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Abstract: The methods of nuclear magnetic resonance (NMR) spectroscopy, mercury injection porosimetry (MIP), and 

gas-water relative permeability (GWRP) were used to reveal the pore structure and permeability characteristics of high-rank 

coal reservoirs in the Bide-Santang basin, western Guizhou, South China, to provide guidance for coalbed methane (CBM) 

exploration and exploitation and obtain direct insights for the development of CBM wells. The results indicate that the coal 

reservoirs in the study area are characterized by well-developed adsorption pores and poorly developed seepage pores. The 

bimodal NMR transverse relaxation time (T2) spectra and the mutation in the fractal characteristic of the MIP pore volume 

indicate poor connectivity between the adsorption pores and the seepage pores. As a result, the effective porosity is relatively 

low, with an average of 1.70%. The irreducible water saturation of the coal reservoir is relatively high, with an average of 66%, 

leading to a low gas relative permeability under irreducible water saturation. This is the main reason for the low recovery of 

high-rank CBM reservoirs, and effective enhanced CBM recovery technology urgently is needed. As a nondestructive and less 

time-consuming technique, the NMR is a promising method to quantitatively characterize the pores and fractures of coals. 
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1 Introduction 

 Coal is a porous medium system, and the pore structure of coal reservoir determines the capacity of coalbed methane 
(CBM) adsorption and seepage associated with CBM recoverability. Gas-water two-phase relative permeability plays an 
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important role in controlling fluid flow in coal, and hence CBM production. A full understanding of the pore structure 
characteristics and relative permeability of coal reservoirs can provide valuable information for CBM accumulation and 
enhance CBM recovery. Therefore, the pore structure and permeability characterization have become a hot topic in 
unconventional natural gas field. The methods of low-field nuclear magnetic resonance (NMR) spectroscopy and 
mercury injection porosimetry (MIP) have been used widely in the characterization of pore structure of coal reservoirs 
and shale reservoirs (Yao and Liu, 2012; Lu et al., 2018). NMR has been applied successfully to the analysis of 
conventional oil and gas reservoirs, such as clastic rock, carbonate rock, and volcanic rock. In recent years, NMR has 
received growing attention in the field of CBM reservoir characterization and considerable achievements have been made 
involving pore types identification, permeability prediction, and reservoir evaluation (Cai et al., 2013; Xu et al., 2018; 
Zhang et al., 2018; Li et al., 2018; Xu et al., 2018; Liu and Wang, 2018). NMR measurements obtain two transverse 
relaxation time (T2) spectra: one in the irreducible water state and another in the saturated water state. The T2 distribution 
strongly related to the pore structure and can be used to study the pores and fractures of coals and the fluids within them 
(Yao et al., 2010a). In particular, NMR technology has obvious advantages in distinguishing movable and immovable 
fluids, thus it is instructive for effective porosity and permeability of reservoirs.  

CBM production is a process controlled by the gas-water two-phase relative permeability. Thus, gas-water relative 
permeability (GWRP) more practically can reflect the flow behavior of two-phase fluid in coal reservoirs and the 
production performance of CBM wells, which is of great significance to CBM development (Wang et al., 2009; Clarkson 
et al., 2011; Durucan et al., 2013, 2014; Farokhpoor et al., 2014; Zhang et al., 2015; Gerami et al., 2016; Zhang et al., 
2017; Salmachi and Karacan, 2017; Sun et al., 2018). CBM reservoirs in China are characterized by low fluid pressure, 
low permeability, low gas saturation and high heterogeneity. As a result, the characteristics of gas-water two-phase flow 
in coal reservoirs are significantly different from those in other areas, which determines the highly variable CBM 
productivity performance in China. A better understanding of the GWRP of coals will be helpful to evaluate the CBM 
high-yield potential, predict the CBM production, and provide reference for the selection of CBM development 
technology. 

Guizhou Province is considered an important region for CBM development in South China and the Bide-Santang basin 
is one of the most promising blocks, with extremely abundant coal and CBM resources (Qin et al., 2012; Wang et al., 
2016). However, few studies have focused on the pore structure and relative permeability characteristics of coal 
reservoirs in the Bide-Santang basin, leaving the physical properties and development potential of CBM reservoir 
unrevealed. Hence, methods of NMR, MIP, and GWRP have been used to characterize the coal reservoir to provide a 
better understanding of the pore characteristics and relative permeability of the high-rank coal reservoirs in the 
Bide-Santang basin. The purpose of this paper is to provide references for the efficient development of CBM resources in 
western Guizhou and relevant high-rank coal reservoirs. 

 

2 Geological Setting 

 

The Upper Permian coal-bearing strata in western Guizhou possess abundant CBM resources. This area has been a 
hotspot of CBM development and research in China (Qin et al. 2012; Yang et al., 2018). The Bide-Santang basin is 
located in western Guizhou Province and has a total area of 1692 km

2
 and a predicted coal-bearing area of 1000 km

2
 (Fig. 
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1). The Bide-Santang basin contains the Bide, Shuigonghe, Santang, Agong, Zhucang, and Guanzhai coal-bearing 
synclines and numerous stacked coal seams. It is considered to be one of the areas in Guizhou that has CBM ground 
development potential. The stratigraphic units of the research area include the middle Permian Maokou Formation, upper 
Permian Emeishan Basalts, Longtan Formation, Changxing Formation, Lower Triassic Feixianguan Formation, and 
Quaternary System. The Changxing Formation and Longtan Formation contain stacked coal-bearing strata with a total 
formational thickness of 300–450 m. This area contains 35 coal seams, of which 3 to 17 are minable seams. The 
composite thickness of all coal seams ranges from 24.59 to 41.72 m, with an average thickness of 33.15 m, and the total 
thickness of the minable seams ranges from 9.42 to 23.35 m. The coal rank is dominated by anthracite with Ro,max 
between 1.92 and 3.14%, and meager coal only occurs along the western edge of the Bide-Santang basin. The maceral is 
dominated by vitrinite ranging from 81.20 to 88.10% (Table 1). The average gas content of the coal seams is 13.81 cm

3
/g. 

The depositional environment of the coal-bearing strata was a typical sea-land transition in the late Permian. 

Fig. 1. Tectonic sketch map of the Bide-Santang basin with sampling sites. 

 

Table 1 Coal petrography and quality testing results 

Sample 

number 

Sample 

location 

Coal 

seam 

number 

Ro, max 

(%) 

Macerals (%) Industrial analysis (%) 
St, d 

(%) Vitrinite Inertinite 
Clay 

minerals 
Pyrite Mad Vdaf Ad 

1 Bide 2 1.92 87.40 10.20 0.6 1.80 0.965 16.47 12.22 1.25 

2 Zhongling 8 2.80 86.65 11.98 1.19 0.18 1.495 8.02 14.135 0.40 

3 Wulunshan 8 2.97 88.10 7.74 3.37 0.79 1.37 7.54 20.19 0.76 

4 Wenjiaba 16 3.14 83.43 4.99 6.79 4.79 2.22 6.11 18.47 5.94 

5 Hongfa 16 2.87 85.73 6.19 0.90 7.18 1.77 6.36 11.24 2.24 

6 Qingshan 23 2.83 81.20 11.20 1.40 6.20 2.43 8.32 25.46 1.92 

7 Hongyanjiao 23 2.84 87.20 7.60 1.00 4.20 2.38 7.83 23.43 1.89 

8 Canghai 27 2.84 81.23 10.78 0.60 7.39 2.03 8.46 29.54 4.87 

M, moisture; V, volatile matter; A, ash; St, total sulfur; d, on a dry base; daf, on a dry and ash-free base; ad, on an air dry base; Ro, max, maximum reflectance of 

vitrinite under oil immersion. 

 

3 Samples and Methods 

 

The coal samples in this study were collected from 5 coal seams and 8 coal mines in the Bide-Santang basin (Fig. 1). 
After collection in the underground coal mine, the coal samples were wrapped in black polyethylene bags to prevent 
them from oxidizing, and they were transported to the laboratory as soon as possible. In this study, the coal samples were 
processed into cylindrical form of 25 mm (diameter)×50 mm (length), parallel to the bedding, for the NMR and GWRP 
tests. Residual samples were used to conduct the MIP and composition tests. 

 

3.1 Composition test 

The coal samples were crushed to 20–80 mesh for the quantitative analysis of microscopic coal components and 
reflectivity determination, using an Imager M1m microphotometer produced by ZEISS Company in Germany. Residual 
samples of less than 80 mesh were used for industrial analysis and total sulfur determination. The experimental 
instrument is SDTGA5000 industrial analyzer and CTS5000B automatic sulfur determination instrument, respectively. 
The testing results are listed in Table 1. 
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3.2 NMR test 

Only 6 coal samples from No. 3–8 have been examined by NMR due to the success rate of the sample processing. The 
experiment was performed with the RecCore-04 low-field nuclear magnetic resonance (LFNMR) rock sample analyzer, 
according to the standard SY/T5336–2006 and SY/T6490–2000. The experimental method is as follows: 1) Dry the 
sample to a constant weight state and weigh the dry weight. 2) Vacuum the sample for 12 h and pressurize to 5 MP with 
saturated standard salt water, for a 100% water saturation state, weigh the wet weight, and calculate the total porosity 
according to the water saturated weighing method. 3) Test the water saturated sample by NMR, and obtain the transverse 
relaxation time (T2) spectrum in the saturated water state. 4) Centrifuge the saturated water coal sample for 1.5 h under 
the centrifugal pressure of 400 psi to make the sample reach the irreducible water state, and then conduct the NMR test 
again to obtain the T2 spectrum in the irreducible water state. 

 

3.3 GWRP test 

To complement the NMR tests, the GWRP test was conducted on 6 samples from No. 3–8, on the HBXS-2 relative 
permeability apparatus, according to the standard of SY–T 5345–2007, and the unsteady state method was used. The 
specific steps are as follows: 1) Determine the air permeability after drying the sample, with a fixed confining pressure at 
6 MPa and varying flow pressures, for the calculation of absolute permeability; 2) Vacuum the coal samples and treat 
them with water saturation. The water permeability and porosity are determined in the complete water saturation state; 3) 
Perform the experiment on a water-saturated coal sample through the gas drive method with N2 as the gas medium. The 
gas saturation gradually increased with the displacement and the corresponding water saturation decreased. The 
permeability of gas and water under different saturations was measured, and the relative permeability curves and related 
parameters were obtained. 

 

3.4 MIP test 

The MIP test was conducted on all 8 coal samples with the Autopore IV 9500 V1.09 mercury injection instrument, 
produced by the Micromeritics of the United States of America (USA), according to the standard of SY/T 5346–2005. 
The mercury injection pressure ranged from 0.00069 to 413.7931 MPa, and the lower limit of the testable pore size was 
3.0 nm. The pore size division is based on the decimal classification method proposed by XoдoT (1961): micropore, <10 
nm; transitional pore, 10–100 nm; mesopore, 100–1000 nm; and macropore, >1000 nm. Among them, the macropores 
and mesopores are the main contributors of CBM seepage, and these pores are called seepage pores, while the 
micropores and transitional pores are the main contributors of CBM adsorption, and these pores are called adsorption 
pores (Yao Yanbin et al., 2006). The adsorption pores determine the CBM storage capacity of the coal reservoir, and the 
seepage pores determine its production capacity. 

 

4 Results and Discussions 

 

4.1 NMR T2 spectra characteristics 

The amplitude of the NMR T2 spectrum is dimensionless. The amplitude of the T2 spectrum is calibrated for NMR 
porosity (Fig. 2) to better describe the pore structure of the coal reservoir. The method is referred from Yao et al. (2009). 

The T2 spectra present a clearly bimodal form, with an obvious left peak and weak right peak (Fig. 2). The left peak 
represents immovable fluid, with no change or only a slight decrease after centrifugation. The right peak represents 
movable fluid, which was found to either disappear or sparsely remain after centrifugation. The fluid in the coal reservoir 
was mainly immovable, and microspores dominated the pore structure. The two peaks are separated, and their boundary 
is defined as the T2 cutoff value (T2c). T2c represents the threshold between movable water and immovable water in 
reservoir (Fan et al., 2018). The T2c of the samples is located near 10 ms. The removal of the movable water in the coal 
sample needs to break through the capillary pressure during the centrifugal process. The greater the centrifugal pressure 
is, the greater the capillary pressure, and the water in the smaller pores then can be discharged. According to the 
Washburg equation, the centrifuging pressure of 400 psi corresponds to the pore diameter of 100 nm (Yao et al., 2009). 
The 400 psi centrifugal pressure can discharge movable water from the pores above the diameter of 100 nm.  

 

 
This article is protected by copyright. All rights reserved. 



Therefore, the seepage pores (including fracture) and the adsorption pores can be distinguished by T2c in the T2 
spectrum. The left peak corresponds to the adsorption pores filled with immovable fluid, and the right peak corresponds 
to the seepage pores filled with movable fluid. Clearly, the coal reservoir is dominated by adsorption pores and 
immovable fluid in the study area. The separation of the left and right peaks indicates poor connectivity between the 
adsorption pores and the seepage pores. The left peak of coal sample No. 6 is higher after centrifugation than before 
centrifugation (Fig. 2d); the reason for this may be that centrifugal pressure changes the pore structure of the coal sample 

(Yang, 2011).  

Fig. 2. NMR T2 spectra of coal samples from the Bide-Santang basin. 

(a) Sample No. 3; (b) Sample No. 4; (c) Sample No. 5; (d) Sample No. 6; (e) Sample No. 7; (f) Sample No. 8. 

 

The pores that bear movable fluids are referred as effective porosity, which represents the connected porosity in coal 
that favors fluid flow. The effective porosity of the samples in this study is relatively low, which accounts for only 9.7% 
of the total porosity measured on average by the NMR. The average effective porosity of coal samples is only 1.70% 
(Table 2), and demonstrates a tendency to decrease with the decreasing horizon. 

 

Table 2 The effective porosity and total porosity of coal samples obtained from the NMR 

Sample number 3 4 5 6 7 8 Average 

Effective porosity (%) 3.27 2.40 1.20 2.38 0.37 0.60 1.70 

Total porosity (%) 22.14 19.37 10.95 26.79 13.33 12.82 17.57 

Ratio of effective porosity and 

total porosity (%) 
14.79 12.41 10.92 8.88 2.80 4.69 9.70 

 

4.2 GWRP characteristics 

Table 3 shows that air permeability (Kg) varies greatly in the study area, ranging from 0.02 to 2.37 mD, with an 
average of 1.14 mD. Water permeability (Kw) is significantly lower than the gas permeability, ranging from 0.001 to 
0.042 mD, with an average of 0.019 mD. The irreducible water saturation (Swo) ranges from 62% to 67%, with an average 
of 66%, and the irreducible gas saturation (Sgo) ranges from 4% to 10%, with an average of 7%. The interval length of the 
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gas-water two-phase flow is 27%.  

The gas relative permeability under an irreducible water condition (Kwo, rg) is 0.22-0.34, with an average of 0.27, and 
the corresponding effective permeability (Kwo, g) is 0.005-0.545 mD, with an average of 0.313 mD. The Kwo, g is lower 
than approximately only one-third of Kg. The permeability tends to become lower with the decrease in the horizon, 
corresponding to the effective porosity (Table 3).  

 

Table 3 GWRP parameters of coal samples 

Sample number 

Kg 

(10
-3 

μm
2
) 

Kw 

(10
-3 

μm
2
) 

Swo 

(%) 

Sgo 

(%) 

Kwo,rg 
Kwo,g (10

-3 

μm
2
) 

Balance point Two-phase 

flow interval 

length (%) Sge (%) Krg=Krw Kge (10
-3 

μm
2
) 

3 1.81 0.019 67 5 0.24 0.434 17.9 0.051 0.092 28 

4 1.01 0.024 62 10 0.34 0.341 25.9 0.068 0.069 28 

5 1.44 0.024 65 4 0.29 0.415 16.6 0.074 0.107 31 

6 2.37 0.042 66 10 0.23 0.545 19.2 0.052 0.123 24 

7 0.02 0.001 67 6 0.27 0.005 21.8 0.081 0.002 27 

8 0.16 0.003 66 8 0.22 0.036 19.4 0.035 0.006 26 

Average 1.14 0.019 66 7 0.27 0.313 20.1 0.060 0.078 27 

Qinshui basin   66 11  0.165 15.0 0.060 0.056 23 

Black Warrior basin   40 2.3 0.74  43.3 0.223  54 

San Juan basin   14 7 0.74  43.1 0.247  47 

Kg- air permeability, Kw- water permeability, Swo and Sgo- irreducible water saturation and irreducible gas saturation, Kwo,rg- gas relative permeability under 

irreducible water condition, Kwo,g- gas effective permeability under irreducible water condition, Sge- gas saturation at the balance point, Krg -gas relative 

permeability, Krw- water relative permeability, and Kge- gas effective permeability at the balance point. The data of the Qinshui basin, Black Warrior basin, and 

San Juan basin are from Shen et al. (2011), Puri et al. (1991), and Gash (1991), respectively.  

 

The Swo of the study site was significantly higher than that of the Black Warrior basin and San Juan basin in the USA, 
and similar to that of the Qinshui basin, North China. The Sgo was higher than that of the Black Warrior basin and was 
similar to that of the San Juan basin from the USA. However, the Sgo was lower than that of the Qinshui basin. The 
interval length of the two-phase flow is significantly lower than those of the two abovementioned basins in the USA but 
slightly higher than that of the Qinshui basin. The Kwo, rg was significantly lower than that in the USA, which determines 
the generally low CBM recovery rate in the study area. 

The GWRP is a function of gas saturation or water saturation; some mathematical models have been proposed to 
describe the relationship (Puri et al., 1991; Chen et al., 2013, 2014; Xu et al., 2014; Fang et al., 2014), among which the 
power function model is most applicable for the relative permeability data in this study (Shen et al., 2011), namely: 

Krg=a*Sg
b
                    (1) 

Krw=m*(1-Sg)
n
                (2) 

where Krg is gas relative permeability; Krw is water relative permeability; Sg is gas saturation; and a, b, m, and n are 
constants that are obtained by fitting the experimental data by the least square method. The fitted relative permeability 
curve is very close to the experimental data and accurately could describe the change in relative permeability with 
saturation. Therefore, the equation (1) and (2) can be used to predict the gas and water production of CBM wells, and 
evaluate the dynamic changes in gas and water permeability (Fig. 3). 
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Fig. 3. GWRP curves of coal samples from the Bide-Santang basin. 

(a) Sample No. 3; (b) Sample No. 4; (c) Sample No. 5; (d) Sample No. 6; (e) Sample No. 7; (f) Sample No. 8. 

 

4.3 MIP porosity and pore structure 

MIP porosity ranges from 4.30 to 5.18% (Table 4), which is lower than the porosity obtained by the density conversion 
method (Qin et al., 2012). This shows that in the coal, there are micropores that mercury cannot invade. The testing 
results of MIP are similar to that of NMR, showing extremely developed micropores and poorly developed macropores 
and mesopores. The mesopore content is the lowest and the average pore diameter is only 7.35 nm. The seepage pores of 
No. 1 coal sample are more developed, corresponding to its lower coal rank. Table 5 shows that the adsorption pores are 
the main contributors of the specific surface area, with an average proportion of 99.85%, which indicates that the 
adsorption pores provide the main space for CBM accumulation. 

 

Table 4 MIP pore parameters of coal samples  

Sample 

number 

Pore 

volume 

(cm
3
/g) 

Specific 

surface area 

(m
2
/g) 

Average pore 

diameter 

(nm) 

Porosity 

(%) 

Mercury 

withdrawal 

efficiency 

(%) 

Proportion of each pore size level (%) 

Seepage 

pore 

(%) 

Adsorption 

pore 

(%) 

Macropor

e 
Mesopore 

Transi- 

tional 

pore 

Micropor

e 

1 0.041 19.45 8.4 5.15 81.86 16.67 7.11 24.51 51.72 23.77 76.23 

2 0.038 20.80 7.3 4.76 87.86 9.23 3.96 26.65 60.16 13.19 86.81 

3 0.036 20.87 6.8 4.60 92.98 4.78 3.09 28.65 63.48 7.87 92.13 

4 0.034 18.30 7.4 4.30 88.24 10.59 4.12 26.76 58.53 14.71 85.29 

5 0.034 18.28 7.4 4.46 85.76 11.28 3.26 27.30 58.16 14.54 85.46 

6 0.040 21.75 7.4 5.04 86.32 10.70 3.98 26.87 58.46 14.68 85.32 

7 0.039 22.36 7.0 4.89 91.33 8.16 3.06 27.04 61.73 11.22 88.78 

8 0.040 22.11 7.1 5.18 88.61 7.85 3.54 27.59 61.01 11.39 88.61 

 

Table 5 MIP-specific surface area distribution of coal samples 

Sample 

number 

Specific surface area (m
2
/g) Proportion of specific surface area (%) 

Macropore Mesopore Transi- Micropore Total Macropore Mesopore Transi- Micropore 
Seepage 

pore 

adsorption 

pore 
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tional pore tional pore 

1 0.007 0.045 2.047 17.347 19.446 0.036 0.231 10.527 89.206 0.267 99.733 

2 0.002 0.029 2.060 18.711 20.802 0.010 0.139 9.903 89.948 0.149 99.851 

3 0.001 0.023 2.117 18.730 20.871 0.005 0.110 10.143 89.742 0.115 99.885 

4 0.002 0.027 1.856 16.419 18.304 0.011 0.148 10.140 89.702 0.158 99.842 

5 0.001 0.024 1.914 16.339 18.278 0.005 0.131 10.472 89.392 0.137 99.863 

6 0.002 0.031 2.200 19.512 21.745 0.009 0.143 10.117 89.731 0.152 99.848 

7 0.001 0.026 2.209 20.128 22.364 0.004 0.116 9.877 90.002 0.121 99.879 

8 0.001 0.028 2.259 19.825 22.113 0.005 0.127 10.216 89.653 0.131 99.869 

 

The right peak has no connection with the left peak in the T2 spectrum, corresponding to the low mesopore content 
revealed through MIP. This pore structure determines the isolation between the adsorption pores and the seepage pores 
and leads to the low effective porosity of the reservoirs (Sun et al., 2016). We can draw the following conclusion that the 
pore structure of the coal seam in the Bide-Santang basin is favorable to coalbed methane accumulation and is 
unfavorable to seepage.  

The fractal method is used to analyze the MIP data to further reveal the pore structure characteristic and its controlling 
effect on the permeability of coal reservoir. It has been demonstrated that the porous medium of the coal reservoir has 
self-similarity on different scales (Yao et al., 2008, 2009). The double logarithmic equation between mercury injection 
volume and pressure can be used as a mathematical model to describe the fractal characteristics of the porous medium of 
the coal reservoir (Cai et al., 2011): 

lg(dVp(r)/dP(r)) ∝ (3- Db)lg r ∝ (Db-3)lg P(r)           (3) 

where P(r) is the mercury injection pressure, MPa; r is the pore radius of the coal sample, nm; Vp(r) is the cumulative 
mercury injection volume at the corresponding pressure P(r), cm

3
/g; Db is the fractal dimension of the pore volume, 

dimensionless. The fractal dimension of pore volume can be obtained through the following equation, among which 
slope K can be obtained by the linear fit between lg(dVp(r)/dP(r)) and lg P(r): 

Db=3+K                   (4) 

The results show (Table 6) that the fractal dimension of the anthracite samples (No. 2–8) is more than 2, and that of the 
meagre coal (No. 1) is significantly lower, with a value of 1.7586. There is a considerable change between the meagre 
coal and anthracite, showing the great pore structure differences among the individual coal ranks (Song et al., 2010).  

Fig. 4 shows that there is a significant mutation in the fractal relationship and the critical point exactly corresponds to 
the pore size of 100 nm, i.e., the threshold between the adsorption pore and seepage pore. The adsorption pores and 
seepage pores can be fitted with two straight line segments. In addition, Zhang et al. (2009) also regard 100 nm as the 
lower limit of pore size for fractal characteristics. The abrupt change in fractal characteristics corresponds to the 
morphological characteristics of the T2 spectra and indicates the differences in pore structure between the adsorption 
pores and seepage pores. The fractal dimension calculated in Table 6 is from the seepage pores.  

 

Table 6 Pore volume fractal dimension of coal samples 

Sample 

number 
1 2 3 4 5 6 7 8 

Slope K -1.2414 -0.8361 -0.8761 -0.9405 -0.9359 -0.8558 -0.8372 -0.8546 

Fractal 

dimension 
1.7586 2.1639 2.1239 2.0595 2.0641 2.1442 2.1628 2.1454 
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Fig. 4. Plots of lgP(r) to lg (dVP(r)/dP(r)) of coal samples. 

(a) Sample No. 3; (b) Sample No. 4; (c) Sample No. 5; (d) Sample No. 6; (e) Sample No. 7; (f) Sample No. 8. 

 

Kwo，rg is a key controlling factor for coalbed methane productivity, and the fractal dimension of pore volume is 
negatively correlated with Kwo, rg (Fig. 5a), showing the control of pore structure on relative permeability. Moreover, there 
is a positive correlation between NMR-effective porosity and Kg (Fig. 5b), verifying that effective porosity is a key factor 
in determining reservoir permeability. 

 

Fig. 5. Relationships between pore parameters and permeability. 

(a) Kwo,rg versus fractal dimension; (b) Kg versus effective porosity. 

 

4.4 Comparison of pore size distribution between NMR and MIP 

The pore size distribution of the coal reservoir can be reconstructed based on NMR data. Different mathematical 
models have been proposed for the characterization of conventional oil and gas reservoirs and coal reservoirs (He et al., 
2005; Yan et al., 2016). The “T2C” method, proposed by Yao et al. (2010b), is used widely in coal reservoirs. It is based 
on the stable relationship between pore diameter and T2, with the smallest pores having the shortest relaxation times and 
the largest pores having the longest relaxation times (Yao and Liu, 2012). The T2C obtained from the NMR in this study is 
10 ms, and the corresponding pore diameter is 100 nm. We can obtain the following equation: 
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d=10×T2                                         (5) 

where T2 is the transverse relaxation time, ms; and d is the pore diameter, nm. The NMR pore distribution can be 
reconstructed based on equation (5), and the results are shown in Fig. 6. It shows that the pore size distribution based on 
NMR T2 spectrum is in good agreement with that obtained by MIP, and both are characterized by the well-developed 
adsorption pores and undeveloped seepage pores. However, there are still some differences. For example, there is a weak 
peak in the MIP pore size approximately 100000 nm, but not in the NMR. This difference may be due to the artificial 
fracture created during mercury intrusion under high-pressure conditions. Table 7 shows the pore size distribution 
obtained by NMR and MIP, respectively. The adsorption pore content of NMR is higher than that of MIP, whereas the 
seepage pore content of NMR is lower than that of MIP, especially for the macropores. The high injection pressure of 
MIP may destroy the primary structure of the sample and create new factures (Yan et al., 2016), so we believe the pore 
size distribution of NMR is more representative of the actual condition. 

Fig. 6. Comparison of pore distribution reconstruction between NMR and MIP. 

(a) Sample No. 3, NMR; (b) Sample No. 4, NMR; (c) Sample No. 5, NMR; (d) Sample No. 3, MIP; (e) Sample No. 4, MIP; (f) Sample No. 5, MIP; (g) Sample 

No. 6, NMR; (h) Sample No. 7, NMR; (i) Sample No. 8, NMR; (j) Sample No. 6, MIP; (k) Sample No. 7, MIP; (l) Sample No. 8, MIP. 

 

Table 7 Comparison of pore size distribution between NMR and MIP 
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Coal 

sample 

Macropore 

(%) 

Mesopore (%) 
Transitional pore 

(%) 
Micropore (%) Seepage pore (%) 

Adsorption pore 

(%) 

NMR MIP NMR MIP NMR MIP NMR MIP NMR MIP NMR MIP 

3 1.17 4.78 0 3.09 38.87 28.65 59.96 63.48 1.17 7.87 98.83 92.13 

4 3.54 10.59 8.87 4.12 30.67 26.76 56.92 58.53 12.41 14.71 87.59 85.29 

5 3.42 11.28 7.50 3.26 14.39 27.30 74.69 58.16 10.92 14.54 89.08 85.46 

6 4.01 10.70 4.87 3.98 50.76 26.87 40.36 58.46 8.88 14.68 91.12 85.32 

7 0.36 8.16 2.45 3.06 22.84 27.04 74.35 61.73 2.80 11.22 97.20 88.78 

8 0.51 7.85 4.19 3.54 25.88 27.59 69.42 61.01 4.7 11.39 95.3 88.61 

 

4.5 Indication for the CBM exploration and exploitation 

Above testing results show that the CBM reservoirs have abnormally high adsorption pore proportions and specific 
surface areas, which determine the excellent CBM storage capacity and high gas content in the Bide-Santang basin. 
However, the adsorption pores and the seepage pores are not interconnected, and this characteristic pore structure of 
high-rank coals strongly affects the effective porosity, irreducible water saturation, and gas permeability, which will 
further impede the CBM desorption and flow in the reservoir. The shallow coal seams may have better potential for CBM 
production with higher effective porosity and permeability (e.g., No. 8 and 16 coal seams). Regionally, the Zhucang 
syncline in the southeastern part of Bide-Santang basin has more favorable condition for CBM enrichment and high yield. 
Although the exploration and development of CBM in the Bide-Santang basin is still in the experimental stage, some 
wells in the Zhucang syncline have produced industrial-level gas flows, thus indicating their considerable prospects for 
CBM development (Guo et al., 2017a, b). The pore structure and permeability characterization of high-rank coal 
reservoirs will provide important information for choosing the future CBM target area (interval) and insights in 
developing more suitable development program. 

 

5 Conclusions 

 

(1) The high-rank coal reservoirs in the study area are characterized by well-developed adsorption pores filled with 
immovable fluid and poorly developed seepage pores filled with movable fluids. As a result, the effective porosity is 
relatively low, with an average of 1.70%. 

(2) The irreducible water saturation of coal reservoir is relatively high, and results in low gas permeability under 
irreducible water conditions. This is the main reason for the low CBM recovery of high-rank coal reservoirs, and 
effective enhanced production technology is needed urgently before large-scale development. 

(3) The mutation in the fractal relationship of the MIP pore volume indicates the significant differences of pore 
structure and poor connectivity between the adsorption pores and the seepage pores, corresponding to the morphological 
characteristics of the NMR T2 spectra.  

(4) The pore size distribution reconstruction based on the NMR T2 spectrum is in good agreement with that obtained 
by MIP. As a nondestructive and less time-consuming technique, the NMR is a promising method to quantitatively 
characterize the pores and fractures of coals.  
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