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Abstract: Pore-fractures network play a key role in coalbed methane (CBM) accumulation
and production, while the impacts of coal facies on the pore-fractures network performance
are still poorly understood. In this work, the research on the pore-fracture occurrence of 38
collected coals from Sangjiang-Muling coal-bearing basins with multiple techniques
including mercury intrusion porosimetry (MIP), micro-organic quantitative analysis, and
optic microscopy, and its variation controlling of coal face were studied. The MIP curves of
38 selected coals indicating pore structures were subdivided into three typical types
including type I of predominant micropores, type II of predominant micropores and
macropores with good connectivity and type III of predominant micropores and
macropores with poor connectivity. For coal facies, there are three various coal facies were
distinguished, which include lake shore coastal wet forest swamp, the upper delta plain wet
forest swamp, tidal flat wet forest swamp with Q-cluster analysis and tissue preservation
index - gelification index (TPI-GI) and Wood index - groundwater influence index (WI -GWI).
The results show there is positive relationship between tissue preservation index (TPI), wood
index (WI) and mesopores (102nm-10°nm), while a negative relationship between TPI, WI
and macropores/fractures. In addition, groundwater level fluctuations can control the
development of type C and D fractures, and the frequency of type C and D fractures shows
an ascending trend with increasing GWI, which may be caused by the mineral hydration of
the coal. Finally, from the perspective of the pore-fractures occurrence in CBM reservoirs, the
wet forest swamp of upper delta plain is considered to be the optimization areas for
Sanjiang-Mulinghe coal-bearing basins by a comparative study of various coal facies.
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1. Introduction

Coal is the source rock and reservoir for coalbed methane (CBM) [1]. The growing
emphasis on CBM in many countries including China, United States and Australia recent
years since its beneficial to safety production of mine, greenhouse gas reduction and great
economic value as a form of clean unconventional natural gas resource[2-6]. Currently, high
costs and low production rate are two key factors influencing CBM commercial development
[7]. The dual pore-fracture system of CBM reservoir can provide CBM enrichment space and
the channel for the gas adsorption, diffusion and seepage. The fracture is made up of
micro-fracture and macro-fracture, the former is the bridge of pores and macro-fractures,
macro-fracture is the pathway for CBM flow from coal reservoirs to wellbores [8-10]. Hence,
evaluating pore-fracture is important to acquire high abundance CBM reservoir and high
productivity reservoir.

Discrepancy in pore-fracture characteristics caused the different CBM reservoir
permeability, porosity, and the capacity of gas adsorption. In this work, the combined pore
size classification will be adopted, which is classified as micropores (<10 nm), transition pores
(10 nm - 10> nm), mesopore (102 nm - 10°nm), macropores (10° nm - 10* nm), and super
pores/microfractures (over 10* nm) [11,12], the content of micropores and transition pores
represent adsorption capacity of CBM in the coal reservoir, the higher the proportion of
micropores and transition pores, the stronger adsorption capacity [12]. Pore-fracture may also
greatly affect the interaction between pore-fracture and gas-liquid molecules. Micropores and
mesopores has great affinity with certain gases (e.g., CO2, CHa,) because of its extremely large
internal surface area and large quantities of gas is adsorbed on the surface of pore in the
adsorbed state[12-14]. Pervious scholars suggested that the matrix permeability is controlled
by pore size distribution and the connectivity between pores and fractures, N2 BET surface
area should be influenced by the mesopores structure [15,16]. For natural fractural factures,
the hydraulic fracturing is an effective way to enhance CBM recovery by increasing the width
and length of the natural fractures and improving the connectivity among the natural
fractures [17,18].

Factors influencing pore-fracture of CBM reservoir through the coalification on
pore-fracture characteristics has been limited investigated by using MIP and gas adsorption,
which show that positive correlations exist between micropores, transition pores, porosity
and the coal rank [19]. And the structural stress also had a significant impact on porosity and
connectivity of pores as confirmed by atomic force microscopy [20]. However, a few studies
have focused on the relationship between coal facies and pore-fracture characteristics, which
refer to the primary genetic types, organic petrology, sedimentology, organic geochemistry
[21-23].

In this work, firstly, the pore-fracture structure characteristics were investigated with
MIP, optic microscopy to coal samples from Sanjiang-Mulinghe coal-bearing basins. Then
three coal facies were identified using Q-cluster analysis, TPI-GI, WI -GWI diagram, and the
relationship between pores, fractures of coal and coal facies were established. Finally, a new
approach predicting favorable areas of CBM reservoir from the perspective of coal facies was
proposed.

2. Experiments and methods

2.1. Geological background, sampling and coal analyses

Sanjiang-Mulinghe coal-bearing basins are located in Norheast China, which contain Boli
basin, Suibin sag, Hegang basin, Jixi basin and Hulin coal-bearing Basin with abundant CBM
resources. Sanjiang-Mulinghe coal-bearing basins have experienced multi-stage tectonics
including the middle and late stages of Yanshanian and Himalayan movements in the
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evolution of the coal-bearing basins, N-S direction Jiaying Fault to the west, the S-N direction
Dahezhen Fault to the east, and the N-E direction Dunmi Fault to the southeast are main faults
of Sanjiang-Mulinghe coal-bearing basins as shown in Figure 1 [24]. Chengzihe and
Qihulin-Yunshan Formations are main coal-bearing strata in this area and formed at the same
stage with more than 100 coal seams, thickness of coal lines range between 0.6-2.0 m. The
Chengzihe Formation is mainly composed tufa, mudstone, sandstone, and coal seams, in
which coal seam about 70 coal seams are available with minable thicknesses less than 29.5 m.
The peat mires of these coal-bearing strata developed mainly in the lagoon-gulf and delta

plain [8].
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Figure 1. Sampling location of Sanjiang-Mulinghe coal-bearing basins, Northeast China

A total of 38 coal samples were collected from the working faces of Jixi and Boli basin
(Figure 1) for coal lithotype analysis, mercury porosimetry, counting microfractures with
photometer microscopy. Maximum vitrinite reflectance (Ro, max) and maceral analyses was
carried out on polished slabs of approximately 30 x 30 mm? in reflected optical light with a
Leitz MPV-3 photometer microscope, following China standard GB/T 6948-2008 and GB/T
8899-1998, respectively [25, 26]. Almost these samples are medium volatile bituminous ranks.
Proximate analyses were also measured to obtain the percentage of moisture content
(air-dried basis), ash yield (air-dried basis), hydrogen content (air-dried basis) and fixed
carbon (air-dried basis) based on the Chinese National standards GB/T 30732-2014 (Table 1)
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Table 1. Proximate analysis and micro-fracture analysis of selected coals from Sanjiang-Mulinghe coal-bearing basins

Coal composition

Proximate analysis

Micro-fractures (per 9cm?)

Sample No. Ro,m%
A% I E M C,ad H,ad M,ad A,ad A B C D Total

NE1 0.49 77.5 8.5 13.6 0.4 70.94 4.87 2.06 10.85 0 0 3 16 19
NE7 0.61 78.3 10.3 11.1 0.3 74.88 7.76 1.48 9.81 2 2 18 52 74
NE10 0.77 76.8 17.5 4.8 0.9 71.6 4.5 1.43 13.42 0o 1 29 119 149
NE6 0.8 73.7 19.6 6.2 0.5 82.21 4.86 0.86 441 0 2 19 32 53
NE11 0.81 75.9 5.6 18.2 0.3 76.28 5.05 1.02 10.14 0 2 26 63 91

NE26 0.83 93.6 4.8 1.2 0.4 65.1 4.01 1.18 22.03 % * * *

NE18 0.87 89.2 1.3 7.5 2 57.48 3.88 1.16 30.67 0o 1 29 21 51

NE19 0.9 34 62.7 1.7 1.6 71.5 4.04 0.72 18 0 3 24 213 240
NE14 0.95 79.7 19.1 0.7 0.5 67.5 3.75 0.92 21.81 0 0 6 67 73
NE13 1.05 771 15.9 7 0 75.78 4.4 0.77 12.72 0 2 15 51 68
NE12 1.14 81.5 16.1 1.5 0.9 74.27 4.0 0.9 15.3 0 0 14 25 39
NE5 1.4 94.7 2 0 3.3 64.58 3.48 0.65 27.54 0 0 15 35 50
NE3 1.6 90.5 6.4 0 3.1 85.14 3.42 0.18 7.54 0 3 49 312 364

* = No data; Ro,m = mean maximum vitrinite reflectance under oil immersion. V = vitrinite; [ = inertinite; E = exinite; M= minerals; C, ad =carbon (air-dried basis); H, ad =

hydrogen (air-dried basis); M, ad = moisture (air-dried basis); A, ad = ash (air-dried basis); Type of microfractures includes A (W)=5 um and L 210 mm), B(W2=5umand L <

10 mm), C (W <5 um and L 2300 um) and D (W <5 pum and L <300 pm).
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2.3. Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) experiment is the most commonly used method
for analyzing the pore characteristics of the porous medium, including porosity, pore
structure, pore connectivity and pore compression coefficient. Compared with the gas
adsorption method, a more comprehensive range of pore sizes could be measured with MIP,
including pore characteristics of mesopore and macropore that cannot be measured by the
gas adsorption method. During the MIP experiment, the higher the pressure of mercury
injection, the smaller the measured pore size.

Washburn equation [27], can be adopted to obtain pore radius, as follows:

20cos6

Tmax = — Pr 1)

Where P; is mercury injection pressure, MPa; ¢ is surface tension, set to be 0.48 J/m?; 6
is the contact angle between mercury and coal, set to be 141°; 1,,,, is the maximum capillary
radius, pum. Thus, the equation could be substituted:

0.746
Tmax = Pr (2)

2.4. Microfractures statistics by optical microscope

The microfractures of coal refer to fracture with the width at the micron scale, which
links pores and cleats of coal and plays a crucial role in CBM extraction [28]. The
microfractures of coal were counted by LABORLXE 12 POL optical microscope and coal
samples processing procedures are the same as presented in our previous work [29]. The
microfractures could be divided into four types based on their width (W) and length (L) in
this work [30]: type A (W 25 um and L =2 10 mm), type B (W =25 pm and L < 10 mm), type C
(W <5 pm and L > 300 pm) and type D (W <5 um and L <300 um).

The microfracture frequency of coal could be determined quantitatively with the optical
microscope, which is defined as the total microfracture number within 9 c¢m? (fracture
frequency with per 9 cm?). The microfractures morphologies involving dendritic, filamentous,

orthogonal and X-shaped, and connectivity of also can be acquired.

2.5. Coal facies identification

Coal petrology characteristics are an essential sign of paleo-environmental conditions,
maceral composition and content depend on the plant species and their composition of the
swamp water to a large extent. Previous research have developed four coal maceral indexes,
including tissue preservation index (TPI), gelification index (GI), wood index (WI),
groundwater index (GWI), to reveal information on coal-forming plants, swamp water
condition, and sedimentary environment during coalification and classify coal facies [19, 31].

TPI is the percentage of tissue degradation on wood in coal-forming plants, reflecting the
intensity of microbiological deterioration and demonstrating the PH wvalue in the
environment. Generally, a low PH-value environment corresponds to a high TPI value, which
can better preserve the plant tissues because the weaker microbial activity leads to weak
biochemical degradation in this environment. Meanwhile, the TPI is also an essential
parameter of the proportion of woody plants in the paleo-environmental.GI represents the
ratio between gelation components and nongelation components reflecting water table in the
peat mire and the degree of gelification. The higher GI, the greater the gelification and the

5


https://www.youdao.com/w/content/#keyfrom=E2Ctranslation
https://doi.org/10.3390/en13051196

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 January 2020

wetter the peat mire. WI was first proposed to characterize as coal-forming vegetation and
the degree of plant preservation[32]. The GWI implies the intensity of rheotropic conditions
as a ratio of the gelification and mineral matter contents in coal during the period of peat
accumulation. A higher GWI value indicates a higher mineral content and higher water levels,
which means that peat mire is rheotropic. A combined classification from pervious scholars
for coal facies is used in this study [19,31]: dry forest swamp (0<GI <1 and TPI>1), wet forest
swamp (GI>1 and TPI >1), rheotropic environment (GWI>1), mesotrophic environment
(0.5<GWI<1), ombrotrophic environment (GWI>1).
The four facies indexes could be calculated by the following formulas [19]:

Telinite + Collotelinite + Semifusinite + Fusinite

TPI = — — — (©)
Collodetrinite + Macrinite + Inertodetrinite
Vitrinite + Macrinite
GI= ——— — — (4)
Semifusinite + Fusinite + Inertodetrinite
Telinite + Collotelinite
WI= —— — ©)
Collodetrinite + Vitrodetrinite
Gelinite + Corpogelinite + Minerals + Vitrodetrinite
GWI= (6)

Telinite + Collotelinite + Collodetrinite

3. Results and discussion

3.1. Pore characteristics

In the MIP experiment, different mercury intrusion and extrusion curves illustrate the
connectivity, pore size, and distribution of coal reservoirs [33]. Pores characteristics of various
coal samples with MIP are presented in Table 2. The porosity and the total pore volume are
1-7% and 8.23 - 11.7 cm?, respectively. Pore-throat diameters vary from 0.03 um - 0.36 pm and
the corresponding average pore-throat diameter is 0.116 um. Figure 2 presents the significant
heterogeneity in pore size distribution (PSD), the proportion of micropores and transition
pores (<100 nm) for most coal samples are higher than mesopore and super
pores/microfractures except sample NE12 and sample NE38. The average percentage of pores
with diameters less than 100 nm is 68.25%, the pores with diameters larger than 100 nm

account for 31.75%.
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Figure 2. The pore volume distribution of selected coals from Sanjiang-Mulinghe coal-bearing
basins

Three types of mercury injection curves were classified of 14 coal samples as shown in
Table 2. Type [ isrepresented by sample NE14 as shown in Figure 3a, the mercury injection
curve is divided into two distinct stages, including rapid rise stage and smooth curve stage,
the rapid rise stage in low-pressure condition indicates that with the increment of
pressure, mercury is difficult inject into pore of coal, when pressure increase from 0 MPa to 1
MPa, the mercury volume saturation shows less change with rising from 0 to 20% after the
pressure greater than 1 MPa, the mercury injection is relatively stable and the injection curve
is relatively smooth. This type of mercury injection curve has high mercury saturation and
high efficiency of mercury withdrawal with 80% and 81.25% respectively, which indicates
micropores and transition pores are dominated based on Equation (1), meanwhile, the pores
are well connected due to the high efficiency of mercury withdrawal. Type II is represented
by sample NE9 with three stages—straight-line stage, rapid rise stage and smooth curve stage
as shown in Figure 3b; for this type, the proportion of adsorption-pores which calculated by
MIP are nearly 63.12%, and macropores and microfractures are better developed than type 1.
Obviously, mercury injection curve for type Il has four stages, including rapid rise stage,
platform stage, rapid rise stage and smooth curve stage. Additionally, mercury intrusion
saturation over 90% and the extrusion of mercury saturation is relatively low, only 32.1%,
which indicates the pores are not well connected. There are two rapid rise stages so that
micropores and transition pores are not well developed, at only 40.42% and two peaks of pore
size distribution could be found in Figure 3c.
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Table 2. Pore analysis and mercury porosimetry results of the selected coal samples

Smaple Porosity Pore volume distribution (%)
IMS (%) EMS (%) PTM (pm) Total volume (cm?) Type of IMC
No. (%) V1 V2 V3
NE1 1.8 64.9 26.869 0.12 10.26 72.07 21.2 6.73 I
NE 3 1 68.82 16.41 0.06 10.69 79.8 13.12 7.08 I
NE 4 1 70.69 18.16 0.1 11.7 73.72 18.02 8.27 I
NE 6 1.4 69.31 14.55 0.1 8.23 78.48 14.15 7.37 I
NE 7 1.7 84.02 39.23 0.07 9.58 53.21 13.03 33.76 I
NE 9 49 60.89 39.95 0.07 10.53 63.12 11.2 25.68 I
NE 10 3.3 52.23 25.13 0.17 10.66 75.81 14.72 947 I
NE 11 1.9 70.83 19.32 0.12 8.06 73.49 20.66 5.85 I
NE 12 3.2 83.02 55.38 0.03 11 48.44 8.75 42.81 I
NE 13 2.7 56.93 28.94 0.04 9.62 72.86 9.02 18.12 I
NE 14 1.5 63.65 16.01 0.06 10.29 79.31 12.53 8.16 I
NE 16 4.2 66.38 40.31 0.36 10.64 65.32 23.64 11.05 I
NE 19 1.8 34.99 20.87 0.11 10.57 74.28 17.32 8.4 I
NE 38 3.3 91.86 62.37 0.16 10.23 40.24 29.26 30.46 I

IMS = Injection of mercury saturation (%); EMS = Extrusion of mercury saturation (%); PTM=Pore throat mean (um); IMC = Injection of mercury curves; V1= Pore diameter
smaller than 100 nm; V2 = Pore diameter ranges from 102 to 103 nm; V3= Pore diameter ranges larger than 10° nm.
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Figure 3. The pore size and volume distribution of 15 coal samples from Sanjiang-Mulinghe

coal-bearing basins

3.2. Microfracture characteristics

The microfractures frequency and morphology characteristics of different coal samples
are shown in Figure 4 and Table 1. Type D microfractures, are most abundant and display the
best-developed with account for more than 70% of the total microfractures in the
Sanjiang-Mulinghe coal-bearing basins, which has a wide gap of density ranging from 12 to
312 per 9 cm? with an average number of 58.1 per cm?, filamentous, orthogonal and X-shaped
and are the dominant morphology for type D microfracture (Figure 4.). Type C microfractures
are secondly developed with range from 3 to 60 per 9 cm?, with an average number of 19.8 per
9 cm?, while type A and B microfractures are poorly developed with account for less than 2 per
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9 cm?, moreover, some coal samples without developed this kind of fracture (such as sample
NE5, NE6, NE7), which indicates it is different for CBM to migrate from pores to
microfractures and cleats.

Orthogonal, type D

Figure 4. Morphology and frequency of endogenous microfractures observed by optical
microscope (x63). (a)Sample NE19, Dendritic, F=213;(b) Sample NE14, orthogonal, F=67;
(c)Sample NE22, filamentous, F=25;(d) Sample NE4, orthogonal, F=30;(c) Sample NE25,
orthogonal, F=137;(d) Sample NE31, filamentous, F= 61

3.3. Effects of coal facies on pore-fracture performance

3.3.1. Characteristics of coal facies

The results of TPI, GI, WI, and GWI are calculated in Table 3 from the formula in section
2.5, as shown in Table 3, the TPI and GI value in this block is generally more massive than the
previous with TPI range from 0.3 to 47 and Gl range from 1 to 106, which indicates that woody
plants are dominated and plants with high in preservation potential at the
paleo-environmental. Almost all of the samples are located in the wet forest swamp region
with pervious methods in section 2.5. For more detail of coal facies, Q-cluster analysis (farthest
neighbor), and GI-TPI and WI-GWI plate were applied, Q-cluster analysis is a multivariate
statistical analysis method that classifies the objects with the similar relationship of the
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research object. It can classify similar samples based on the observation parameters (TPI, GI,
WI, GWI in this work) of the samples and the degree of similarity between specific calculated
samples [34]. Three various coal facies (coal facies 1, coal facies 2 and coal facies 3) were
distinguished by Q-cluster analysis as shown in Figure 5.
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Figure 5. Dendrogram showing coal facies results of Q-cluster analysis

Combined with the distribution characteristics of coal samples in the GI-TPI diagram
(Figure 6.), the Q-clustering results could be adjusted appropriately on the basis of the
Q-cluster method. The ash content of sample NE26 is significantly higher than other samples
in coal facies 1(Table 1), which reflect severe water dynamic condition and low water table,
thus sample NE26 was reclassified into the coal facies 3.Three types of coal facies could be
denominated as Type I, Type II, and Type III, (Table 3, Figure 6) finally. Three types of coal
facies are the upper delta plain wet forest swamp, lake shore coastal wet forest swamp, tidal
flat wet forest swamp, respectively.

Lakeshore coastal wet forest swamp is characterized by high water level and good tissue
preservation, the dominant source for the peat is herbaceous arborescent assembly of plants in
peat formation, this facies has low TPI (1<TPI<15), low GI (1<GI<25), low WI (1<WI<15) and
low GWI (<0.1). The upper delta plain wet forest swamp is dominated by woody plants with
the high water table and good tissue preservation, high TPI (>15), low GI (1<GI<25), high WI
(>40), low GWI (<0.1).The characteristics of tidal flat wet forest swamp are low water table and
high gelification, in such condition, semi-bright coal and bright coal are the main lithotypes
and the ash content of coal is high with more than 20% due to the tidal action, this facies has
high TPI (>15), high GI (>25), high WI (>40), and low GWI (<0.1).
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Table 3. Coal facies indexes and coal facies type in Sanjiang-Mulinghe coal-bearing basins

Sample Coal face indexes ) Sample Coal face indexes .
Coal facies types Coal facies types
No. TPI GI WI GWI No. TPI Gl WI GWI
NE1 9.9 9.1 13 0.01 Type 1 NE 20 5 13 5 0.04 Type 1
NE2 19.1 25.7 38 0.01 Type 1II NE 21 12 7 14 0.02 Type 1
NE3 13.1 14.1 8.8 0.08 Type 1 NE 22 12 7 22 0.04 Type 1
NE4 12.9 15.8 36 0.03 Type | NE 23 15 83 16 0.06 Type 111
NE5 26.2 47.4 25 0.05 Type III NE 24 23 68 27 0.03 Type III
NE6 7.8 43 10 0.05 Type | NE 25 5 9 7 0.03 Type |
NE7 03 7.6 02 0.04 Type | NE 26 33 20 26 0.03 Type 111
NE 8 3.9 24.7 4.2 0.14 Type 1 NE 27 12 20 16 0.01 Type 1
NE 9 53 7 6.4 0.01 Type | NE 28 9 17 11 0.04 Type 1
NE 10 6 4 9 0.04 Type | NE 29 11 9 17 0.03 Type 1
NE 11 14 14 14 0 Type 1 NE 30 27 106 30 0.01 Type III
NE 12 4 5 7 0.03 Type | NE 31 47 22 56 0.04 Type II
NE 13 4 5 0.02 Type | NE 32 18 9 58 0.09 Type 1I
NE 14 5 4 9 0.02 Type | NE 33 2 2 3 0.04 Type 1
NE 15 6 7 0.03 Type | NE 34 35 52 18 0.04 Type 1II
NE 16 7 4 28 0.05 Type | NE 35 2 3 3 0.14 Type 1
NE 17 19 60 5 0.26 Type III NE 36 8 10 15 0.09 Type 1
NE 18 22 69 33 0.02 Type 111 NE 37 3 6 3 0.01 Type 1
NE 19 7 1 9 0.05 Type 1 NE 38 6 7 0.07 Type I

TPI= Tissue preservation index; GI= Gelification index; WI= Wood index; GWI= Groundwater influence index
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Figure 6. Coal facies interpretation from Sanjiang-Mulinghe coal-bearing basins. (a) GI - TPI,
(b) GWI - WI
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3.3.2. Effects of coal facies on pore development

The paleo-environmental governs the degree of pore development by affecting the
petrographic composition and content of macerals [35]. Zhang et al. studies have found that
the macro- and mesopores are closely correlated to TPI with the R-cluster analysis method,
while there is no data to support the specific relationship between pore and coal facies[20]. As
shown in Figure 7a2, Figure 7a3, Figure 7c2, Figure 7c3, there is obvious relationship between
coal facies and pore development, as the value of TPI and WI increased, the percentage of
micropores and transition pores (<102nm) increases and negative correlation between TPI or
WI and macropores could be observed, while there is no significant correlation between pore
size which between 102 nm and 10% and coal facies index. The origin of macropore, beginning
with the space in residual cell structures of precursor plants or among mineral particles, high
TPI meaning rapid peat accumulation process with short effective time of gelification, plant
cell structures are well preserved, and poorly developed macropores of coal, thus, the
proportion of macropores of coal is highly correlated to the TPI, and TPI could indicate the
seepage characteristics of coal.
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Figure 7. Relationships between the pore size and coal facies index (TPI, GI, WI, GWTI)
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3.3.3. The effects of coal facies on fracture

Figure 8 shows the correlation analysis between coal facies index (GWI) and various
types (Type A, B, C and D) fractures for all coal samples. For type A and type B fractures,
which are slightly developed in the coal samples with a range from 0 to 2 and 0 to 3 per 9 cm?
respectively and these two kinds of types fractures do not have any trend with the GWL
Fracture frequency of Type C and Type D shows a positive relationship as GWI increase, as
shown in Figure 8c, Figure 8d. The GWI reflect flowing capacity as shown in Figure 6b, the
high value of GWI indicates unstable conditions and high groundwater table during the
period of peat accumulation, meanwhile, high GWI indicates high amounts of minerals based
on the formula in section 2.5. Generally, organic matter is more hydrophobic than clay
minerals and other mineral grains [35], hydration has significant impact on fracture developed
in coal reservoir, since mineral would be swelling in reaction to water-based fluid, primary
fracture would expand in with and length, and would create new fractures in hydration,
which makes pore-fractures network more completed and has good connectivity between
pores and fractures [36]. Based on the relationship between GWI and different kinds of
fractures and the effects of hydration on fractures, we can find the hydration of mineral has no
effect on type A and type B fractures and great effect on type A and type B fractures developed

in coal.
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Figure 8. Relationships between the microfractures and coal facies index (GWI). (a)GWI
against type A fractures; (b) GWI against type B fractures; (c) GWI against type C fractures; (d)
GWI against type D fractures

3.4. Prediction of CBM reservoir favorable areas with coal facies
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Adsorption capacity and diffusion/seepage capacity are two key indicators for CBM
reservoir, which would affect the CBM enrichment and production directly [37]. On the above
basis, the percentage of micropores and transition pores related to the TPI and WI, the
frequency of type C and type D increases as GWI is increased. Thus, we consider there is
another function for WI-GWI diagram- favorable areas evaluation in CBM reservoir. The
WI-GWI diagram could be divided into four areas, including ‘strong adsorption, well
connectivity’ area, ‘weak adsorption, well connectivity’ area, ‘weak adsorption, poor
connectivity’ area, and ‘strong adsorption, poor connectivity’ area as shown in Figure 9. By
combining the results of coal facies identification in Section 3.3.1, we found the coal facies of
upper delta plain wet forest swamp is the most favorable area for CBM production with
strong adsorption and well connectivity of coal reservoir and Lake shore coastal wet forest
swamp is not benefit for CBM enrichment and gas migration in the coal reservoir.
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Figure 9. Favorable areas evaluation of CBM reservoir with GWI-WI diagram

4. Conclusions

The pore-fracture structure and coal facies of different coal samples from the
Sanjiang-Mulinghe coal-bearing basins were investigated by MIP, optical microscope, and
Q-cluster analysis. The following conclusions can be made:

1) Micropores and transition (<100 nm) pores are most abundant and display the
best-developed for all coal samples with an average percentage is 68.25%. Three types of
mercury injection curve were classified based on MIP experiment, and type II is good for
CBM flow in the coal reservoir due to the high porosity of macropores and well connectivity of
pores in coal reservoir.

2) Type D microfractures are most abundant and display the best-developed
microfractures with account for more than 70% of the total microfractures. The hydration of
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mineral has little effect on type A and type B fractures, whereas it has great effect on type C
and type D fractures developed in coal.

3) Three types of coal facies were identified based on the Q-cluster analysis, GI-TPI and
GWI-WI diagrams, including lake shore coastal wet forest swamp, the upper delta plain wet
forest swamp, tidal flat wet forest swamp, respectively. There is positive correction between
TPI, WI and micropores, a negative correlation between TPI, WI and macropores/fractures.

4) The WI-GWI diagram also could be used to evaluate favorable areas in CBM
reservoir based on the effects of WI, GWI on pore and fractures characteristics. The upper
delta plain wet forest swamp is optimization of favorable areas of CBM reservoir with strong
adsorption and well connectivity of pores for Sanjiang-Mulinghe coal-bearing basins.
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