Five coalbed-
produced water in the Shanxi Formation of the Linfen mining
area is weakly alkaline and lower than that of the No. Eight
coalbed-produced water, implying that the in situ water in the
No. Five coal seam is favorable for the survival of methanogenic
bacteria. Meanwhile, the 6"°Cpyc value of the produced water
from No. Five coal seam is significantly heavier than that of No.
Eight coal seam, indicating that microbial degradation occurs
more strongly in No. Five coal seam than in No. Eight coal seam.

Water-rock interaction in the study area is dominated by
cation exchange and dissolution filtration, resulting in relatively
high contents of trace elements such as Li, Ba, Sr and Mn in the
coalbed-produced water. The Na* in the coalbed-produced water
mainly comes from the dissolution of sodium feldspar minerals
and the cation exchange of Ca** and Mg®* in the water with Na*
in the surrounding rocks. The K" mainly comes from the
dissolution of potassium feldspar silicate minerals. The Ca®"
and Mg* mainly come from the dissolution of silicate
minerals and evaporite. The SO,”” and Cl” mainly come from
the dissolution of evaporite (gypsum, mannite, etc.).
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Injecting CO, into shale reservoirs has dual benefits for enhancing gas recovery
and CO, geological sequestration, which is of great significance to ensuring
energy security and achieving the “"Carbon Neutrality” for China. The CO,
adsorption behavior in shales largely determined the geological
sequestration potential but remained uncharted. In this study, the
combination of isothermal adsorption measurement and basic petro-
physical characterization methods were performed to investigate CO,
adsorption mechanism in shales. Results show that the CO, sorption
capacity increase gradually with injection pressure before reaching an
asymptotic maximum magnitude, which can be described equally well by
the Langmuir model. TOC content is the most significant control factor on
CO, sorption capacity, and the other secondary factors include vitrinite
reflectance, clay content, and brittle mineral content. The pore structure
parameter of BET-specific surface area is a more direct factor affecting CO,
adsorption of shale than BJH pore volume. Langmuir CO, adsorption capacity
positive correlated with the surface fractal dimension (D), but a significant
correlation is not found with pore structure fractal dimension (D,). By
introducing the Carbon Sequestration Leaders Forum and Department of
Energy methods, the research results presented in this study can be
extended to the future application for CO, geological storage potential
evaluation in shales.

KEYWORDS

shale gas, adsorption capacity, pore structure, mineral composition, CO, geological
storage
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1 Introduction

Shale gas plays a crucial role in natural gas production in
China because its great potential (recoverable reserves of
~3.12 x 102 m?®) (Liu et al, 2019a; Li et al, 2019; Yao
et al., 2019). The exploration and development of shale gas
is the choice of fossil energy resource and national needs,
which is of great significance to China’s energy security (Xie
et al., 2022). The methane content of shales is generally
greater than 85%, even up to 99% (Howarth et al., 2011).
The methane exists in shales in three strikingly different
phases (Hazra et al,, 2015; Zou et al., 2018; Yao et al,
2021): 1) Dissolving in the shale pore water as dissolved
phase, which can be almost negligible. 2) Presenting in the
form of movable fluid in shale pore-fracture system, defined
as free phase methane. 3) Existing on the inner shale pore
surface or in the shale matrix as an adsorbed state, defined as
adsorbed phase methane.

10.3389/feart.2022.1098035

The extremely low porosity and permeability of shale or coal
reservoirs have significantly increased the difficulty of gas
development (Zheng et al, 2018, 2019), and the initial
fracturing engineering must be done to commercialize shale
gas production (Liu et al, 2015; Ma et al, 2018; Dai et al,
2019). Currently, the hydraulic fracturing technology is a
standard option for shale gas production (Gregory et al., 2011;
Estrada and Bhamidimarri, 2016), but the high clay minerals
content leads to poor stimulation-due to the expansion
characteristics of shale clay minerals in contact with water
(Ge et al, 2015; Zhou et al.,, 2022). In addition, additives in
fracturing fluid can also pose a risk of environmental pollution
(Vidic et al, 2013). CCUS (carbon capture, utilization, and
storage) refers to the process of separating CO, from
industrial processes or the atmosphere and then directly
utilizing or injecting it into the stratum to achieve permanent
CO, emission reduction (Liu et al., 2019b; Zheng et al., 2022).
Injecting CO, into shales for enhancing shale gas recovery

FIGURE 1
Field sampling photograph of the Longmaxi shale.
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TABLE 1 Detailed basic physical properties of the selected shales.

10.3389/feart.2022.1098035

id Toc/% Ro/% Mineral content
Clay/% Quartz/% Plagioclase/%  Potassium feldspar/%  Calcite/% Dolomite/%  Pyrite/
%
S1 1.44 2.81 12.14 48.77 11.01 8.03 10.93 5.89 3.23
S2 2.59 2.90 8.11 48.93 7.03 3.04 — 29.86 3.03
3 2.89 2.28 16.14 47.94 14.98 7.99 6.10 473 2.12
S4 2.97 2.00 16.95 54.04 6.84 6.17 5.97 418 5.85
S5 378 2.46 13.95 50.84 11.95 8.01 8.22 491 2.12
S6 4.97 2.00 13.92 51.94 8.27 5.83 13.15 4.89 2.00
Mineral content (%)
0 20 40 60 80 100
T T T T 1
Il Clay
[0 Quartz
[0 Plagioclase
Il Potassium feldspar
Bl Calcite
I Dolomite
Pyrite
FIGURE 2
The mineral content of the shales identified by XRD measurement.
(abbreviated as CO,-ESGR) has another unexpected benefits for monolayer adsorption-based Langmuir model, multilayer

CO, geological storage (Liu et al., 2017; Yang et al., 2018; Zheng
etal., 2020). First, the CO, fracturing technology can reduce shale
reservoir damage by comparing it with the fracturing fluid of
In addition, the essence of CO,-ESGR is the
transformation of adsorbed methane to free phased-due to

water.

the CO,-CH; competitive adsorption characterizations in
shales. The characteristic of CO, adsorption in shales are
essential for the CO,-ESGR field application results and CO,
geological storage safety.

Isothermal adsorption measurement is the most commonly
used method for providing CO, adsorption characteristics in
shales (Wang et al,, 2016; Chen et al., 2021; Liu D et al., 2022).
The analysis models to study CO, adsorption properties include
the classical statistical mechanics-based Freundlich model,
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adsorption BET model, and micro-pore filling adsorption D-R
model (Du et al., 2021; Liu J et al., 2021; Shi et al., 2022). Weniger
etal. (2010) estimated the CO, sorption capacity in shale samples
from the Parand Basin under an experimental temperature of
~35°C and ~45°C. They found CO, adsorption amount reached
the maximum in the pressure range of 8.0-10.0 MPa. Kang et al.
(2011) investigated the CO, storage potential in organic-rich-
shales by performing CO, isothermal adsorption experiments.
Experimental results in their study (Kang et al., 2011) indicated
that pore-volume evaluation plays an essential role in shale
reservoir CO, geological storage. By introducing the Monte
Carlo and molecular dynamics simulation methods, CO,
adsorption properties at modeled quartz were well described
by the Langmuir model (Sun et al, 2016). In summary, the
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FIGURE 3
SEM results of the Longmaxi shale.
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TABLE 2 Pore structure parameters on the selected shales identified by the LT-N,GA measurement.

BJH pore volume (cm?/g) BET specific surface area (m?%/g)
Total Micro-pores Meso-pores Macro-pores Total Micro-pores Meso-pores Macro-pores
S1 0.0061 0.0020 0.0026 0.0015 7.94 6.48 1.39 0.07
) 0.0144 0.0055 0.0061 0.0028 21.18 17.94 3.10 0.14
S3 0.0117 0.0045 0.0047 0.0025 16.95 14.18 2.64 0.12
sS4 0.0157 0.0067 0.0069 0.0021 25.48 21.74 3.66 0.08
S5 0.0147 0.0069 0.0060 0.0018 66.02 21.84 44.11 0.07
86 0.0163 0.0083 0.0058 0.0021 30.79 26.48 421 0.10
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FIGURE 5
The pore size distribution of the shales identified by LT-N,GA measurement.
contribution of shale internal compositions together with pore adsorption characteristics in shale gas reservoirs directly. The
structures on its CO, adsorption characteristics still remains research results presented in this paper have great significance in
unclassified due to the complex multi-factor coupling factor. estimating CO, sequestration storage potential in shales.

In this paper, we first performed the sulfur-carbon test,
organic matter measurement, and XRD measurement to
investigate the shale’s organic geochemical and mineralogical 2 Sampllng and eXperimentS
characteristics. Based on the combination of pore structure
characterization method and single fractal theory, the 2.1 Samples
heterogeneous features of shales are systematically estimated.

The CO, adsorption characteristics in shale gas reservoirs are In this study, six shales were obtained from the Longmaxi
evaluated through isothermal adsorption experiments, and the formation, Sichuan Basin. The shales of S1, S3, S5, and S6 were
control mechanisms and patterns are established to reveal CO, collected from the bottom to upper-middle Longmaxi formation
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FIGURE 6

Scatterplots of InV vs. In (In (Po/P)) for six shales by LT-N,GA measurement

at the Chongqing Blackwater Section (Figure 1). In comparison,
the S2 and S4 were gathered from the bottom Longmaxi
Qiliao
respectively (Figure 1). The detailed petro-physical, organic

formation located at and Pengshui Sections,
geochemical, and mineralogical information parameters are
presented in Table 1. The TOC of the selected shales in the
range of 1.44%-4.97%, estimated by the CS-800 Carbon sulfur

analyzer. The R, (vitrinite reflectance equivalent) of the selected
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shales averaged at ~2.41%, classifying to the over-mature stage.
The XRD experimental results are listed in Table 1 and shown in
Figure 2. Results indicated that the quartz content contributes the
most significant mineral proportion of shales, ranging from
48.77% to 54.04%. The SEM results are displayed in Figure 3,
the shale pore types include dissolved pore (Figure 3B),
intergranular pore (Figures 3C,D), organic pore (Figure 3F),
and microfracture (Figures 3A,E).
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Langmuir model fitting results

Fractal dimension

TABLE 3 The fractal dimension and Langmuir model fitting results of the shales.
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2.2 Pore structure characterization
experiments

In this study, the low-temperature N, gas adsorption (LT-
N,GA) measurements were performed to investigate the pore
structure properties of shales, following the Chinese standard of
SY/T6154-1995. For the sample preparation, the large-sized
shales were crushed to 60-80 mesh, then dried in an oven to
remove impurity gas and internal bound-water. The LT-N,GA
procedures can be summarized as: 1) Subject a certain amount
of powder shales to vacuum degassing. 2) Obtaining the N,
adsorption/desorption properties under constant experimental
conditions. 3) Estimating the pore structure parameters (e.g.,
specific surface area, pore volume). based on the BJH and BET
models (Yao et al., 2008).

2.3 CO, isothermal adsorption
measurements

CO, adsorption isotherm measurements were performed
by the volumetric-based method (Figure 4). The principle of
this method depends on the pressure changes in the sample and
reference cells during CO, adsorption process. CO, adsorption
isotherm experimental procedures were summarized as: 1)
Grind the bulk shale into 60-80 mesh (0.02-0.03 cm) using
a ball-mill instrument and then represent dry treatment for 72-
h at a given temperature of 110°C to remove the moisture inside
the sample. 2) Transfer the powder sample in to sample cell and
then present vacuum treatment by a vacuum pump. 3)
Calculate the free space volume based on the mass balance
parameters before/after helium injection. 3) Inject the designed
pressure of CO, into the sample cell for CO, adsorption. €)
Estimate the CO, adsorption capacity on the basis of the ideal-
gas equation.

3 Results and Discussion

3.1 Pore structure characterization of
shales

Table 2 shows the pore structure parameters of the
selected shales identified by the LT-N,GA measurement.
Results indicated that the BJH pore volume of shales range
from 0.0117 to 0.0163 cm*/g, the volume of micropores (pore
radius <2 nm), mesopores (pore radius 2-50 nm), and
macropores (pore radius >50nm) contribute the total
proportion as ~41.75%, ~41.05%, and ~17.2%, respectively.
While the BET specific surface area in the range of
7.94-66.02 m*/g, the specific surface area of micropores,
mesopores and macropores contribute the total proportion
as ~75.75%, ~23.75%, and ~0.5%. The low percentage of
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FIGURE 7

The CO, isothermal adsorption data with respect to different pressures for the shales.

y=1.1141x+1.5797
R*=0.9169

Langmuir CO, adsorption capacity (cm*/g) 3>

TOC (%)

FIGURE 8

©

y=-2.6278x+11.512 S
R’=0.4256

Langmuir CO, adsorption capacity (cm’/g) OO

Relationships between TOC content, R, value and Langmuir CO, adsorption capacity in shales.

macropores in BET specific surface area is mainly because the
LT-N,GA testing principle-limiting characterizes the pore size
larger than 200 nm. As shown in Figure 5, the pore size
distributions (PSD) of some shales (S6 and S5) emerge two
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significantly different peaks; from left to right, the peak locates
at 2-3 and 10-20 nm, respectively. For the remaining shale
samples, the PSD is characterized by a unimodal size
distribution with a peak at approximately 8-20 nm.
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The relationships between clay content, brittle mineral content and Langmuir CO, adsorption capacity in shales.
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Relationships

Based on the LT-N,GA experimental data and Frenkel-
Halsey-Hil (FHH) model, the complexity and heterogeneity of
shale were quantitatively characterized (He et al., 2021; Liu K
et al,, 2021). The greater fractal dimension is indicative of more
heterogeneity pore structure. FHH fractal dimension calculation
method was expressed as follows:

1n<VKO> - K[ln(ln(%))] +C

o
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between pore structure parameters vs. Langmuir CO, adsorption capacity in shales.

where V means the nitrogen adsorption volume under
pressure P, mmol/g; P means the experimental equilibrium
pressure, MPa; V, means the monolayer coverage volume,
mmol/g; K and C are constant, dimensionless; P, is the
nitrogen saturation pressure, MPa. According to Eq. 1, the
slope of InV vs. In (In (Py/P)) plots equals the constant C.
“C+3”
Theoretically, fractal dimension D in the range of 2-3, the

While the fractal dimension D equals value.

closest value to two indicates the more regular the pore space
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structures, and the closest value to three means the more
complex and heterogeneity pore structures.

The scatterplot of InV vs. In (In (Py/P)) for six shales are
displayed in Figure 6. It can be found that there are two distinct
linear segments, one at the P/P, intervals of 0-0.5 and the other
one at the 0.5-1 region. In addition, these two linear segments
show great linear relationships (R*>0.95), indicating the different
fractal characteristics. Here, the fractal dimension at P/P,
intervals 0-0.5 and 0.5-1 as D; and D,, respectively.
Moreover, D; and D, represent the pore surface fractal and
the pore structure fractal, dominated by Van der Waals forces
and capillary condensation actions, respectively (Yao et al,
2008). As shown in Table 3, The fractal dimension D, of
shales value as ~2.29-2.75, average at 2.51. While the fractal
dimension D, ranges from 2.56 to 2.89, average at 2.70 (Table 3).

3.2 CO, isothermal adsorption of shales

Figure 7 represents the CO, isothermal adsorption data with
respect to different pressures for the selected shales. The excess CO,
adsorption capacity rapidly increases with pressure at low-pressure
intervals, and slowly increases at high-pressure intervals.
Additionally, the CO, adsorption capacities vary from region to
region. The experimental determined maximum excess CO,
adsorption capacity of shale S1 is ~2.02 cm?/g, the smallest value
among all the samples (Figure 7). In comparison, the experimental
determined maximum excess CO, adsorption capacity of S6 is
valued as ~5.41 cm?/g (Figure 7). These differences probably arise
because of the complex solid and heterogeneity in shales-resulting in
the variation in internal composition and pore structure-leading to
the different CO, adsorption capacities in different shales.

Frontiers in Earth Science

Langmuir model is the commonly used adsorption
characterization model in coals, which can be extended to
investigate the CO, adsorption capacity for shales. The
Langmuir model was based on the following assumptions
(Perera et al,, 2011; Dutka, 2019; Liu Y et al.,, 2022): 1) The
adsorbent surface was characterized as uniform; 2) A dynamic
adsorption equilibrium state between adsorbent and adsorbate;
3) The adsorption behavior was monolayer molecular
adsorption; 4) No interaction force among the adsorbent gas
molecules. The Langmuir model can be deduced as follows:

VP
T P+P,

@

where V means the experimental measured adsorption capacity,
cm3/g; P means the experimental pressure, MPa. Vi means the
Langmuir adsorption capacity, cm®/g; P. means Langmuir
adsorption pressure, MPa.

The CO, isothermal adsorption data fitting results are listed
as Table 3, and the fitting curves are displayed in Figure 7. Results
indicate that the Langmuir model fitting curves are consistent
with experimental excess CO, adsorption capacity changes. The
CO, adsorption capacity rapidly increases with increasing
pressure before reaches to a critical pressure; after that, the
fitting curves rise smoothly and tend to saturate. As shown in
Table 3, the Langmuir volumes of the CO, isothermal adsorption
in the shale in the range of 3.26-6.95cm’/g (averaging
~5.03 cm’/g). While, the Langmuir pressure of the CO,
isothermal adsorption in the shale ranges from 0.99 MPa to
3.05 MPa (averaging ~1.76 MPa). It can be concluded that the
Langmuir model is used equally well to investigate the CO,
sorption behavior for shales, as evident by the high correlation
coefficients >0.9875.
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3.3 Effect of shale composition on CO,
adsorption capacity

Figure 8 shows the relationships between TOC content, R, value
and Langmuir CO, adsorption capacity. Results indicate a perfect
positive linear correlation between TOC content and Langmuir CO,
adsorption capacity, with a high correlation coefficient as ~0.9169
(Figure 8A). The higher TOC content is indicative of greater CO,
adsorption capacity. The above phenomenon can be attributed to
the massive nanopore kerogen development in organic matter,
which is the leading adsorption site of CO, in shales. In
addition, the R, presents a very weak negative correlation with
the Langmuir CO, adsorption capacity (Figure 8B). Tang et al.
(2016) investigated the adsorption behavior of the shales under the
same conditions for organic matter and kerogen shale types, and
found the adsorption capacities of over-mature shales were lower
than these in high-maturity stages. The results presented in this
section are consistent with the previous study (e.g., Chalmers and
Bustin, 2008; Tang et al., 2016).

The effect of shale mineral composition on its CO,
adsorption capacity is mainly reflected in the clay and
brittle minerals. In this study, the relationships between
clay content, brittle mineral content and Langmuir CO,
adsorption capacity in shales are displayed in Figure 9. It
can be found that there exists a positive correlation between
the clay content and Langmuir CO, adsorption capacity
(Figure 9A). While, the brittle mineral content was negative
related with CO,
(Figure 9B), properly because the increase in brittle mineral

the Langmuir adsorption capacity
content in the shale leads to relative decreases both in the clay
and TOC content. The correlation coefficient of clay content
and Langmuir CO, adsorption capacity was more significant
than that with brittle mineral content, indicating clay content
is the significant control factor on CO, adsorption.

3.4 Effect of pore structure properties on
CO, adsorption capacity

Figure 10 presents the correlations between pore structure
parameters (obtained from the LT-N,GA measurements) and
CO, adsorption capacity of shales. Results illustrate that both the
specific surface area and pore volume positively affect the CO,
adsorption capacity. The correlation coefficient of CO, adsorption
capacity and specific surface area was greater than that with pore
volume, indicating that the specific surface area is the most direct
factor affecting the CO, adsorption of shale. The behavior of CO,
adsorbing in shale pore surface is attributed to the physical
adsorption of Vander Waals force. The larger specific surface
area is indicative of more adsorption sites—more conducive to the
CO, adsorption in shales.

The shale pore structures were characterized by heterogeneity
(as discussed in Section 3.1), and the influence of these fractal
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characteristics on CO, adsorption behavior cannot be ignored.
Generally, there are two conventional definitions for describing
fractal characteristics of porous materials: the surface fractal
dimension (D;) and the pore structure fractal dimension (D).
Thus, it is necessary to quantitatively investigate the effect of
pore fractal characteristics on the adsorption and storage
capacity. As shown in Figure 11, the two fractal dimensions have
different influences on the CO, adsorption capacity of shales. Results
show that the fractal dimension D; positively correlated with the
Langmuir CO, adsorption capacity (Figure 11A). Because the higher
fractal dimension D; values represent more rough surfaces of shales
that offer more adsorption sites for CO, and lead to the higher
adsorption capacity of shales. Additionally, there were no significant
relationships between the fractal dimension D, and Langmuir CO,
adsorption capacity (Figure 11B).

3.5 Potential application of this study in
shale CO, geological storage

Shale reservoirs have considerable potential for large-scale CO,
sequestration, and the sequestration mechanisms are mainly
controlled by adsorption and mineralization reactions. CO,-
ESGR technology opens up a new way for the green and
efficient development of domestic unconventional oil and gas
and geothermal resources. It is conducive to realizing the
strategic goal of “Carbon Peak” in 2030 and “Carbon Neutrality”
in 2060 in China. In 2020, the shale gas proved geological reserves
reached ~2 x 10> m’, providing a good application prospect in CO,
geological storage. There are two classic methods to estimate the
CO, geological storage potential in shales; one is the CSLF (Carbon
Sequestration Leaders Forum) method (as described in Eq. 3), and
the other one is the DOE (United States Department of Energy)
method (as described in Eq. 4).

Mcoz = pPGI X Pg X Re (3)

where Mco, is the CO, geological storage volume in shales, m’ p,
is the density of CO,, kg/m® Ppg; is the available shale gas
production, kg; R, is replacement volume ration between CO,
and CH,, dimensionless.

Mcoz = Aghale X Pg x h x (V,; + Vf) x E (4)

where Mco, is the CO, geological storage volume in shales, m’
Agpale is the target shale gas reservoir area, m? p, is the density of
CO,, kg/m’; h is the thickness of target shale gas reservoir, m; V,
is the CO, adsorption capacity, m’/kg; V;is the free phase CO,
content, m’/kg; E is the effective factor of shale CO, geological
storage, which is influenced by the CO, adsorption capacity,
buoyancy characteristics, and transport capacity. Based on the
combination of CO, adsorption capacity and above parameters
in Eq. 3 or Eq. 4, it is straightforward to calculate the CO,
geological storage potential in shales.
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4 Conclusion

In this study, the combination of isotherm adsorption
measurement and basic  petro-physical characterization
methods were performed on six Longmaxi shales to
investigate CO2 adsorption behavior and mechanism. The
main conclusions are as follows.

(1) The fractal characteristics of shale pore structure were
systematically analyzed by the FHH fractal model based
on the LT-N,GA experimental data. Two distinct linear
segments at the P/P, intervals of 0-0.5 and 0.5-1 region
correspond to the pore surface fractal (D;) and the pore
structure fractal (D,) properties, respectively. The fractal
dimensions D; and D, of shales are in the range of
2.29-2.75 and 2.56-2.89, indicating the complexity and
heterogeneity of shale pore structures.

(2) The CO2 excess adsorption capacities increase gradually
with increasing injection pressure before reaching an
asymptotic maximum magnitude, which can be described
equally well by the Langmuir model as evidenced by the high
correlation coefficients.

(3) TOC content is the most significant control factor on shale
CO2 sorption capacity, and a positive correlation exists between
the surface fractal dimension D, and Langmuir CO2 adsorption
capacity. By calculating the selective adsorption coefficient of
CO,/CHy,, the research results presented in this study can be
extended to the prospective application of shale CO, geological
storage potential evaluation.
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Abundant pore space in coal is not only the place for the accumulation of coalbed
methane (CBM), but also the tunnel for gas migration. In this study, five sets of coal
samples before and after the second coalification were selected from the eastern
margin of Ordos Basin to simulate supercritical CO, (Sc-CO,) extraction in
supercritical extraction equipment. The evolutions of pore structure and porosity
were tested by mercury intrusion porosimetry and nuclear magnetic resonance
spectroscopy to compare the changes of pore structure and porosity due to the Sc-
CO, extraction, and to explain the related mechanism. The results show that: (1) Pore
volume, pore specific surface area, and connectivity characteristics changed
significantly due to Sc-CO, extraction, and the increment of pore volume and
pore specific surface area presented a law of increase—decrease—increase with
the increase in the coal rank, and the turning point was near the second coalification.
(2) The porosity increment change trend due to Sc-CO, extraction was
increase—decrease—increase with increasing coal rank, and the turning point was
again near the second coalification, which supports the mercury intrusion
porosimetry results. (3) The changes were observed in the porosity characteristics
due to Sc-CO, extraction through pore-increasing and expanding effects. Before the
second coalification, the pore-increasing and expanding effects co-existed in the
micropores, and after the second coalification, the pore-expanding effect mainly
existed in the transitional pores and above. (4) The variation model for the pore
structure of coal due to Sc-CO, extraction was established. The conclusions offer
not only important theoretical significance for the CO,-enhanced CBM (CO,-ECBM)
mechanism but also important significance for CO,-ECBM engineering.

KEYWORDS

SC-CO2 extraction, pore structure, porosity, mechanism, coal rank

1 Introduction

Coal is a heterogeneous porous medium, in which the structure is characterized as a dual
pore system that includes original porosity and secondary porosity (Wang et al., 2018). The
original porosity includes microspores, transitional pores, and mesopores in the coal matrix, the
gas adsorbs/desorbs on/from the coal matrix, and undergoes diffusion. The secondary porosity
is composed of non-uniformly distributed macropores and microfractures, and gas diffuses and
seeps in it (Fu et al., 2005; Chen et al., 2021; Liu et al.,, 2022; Xu and Qin, 2022).

In recent decades, extensive research efforts have been devoted to the study of the pore
structure of coal for systematic exploration of the causes and influencing factors of pore
structure. The pores were found to be formed during the process of coalification (Wang and
Chen, 1995; Zhang, 2001; Wu et al., 2016). Tang et al. (2008) found that the porosity, pore
structure, and specific surface area of coal were controlled by the degree of coal metamorphism
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based on the results of mercury intrusion porosimetry and nitrogen
Liu Y. W. et al. (2020) found that the
Brunauer-Emmett-Teller (BET) specific surface area of coal

adsorption test.

increased and then decreased with the increase of coal rank, the
micropores decreased and then increased, and the small pores and
mesopores increased, and then decreased as indicated by low-
temperature nitrogen adsorption test. Yang et al. (2021) found that
the proportion of micropores and small pores gradually increased and
that of mesopores and macropores gradually decreased with the
increase of coal rank by low-field nuclear magnetic resonance
(NMR) spectroscopy test. Zhao et al. (2010) found that the coal
porosity, micropore volume, and BET surface area of coal showed
high-low-high variation pattern with the increase of coal rank
through vitrinite reflectance test, mercury intrusion porosimetry,
and low-temperature nitrogen adsorption test. Liu H. F. et al
(2020) studied the surface pore morphology of coal by scanning
electron microscopy (SEM) and found that the surface porosity of
coal samples increased with the increase in the degree of coalification.
Zhu et al. (2019) studied the pore characteristics of coal by NMR
spectroscopy and found that the total porosity first decreased and then
increased with the increase of coal rank. Moreover, it has been found
that the pore structure of coal is affected by many geological factors
and their coupling, such as mineral content, maceral composition, coal
structure type, and tectonic stress (Lv et al., 1991; Fu et al., 2007; Du
et al., 2018).

Notably, some techniques and approaches are available to change
the pore structure of coal. For example, injecting CO, into coal
reservoirs can dissolve carbon rock salt minerals present in coal,
destroy the macromolecular structure, and extract functional
groups, which leads to an increase in the specific surface area, total
pore volume, and porosity of coal (Guo et al., 2018; Zhang et al., 2019;
Zhang et al.,, 2020; Wang et al., 2021). Moreover, Yuan et al. (2022)
found that the pore structure of coal samples changed after the freeze-
thaw cycle, and the number of large pores and medium pores
increased. Di et al. (2022) found that microbial participation in
coal reservoir degradation could stabilize pore size, make pores
smoother, reduce specific surface area, and increase pore volume.
Si et al. (2021) observed that the intrusion of water reduced the type
and content of minerals in coal, resulting in an increase in pore
volume.

The above-mentioned studies indicate that the characteristics
of the pore structure of coal and its influencing factors have been
extensively explored. However, supercritical (Sc)-CO, that offers a
better ability to transform the pore structure of coal, resulting in
significant changes in pore structure, has not been extensively
investigated to date. Notably, Sc-CO, can extract small organic
molecules from the coal matrix, change the pore structure
characteristics of coal, and affect the recovery and storage effect
of CO,-enhanced coal bed recovery (CO,-ECBM) (Wang, 2018;
Zhang, 2019; Sampath et al., 2020; Wang et al., 2022). In this study,
five sets of coal samples before and after the second coalification
(Ro,max = 1.3%) were selected from the eastern margin of Ordos
Basin to simulate the process of Sc-CO, extraction of small organic
molecules from coal under geological conditions. The mercury
intrusion porosimetry and NMR spectroscopy were used to analyze
the transformation of coal pore structure and porosity by Sc-CO,
extraction, and the evolving relationship with coal rank was
discussed. The mechanism was revealed and the geological
model was constructed, in order to provide a basis for
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theoretical research and engineering implementation of
replacement CBM extraction and CO,-ECBM.

2 Experimental
2.1 Collection of coal samples

The Ordos basin is a large stable craton basin, which is rich in
fossil energy. The geological structure of the basin is relatively simple.
It is distributed in a north-south direction, showing the structural
characteristics of north-south zonation and east-west zonation, and
has experienced the evolution of a multi-stage tectonic cycle (Zhang,
2019).

The main coal-bearing strata are the Upper Carboniferous-Lower
Permian Taiyuan Formation and Lower Permian Shanxi Formation.
The formations of Benxi, Taiyuan, Shanxi, Lower Shihezi, Upper
Shihezi, and Shiqianfeng are the main coal-bearing formations,
which consist principally of coal, limestone, siltstone, and
sandstone (Chen et al,, 2017). Hedong coalfield is one of the six
major coalfields in Shanxi Province and is a typical Carboniferous-
Permian coalfield. There are 6-15 layers of coal, among which 6 to
8 layers can be mined, with an average thickness of 7-28 m. The coal
rank gradually increases from north to south.

In order to investigate the influence of coal rank on Sc-CO,
extraction and avoid the influence of geological structure, five
distributed
coalification were collected from the Hedong Coalfield of the

undeformed coal samples around the second
eastern edge of the Ordos Basin (Figure 1). The physical properties
of the coals investigated in this study are listed in Table 1. The
maximum vitrinite reflectance under oil immersion (R, max) of the
coals varies from 0.76% to 2.01%. The proximate analysis result shows
that the equilibrated moisture varies from 0.18% to 1.54%, the ash
yield varies from 6.70% to 21.07%, and the volatile matter varies from
14.29% to 29.49% for the five coal samples. The ultimate analysis result
shows that the carbon content varies from 82.50% to 89.36%, the
hydrogen content varies from 4.21% to 4.81%, and the oxygen content
varies from 1.74% to 10.96% for the five coal samples.

To avoid oxidation during the transportation of specimens and
also during the time required to carry out Sc-CO, extraction, the coal
samples were stored via vacuum packaging and sealed in plastic bags.
A cylinder with dimensions of 25 mm x 25 mm was prepared in the
laboratory for the NMR test and the square coal block with a side
length of 1.5 cm was used for the mercury intrusion porosimetry. The
prepared coal samples were divided into two parts, one for Sc-CO,
extraction experiments and the other for comparative analysis. In
order to reduce the mineralization reaction between CO, in the water
environment and minerals in the coal matrix, the necessary drying
treatment of the coal pillar was carried out before the experiment.

2.2 Experimental methods

2.2.1 Sc-CO, extraction experiment

A high-temperature and pressure reaction kettle (TC-2, Jiangsu
Tuochuang Scientific Instrument Limited Liability Company,
Nantong, China) was used as the experimental equipment. The
experimental temperature was adjusted to ~45°C, the pressure was
adjusted to ~10 MPa, and the extraction time was 96 h. The flow chart

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1122109

Chen et al.

R

™)
Hequ County ¢~~~
\' l’
)
I/ I’
Ay,
Fugu County / ¢
ok
Sunjiagou M'n,‘e .
/

| )
\ i
Livlin M /@ \LMC:(y
l

* BEVING  Capital

~ 2
PR s )

J \ “Ten  Pobes
) |
{ / i 1:48 000 000,
\ \
{ {
f J
bounds |\ \
! L
=]\ o
ot || VANANY
\ s
a7
\

@ -7 Sangshuping Mine

g

FIGURE 1
Location of coal samples collected.
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TABLE 1 The results of R, max proximate analysis and ultimate analysis.

Proximate analysis (%)

Ultimate analysis (%)

Aq Vdaf Coaf Haaf Ouaf
SIG coal 0.76 154 11.05 29.49 6272 0.63 82.50 441 10.96 143
LJZ coal 1.00 0.94 17.56 26.85 6031 0.38 85.42 481 7.86 144
LL coal 120 0.77 2107 19.88 63.24 0.52 86.53 421 7.32 128
CJW coal 156 0.45 6.70 18.94 75.63 107 89.36 446 3.48 155
SSP coal 2.01 0.18 9.60 14.29 77.48 5.79 86.66 423 174 0.96

of Sc-CO, extraction is shown in Figure 2. The operating steps are as
follows.

1) The extraction cell was opened and the coal pillar was placed in the
supercritical extraction cell, which was then covered with a
cauldron and the screws were tightened to ensure a good seal.
The CO, gas cylinder valve was opened to allow the CO, gas to flow
through the purifier and the cooling system, after which it was
eventually compressed into the extraction cell. After the pressure
and temperature of the cell were adjusted to ~10 MPa and 45°C,
respectively, the CO, gas cylinder valve was closed to ensure that
the extraction cell remained under the designed condition. The
temperature and pressure were monitored throughout the process.
3) After 96 h of Sc-CO, extraction, the supercritical equipment was
shut down, the gas was released to bring the pressure of the
extraction cell to the atmospheric pressure, and the coal sample
was collected after the extraction cell was cooled down to room

2

~—

Frontiers in Earth Science

195

temperature, the separation cells were washed with a solvent, and
the waste liquid was collected for testing.

2.2.2 Mercury intrusion porosimetry

In this study, pore size distribution, surface area, and pore
connectivity were investigated by mercury intrusion porosimetry
(AutoPore IV9500, Micromeritics Instrument Crop, Norss, GA,
United States). Mercury intrusion porosimetry is based on the
capillary flow governing liquid penetration in small pores. This
law, in the case of a non-wetting liquid such as mercury, is
expressed by using the Washburn equation (Washburn, 1921):

D= (1)4 cos (1)
=\p)rreose
where D is the diameter of the pore, P is the applied pressure, y is the

surface tension of mercury, and ¢ is the contact angle between the
mercury and the sample, all in consistent units. In this study, the
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FIGURE 2
The flow chart of SC-CO, extraction experiment. (A) CO, cylinder; (B) Purifier; (C) Carry dose bucket; (D) Cold condenser; (E) Pressure gauge; (F) Carrier
flowmeter; (G) Carrier pump; (H) High pressure CO, pump; (I) Mixer; (J) Electric contact pressure gauge; (N) Thermometer; (P) CO, flowmeter; (Q) Check
valve; (R) Safety valve; (S) Pre-heater; Ul: Separation kettle; (W) Extraction kettle; 1-5, 7-21: Stop valve; 6: Regulating valve.

TABLE 2 Pore vol of the samples before and after the Sc-CO, extraction.

Coal sample Volume (cm?g™) Proportion (%)
Vtr Vme Vma Vmi/vt Vtr VmeiNt VmaNt

SIG Raw coal 0.0115 0.0211 0.0026 0.0041 0.0395 29.26 53.58 6.69 10.47
Sc-CO, extracted coal 0.0145 0.0173 0.0030 0.0054 0.0401 36.09 43.11 7.40 13.40

1z Raw coal 0.0042 0.0055 0.0009 0.0025 0.0132 32.16 41.86 6.78 19.20
Sc-CO, extracted coal 0.0053 0.0070 0.0024 0.0065 0.0211 24.90 33.00 1114 30.96

LL Raw coal 0.0028 0.0032 0.0010 0.0025 0.0096 29.47 33.24 10.79 26.50

Sc-CO, extracted coal 0.0038 0.0048 0.0010 0.0018 0.0114 3296 4223 8.86 15.95

W Raw coal 0.0060 0.0075 0.0016 0.0064 0.0216 27.85 34,91 7.57 29.66
Sc-CO, extracted coal 0.0066 0.0083 0.0036 0.0087 0.0273 24.17 3053 13.25 32,05

sSSP Raw coal 0.0064 0.0079 0.0021 0.0070 0.0234 27.16 33.80 9.03 30.01
Sc-CO, extracted coal 0.0069 0.0089 0.0021 0.0123 0.0303 22.87 2929 7.03 40.82

Vit Micropore volume; V,: Transitional pore volume; V,,.: Mesopore volume; V,,,: Macropore volume; Vy: Total pore volume.

surface tension was 485 dyn-cm™, the contact angle between the
mercury and coal sample was 130°, and the density of mercury was
13.5335 gmL™".

2.2.3 Nuclear magnetic resonance test

In this study, porosity was investigated using a cabinet NMR low-
temperature porosity analyzer (NMRCI12-010V, Suzhou Niumag
analytical instrument Limited Liability Company, Suzhou, China).
Notably, the NMR signal is proportional to the water content of the
sample for the same test parameters (Zheng et al., 2018). The pores of
the sample were filled with water, and a set of standard samples with
known water content was first tested to fit with a curve of water
content and NMR signal volume. Then, the measured NMR signal
volume of the sample was substituted into the curve equation to find
the water content in the sample. Pore volume was calculated according
to moisture content and porosity was derived by combining sample

Frontiers in Earth Science

196

volume (Liu et al., 2019; Zheng et al., 2019; Xiong et al., 2022; Zhao
et al., 2022).

The NMR experiments were performed using 25 mm coils, the
experimental temperature was 32°C, and the resonance frequency was
12 MHz. Besides, in the NMR test, the sample signal was collected
according to the Carr-Purcell-Meiboom-Gill (CPMG) sequence,
echo spacing (Tg) was 0.35 m, waiting time (Tyy) was 6000 m, echo
number (NECH) was 4096, and scan time (Ng) was doubled.

3 Results and discussion

In this study, the Yopmor B. B. (Yopor, 1966). decimal
classification method was used to classify the pore structure types
in coal. That is micropore (<10 nm), transitional pore (10-100 nm),
mesopore (100-1000 nm), and macropore (>1000 nm).
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FIGURE 3

Pore volume distribution of the coal samples before and after Sc-CO, extraction (A) SJG coal; (B) LIZ coal; (C) LL coal; (D) CIW coal; and (E) SSP coal.

3.1 Pore structure change and its evolution

3.1.1 Pore volume change and its evolution

Table 2 presents the mercury injection pore volume test results of coal
samples before and after Sc-CO, extraction, and the pore volume distributions
of raw and Sc-CO, extracted coal are shown in Figure 3. The total pore
volume of coal samples increased to different degrees after Sc-CO, extraction,
and it was most significant for LJZ coal and SSP coal (Table 2). The pore
volume of micropores and macropores increased more obviously after the Sc-
CO, extraction of coal samples, and the increase of transitional pores and
mesopores was smaller (Figure 3). After Sc-CO, extraction, the proportion of
micropore and transitional pore volume decreased and that of the mesopore
and macropore volume increased (Table 2).

In summary, the changes in pore volume and proportion of coal
samples indicate that Sc-CO, extraction can increase the pore volume

Frontiers in Earth Science

of coal, which is achieved by the increase in the number of pores and
expansion of the pore diameter.

To determine the changes in pore volumes due to Sc-CO,
extraction, AV can be defined by using the following equation:

AV =Vp -V, (2)

where AV is the pore volume change due to Sc-CO, extraction,
cm’g™; Vg is the pore volume of the sample after the Sc-CO,
extraction, cm’g™; and V, is the pore volume of the sample
before the Sc-CO, extraction, cm®g™".

Figure 4 shows that the AV ,,,; and AV, of coal are positive, and
most of AV, and AV, are positive, indicating that Sc-CO,
extraction causes the incremental pore volume to increase, and
the incremental macropore volume makes up most of the total
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The changes in incremental pore volume of coal samples due to Sc-CO, extraction (A) Micropore; (B) Transitional pore; (C) Mesopore; and (D)
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TABLE 3 Pore-specific surface area of the samples before and after the Sc-CO, extraction.

Coal sample Pore specific surface area (m,-g™") Proportion (%)
Str/St Sme/St Sma/St

SIG Raw coal 5.7888 3.8959 0.0432 0.0037 9.7316 59.49 40.03 0.44 0.04
Sc-CO, extracted coal 6.2344 35285 0.0434 0.0032 9.8096 63.55 35.97 0.44 0.03

Lz Raw coal 21526 1.0716 0.0133 0.0017 32393 66.45 33.08 0.41 0.05
Sc-CO, extracted coal 2.6499 1.3157 0.0297 0.0056 4.0008 66.23 32.88 0.74 0.14

LL Raw coal 1.4347 0.6070 0.0129 0.0024 2.0570 69.75 29.51 0.63 0.12

Sc-CO, extracted coal 1.8576 0.9348 0.0150 0.0015 2.8090 66.13 3328 053 0.05

aw Raw coal 3.0500 1.4270 0.0200 0.0037 4.5007 67.77 31.71 0.44 0.08
Sc-CO, extracted coal 33230 1.5519 0.0432 0.0089 4.9270 67.45 31.50 0.88 0.18

Ssp Raw coal 32190 1.4797 0.0286 0.0052 47325 68.02 31.27 0.60 0.11
Sc-CO, extracted coal 3.4879 1.6981 0.0274 0.0097 52232 66.78 32,51 053 0.19

Smi: Micropore specific surface area; Sy,: Transitional pore specific surface area; S,,.: Mesopore specific surface area; S,,,: Macropore specific surface area; S: Total specific surface area.

pore volume. The relationship between incremental pore volume
and coal rank was analyzed, and it was found that Sc-CO,
extraction caused incremental pore volume to show an
increasing-decreasing-increasing pattern with the increase of
coal rank. The turning point is near the second coalification.
Before the turning point, the incremental pore volume increases
and then decreases with coal rank. After the turning point, the
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incremental pore volume increases gradually with coal rank. It is
most significant in macropores.

3.1.2 Pore-specific surface area change and its
evolution

Table 3 presents the mercury injection test results of the specific
surface area of pores of coal samples before and after Sc-CO,
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FIGURE 5

Pore-specific surface area distribution of the coal samples before and after Sc-CO, extraction (A) SIG coal; (B) LIZ coal; (C) LL coal; (D) CIW coal; and (E)

SSP coal.

extraction, and the pore-specific surface area distributions of raw and
Sc-CO, extracted coal are shown in Figure 5. The total specific surface
area of pores of coal samples increased to different degrees after Sc-
CO, extraction, and it was the most significant for LJZ coal and LL coal
(Table 3). The specific surface area of micropores and transitional
pores increased more obviously after the Sc-CO, extraction of coal
samples, and the increase of mesopores and macropores was smaller
(Figure 5). After Sc-CO, extraction, the proportion of micropores and
transitional pore-specific surface area decreased, and a tendency was
observed for the increase in the pore-specific surface area of mesopores
and macropores (Table 3).
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To determine the changes in pore-specific surface area due to Sc-
CO, extraction, AS can be defined by using the following equation:

AS = SB - SA (3)

where AS is the pore-specific surface area change due to Sc-CO,
extraction, my-g~'; Sg is the pore-specific surface area of the coal
sample after the Sc-CO, extraction, mz-g’l; and S, is the pore-
specific surface area of the coal sample before the Sc-CO,
extraction, m*g .

Figure 6 shows that the AS,,,; values of coal are positive, and most
of ASy, AS,e, and AS,,, are positive, indicating that the Sc-CO,
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The changes of incremental pore-specific surface area of coal due to Sc-CO,

Macropore.

extraction causes the incremental pore-specific surface area to increase
and that the incremental micropore-specific surface area is the main
contributor to the total pore-specific surface area. The relationship
between incremental pore-specific surface area and coal rank was
analyzed, and the results indicate that Sc-CO, extraction caused
incremental  pore-specific  surface area to  show an
increasing—decreasing—increasing pattern with the increase of coal
rank. The turning point was near the second coalification. Before the
turning point, the incremental pore-specific surface area increased and
then decreased with coal rank. After the turning point, the incremental
pore-specific surface area increased gradually with coal rank. It is the
most significant in transitional pores.

In summary, Sc-CO, extraction can not only increase the number
of pores but also expand the pore volume. The analysis indicates that
the main reason for this change is the precipitation of small organic
molecules out of the coal by Sc-CO, extraction (Chen et al,, 2017; Liu
etal,, 2018), which increases the number of open pores and also opens
partially closed pores, acting as a pore increasing/expanding effect.
Moreover, the evolution of pore volume and specific surface area
increment with coal rank indicates that the pore volume and specific
surface area of coal samples before and after Sc-CO, extraction change
significantly near the second coalification. It indicates that the changes
in pore structure during Sc-CO, extraction are controlled by

coalification.

3.1.3 Pore morphology and its connectivity

Based on the experimental measurement data of mercury injection
porosimetry, the mercury injection and ejection curves of coal samples
were obtained (Figure 7). The volume of mercury withdrawn from the
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extraction (A) Micropore; (B) Transitional pore; (C) Mesopore; and (D)

pores is less than the volume of mercury entering the pores at the same
pressure; therefore, the mercury entering the coal pores cannot be
completely discharged, which forms a hysteresis (Wu et al., 1991; Li
and Zhou, 2021; Qi et al,, 2022).

Figure 7 demonstrates that the maximum mercury injection of SJG
coal slightly increased after Sc-CO, extraction, and the maximum
mercury injection of LJZ, LL, CJW, and SSP coals significantly
increased. The difference in the volume of mercury injection and
ejection from coal samples before and after Sc-CO, extraction reveals
that: (1) when small organic molecules present in open pores or pore
throats are extracted and dissolved, the pores in coal get enlarged and
pore throats are opened, resulting in the migration of mercury in the
coal. (2) When small organic molecules present in closed pores or ink
bottle pores in coal are partially precipitated after Sc-CO, extraction,
some pores can be opened or converted into new ink bottle-shaped
pores. With the conversion of the sealed pores into new ink bottle-
shaped pores, mercury trapped in coal increases.

Sc-CO, extraction dissolves small organic molecules present in
coal, making the closed and semi-closed pores in coal transit to open
pores, and some micron-sized pores are opened, which plays a role in
increasing coal pores and improving porosity.

3.2 Porosity change and its evolution

The results of the transverse relaxation time T, spectrum of the
coal samples before and after Sc-CO, extraction are shown in Figure 8.
The amplitude and area of the T, spectrum of coal samples increased
gradually after Sc-CO, extraction, indicating that Sc-CO, extraction
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FIGURE 7

Mercury injection and ejection of coal samples (A) SIG coal; (B) LIZ coal (C) LL coal; (D) CIW coal; and (E) SSP coal.

could transform the pore structure of coal and promote the
development of pores.

Based on the NMR spectroscopy principle, the T, peaks
corresponding to each pore segment were identified by the NMR
test results. The T, peaks corresponding to microporous and
transitional pores are located in the range of 0.1-0.15m, those
corresponding to mesopores are present in the range of 5-55m,
and the T, peaks corresponding to large pores are located in the
segment greater than 80 m.

The porosity of the coal sample can be obtained by using the T,
spectrum of coal samples obtained under saturated water conditions.
The specific implementation methods are as follows: (1) Measurement
of the porosity of a certain volume of known samples, and
establishment of a relationship equation between the NMR unit
volume signal and porosity, as shown in Figure 9; (2) The test coal
samples are measured by NMR spectroscopy, and the NMR unit signal
of coal samples under saturated water and bound water conditions is
substituted into the relationship equation with porosity (see equation
in Figure 9) for calculation.

Table 4 lists the porosity test results of the coal sample before
and after Sc-CO,. The total porosity of coal samples increased to

Frontiers in Earth Science

201

different degrees after Sc-CO, extraction, and it was the most
significant for SSP coal. The porosity of micropore and macropore
increased significantly, and that of transitional pore and
mesopore increased or decreased. After Sc-CO, extraction, the
proportion of micropore and transitional pore porosity
decreased, while the proportion of mesopore and macropore
porosity increased.

To determine the changes in porosity due to Sc-CO, extraction,

AP can be defined by using the following equation:
AP =Py - Py 4

where AP is the porosity change due to Sc-CO, extraction, %; P is
the porosity of the coal sample after the Sc-CO, extraction, %; and
P, is the porosity of the coal sample before the Sc-CO,
extraction, %.

Figure 10 exhibits that the AP,,, values of coal are positive, and
most of AP,,;, APy, and AP, are positive, indicating that the Sc-CO,
extraction leads to an increase in incremental porosity, and
incremental macropore porosity is the main contributor to total
porosity. The relationship between incremental porosity and coal
rank was analyzed, and it was found that Sc-CO, extraction caused
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Transverse relaxation time T, spectrum of coal sample (A) SIG coal; (B) LIZ coal; (C) LL coal; (D) CIW coal; and (E) SSP coal.
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incremental porosity to present an increasing—decreasing-increasing
trend with the increase of coal rank. The turning point was near the
second coalification. Before the turning point, incremental porosity
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increases and then decreases with coal rank. After the turning point,
incremental porosity increases gradually with coal rank. It is the most
significant in micropore and mesopore porosity.

In summary, the variation of porosity increment with coal rank
under Sc-CO, extraction is similar to that of pore volume and pore-
specific surface area. The results of the NMR test and mercury
intrusion porosimetry test are mutually corroborated, which proves
again that Sc-CO, extraction exhibits an obvious transformation effect
on pore structure in coal.

3.3 Pore structure evolution model

According to the previous discussion, Sc-CO, extraction exhibits
a dual effect of increasing and expanding pores on the
transformation of the pore structure of coal. The increasing pore
effect mainly occurs in the micropores, and the expanding pore effect
mainly occurs in the transitional pores and the above-mentioned
pores. The change of pore structure of coal by Sc-CO, extraction is
controlled by coalification.
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TABLE 4 The porosity of coal samples before and after Sc-CO, extraction.
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Coal sample Porosity (%) Proportion (%)
Pmi/Pt Pe/Py Pc/Pt Prma/Pt
SIG Raw coal 0.8256 0.0074 0.0415 0.0283 0.9028 91.45 0.82 4.60 3.13
Sc-CO, extracted coal 0.7832 0.0031 0.0071 0.1125 0.9059 86.46 0.34 0.78 12.42
Lz Raw coal 0.7371 0.0203 0.0203 0.1397 09174 80.35 221 2.21 15.23
Sc-CO, extracted coal 1.0529 0.0148 0.0346 0.2465 1.3488 78.06 1.10 2.57 18.28
LL Raw coal 1.0864 0.0348 0.0109 0.0248 1.1569 9391 3.01 0.94 2.14
Sc-CO, extracted coal 1.1070 0.0266 0.0167 0.0289 1.1792 93.88 2.26 1.42 245
CJW Raw coal 1.6223 0.3052 0.3717 0.0437 2.3429 69.24 13.03 15.86 1.87
Sc-CO, extracted coal 1.6859 0.0594 0.4425 0.3546 2.5424 66.31 2.34 17.40 13.95
SSP Raw coal 1.1298 0.0882 0.1376 0.1317 1.4873 75.96 593 9.25 8.85
Sc-CO, extracted coal 1.4258 0.1051 0.4751 0.3256 2.3316 61.15 4.51 20.38 13.96
P it Micropore porosity; Py,: Transitional porosity; Pp,: Mesopore porosity; Py,,,: Macropore porosity; P: Total porosity.
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FIGURE 10
The changes in incremental porosity of coal due to Sc-CO, extraction (A) Micropore; (B) Transitional pore; (C) Mesopore; and (D) Macropore.

The mechanisms of Sc-CO, extraction affecting coal pore
structure are attributed to the dissolution of small organic
molecules in Sc-CO, fluid. In order to describe the pore structure
evolution characteristics of coal based on Sc-CO, extraction,
according to the related previous research results (Chen et al,
2017; Su et al, 2018; Wang et al., 2022) and the analysis of
results of this study, the evolution model of pore structure of coal
by Sc-CO, extraction was established (Figure 11). In the process of
coalification, under the influence of coalification, temperature, and
pressure, the branches and side chains in the macromolecular
structure of organic matter present in coal continuously fall off to
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form small organic molecules in coal, which get filled in the pore
structure of coal to form closed or semi-closed organic filling pores
(Figure 11A). After Sc-CO, extraction, the small organic molecules
present in the pore structure of filled coal are partially extracted,
resulting in the increase of pore volume, specific surface area, and
porosity of coal to varying degrees. Owing to the short extraction
time, some organic small molecules still do not get extracted
completely (Figure 11B). At the same time, the pore throats
originally filled with small organic molecules (Figure 11C) are
likely to be opened from open pores (Figure 11D) after Sc-CO,
extraction, and the porosity of coal pores becomes better.
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Hypothetical model of sample pore structure evolution (A) Pore structure of raw coal; (B) Pore structure of Sc-CO, extraction coal (C) Raw coal throat;

(D) and Sc-CO, extraction coal throat.

4 Conclusion

The Sc-CO, extraction device was used to simulate the
extraction process of CO,-ECBM under geological conditions,
and the mercury intrusion porosimetry and NMR spectroscopy
tests were conducted to test the pore structure and porosity of coal
before and after CO, extraction. Based on the results, the following
conclusions can be drawn.

1) Pore volume, pore-specific surface area, and connectivity
characteristics changed significantly by Sc-CO, extraction,
and the increment of pore volume and pore-specific surface
area presented an increasing-decreasing-increasing trend with
the increase in the coal rank, and the turning point was found to
be near the second coalification.

2) The porosity change due to  Sc-CO,
increased-decreased-increased with increasing coal rank, the

extraction

turning point was also near the second coalification, which
supports the mercury intrusion porosimetry results.

3) The changes were observed in the porosity characteristics due
to Sc-CO, extraction through pore-increasing and expanding
effects. Before the second coalification, the pore-increasing
and expanding effects co-existed in the micropores; however,
after the second coalification, the pore-expanding effect
mainly existed in transitional pores and above.

4) Based on the research, the pore structure evolution model of Sc-
CO, extraction of coal was established.

5) The extraction time of this study was short, which may be different
from the effect of Sc-CO, extraction on coal pores under geological
conditions. Undeniably, a lot more systematic explorations are
further demanded to investigate the time effect of Sc-CO,
extraction on coal pore characteristics, which will be pursued in
the future.
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Bystudying the source reservoir geochemical characteristics, reservoir cap physical
properties, gas-bearing characteristics and reservoir-forming types of the coal-
measure gas (CMG) accumulation system, the potential of CMG resources in the
Huanghebei Coalfield was determined, and the sedimentary reservoir control
mechanism was analyzed, which is of great significance for the orderly
development of CMG reservoirs. CMG in the Huanghebei Coalfield mainly
includes abundant shale gas (SG; 2100.45 x 10®m?), coalbed methane (CBM;
137.89 x 10°m?® and a small amount of tight sandstone gas, limestone gas and
magmatic rock gas. CMG rocks mainly include shale and coal seams of the
marine—terrestrial transitional facies Taiyuan Formation and continental facies
Shanxi Formation, providing a favorable material basis for CMG enrichment. The
coal seams are largely mature to highly mature, with satisfactory hydrocarbon
generation potential and reservoir connectivity. They are low-porosity, low-
permeability, underpressurized and undersaturated reservoirs. The shale organic
matter is primarily Type Il, with a moderate organic matter abundance. The material is
at the middle-to high-maturity stage, provides a suitable hydrocarbon generation
potential, belongs to low-porosity and low-permeability reservoirs, and exhibits
favorable fracturing properties. There are several stable and independent gas-
bearing systems among the coal measures. The CMG accumulation combination
types are mostly self-sourced gas reservoirs and self-sourced+other-source near-
source gas reservoirs, followed by other-source gas reservoirs. CBM and SG play the
role of vertical regulation and horizontal regulation, respectively.

KEYWORDS

Huanghebei Coalfield, coal-measure gas, Taiyuan Formation, Shanxi Formation, reservoir
feature, gas-bearing evaluation, gas reservoir assemblage

206 P R
rontiersin.org


https://www.frontiersin.org/articles/10.3389/feart.2023.1104418/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1104418/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1104418/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1104418/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2023.1104418&domain=pdf&date_stamp=2023-02-09
mailto:yubshao@163.com
mailto:yubshao@163.com
mailto:gyhai@163.com
mailto:gyhai@163.com
https://doi.org/10.3389/feart.2023.1104418
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2023.1104418

Shao et al.

1 Introduction

Coal-measure gas (CMG) refers to natural gas generated from
coal, carbonaceous shale and dark shale in coal measures, including
shale gas (SG), coalbed methane (CBM) and tight gas (TG) (Law and
Curtis, 2002; Clarkson, 2013; Dai, 2018; Hou et al., 2018; Zou et al.,
2019; Shen et al,, 2021; Li et al., 2022). In recent years, due to progress
in exploration and development technology, CMG has changed the
global natural gas pattern and plays an important role in ensuring the
world energy supply and reducing air pollution. The typical CMG
basins worldwide mainly include the San Juan Basin in the
United States, the Surat Basin in Australia, the Western Siberian
Basin in Russia and the Ordos Basin in China, but there is no
independent resource evaluation of CMG abroad (Zou et al., 2019).
Based on the spatial ranges and vertical extents of CMG overlap, the
analysis of CMG as a unified gas-bearing system has therefore become
a key research direction (Qin, 2021).

CMG constitutes an important guarantee for increasing reserves
and producing natural gas in China (Qin, 2021). According to a recent
prediction of the China Geological Survey, the CMG resources in
China total approximately 82 x 10" m? (Bi, 2019). China has become
the sixth largest gas-producing country globally, evolving from being a
gas-poor country (Dai, 2018). By the end of 2016, the discovered coal-
measure fields in China accounted for 66% of the national gas fields,
mainly distributed in the Ordos, Qinshui, Sichuan and other
Carboniferous-Permian basins and Jurassic—Cretaceous coal-
bearing basins, such as Tarim and Qaidam, as well as the
Yinggehai-Qiongdongnan and Donghai Cenozoic coal-bearing
basins (Zou et al, 2019). CMG is derived from the same origin
and coexists in multiple layers, and it is generally associated with
strong hydrocarbon generation, high continuous filling capacity,
coexistence of multiphase gas, multiple types of gas reservoirs,
source reservoir facies dependence, reservoir cap interaction,
multiple seals, complex gas-water distribution relationships, and
fragile dynamic balance between systems (Fu et al, 2013; Yang
et al.,, 2013; 2015; Cao et al.,, 2014; Yuan, 2014; Qin et al., 2016;
Zheng, 2016; Qin, 2018; 2021; Bi et al., 2020; Liu et al., 2020; Bi et al,,
2021). The accumulation of CMG mainly depends on four aspects:
hydrocarbon generation intensity, migration mode and transport
system, formation fluid energy, and regional effective caprock. The
accumulation effect of superimposed gas-bearing systems has become
a leading direction of coal-measure gas geological research (Qin,
2018), which can provide a theoretical basis for large-scale
exploration and development.

The exploration of upper Paleozoic coal-formed gas reservoirs in
the Bohai Bay Basin adjacent to the northern Huanghe North coalfield
has made great breakthroughs (Jin et al., 2009; Liang et al., 2016),
indicating that the study area has good exploration potential. The
Huanghebei area is a typical coal-bearing basin east of the coal
accumulation area in North China, which is affected by intrusions
associated with Yanshanian magmatism. It shows the unique
characteristics of coalbed methane, shale gas and a skarn-rich iron
ore pool (ore) (Wang et al., 2021). The abundance of organic matter in
the Carboniferous-Permian coal measure source rocks in the study
area is poor to medium (Cui, 2001; Chen et al., 2003; Yu, 2003; Mu,
2008). The peak period of gas generation was mainly in the Early
Triassic and Jurassic-Cretaceous, and the abnormally high thermal
geothermal field in the Yanshanian played a key role in the
hydrocarbon generation of the source rocks (He et al.,, 2005; Zhao,
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2005; Li, 2006; Zhou, 2015; Yang et al., 2018). These source rocks still
retain a high hydrocarbon generation potential (Xu et al., 2005). The
occurrence of coal-measure gas is mainly affected by factors such as
faults, sedimentary environment, inorganic minerals, caprock
conditions, burial depth, overburden thickness, hydrogeological
conditions and magma (Fan et al,, 2001; Liu and Guo, 2003; Zhao,
2007; Zhao et al., 2016; Huang et al., 2018; Li, 2019). Shallow CBM has
been pumped and utilized in the study area. In 2010, the Zhaoguan
Coal Mine used the gas pumped during coal mining for power
generation for the first time in this area, which indicates that CMG
here could yield a certain development prospect. With the support of
the Shandong Provincial Geological Exploration Fund, survey and
evaluation studies of CBM and SG resources in the research area have
been conducted. A number of gas-bearing strata have been found in
the Upper Paleozoic Taiyuan Formation and Shanxi Formation. CMG
is dominated by CBM and SG, demonstrating the characteristics of
source reservoir facies dependence, reservoir cap interaction and
multiple seals. In this paper, the coal seams and shale of the upper
Paleozoic Shanxi Formation and Taiyuan Formation were adopted as
research objects, and a systematic study of the reservoir formation and
exploration potential of the Huanghebei Coalfield is of great
significance to understanding the CMG reservoir formation
mechanism and to the collaborative exploration and efficient
development and utilization of multiple mineral resources.

2 Geological setting

2.1 Regional structure and stratigraphic
characteristics

The Huanghebei Coalfield is located in the western regions of the
Luxi uplift in the North China Plate (Figure 1). It starts from the
Woniushan fault in the east, reaches the Liuji fault in the west, is
bounded by the outcrop of the bottom (hidden) of the coal-bearing
stratum in the south, and ends at the Qiguang fault in the north
(Figure 1). This area is rich in coal resources and is an important coal
production base in western Shandong Province. The study area
generally comprises a wide and gentle monocline trending
northeast-northwest, which is shallow in the south and deep in the
north. The dip angle of the monocline is generally low, with wide and
gentle northeast-trending folds developed. The regional structure is
dominated by fault structures. In general, there are three groups of
fault structures distributed along the NE-NNE, NW-NNW, and near-
E-W directions, and the former two groups are relatively well
developed, while SN-directed faults are not very developed in this
area. These groups of large faults intersect each other, controlling the
generation and development of uplift and depression in the region.

The stratigraphic division of the study area is classified as the
western Shandong stratigraphic division of the North China
stratigraphic area. Only a small range of Cambrian Ordovician
strata is exposed in the south (south of the Huanghebei Coalfield),
and the remaining area is covered by Quaternary strata. The strata
from old to new include the Taishan Group and Cambrian,
Carboniferous, Permian, Triassic,

Ordovician, Neogene and

Quaternary strata, lacking Upper Ordovician to Lower
Carboniferous, Jurassic and Cretaceous strata. Paleogene rocks are
not developed to the south of the Qiguang fault, and they are mainly

distributed to the north of the Qiguang fault.
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FIGURE 1
Geological map of the pre-Neogene bedrock in the study area. The area north

of the dotted line at the lower right is the Quaternary coverage area. The

overview map at the upper left shows the location of the study area, and the gray area within the black line denotes the Huanghebei Coalfield.

Magmatic rocks are widely distributed in the region, mainly
including Neoarchean, Mesoproterozoic and Mesozoic intrusive
rocks. Among them, Neoarchean intrusive rocks are the most
developed and are distributed in the southern part of the
Zhangqiu-Changqing area. Ultrabasic, basic, and acidic intrusive
rocks occur, with intermediate-acidic intrusive rocks being the most
common. The distribution of Mesozoic intrusive rocks is limited,
and these rocks are mainly distributed in the Yucheng - Jinan area
and are mainly composed of intermediate-basic rocks (Figure 1).
Magmatic rocks of other ages are not developed. The Mesozoic
intrusive rocks, such as the Jinan gabbro (Yang et al., 2005; Huang
et al,, 2012; Yang, 2012; Ning et al., 2013; Xie et al., 2015), Tai’an
gabbro and diorite (Ning et al., 2013), and Qihe—Yucheng diabase
(Zhu et al,, 2021), mainly formed in the Early Cretaceous (100 ~
135 Ma). The intrusive rocks in the study area are mainly diabase,
diorite, quartz monzodiorite, quartz monzonite and granite. Among
them, the Litun rock mass contains all the above rock types (Shen
et al., 2020; Shen et al., 2021; Zhu et al., 2021), while the Dazhang
rock mass and Pandian rock mass mainly contain quartz monzonite
(Zhang et al., 2022). Except for the Litun rock mass, which exhibits a
narrow range of direct contact with the overlying Neogene strata, the
known rock groups in the west are capped by residual Permian
strata, and the Jinan rock mass occurs in direct contact with
Quaternary strata except for a small amount of Ordovician
limestone. At the same time, three layers of Mesozoic magmatic
rocks intruded the Shanxi Formation and Taiyuan Formation, and
these magmatic rocks are present in the form of bedrock or dikes.
The upper and lower layers are acidic magmatic rocks, and the
middle layer comprises medium-basic magmatic rocks. The layers
intruded by the upper magmatic rock are mainly coal seams three
and four overlying strata of the Shanxi Formation. The middle
magmatic rock mainly intruded coal seam five of the Shanxi
Formation to coal seam nine of the Taiyuan Formation and
severely damaged coal seam seven of the Taiyuan Formation. The
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lower magmatic rock mainly damaged coal seams 11 and 13 of the
Taiyuan Formation.

2.2 Sequence stratigraphic characteristics

CMG in China exhibits the characteristics of large-scale vertical
and horizontal distributions, an unclear gas-water boundary, a
complex pressure system, diverse reservoir rock types, interbedded
occurrence, notable cyclicity, and variable source-reservoir-cap
associations (Qin, 2021). The CMG characteristics in the study
area are consistent with the basic geological characteristics of
China. The proposal of an unconnected multiple superimposed
CBM system explains the highly consistent relationship and genetic
mechanism between sequence division and independent segmentation
of the gas content gradient in the sequence stratigraphic framework
(Qin et al., 2008; Shen et al,, 2012) and further extends to the
superimposed CMG-bearing system. The sequence stratigraphic
framework explains the development of key layers and establishes a
coal measure reservoir (production) combination model constrained
by these key layers. High-resolution identification of fluid and energy
under the cell framework of three-layer sequence stratigraphy was
carried out (Qin et al,, 2016; Shen et al., 2017). The logging data of
wells Zg18, Zg22 and Zg26 demonstrate that SG, CBM and a small
amount of TG, carbonate rock gas and magmatic rock gas occur in the
Shanxi Formation and Taiyuan Formation (Figure 2), which are
constrained by the sequence stratigraphic framework and contain
multiple relatively independent gas-bearing units.

The isochronous sequence stratigraphic framework is helpful for
predicting the distribution of coal measure source rocks (Shao et al.,
2008). For the offshore coal-bearing rock series of the North China
platform, three third-order sequences can be identified in the Benxi
Formation, Taiyuan Formation and Shanxi Formation (Shao et al,
2014). There are two scales of the sequence stratigraphic division
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scheme of the Benxi Formation, Taiyuan Formation and Shanxi
Formation in Shandong Province, including three third-order
sequences (Wang et al., 2003; Li et al., 2005; Zhang et al., 2010; Li
et al., 2021) and four third-order sequences (Jia and Lv, 2009).

According to the regional unconformity surface and the regional

tectonic stress transformation surface, the Permian Shanxi

209
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Formation, upper Carboniferous-lower — Permian  Taiyuan
Formation and Carboniferous Benxi Formation in the study area
are divided into three third-order sequences (SIII1-SIII3) and eight
fourth-order sequences (SIV1-SIV8) (Figure 2). The Shanxi
Formation corresponds to sequence SIII3, the Taiyuan Formation

corresponds to the highstand systems tract (HST) of sequence
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SIII1 and sequence SIII2, and the Benxi Formation corresponds to the
transgressive systems tract (TST) of sequence SIII1. The bottom
boundary of sequence SIII1 is a regional unconformity surface,
namely, the interface between Ordovician and Carboniferous strata.
The maximum flooding surface is the boundary between the Taiyuan
and Benxi Formations, which is located at the bottom of the Xuhui
Formation. Thirteen coal seams are mainly developed in the TST. The
bottom boundary of sequence SIII2 mainly comprises the floor of the
No. 11 coal seam below the L5 limestone formed in a lagoon and
swamp environment. The maximum flooding surface is located at the
bottom of the L3 limestone. The No. 6, 7, 8,9, 10 and 11 coal seams of
the Taiyuan Formation are well developed. The initial flooding surface
of sequence SIII3 is located near the floor of the No. 5 coal seam, and
the maximum flooding surface is located at the top of the No. 3 coal
seam. The bottom boundary of the sequence mainly encompasses the
incised valley of the distributary channel in the lower delta plain,
which is the boundary between the Shanxi Formation and Taiyuan
Formation. The No. 3, 4, and 5 coal seams of the Shanxi Formation are
well developed.

2.3 Evolution of the sedimentary system

The Carboniferous-Permian coal accumulation basin in North
China mainly developed in the paleogeographic background of sea—
land interaction (Liu et al., 1987; Ma and Tian, 2006). The western
Shandong region mainly featured carbonate platform, lagoon tidal flat,
and shallow water delta sedimentary systems from Benxi to Shanxi
(Wang et al., 2003; Jia and Lv, 2009; Zhang et al., 2010; Shao et al,,
2014). In the late Paleozoic, namely, from the Carboniferous to the
Permian, barrier lagoon, tidal flat, river-controlled shallow-water delta
and river-lake sedimentary systems were mainly developed in the
study area (Wang et al, 2021). Along with the North China
Depression, the study area has experienced large-scale transgression
since the late Carboniferous, formed coal-bearing rock series
represented by sand-mud interbeds, and developed favorable gas
reservoirs. During the Benxi period, with seawater intrusion, the
TST of sequence SIII1 formed lagoon tidal flat deposits dominated
by gray-white bauxite and gray or gray-black mudstone with thin
bedded limestone interbedded residues, accompanied by small-scale
transgression. During the Taiyuan period, at the end of the late
Carboniferous, the North China Depression experienced a
movement entailing a rise in the north and a descent in the south.
By this time, the epicontinental sea environment had reached its peak.
The HST of sequence SIII1 and sequence SIII2 developed an offshore
shelf barrier lagoon tidal flat sedimentary system. The lithology mainly
includes dark mudstone, fine siltstone, thin limestone and coal seams.
The biological species are rich, and the organic content is high. During
the Shanxi period, with tectonic uplift and seawater retreat, a fluvial-
dominated shallow delta depositional system was widely developed in
sequence SIII3, with distributary channels and interdistributary bays
occupying the main part, in which the lowstand systems tract (LST)
and TST mainly comprise a set of shallow delta-lower delta plain
deposits, while the HST mainly includes shallow water delta—upper
delta plain and meandering river deposits. During the Shihezi period,
the Huanghebei Coalfield
epicontinental sea deposits to continental deposits, and seawater

completely  transformed  from

was withdrawn. At this time, a set of very thick silicate clastic
materials were deposited. The Huanghebei Coalfield experienced
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the complete process of the formation, development, prosperity,
shrinkage and transformation of the epicontinental sea basin
during the late Paleozoic and experienced multiple transgression
The
accordingly changed and was subjected to the evolution process of

regression  cycles. lithofacies  paleogeographic  pattern
the tidal flat-barrier lagoon system-delta system-river system. During
this period, a complete set of coal-measure source rocks in the Shanxi
Formation and Taiyuan Formation with large thicknesses and high
organic contents were developed, and this sequence comprises a
vertical succession of shale, coal seam, clastic rock and carbonate
rock strata and provides the basic geological conditions for a CMG

source, reservoir and cap.

3 Samples and experiments
3.1 Samples

Our samples were mainly collected from five wells, Zgl8, Zg22,
726, Cql6 and Layl, constructed in 2011-2016. Three coal samples
and 12 shale samples were collected from Well Zgl8. Three coal
samples and five shale samples were collected from Well Zg22. Four
coal samples and 12 shale samples were collected from Well Zg26.
Thirty-six shale and six coal seam samples were collected from Well
Cql6. Twenty-two shale and 11 coal seam samples were collected from
Well Layl. Field tests and laboratory analyses were carried out
immediately after sample collection.

3.2 Experimental approaches

Maceral identification, macroscale coal rock type identification,
microfracture statistics, gas content analysis, isothermal adsorption
tests, and total organic carbon analysis of coal seam samples were
performed at the Shandong Taishan Mineral Resources Detection and
Research Institute.

The
determination of coal group composition and minerals in coal
(GB/T 8899-2013). The volume fraction of various macerals was

coal macerals were determined according to the

determined by using the number point method under axio scope.
A1 microscope (Carl Zeiss, Germany) and under single polarized light
or incomplete orthogonal polarized light to determine the type of
organic matter. The macroscopic coal rock type as mainly determined
by axio scope. Al microscopy based on the classification of
macrolithotype for bituminous coal (GB/T 18023-2000). Refer to
the description methodology of fractures in coal (MT/T 968-2005)
for information on the observation and statistics of coal
microfractures.

The coal seam gas content was determined according to the
method of determining coalbed gas content (GB/T 19559-2008).
The time from drilling to coring is required to be no more than
2 min for core lifting every 100 m. An 800 g sample of core was canned
within 10 min after the core reached the wellhead, and the desorption
capacity was tested in a thermostatic water bath. Natural desorption
ended after the daily desorption capacity was less than 10 cm® for
seven consecutive days. The desorbed sample was pressed to 2-3 cm,
and 500 g was placed into a ball mill for residual gas measurement. At
the time of rapid gas measurement, a 500 g sample of coal core was
loaded into the ball mill tank. First, it was naturally desorbed for 8 h
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and then crushed by ball milling for 30 min. Then, it was put into the
thermostatic device for natural desorption. The process of crushing
and desorption was repeated until the amount of desorbed gas over
two consecutive times was less than 10 cm®. The measured gas volume
of natural desorption and residual gas was converted into the total gas
content at a temperature of 0°C and a pressure of 101.325 kPa, with
correction for gas loss. The gas components mainly include CH,, CO,,
N, and heavy hydrocarbons, using GC-7820 gas chromatograph
(Shandong Huifen Instrument Co., Ltd., China). The analysis of
natural gas by gas chromatography (GB/T 13610-2003) was used
for the test process. Three gas component analysis samples were
collected for each desorption sample during the test on the first,
third and fifth days of desorption. Samples with a low coalbed methane
content were collected appropriately in advance.

The coal seam isothermal adsorption test used the WX-VI high-
pressure isothermal adsorption apparatus (Qingdao Ruihai Xinda
Instrument Co., Ltd., China). According to the method of
determining microscopically the reflectance of vitrinite in coal (GB/
T 19560-2008) and determination of equilibrium moisture in coal
isothermal adsorption method (MT/T 1157-2011), 200 g coal samples
with particle sizes of 0.25-0.18 mm were prepared, and a sample mass
of 40 g was weighed for equilibrium moisture measurement. Six test
pressures (0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 Mpa) were applied. Then, the
Langmuir pressure (Pp) and Langmuir volume (V) were obtained.

The reflectance of coal seam vitrinite was measured by axio scope.
Al microscope (Carl Zeiss, Germany) at the Shandong Taishan
Mineral Resources Testing and Research Institute and the
laboratory of the Guizhou Coalfield Geology Bureau. Referring to
the method of determining microscopically the reflectance of vitrinite
in coal (GB/T 6948-2008) (A= 546 nm) measured by a photoelectric
converter, more than 50 points were measured for single coal seam
coal samples when the maximum reflectance of vitrinite was 0.45%—
2.00%, and more than 100 points were measured when the maximum
reflectance of vitrinite was 2.00% to ensure sufficient accuracy.

Coal seam permeability and reservoir pressure were determined by
the Xi’an Research Institute of China Coal Research Institute with
reference to the method of injection/falloff well test for coalbed
methane well (GB/T 24504-2009). After drilling to the floor of the
tested coal seam, the test string was inserted at the roof of the coal
seam, and a microfracture test was conducted to obtain the maximum
injection pressure value. Then, an injection/pressure drop test was
performed. The water injection time was 18 h, and the well shut-in
time was 36 h; then, in situ stress tests were carried out.

The gas content, porosity, permeability, pyrolysis analysis, total
organic carbon, and mechanical properties of shale were measured at
the Shandong Taishan Mineral Resources Detection and Research
Institute.

The gas content of shale was determined according to the
measurement method of shale gas content (SY/T 6940-2013).
The time from drilling to coring was required to be less than
12h. A core sample with a height of 20 cm-30 cm was canned
within 10 min after the core reached the wellhead. The desorption
was tested in a thermostatic water bath until the daily desorption
volume was less than 5cm’ for three consecutive days. Three
samples after desorption, 100 g each, were placed into the sealed
tank of the residual gas volume tester for crushing, and the residual
gas volume was taken as the mean value of the measurement results
of the three samples. The measured gas volume of natural
desorption and residual gas was converted into the total gas
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content at a temperature is 0°C and a pressure of 101.325 kPa,
with correction for gas loss.

The porosity and permeability of shale were measured by a CMS-
300 automatic core overburden porosity-permeability tester (Beijing
Aotao Science & Technology Co., Ltd., China) with reference to
porosity and permeability measurement under overburden pressure
(SY/T6385-1999). The overburden pressure was applied to the rock
sample by means of hydrostatic pressure to ensure that the stress in all
directions of the rock sample was balanced and the pore pressure
remained unchanged. The overburden pressure was gradually
increased to measure the porosity and permeability. The accuracy
of the pressure sensor and the relative error of the helium pore meter
are both less than 0.1%.

The pyrolysis analysis of shale was measured by YY-3000A oil
shale
Instrument Co., Ltd., China) according to the reference standard

comprehensive evaluator (Lunan Ruihong Chemical
rock pyrolysis analysis (GB/T18602-2012). The sample was crushed
to a particle size of 0.07-0.15 mm, an analytical balance with an
accuracy of 0.1 mg was used to weigh 0.1 g, and the sample was
placed into the instrument for heating. The sample was pyrolyzed in
a nitrogen environment with a purity of >99.99% at 90°C, 300°C,
and >300°C-600°C. The measured parameters
hydrocarbon content (S,) measured at 90°C, the hydrocarbon

include the

content (S;) measured at 300°C, the hydrocarbon content (S,)
measured at >300°C-600°C, and the temperature at the highest
point of the corresponding S2 peak (Tyay)-

The compressive strength, elastic modulus, Poisson’s ratio and
tensile strength of shale was determined by a YAW-300D
microcomputer controlled compression and bending tester, WAW-
600F microcomputer controlled electro-hydraulic servo rock testing
machine and YAW-1000D microcomputer controlled compression
shear testing machine (Jinan Xinshijin Test Machine Co., Ltd., China).
The compressive strength was tested according to methods for
determining the physical and mechanical properties of coal and
rock-Part 7: methods for determining the uniaxial compressive
strength and counting softening coefficient (GB/T 23561.7-2009).
Elastic modulus and Poisson’s ratio was determined according to
methods for determining the physical and mechanical properties of
coal and rock-Part 8: methods for determining the deformation
parameters of coal and rock (GB/T 23561.8-2009). Refer to
methods for determining the physical and mechanical properties of
coal and rock-Part 10: methods for determining tensile strength of coal
and rock (GB/T 23561.10-2010).

The determination of total organic carbon in coal seams and shale
was based on the specification for determination of total organic
carbon in sedimentary rock (GB/T18602-2012), using CS230 carbon
sulfur analyzer (LECO, United States). The sample was ground until
the particle size was less than 0.2 mm. An analytical balance with an
accuracy of 0.1 mg was used to weigh 1 g of the sample. The inorganic
carbon in the sample was removed with dilute hydrochloric acid, and
the sample was burned under a high-temperature oxygen flow to
convert the total organic carbon into carbon dioxide. The content of
total organic carbon was determined by infrared detection.

The shale kerogen macerals were determined in the laboratory of
Guizhou coalfield geology bureau using a axio scope. A1 microscope
(Carl Zeiss, Germany). According to method of identification
microscopically the macerals of kerogen and indivision the kerogen
type by transmitted-light and fluorescence (SY/T 5125-2014), each
maceral was identified according to optical characteristics under
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No. 13 coalbed thickness and gas content distribution.

transmitted light and emission fluorescence, and the contents of the
sapropel group, chitin group, vitrinite group and inertinite group were
obtained. The type index (TT) was calculated, and the types of kerogen
were classified.

The vitrinite reflectance of shale was measured in the laboratory of
the Guizhou coalfield geology bureau with a axio scope.
Al microscope (Carl Zeiss, Germany). According to method of
determining microscopically the reflectance of vitrinite in
sedimentary (SY/T5124-2012), for the optical sheet of the same
sample, when the average reflectivity is greater than 2.0%, the
number of measured points should greater than 30; when the
average emissivity is between 0.5% and 2.0%, the number of
than 20 to
representativeness of the measured results.

measured points should greater ensure the

4 CMG accumulation system

4.1 Development characteristics of the coal-
measure source rocks

The shale and coal seams of the Taiyuan Formation and Shanxi
Formation are the main coal-bearing gas source rocks in the study
area, which exhibit the characteristics of extensive deposition. The
total thickness of the coal-bearing strata of the Taiyuan Formation and
Shanxi Formation in the study area is approximately 245 m. There are
14 coal seams in the coal-bearing strata, of which the No. 1 to 5 coal
seams occur in the Shanxi Formation, and the No. 6 to 14 coal seams
occur in the Taiyuan Formation. The minable and partially minable
coal seams are the No. 5, 6, 7, 8, 10, 11 and 13 coal seams. The total

Frontiers in Earth Science

thickness of the coal seams varies between 4 and 9 m, with an average
of 5.5 m. The coal-bearing coefficient of the minable coal seams is
2.2%, revealing thin characteristics in the eastern and northern parts
and thick characteristics in the western and southern parts in the study
area. For example, the thickness center of the No. 13 coal seam is
mainly located in the southwest of the Huanghebei Coalfield
(Figure 3). The spatial distribution of each coal seam is deep in the
north and shallow in the south, ranging from -200 to —2500 m.

Among them, sandstone is mainly developed above the No. 4 coal
seam in the Shanxi Formation and is greatly affected by the intrusion
of upper magmatic rock. Under the influence of lower magmatic rocks,
shale below the No. 11 coal seam in the Taiyuan Formation is damaged
to varying degrees, which is unfavorable for CMG accumulation.
There are favorable SG intervals with large cumulative thicknesses
in the strata between the No. 4 coal seam of the Shanxi Formation and
the No. 10 coal seam of the Taiyuan Formation. The gas logging results
for the corresponding intervals in Wells Zg18, Zg22 and Zg26 are
satisfactory. The accumulated thickness of dark shale in the area
ranges from 52.83 to 97.1 m, with an average of 84.8 m. The thickness
in the south-central part of the area is small, mostly less than 60 m,
while the thickness in the northwestern part is large, mostly greater
than 90 m. The burial depth ranges from 414.05 to 1290.55 m, which is
deep in the north and shallow in the south.

4.2 Organic geochemical characteristics of
the coal-measure source rocks

Organic matter in source rock is the main factor determining the
hydrocarbon generation ability. The organic matter abundance
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TABLE 1 Evaluation results of the organic matter abundance of marine terrestrial interactive shale.

Well number

Number of samples

10.3389/feart.2023.1104418

Hydrocarbon source rock evaluation results (the evaluation parameters

indexes of marine-terrigenous source rocks widely recognized by the
academic community mainly include the total organic carbon (TOC)
content and hydrocarbon generation potential (S;+S,) (Huang et al.,
1996). Based on the above indicators, the organic matter abundance of
shale in the study area was evaluated (Table 1).

4.2.1 Abundance of organic matter

In the study area, the S;+S, value of the coal seams of the Shanxi
Formation and Taiyuan Formations in Well Jigu one varied between
80.93 and 173.68 mg/g, with an average of 132.95mg/g, and the
hydrogen index (HI) ranged from 133.84 to 188.00 mg/g, with an
average of 161.67 mg/g (Chen et al., 2003; Yu et al., 2003). The TOC
mainly refers to the data of adjacent Well Layl, in which the TOC
content in the Shanxi Formation ranged from 62.4% to 73.65%, with
an average of 67.00%. The TOC content in the Taiyuan Group varied
between 58.3% and 76.65%, with a mean of 67.34%.

The TOC content in the shale of the Shanxi Formation in Well
Cql6 varied between 0.43% and 3.25%, with an average of 2.03%;
S1+S, varied between 0.1 and 0.78 mg/g, with an average of 0.27 mg/
g; the TOC content in the shale of the Taiyuan Formation ranged
from 0.55% to 17.65%, with an average of 2.82%; and S;+S, ranged
from 0.3 to 17.45 mg/g, with an average of 2.44 mg/g. Moreover, the
TOC content in the Shanxi Formation shale in Well Layl in the
adjacent area ranged from 0.57% to 18.25%, with an average of
9.49%, and $,+S, ranged from 0.3 to 31.10 mg/g, with an average of
16.93 mg/g. The TOC content in the shale of the Taiyuan Formation
varied between 1.11% and 21.95%, with an average of 3.98%, and the
$1+S, value ranged from 0.35 to 8.72 mg/g, with an average of
2.02 mg/g. As indicated by the statistical results (Table 1), the
shales of the Shanxi Formation and Taiyuan Formation in Wells
Cql6 and Layl mainly included poor to medium hydrocarbon
source rocks. Combined with the inversion data of coal
exploration well logging in the area, the TOC content in the shale
of the Shanxi Formation and Taiyuan Formation in the study area
ranged from 1.78% to 2.74%, with an average of 2.09%. The overall
assessment of the organic matter abundance suggested a moderate
abundance. The central area is a high-value area, with a TOC content
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refer to
Good-excellent Medium Poor Non
TOC: 3%-40% TOC: 1.5%-3% TOC: 0.6%-1.5% TOC:<0.6%
Cqlé Shanxi Formation 7 1 4 1 1
Taiyuan Formation 28 4 12 18 1
Layl Shanxi Formation 3 2 0 0 1
Taiyuan Formation 19 3 14 2 0
Well Stratum Number of samples S1+S,: 6.0-200 mg/g S1+S5: 2.0-6.0 mg/g $1+S5: 0.5-2.0 mg/g $1+S,: <0.50 mg/g
Cql6 Shanxi Formation 7 0 0 1 6
Taiyuan Formation 29 2 5 19 3
Layl Shanxi Formation 3 2 0 0 1
Taiyuan Formation 18 1 6 10 1

higher than 2.6%, and the value gradually decreases toward the
surroundings.

Both coal and shale seams are the main gas-generating layers of
hydrocarbon source rocks, in which coal seams, as accumulated
organic matter, contribute more to hydrocarbon generation and
fulfill a decisive role in CMG reservoirs, while shale rich in organic
matter remains stable during development, and the thickness
advantage compensates for the lack of organic matter. It has been
found that the hydrocarbon generation capacity of exinite source rocks
with a certain content is higher (Qin et al., 2005). In general, the
Huanghebei coalfield exhibits favorable hydrocarbon generation
conditions.

4.2.2 Maturity of organic matter

Affected by magmatic intrusion, the vitrinite reflectance (R,)
values in the coal reservoirs of the Shanxi Formation and Taiyuan
Formation in the area ranged from 0.61% to 6.35%, which suggests the
mature to highly mature stage, and were higher than those of Well
Layl in the adjacent area not affected by magmatic intrusion (with R,
ranging from 0.70% to 0.74%).

The shale R, value of the Shanxi Formation in Well
Cql6 ranged from 2.11% to 2.44%, Tyay ranged from 471.9°C
to 476.4°C, the shale R, value of the Taiyuan Formation ranged
from 1.34% to 2.13%, and Ty, reached 476.40°C. The shale mainly
occurred at the medium-to high-maturity stage, with a
satisfactory hydrocarbon generation potential. Figure 4 shows
that a very thick magmatic rock was developed in the Shanxi
Formation in Well Cql6. The maturity of shale significantly
increased within 75m from the top and bottom of the
magmatic rock, and no obvious abnormality was found in TOC
and S;+S,. The shale of the Shanxi Formation and Taiyuan
Formation in Well Jigul was not affected by magmatism, with
R, ranging from 0.75% to 1.02% (Chen et al., 2003; Yu et al., 2003).
Tmax Of the shale of the Shanxi Formation in Well Layl ranged
from 432.5°C to 477.5°C, the R, value of the shale in the Taiyuan
Formation ranged from 0.74% to 1.76%, and T,.x ranged from
435.1°C to 475.8°C, mainly at the low-to medium-maturity stage.
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FIGURE 4

Geochemical and physical characteristics of the coal-measure source rock in Well Cql6.

Combined with the maximum reflectance data of shale vitrinite
retrieved from the coalfield boreholes in the area, most shales of
the Shanxi Formation and Taiyuan Formation in the whole study
area occurred at the medium-mature stage and had entered the
favorable area for SG generation. The organic matter maturity in
the south was relatively low, mostly between 0.7% and 0.9%,
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followed by that in the east, while the maturity of the magmatic
rock intrusion zone at the center was the highest.

4.2.3 Kerogen type

The sapropel, exinite, vitrinite, and inertinite contents in the
coal seam of the Taiyuan Formation in adjacent Well Layl ranged
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TABLE 2 Maceral content of shale in Wells Cq16 and Lay1.

Well number Layer Depth/m  Sapropelite/%

Exinite/%

10.3389/feart.2023.1104418

Vitrinite/% Inertinite/%

Type of organic matter

from 0% to 4%, 0% to 23%, 69% to 82% and 4% to 22%, respectively.
The type of organic matter was Type III, which is consistent with
the type of organic matter in the coal seam of the Taiyuan
Formation in Well Liaogu2 (Hu et al., 2015). Since there are no
measured data regarding the type of organic matter in the coal
seams of the Shanxi Formation and Taiyuan Formation in the area,
the type of organic matter in the coal seams in Wells Layl and
Liaogu2 was determined to be Type III.

The sapropel content of shale in the Shanxi Formation in Well
Cql6 reached 0, the exinite content ranged from 29% to 60%, the
vitrinite content ranged from 22% to 65%, the inertinite content
ranged from 6% to 18%, the TI value ranged from —40 to -5, and the
organic matter type was Type III. The shale sapropel content in the
Taiyuan Formation ranged from 0% to 93%, the exinite content
ranged from 3% to 80%, the vitrinite content ranged from 3% to 32%,
and the inertinite content ranged from 1% to 6% (Table 2). The
organic matter type mainly included Type II, followed by Type L. The
shale sapropel content in the Taiyuan Formation in Well
Layl ranged from 0% to 20%, the exinite content ranged from
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CQl6 Shanxi Formation 545.03 0 29 65 6 it
660.51 0 60 22 18 11
Taiyuan Formation 692.25 0 62 32 6 112
709.6 8 72 15 5 12
721.71 11 80 7 2 m
752.22 64 25 8 3 m
790.94 82 12 5 1 |
807.88 90 5 4 1 |
824.0 75 15 7 3 I
851.72 93 3 3 1 |
Layl Taiyuan Formation 1685.6 4 20 68 8 11T
1686.6 2 17 69 12 Juts
1687.6 1 21 72 6 I
1688.6 3 19 70 8 11
1689.6 4 25 61 10 I
1690.6 5 26 61 8 sl
1691.35 2 15 68 15 I
1694.3 0 4 81 15 11
1694.8 3 12 69 16 I
1739.6 20 20 54 6 I
1742.3 15 12 63 10 I
1741.33 11 10 69 10 I
1743.3 4 12 76 8 I
1744.3 0 3 82 15 I
1745.4 0 2 85 13 I

2% to 26%, the vitrinite content ranged from 54% to 85%, the
inertinite content ranged from 6% to 16%, and the organic matter
type was Type III.

4.3 Physical characteristics of the
reservoir cap

4.3.1 Pore and fracture characteristics

The mercury injection porosity test results for the coal samples
indicated that with increasing coal rank, the porosity of medium-rank
coal seams first decreased from 4.29% to 2.72% and then increased to
4.56%, and the average porosity of the high-rank coal seams reached
5.38% (Meng, 2011). The pores of the coal reservoirs in the area were
dominated by micropores (Meng, 2011). In Wells Zg18, Zg22 and
7g26, the permeability of each coal seam measured via the injection/
pressure drop method exhibited a wide range and high heterogeneity.
The permeability of the No. 7 coal seam ranged from 0.30 to 5.56 mD,
that of the No. 10 coal seam was 0.53 mD, and that of the No. 13 coal
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Permeability (A) of the No. 7, 10 and 13 coal seams in Wells Zg18, Zg22 and Zg26, and porosity (B) and permeability (C) of shale in the Shanxi Formation

and Taiyuan Formation of Well Cql6.

seam ranged from 0.12 to 6.35 mD (Figure 5). In summary, the coal
seams could be classified as a low-porosity and low-permeability
reservoir.

The macrofractures in the coal reservoirs were more well
developed than the microfractures. Fracture development was
obviously affected by tectonic movement stress. The macrofractures
could further connect several independently developed microfracture
groups into a larger fracture system, thus generating an important
seepage channel facilitating CBM diffusion, which more favorably
affects the permeability of coal reservoirs. The microcracks are difficult
to identify with the naked eye and can only be observed with a
microscope or scanning electron microscope. The length of the
microcracks is tens of microns to several millimeters, the height is
hundreds of microns, and the width is on the scale of micrometers (Fu
et al., 2007).

Microfractures were more developed in bright and semibright
coal rock strata. The macroscale coal body structures of the No. 7,
10 and 13 coal seams mainly comprised primary and cataclastic
structures. The macroscale coal rock types included semibright
and semidark coal, with a largely moderate connectivity.
Fractures were well developed. The main fractures ranged from
0.3cm to 6.0 cm in length, the height ranged from 0.2 cm to
4.5 cm, the density ranged from 4 to 25 every 10cm, and
secondary fractures were not developed. The microscale coal
rock type comprised semidark coal, with poor to moderate
connectivity, slightly developed fractures and a slight overall
fracture density difference, among which the No. 10 coal seam
contained the most well-developed fractures (Table 3). The
microscopic type in the area exhibited a crack width of >5 um,
and fractures with a length of 10 mm>L>1 mm constituted the
main part. Compared to the Ordos Basin, Qinshui Basin and
Lianghuai Coalfields in the North China Craton (Yao, 2006; 2007;
Hu, 2016; Zhang, 2017), the width and length of the
microfractures in the Huanghebei Coalfield were larger, but
the spatial density was slightly lower.

The porosity of the shale of the Shanxi Formation in Well
Cql6 ranged from 1.73% to 5.63%, and the permeability ranged
from 0.14 to 0.34 mD (Figure 5). The porosity of the shale of the
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Taiyuan Formation ranged from 1.63% to 6.32%, and the shale
permeability ranged from 0.16 to 0.43 mD (Figure 5). The shale of
the Taiyuan Formation and Shanxi Formation revealed similar
porosity and permeability conditions, both belonging to low-
porosity and low-permeability reservoirs.

4.3.2 Mechanical properties

Rocks with a high elastic modulus and low Poisson’s ratio are
relatively more brittle and are more likely to form natural and
pressure-induced fractures (Yan et al., 2015). The compressive
strength of rocks with natural fractures is lower (Miao et al., 2021).
The rock mechanical property test results of Wells Zgl8, Zg22,
7g26 and Cql6 indicated that the elastic modulus of the shale of
the Shanxi Formation was 9.6 GPa, Poisson’s ratio was 0.18.
Moreover, the elastic modulus of the shale of the Taiyuan
Formation ranged from 6.7 to 18.3 GPa, with an average of
10.19 GPa, and Poisson’s ratio ranged from 0.09 to 0.19, with an
average of 0.15. The elastic modulus and Poisson’s ratio of the shale
above were lower than those of the Bakken, Marcellus, Woodford,
Eagle Ford, Haynesville, Barnett, Jiaoshiba and other typical SG
reservoirs in China and elsewhere (Sheng et al., 2016). The tensile
strength of the shale of the Shanxi Formation in Wells Zgl8, Zg22,
7g26 and Cql6 was 2.51 MPa, and the compressive strength reached
32.1 MPa. The tensile strength of the shale of the Taiyuan Formation
ranged from 0.66 to 5.13 MPa, with an average of 1.61 MPa, and the
compressive strength ranged from 12.6 to 74.9 MPa, with an average
of 31.08 MPa (Figure 6). The tensile and compressive strengths of the
shale were low. The above mechanical parameters comprehensively
indicate that the shale in this area exhibited favorable fracturing
properties.

4.4 Gas occurrence trend and gas-bearing
characteristics

The Langmuir volume (V1) represents the maximum adsorption
capacity of the reservoir, and the Langmuir pressure (Py) reflects the
difficulty of reservoir analysis (Fu, 2007). The isothermal adsorption
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TABLE 3 Microfracture characteristics of the coal seams in the Huanghebei Coalfield.
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test results for the coal seams in the southern part of the study area
demonstrate (Table 4) that the V; of the No. 7 and 10 coal seams was
large, indicating a high adsorption capacity, while the adsorption
capacity of the No. 11 and 13 coal seams subjected to magmatic
erosion was lower. The P; values of the No. 11 and 13 coal seams were
higher than those of the No. 7 and 10 coal seams, and desorption was
relatively difficult. The coal reservoir pressure increased with
increasing burial depth, among which the maximum pressure of
the No. 13 coal seam reached 7.04 MPa, while the pressure
gradient and gas saturation parameters of the No. 7, 10 and
13 coal seams generally indicated underpressurized and
undersaturated reservoirs, respectively.

The total gas contents in the No. 5, 7 and 10 coal seams were
higher than those in the No. 11 and 13 coal seams, which was mainly
caused by the notable escape of coal seam gas from the No. 11 and
13 coal seams due to lower magmatic rock intrusion. The molecular
diameter of N, is small, which easily diffuses and migrates over a long
distance and gradually becomes enriched along the direction of CMG
transport (Shen et al., 2021). CBM in the No. 5, 7 and 10 coal seams in
the study area was dominated by CH,, followed by N,, while the CBM
occurring in the No. 4, 11 and 13 coal seams was dominated by N,,
followed by CH,, which confirms that CBM near magmatic rocks had
migrated throughout the transport system.

The measured data of the SG content were all retrieved from Well
Cql6. The gas content in the two shale samples of the Shanxi
Formation ranged from 0.25 to 0.34m’/t, with an average of
0.30 m*/t. The gas content in the 14 shale samples of the Taiyuan
Formation ranged from 0.17 to 6.80 m*/t, with an average of 0.93 m’/t.
According to the gas logging data of Wells Zg18, Zg22 and Zg26, gas
logging anomalies were observed in the shale section, fine sandstone
section, limestone section and a small range of the magmatic rock
section between the No. 5 coal seam and No. 13 coal seam floor;
notably, SG, TG, carbonate rock gas and magmatic rock gas occurred,
respectively. The measured data of SG in the study area were relatively
limited, but a large amount of TOC data was available. Because the
TOC content is positively correlated with the gas content (Zou et al.,
2014), a linear relationship model (Li et al., 2021) could be established
between the SG and TOC contents in the Luxi uplift area (Figure 7),
and the SG content in the area was thus estimated to vary between
0.25 and 0.53 m’/t according to the TOC content.

4.5 Creation of several independent gas-
bearing systems by the key gas barrier

The coal-measure hydrocarbon source rock exhibited a moderate
organic matter abundance, satisfactory hydrocarbon generation
potential and wide-covering sedimentary characteristics. The source
rock was mainly developed in the TST and HST of sequence SIII2 and
the TST of sequence SIII3. The source rock comprised a lagoon tidal
flat and lower delta plain deposit. The CMG reservoir forming
characteristics, such as source reservoir dependency, reservoir cap
interaction, and multiple seals, yield a complex gas-water distribution
relationship in coal measures, and multifluid pressurized systems are
often developed vertically (Yang et al., 2021). Figure 2 shows that each
gas-bearing interval was stably developed. There occurred lagoon
facies of the Taiyuan Formation and thick fine sediments of the
interdistributary bay of the Shanxi Formation between the
intervals, which could be regarded as regional cap rocks and were
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Mechanical parameters of shale rock in the Taiyuan Formation of Wells Zg18, Zg22, Zg26 and Cql6, including tensile strength (A), compressive strength

(B), elastic modulus (C) and Poisson's ratio (D).

relatively independent gas-bearing units. The siderite mudstone layer
was characterized by a low porosity and permeability and high
breakthrough pressure. As a key layer of water and gas resistance
developed near the most extensive flooding surface, it formed the
boundary of the coal series superimposed gas-bearing system (Shen
et al, 2017). The main Carboniferous-Permian SG layers in western
Shandong generally contain siderite (Zhang et al, 2020). The
distribution of the siderite mudstone layer plays an important role
in the development of independent gas-bearing units.

The discovery of carbonate gas indicates that the marine limestone
marker bed is a reservoir rather than a gas barrier. Due to the influence
of multistage transgression, for example, coal-measure limestone can
develop into a suitable reservoir with many fractures/fractures or even
karst caves, which can form a carbonate gas reservoir after receiving
external CMG (Fu, 2018; Shi et al., 2020). The Taiyuan Formation in
this area contains multiple well-developed marine marker beds with
well-developed fractures and a certain gas storage space. The gas
logging data for Wells Zgl8, Zg22 and Zg26 indicated gas logging
anomalies in the L2, L3 and L5 limestone marker beds, which were
mainly caused by the migration of received near-source CMG.

The Ordos Basin and Bohai Bay Basin generally develop
weathering crust karst reservoir paleogeomorphic gas reservoirs
atop the Ordovician System, forming a reservoir cap combined
with the bauxite mudstone of the Benxi Formation (Liang et al,
2016; Chi et al,, 2021). There are many cases of high-angle normal
faults cutting the Ordovician limestone roof in the study area. Against
the structural background of the regional gentle monocline and NW-
trending stepped normal faults, deep CMG migrates vertically and
laterally along the fault to the top of the Ordovician to form near-
source gas reservoirs. The sandstone reservoirs in the study area
mainly include tidal flat facies sand bodies of the Taiyuan
Formation, distributary channel sand bodies of the Shanxi
Formation and fluvial facies of the Shihezi Formation. The sand
bodies exhibited favorable and high
heterogeneity. They were superimposed and inlaid in the coal

physical  properties
measures during many periods. The vertical thickness was large,
and they provided the basis for the development of large areas of
multilayer high-quality reservoirs. Under the condition of satisfactory
wall rock capping, coal measures are mostly developed in low-
abundance gas field areas with notable small-scale segmentation
and a large number of gas reservoirs (Li et al., 2021). At present,
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only shallow tight sandstone gas has been found in the Taiyuan
Formation in the southern part of the study area. It is believed that
with the further development of deep exploration in the north, CMG
originating from magmatic rocks, fault systems, microfractures and
hydrodynamic transport systems can be found in the sand bodies of
the Shanxi Formation and Shihezi Formation. Therefore, the deep
Ordovician top boundary weathering crust, Shanxi Formation and
Shihezi Formation sand bodies in the study area should be the focus of
CMG exploration in this area.

4.6 Types of CMG reservoirs

The types of CMG reservoirs can be divided into unconventional
continuous-type (source coalbed gas, source SG and near-source TG) and
conventional trap-type reservoirs (Zou et al,, 2019). Gas reservoirs often
repeatedly overlap, and there are multiple types of gas reservoir
combinations (Zhu et al, 2016). At present, Carboniferous-Permian
CMG reservoirs are found in the southern part of the study area and
are mainly near-source and source reservoirs. Due to the relatively large
burial depth of the main hydrocarbon source rocks in the northern part of
the study area, no targeted drilling has been performed. However,
according to the current geological understanding, it is believed that
there exists a higher possibility of remote source gas reservoirs or
conventional trap-type gas reservoirs in the north. Coal seams are
prone to vertical migration due to the presence of numerous
developed vertical fractures. Moreover, shale fractures are not
developed, the bedding direction permeability is obviously higher than
the vertical direction permeability, and lateral migration easily occurs.
CMG mainly undergoes rapid overpressure flow migration driven by
hydrocarbon generation pressurization and molecular diffusion flow
migration driven by the hydrocarbon concentration gradient under the
effect of the residual pressure difference with the source reservoir.

According to the spatial combination type of source, reservoir and
cap rock, the CMG reservoirs in the Huanghebei Coalfield can be
divided into three types (Figure 8), namely, heterogeneous gas
reservoirs, self-sourced gas self-
sourced+heterogeneous near-source superimposed gas reservoirs.

reservoirs and
The Shanxi Formation mainly contains SG reservoirs, namely, self-
sourced gas reservoirs. There are many types of gas reservoir
combinations in the Taiyuan Formation, including coalbed gas, SG,
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TABLE 4 Analysis results of the CBM content in each coal seam.

Total gas CH,4 concentration Gas composition (%) Langmuir volume (m>/t) Langmuir Reservoir Pressure gradient Gas Permeability R, (%)
content (m3/t) (m3/t) pressure (MPa) pressure (MPa) (MPa/100 m) saturation (%) (mD)
Co, Air dried Dry ash free
basis base

4 6.44 (1) 124 (1) 2173 (1) 0.15 (1) 73.46 (1) - — - — - — — _
5 842 (1) 3.84 (1) 5820 (1) 6.65 (1) 3330 (1) — — — — — — 0.78-2.26/
1.08 (6)
7 0.32-12.99/6.32 (8) 0.23-10.55/5.05 (8) 5.47-95.68/ 0.58-10.03/ 1.05-90.70/ 24.81-28.22/ 34.93-37.40/ 3.26-3.51/3.34 (3) 0.49-5.52/3.00 (2) 0.10-0.97/0.54 (2) 26-73 0.30-5.56/2.93 (2) 0.66-3.72/
56.13 (8) 3.84 (8) 39.88 (8) 2621 (3) 36.11 (3) 1.28 (38)
10 0.35-16.54/6.76 (10) 0.12-16.29/5.77 (10) 9.86-98.58/ 0.40-16.66/ 0.40-73.48/ 29.46-30.57/ 37.12-38.17/ 3.04-3.40/3.22 (2) 420 (1) 0.80 (1) 59 0.53 (1) 0.61-4.52/
63.15 (10) 420 (10) 3253 (10) 3002 (2) 37.65 (2) 151 (42)
11 0.35-4.55/2.01 (3) 0.11-1.09/0.54 (3) 32.82-39.92/ 0.47-4.23/ 54.00-66.70/ 19.09 (1) 21.94 (1) 592 (1) — — — — 0.62-6.35/
36.57 (3) 244 (3) 59.83 (3) 222 (69)
13 0.13-6.73/1.78 (11) 0.03-3.66/1.19 (11) 0.64-76.07/ 0.16-16.20/ 4.90-96.48/ 25.19-29.33/ 32.13-40.87/ 4.03-4.21/4.13 (2) 6.02-7.04/6.46 (3) 0.85-0.93/0.89 (2) 1-4 0.12-6.35/3.36 (3) 0.62-5.87/
35.28 (11) 6.18 (11) 5521 (11) 26.97 (2) 36.05 (2) 1.49 (117)

CBM, content analysis was conducted for Well Cq16 at the No. 4,5, 7, 10, 11 and 13 coal seams, for Well Zg18 at the No. 7, 10 and 13 coal seams, for Well Zg22 at the No. 7, 10 and 11 coal seams, and for Well Zg26 at the No. 7, 10, 11 and 13 coal seams. Isothermal adsorption
tests were carried out for nine layers of coal in Wells Zg18, Zg22 and Zg26, and injection/pressure drop tests were carried out for six layers of coal. In addition, the following data were obtained from the previous exploration report: six vitrinite reflectance values for the No.
5 coal seam, 4 gas contents and 35 vitrinite reflectance values for the No. 7 coal seam, 6 gas contents and 40 vitrinite reflectance values for the No. 10 coal seam, 68 vitrinite reflectance values for the No. 11 coal seam, and 8 gas contents and 114 vitrinite reflectance values for the
No. 13 coal seam. Similar data structure 0.32-12.99/6.32 (8) represented min-max/average (number of data).
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Linear relationship between the SG and TOC contents in the western Shandong coal-bearing area Li et al,, 2021.
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Three types of CMG reservoirs, namely, other-source gas reservoirs (A), self-sourced gas reservoirs (B) and self-sourced+other-source near-source

superimposed gas reservoirs (C).

tight sandstone gas, carbonate rock gas and magmatic rock gas
reservoirs. Self-sourced gas reservoirs and self-sourced+other-
source near-source gas reservoirs dominate, followed by other-
source gas reservoirs. Among them, self-sourced gas reservoirs and
self-sourced+other-source near-source gas reservoirs exhibit the
highest gas content and the most obvious gas logging anomalies.

(1) Type I: Other-source gas reservoir.

This type of gas reservoir contains independent magmatic rock gas
and carbonate rock gas units (I1-12), which is mainly a fracture-type
reservoir, and the gas source encompasses near-source coalbed gas and
SG. Deep natural gas vertically and laterally migrated and accumulated
in the fractures of limestone and magmatic rock and was sealed by the
overlying thick fine sediment for preservation. The abnormal section
of limestone gas logging was obviously wider than that of magmatic
rock, indicating that the reservoir space was more notably developed.

Frontiers in Earth Science

(2) Type II: Self-sourced gas reservoir.

This type of gas reservoir mainly exists independently or in combination
with CBM and SG reservoirs and can be divided into three combinations
(I11-113). In combination 113, CBM mainly migrates vertically into the SG
reservoir, and the overall gas content gradually decreases from the center of
the coal seam toward the shale at the top and bottom.

(3) Type IIL
superimposed gas reservoir.

CBM, SG, TG and carbonate rock gas reservoirs overlap, and there
are six combinations (IIT1-1II6). CBM mainly play the role of vertical

Self-sourced + other-source near-source

interbed migration paths, supplying gas to adjacent limestone and
tight sandstone reservoirs. SG is mainly transported along transverse
layers to balance the gas energy.

Figure 2 shows that when the roof and floor of the coal seam solely
comprise shale or silty mudstone, the overpressure peak pointing
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TABLE 5 Overview of CBM resources.

10.3389/feart.2023.1104418

Coal seam Medium-rank CBM (108 m3) High-rank CBM (102 m3) Total (108 m3)
5 36.19 6.70 42.89
7 39.48 5.67 45.15
10 34.08 476 38.84
13 6.82 419 11.01
Total 116,57 2132 137.89
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FIGURE 9
Distribution of shale thickness, TOC, maturity and favorable areas in the Shanxi Formation and Taiyuan Formation.

TABLE 6 Reference standard for SG area selection in the Huanghebei Coalfield.

Constituency Thickness of the  TOC (%) Ro (%) Surface Preservation Magmatic rock
shale series conditions conditions development
Favorable area Ratio of the effective Average Type II 500 ~ 4500 Preferably Medium structure, Close to the target
shale series to the not less kerogen >0.9%; continuous stratigraphic | stratum series, without
stratum thickness: >60%; = than 2.0% Type III development, and a intruding into the
the thickness of a single kerogen >0.7% traceable correlation effective rock stratum
layer mudstone: >6 m;
and the continuous
thickness: 230 m
Prospective area No requirement Average Not less than 0.4% | 100 ~ 4500 Preferably There is development and a No requirement
not less certain distribution of
than 0.5% regional shale series, with
general preservation
conditions

phenomenon easily occurs, such as in the II3 and III2 combinations.  of shale, which plays a role in inhibiting and preventing the escape of
shale hydrocarbons, and the shale sealing capacity is notable. Self-

generated gas can mitigate the concentration sealing effect of CBM

The reason is that when the coal seam and shale function as cap rocks,
the hydrocarbon generation capacity of the coal seam is better than that
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migration (Zhu et al,, 2016). When the top or bottom of the coal seam
comprises limestone, the limestone provides poor porosity and
permeability conditions, but fissures are relatively well developed,
CBM escapes into the limestone under the sealing effect of mudstone,
and the peak amplitude of the coal seam is reduced to a certain extent. The
shale limits the gas escape process due to the high hydrocarbon generation
intensity of the coal seam, such as the III1, III3, and III4 combinations.
When the roof of the coal seam comprises argillaceous shale or silty
mudstone and the floor comprises fine sandstone, as CBM can diffuse
along the underlying stratum through fine sandstone with relatively
favorable porosity and permeability conditions, the amplitude of the
CBM peak is reduced to a certain extent, such as the III5 combination.
When the roof of the coal seam comprises fine sandstone, due to the poor
sealing conditions of the fine sandstone, the peak pointing phenomenon
of CBM is not obvious. For example, in combination III6, CBM at the
bottom escapes into the fine sandstone to form tight sandstone gas. At the
same time, CBM enters the overlying shale and coalbed through the fine
sandstone migration medium, thus enhancing the peak pointing
phenomenon of overpressure in the upper coal seam. In general, the
interbedded combination of coal seams and shale is the most conducive to
CMG preservation, and the overall gas content is high.

5 Resources and evaluation of the CMG
accumulation system

The No. 5,7, 10 and 13 coal seams are the main CBM reservoirs in
this area and are also the target reservoirs in this paper. According to
the regulation of coalbed methane reserve estimation (DZ/T 0216-
2020), the methods for estimating CBM resources are the volume
method and analogy method. The volume method is the basic method
for estimating the geological reserves of CBM, which is applicable to
the calculation of CBM reserves at all levels. Its accuracy depends on
the understanding of the extent of block exploration, geological
conditions and reservoir conditions. The analogy method is mainly
based on comparison of the geological parameters and engineering
parameters of the developed CBM fields or adjacent CBM fields and is
often used when the exploration degree of the block is low. Therefore,
the volume method is used to estimate the CBM resource quantity.
The estimation formula is

G; = 0.01AhDC oy (1)

where G; is the geological reserves of coalbed methane, 108 m3; A is
the coal seam gas bearing area, km?; h is the net thickness of the
coal seam, m; D is the apparent density of coal on an air-dried
basis, t/m® and C,4 is the air content of coal on an air-dried
basis, m®/t.

The shallow area with an elevation of -500 m belongs to the wind
oxidation zone, and the resource quantity is thus not estimated. Based
on the data of 569 coalfield boreholes and 4 CBM boreholes in
20 exploration areas within the Huanghebei Coalfield and relevant
test data, the CBM resource quantity at an elevation ranging from
approximately —500 to —2000 m was evaluated using the volume
method (Table 5). The estimated area was 2267 km?, the initial
thickness of the coal seam was 0.50 m, and the initial standard of
the CBM content was 1 m?/t (air-dried basis). The CBM resources of
the No. 5, 7, 10 and 13 coal seams amounted to 42.89 x 10° m?, 45.15 x
10° m?, 38.84 x 10°m’ and 11.01 x 10° m’, respectively, with total
resources of 137.89 x 10° m>. Among them, the resource amount of
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medium-rank CBM was 116.57 x 10°m?, and the high-rank CBM
resource amount reached 21.32 x 10° m’.

To reflect the current situation of SG resource exploration in
the study area more accurately, based on Zhang et al’s (2012)
optimal conditions for favorable and prospective areas of SG in
China, the criteria for the selection of favorable areas were adjusted
according to the control degree in this SG survey. Please refer to
Table 6 for specific criteria for area selection. As such, favorable
and prospective areas for the development of SG resources in the
Carboniferous-Permian system could be identified in the
Huanghebei Coalfield (Figure 9). According to the standard for
shale gas resources and reserves estimation (DZ/T 0254-2020), the
analogy method, volumetric method and volumetric method can be
used for shale gas resource estimation. Different from the other two
methods, the analogy method is applicable to the estimation unit
without measured gas content and gas saturation data. If the shale
section does not contain crude oil, the volume method can be used
to estimate the total shale gas resources.

Q=0.014,hp C; )

where Q is the total resources, 10° m* A, is the gas bearing area, km?; h
is the effective thickness, m; pyis the shale mass density, t/m? and C, is
the total gas content in the shale interval, m*/t.

Since the measured total shale gas content in the area is limited, the
total shale gas content in each block can be estimated using TOC data
through the linear relationship model of shale gas content and TOC
content (Figure 7). The total amount of SG resources was estimated at
2100.45x10° m®> via the volumetric method. Among them, the
resource amount in the favorable area reached 1075.77x10° m?
with a resource amount of 1024.68x10° m® in the prospective area.

6 Conclusion

Based on source reservoir geochemical characteristics, reservoir cap
physical properties and gas-bearing properties, the reservoir-forming
effect of the CMG accumulation system in the Huanghebei Coalfield
was analyzed, and the potential of CMG resources was evaluated. The
following three main conclusions could be obtained:

(1) The CMG source rocks mainly included the shale and coal
seams of the Taiyuan Formation and Shanxi Formation,
providing a favorable material basis for CMG enrichment.
The coal seams were mainly mature to highly mature coal
seams, with a satisfactory hydrocarbon generation potential.
They low-porosity,
underpressurized and undersaturated reservoirs. The N,

belonged to low-permeability,
content among the CBM components greatly affected by
faults, magma and other transport systems exceeded the
CH, content. The shale organic matter was mainly Type II,
with a moderate organic matter abundance. The material
reached the stage, provided
satisfactory hydrocarbon generation potential, belonged to a

middle-to  high-maturity

low-porosity and low-permeability reservoir, and exhibited
favorable fracturing properties.

(2) Asregional caprocks, the thick fine sediments of the lagoon facies
of the Taiyuan Formation and the interdistributary bay of the
Shanxi Formation, combined with the sideritic mudstone of the
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key gas barrier, created several stable and independent gas-bearing
systems. The combination types of CMG reservoirs mainly
self-
sourced-+heterogeneous near-source gas reservoirs, followed by

included self-sourced  gas reservoirs and
heterogeneous gas reservoirs. CBM and SG play vertical and
horizontal regulatory roles, respectively. Sand bodies, magmatic
rocks, fault systems, microfractures and hydrodynamic forces, as
macroscale transport systems, expand the development space of
heterogeneous gas reservoirs.

(3) CMG in the Huanghebei Coalfield mainly includes SG,
coalbed gas and a small amount of tight sandstone gas,
carbonate rock gas and magmatic rock gas. The SG and

and the CBM resource

amount is 137.89 x 10°m?>, while the coal SG resource
amount reaches 2100.45 x 10° m>.

CBM resources are abundant,
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