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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

trendwith increase in coal rank. For low-ranking coal, cleats contributemore 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 technologiesmay 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 μm and 50 μm 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

power-law relationship in Indonesian coal cleats. Cleat

apertures in the subsurface are smaller than in unstressed

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 μm 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 μm. 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

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:

k � (84.4 × 105)x3

s
, (1)

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 analyses, including vitrinite reflectance

measurements, petrographic composition analysis, mineral

Frontiers in Earth Science frontiersin.org02

Huang et al. 10.3389/feart.2022.1048042

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1048042


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

prepared for vitrinite reflectance determination (with

500 points) and petrographic composition analysis. Chemical

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%.

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 × length 80 mm × 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 × length 1 × thickness 0.5 cm) were also

FIGURE 1
Location of sampled coals.
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TABLE 1 Coal quality data of the sampled coals.

Sample Proximate analysis (wt%, adb) Element analysis (%) Density
103 kg/m3

Mad Ad Vdaf FCad St.d Odaf Cdaf Hdaf Ndaf

SD 13.90 7.69 39.64 47.94 0.79 20.30 73.18 4.48 1.18 1.52

PDS 1.01 6.10 16.63 77.49 0.40 3.40 90.51 4.39 1.27 1.31

QS 1.47 8.51 5.93 84.09 0.39 4.42 90.77 3.74 0.64 1.44

TABLE 2 Petrographic composition data of the sampled coals.

Sample Formation Ro,max % Petrographic analysis (vol.%, mmf)

Vitrinite vol.% Liptinite vol.% Inertinite vol.% Mineral vol.%

SD Middle-lower Jurassic (J2y) 0.56 80 1 7 12

PDS Lower Permian (P1sh) 1.32 74 0 19 7

QS Lower Permian (P1sh) 2.75 93 0 2.0 5

FIGURE 2
Fracture patterns in the coal (revised from Laubach et al., 1998).
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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

magnification of eyepiece 10× and a magnification of objective

lens of 5×, 10×, 20×, 50×, and 100×. Then, with the eyepiece and

the objective lens, a maximum magnification of 1000× 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

FIGURE 3
Prepared oriented coal samples.
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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.T
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FIGURE 4
Cleats and micro-structures in coal.

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(g); (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 activity can produce

hydrothermal fluids, which can result in epigenetic

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

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

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 during

coalification. The coal-bearing basin of North China

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

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,J,

the endo-microfracture is commonly characterized by the

isolated distribution, whereas the exo-microfracture is

characterized by the brittle fracturing appearance such as the

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

development of endo-microfractures. For the endo-

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).

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-foldmagnification 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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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),

extra-crystal micro-fractures (i.e., micro-fractures that

developed in the coal matrix and terminated in the mineral

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

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 coalmaceral 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-

FIGURE 8
Propagation mode of micro-fracture in the coal.
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FIGURE 9
Micro-fractures developed in the coal maceral: (A), vitrinite maceral; (B), inertinite macerals.

FIGURE 10
Cleat aperture distribution for the coals with different ranks: (A–C), low-ranking coal; (D–F), middle-ranking coal; (G–I), high-ranking coal.

Frontiers in Earth Science frontiersin.org12

Huang et al. 10.3389/feart.2022.1048042

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1048042


TABLE 4 Summary of fracture aperture goodness-of-fit statistics of coal with different ranks.

Fracture
type

Coal
sample

Statistical
analysis

Expected aperture (μm) Skewness
(S)

Kurtosis
(K)

Confidence Interval probability Quartile Abundance

Mean Interval PCf
1 PCf

2

Cleat Low-ranking coal x ~ N(μ, σ2) 123.84 71.86–175.82 1.91 6.18 0.95 43.9% 87.1% 206.78 4–7 (5 cm)

Ln(x) ~ N(μ, σ2) 4.12 3.72–4.53 0.28 1.89 0.95 65.5% 90.3% 206.43
��
x

√
~ N(μ, σ2) 9.42 7.42–11.42 1.07 3.30 0.95 53.8% 90.6% 206.78

Middle-ranking coal x ~ N(μ, σ2) 27.30 23.17–31.43 1.64 5.78 0.95 100% 100% 35.23 5–14 (5 cm)

Ln(x) ~ N(μ, σ2) 3.11 2.98–3.25 0.35 2.40 0.95 100% 100% 35.16
��
x

√
~ N(μ, σ2) 4.97 4.62–5.33 0.95 3.44 0.95 100% 100% 35.23

High-ranking coal x ~ N(μ, σ2) 24.32 18.51–30.14 1.96 6.40 0.95 100% 100% 27.78 4–10 (5 cm)

Ln(x) ~ N(μ, σ2) 2.90 2.69–3.10 0.27 2.86 0.95 99.8% 100% 27.66
��
x

√
~ N(μ, σ2) 4.58 4.08–5.09 1.20 4.08 0.95 99.8% 100% 27.77

Micro-fracture Low-ranking coal x ~ N(μ, σ2) 5.38 3.93–6.83 3.58 17.57 0.95 47.6% 99.1% 5.30 3–9 (200 μm)

Ln(x) ~ N(μ, σ2) 1.33 1.14–1.51 0.51 3.63 0.95 63.9% 98.3% 5.30
��
x

√
~ N(μ, σ2) 2.11 1.88–2.34 2.06 8.53 0.95 55.2 99.3% 5.30

Middle-ranking coal x ~ N(μ, σ2) 4.37 3.62–5.11 1.73 6.46 0.95 56.6% 100% 6.10 4–11 (200 μm)

Ln(x) ~ N(μ, σ2) 1.06 0.86–1.27 −0.97 4.55 0.95 70.1% 96.9% 6.10

Ln(x + 1) ~ N(μ, σ2) 1.46 1.34–1.60 0.10 2.62 0.95 69.0% 99.2% 6.10
��
x

√
~ N(μ, σ2) 1.91 1.74–2.08 0.61 3.29 0.95 65.0% 99.8% 6.11

High-ranking coal x ~ N(μ, σ2) 4.22 3.27–5.17 4.08 23.62 0.95 56.1% 100% 5.51 3–7 (200 μm)

Ln(x) ~ N(μ, σ2) 0.97 0.78–1.17 −0.91 5.50 0.95 72.7% 97.3% 5.50

Ln(x + 1) ~ N(μ, σ2) 1.40 1.28–1.52 0.57 3.90 0.95 72.2% 99.3% 5.50
��
x

√
~ N(μ, σ2) 1.83 1.66–2.01 1.68 8.25 0.95 66.7% 99.8% 5.50

For cleats, PCf
1 and PCf

2 are the probability of aperture sizes less than 100 μm and 300 μm, respectively; for micro-fractures, PMf
1 and PMf

2 are the probability of aperture sizes less than 5 μm and 20 μm, 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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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,

vitrinite maceral carries more micro-fractures and

endogenous fractures.

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

Aperture distribution of cleat andmicro-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–I 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

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.
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of the goodness-of-fit statistics model of aperture size distribution

depends on four parameters as the mean value (μ), standard

deviation (σ), kurtosis coefficient (K), and skewness coefficient

(S). For the mean value (μ) and the standard deviation (σ) 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, cleat aperture attributes are further

examined to determine the relationship between cleat aperture

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 μm, 19.69 to 25.79 μm, and 14.73 to 22.19 μm, respectively.

Most cleat apertures are smaller than 300 μm. 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

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 μm

(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(μ, σ2), 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, 64o406, and 22o184mD, respectively. The permeability of

micro-fracture for the low-, middle-, and high-ranking coal are

39–353, 38–275, and 22–134mD, 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

FIGURE 12
Permeability of cleat and micro-fracture for the coals of different ranks based on Weniger et al. (2016).
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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, HCl, and HF at a certain

concentration can be added to the drilling or hydraulic

fracturing fluid to remove the minerals and enhance the

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

275 mD, 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 have better permeability for the

hydrothermal fluids in the geological history, which

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, HCl, 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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