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Abstract: Multiple coal seams and interbedded rock assemblages formed in vertical progression due to the influence of 

multiple stages of sea level transgressions. Based on mercury injection experiment, low temperature liquid nitrogen 

experiment, porosity and permeability experiment and breakthrough pressure experiment, the vertical variation 

characteristics of coal-bearing strata in Gujiao block are explained in detail. The results of the mercury injection and low 

temperature liquid nitrogen experiments show that the pore structure characteristics fluctuate with increasing depth in the 

strata, with fewer micropores followed by transition pores. The BET specific surface area and average pore diameter of the 

Shanxi Formation are generally larger than those of the Taiyuan Formation. Due to the continuous cyclic sequence 

stratigraphy changes, the porosity, permeability, breakthrough pressure and breakthrough time of the samples show a certain 

cyclicity. Within the same sequence, the porosity is larger, and the permeability is smaller near the maximum flooding 

surface. Although the permeability of the sandstone samples is higher, the porosity is lower, and the breakthrough pressure 

and breakthrough times are greater. The strata in the study area formed in an oxidized environment that was affected by 

freshwater, and the pore structure of different lithologies is quite different. After the formation of sandstone, the intergranular 

pores generally underwent filling with secondary quartz, clay minerals and organic matter, resulting in low porosity and 

permeability. 
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1 Introduction 

 
Many sets of coal seams, fluid pressure systems and water-barrier and gas-barrier strata are developed 

vertically in many coalbed methane mining areas in China due to controls from a sequence stratigraphy 
framework (Lei et al., 2012). These water-barrier and gas-barrier strata are the key for dividing different vertical 
CBM systems, which are called the key strata for defining the upper and lower boundaries of CBM systems. A 
sequence stratigraphic framework controls the vertical seepage capacity of coal-bearing strata through key strata, 
which affects the difference of fluid energy between gas-bearing systems and the compatibility of co-mining 
technology (Qin Yong et al., 2008; 2016). For example, five sets of gas-bearing systems have been developed 
vertically in the Bide-Santang Basin, Western Guizhou (Guo Chen, 2015); five sets of gas-bearing systems have 
been developed vertically in Permo-Carboniferous coal bearing strata in the Linxing block (Qin Yong et al., 
2016); and three sets of gas-bearing systems are mainly developed in the southern Qinshui Basin (Zhang et al., 
2015). In developed multi-coal seam areas, combined layer drainage is an effective method to improve the 
productivity of CBM wells, and the development of a superimposed gas-bearing system is the most important 
geological reason for the failure of previous CBM exploration and development (Qin Yong et al., 2016). 
Therefore, defining the key strata in a superimposed CBM system is a key scientific problem that requires an 
urgent solution. 

Previous studies of key strata in superimposed CBM systems mainly focused on mudstone strata 
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characterized by water and gas barriers. However, in coal-bearing strata, the strong sealing ability of other 
lithologies due to clay filling, compaction and other factors cannot be ignored. Because of the sedimentary 
environment, the vertical permeability of unconventional gas reservoirs and other strata are generally low (Feng 
et al., 2015; Sander et al., 2016). An important factor in the formation of CBM systems is the development of an 
extremely low permeability caprock (Hao et al., 2000; Schmitt et al., 2013), such as limestone, mudstone, silty 
mudstone, etc. Many coal seams are developed vertically in the Gujiao block. Due to the influence of the 
transitional sedimentary depositional environments that ranged from marine to terrestrial, sandstone, mudstone, 
limestone and coal seams are frequently interbedded, and their vertical and horizontal changes are rapid (Shao et 
al., 2007; Wang et al., 2015; Jia Junjie, 2016). Therefore, a number of CBM systems developed vertically in the 
Gujiao block (Wang et al., 2015). 

Due to the lack of CBM system exploration, gas production from CBM wells in the Gujiao block is not ideal. 
The gas-producing coal seams are No. 2, No. 8 and No. 9. The production seams include a combination of 
single-layer drainages and multi-layer drainages. Irrespective of the form of the seams, after 600 days of 
drainage and recovery, the gas production is mostly less than 1000 m

3
/d. Therefore, in order to design a 

reasonable development plan and mining sequence, it is necessary to study the spatial distribution characteristics 
of CBM systems in the Gujiao block and to understand the characteristics of key water barrier and gas barrier 
strata within a sequence stratigraphy framework (Shen et al., 2016; Yang et al., 2018). Therefore, by using the 
Permo-Carboniferous coal-bearing strata in the Gujiao block as a research example, the physical properties of 
coal-bearing strata were studied using a sequence stratigraphic analysis and physical property experiments. 
Genetic control mechanisms were also explored, which provides support for the scientific definition of key 
strata in coal-bearing methane systems. 

 
2 Geological Settings 

 
2.1 Tectonic 

The Gujiao block is located in the north of the Xishan coalfield, west of Taiyuan City, Shanxi Province, China. 
The overall structure is defined by the Malan syncline, which has an axis that gradually changes direction from 
SN to NW and from north to south. A series of NE-trending normal faults, including the Gujiao fault, 
Wangzhimao fault and Baian fault, are present in the block (Fig. 1). 
 

 
Fig. 1. Map of structures and sample locations in the Gujiao block. 
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2.2 Coal bearing strata 
 

 
Fig. 2. Synthetic stratum histogram of coal-bearing strata in the Xishan-Gujiao blocks (Modified from a synthetic 

hydrogeological map of the Xishan coal field). 
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The main coal-bearing strata in the Gujiao block are the Lower Permian Shanxi Formation and the Upper 
Carboniferous Taiyuan Formation. The thickness of the Shanxi Formation ranges from 30 m to 70 m, with an 
average thickness of 46.98 m. The Shanxi Formation consists of argillaceous rocks, sandstone and coal. The No. 
2 coal is the main minable coal seam, and the No. 02 coal and No. 4 coal are partly minable. The thickness of 
the Taiyuan Formation ranges from 84 m to 136 m, with an average thickness of 101.5 m. The Taiyuan 
Formation consists of grey-black mudstone, sandstone, siltstone, 4 to 6 layers of limestone and 6 to 8 layers of 
coal seams. The No. 8 and 9 coals are the main minable coal seams. At the bottom, Jinci sandstone is in 
conformable contact with the underlying strata (Fig. 2). 

The coal-bearing strata in the Xishan coalfield can be vertically divided into seven third-order sequences, 
which all belong to a mixed sequence of epicontinental marine carbonate and clastic rocks. The Taiyuan 
Formation is divided into four sequences, which are bounded by the Jinci sandstone (K1), Miaogou limestone 
(L1), Maoergou limestone (K2), Qiligou sandstone (floor of No. 6 coal) and Beichagou sandstone (K3) (Chen 
and Liu 1995). The strata of Shanxi Formation are divided into three third-order sequences, with the Beichagou 
sandstone (K3) and Luotuobozi sandstone (K4) constituting the top and bottom boundaries, respectively, and the 
roof of the No. 4 coal and Tiemogou sandstones (located between the top of the No. 1 coal and bottom of the No. 
03 coal) as the boundaries (Sun Yuqi, 2015). 

 
3 Samples and Methods 

 
Hole J27 in the Yangzhuang coalfield was selected for experimentation, and 28 samples of different 

lithologies were taken vertically (Fig. 4). Mudstone and shale are present near the coal seam, while sandstone 
and sand-mud interbeds are present in the remaining layers. The sandstone is competent and a complete core 
was recovered, while the mudstone and shale samples are severely fragmented (Fig. 3). 
 

 
Fig. 3. Core photographs of well J27. 

(a): Roof and floor of the No. 2 coal from the Shanxi Formation (mudstone: 857.20 to 862.00 m). (b): K3 sandstone of the Shanxi Formation (888.90 

to 893.70 m). (c): Interbedded sandstone and mudstone of the Taiyuan Formation (890.47 to 894.92 m). (d): Mudstone to sandstone transition in the 

Taiyuan Formation (961.50 to 966.30 m). 

 
Eighteen samples were selected for mercury injection experiments, including five samples from the SQ6-SQ7 

sequence, three samples from the SQ5 sequence, five samples from the SQ3-SQ4 sequence and five samples 
from the SQ2 sequence. Mercury injection pressures ranged from 0 to 413.79 MPa (0 to 60000 Psi), and pore 
diameters greater than 3 nm were measured. The mercury injection and withdrawal curves, porosity, pore 
volume, pore structure, specific surface area and other parameters (Han Beibei, 2015; Gu, 2015) were obtained 
according to the program. The decimal classification method of XoдoT (1961) was used for pore diameter 
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classification. 
Fourteen samples were selected for low temperature liquid nitrogen adsorption experiments. According to the 

Oil and Gas Industry Standard of China (SY/T 6154-1995), the V-Sorb 2800TP rock specific surface and pore 
size distribution tester was used for test. The relative pressure (the ratio of equilibrium pressure to saturated 
vapor pressure) ranged from 0.01 to 0.99, and the measurable pore size ranged from 2 nm to 160 nm. The pore 
specific surface area was calculated by the BET method, and the pore volume was calculated by the BJH 
method. 

Fourteen rock samples were selected and processed into 25×50 mm cylindrical samples, which were used for 
porosity, permeability and breakthrough pressure experiments. The instruments used for the porosity and 
permeability experiments were an Ultrapore-200A helium porosity meter (KFSY/95-036) and an 
ULTRA-PERMTM200 permeability meter (KFSY/J95-031). Based on the subsurface depth of the samples from 
844 to 976 m, and according to the distribution of effective stress in this area (Han, 2015), the experimental 
confining pressure was designated as 5000 Psi, which was analysed according to the core analysis method 
(SY/T5336-2006). The breakthrough pressure experiment was completed using the instrument HBY2003-014, 
based on the method described in the Oil and Gas Industry Standard of China version SY/T5748-1995. 

 
4 Results 

 
4.1 Mercury intrusion test 

With increasing strata depth, the pore structure characteristics of samples changes sinusoidally. Generally, 
there are fewer micropores, followed by transition pores. The total proportion of macropores and mesopores 
appear in four fluctuating cycles from top to bottom, which correspond to the spatial distribution of four 
sequence assemblages. The total proportion of macropores and mesopores increases near the sequence boundary 
(Guo Chen, 2015). With the continuous cycles of stratigraphic sequences, the total proportion of macropores and 
mesopores first decreases and then increases. The porosity determined by mercury intrusion are mostly less than 
4%, which shows a similar variation law. The porosity determined by mercury intrusion for the Y-20 coarse 
sandstone is 10.01%, which is obviously larger than for other samples (Fig. 5).  

The total pore volume of each sample is mostly less than 0.03 ml/g, and the change is not obvious with 
increasing burial depth. However, the total pore volume of coarse sandstone near the sequence boundary is 
obviously higher. The total specific surface area is mostly less than 3 m

2
/g, and the change is not obvious with 

increasing burial depth (Table 1). 
 

4.2 Low temperature liquid nitrogen adsorption experiment 
The BET specific surface area for the J27 borehole samples ranges from 2.90 to 11.77 m

2
/g, with an average 

of 6.89 m
2
/g. The total BJH pore volume ranges from 0.0068 to 0.0194 ml/g, with an average of 0.0116 ml/g. 

The average pore diameter ranges from 8.705 to 35.321 nm, with an average of 20.656 nm. The average BET 
specific surface area of six samples of Shanxi Formation is 8.62 m

2
/g, and the average pore diameter is 25.86 

nm. The average BET specific surface area of eight samples from the Taiyuan group is 5.58 m
2
/g, and the 

average pore diameter is 16.75 nm. The specific surface area and average pore diameter of the samples from the 
Shanxi Formation are generally larger than those from the Taiyuan Formation, which may be related to the 
sedimentary environment and diagenesis (Table 2). 

Previous studies have found that shale in northern China is mainly composed of clay and quartz minerals (Li 
et al., 2018). Pore types are mainly intergranular pores, intercrystalline pores between minerals, dissolution 
pores and a small number of organic pores (Tang et al., 2016). The BET specific surface area of mudstone, silty 
mudstone and sideritic mudstone ranges from 2.90 to 11.77 m

2
/g, with an average of 7.45 m

2
/g. The total pore 

volume of the BJH ranges from 0.0068 to 0.0194 ml/g, with an average of 0.0118 ml/g. The average pore 
diameter ranges from 8.71 to 35.32 nm, with an average of 22.34 nm. The BET specific surface area of siltstone 
and medium sandstone range from 5.12 to 6.21 m

2
/g, with an average of 5.49 m2/g. The total pore volume of the 

BJH ranges from 0.0093 to 0.0147 ml/g, with an average of 0.0110 ml/g. The average pore diameter ranges from 
15.36 to 18.62 nm, with an average of 16.64 nm. Therefore, the specific surface area and average pore diameter 
of mudstones are generally larger than those of sandstones, and the reason needs to be further explored. 

The vertical cyclical changes in the pore structure parameters of rock samples based on low-temperature 
liquid nitrogen adsorption tests correspond to cyclical sequence stratigraphic structural changes. The trend in 
changes in the BET specific surface area and average pore diameter is consistent with this observation. The 
trend in changes in the BJH total pore volume in some samples is abnormal. Generally, the physical parameters 
based on low temperature liquid nitrogen tests of different rocks shows great differences between the sequence 
boundary and the maximum flooding surface (Fig. 6). 
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Fig. 4. Stratigraphic column and distribution of sampling points in well J27. 

 

 
Fig. 5. Pore volume ratio and porosity distribution in well J27 based on mercury injection tests. 
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Table 1 Intrusive mercury test results of rock samples taken from J27 drilling 

Sample Lithology 
Buried 

depth (m) 

Total pore 

volume 

(ml/g) 

Total pore 

specific 

surface area 

(m
2
/g) 

Median pore 

diameter 

(Volume) (nm) 

Median pore 

diameter 

(Area) (nm) 

Average pore 

diameter 

(nm) 

Mercury 

withdrawal 

efficiency (%) 

Porosity 

(%) 

Threshold 

pressure (Psi) 

Proportion of the pore volume (%) 

Macropores Mesopores 
Transition 

pores 
Micropores 

Y-1 fine sandstone 844.18 0.02 1.95 179.4 13.5 35.6 23.12 3.7 4.38 22.58 27.1 42.58 7.74 

Y-4 siltstone 860.3 0.021 2.37 421.9 7.6 35.5 34.58 4.44 21.7 26.77 42.72 16.9 13.61 

Y-5 
carbonaceous 

mudstone 
861 0.014 2.88 248 5.1 19.9 41.38 3.03 21.13 28.28 32.41 18.62 20.69 

Y-7 mudstone 861.05 0.026 5.58 115.2 6.6 18.6 44.66 5.46 19.89 19.09 32.44 22.52 25.95 

Y-8 fine sandstone 863.8 0.018 1.41 86.1 24.7 52.1 32.69 3.9 3.46 12.82 25 60.9 1.28 

Y-10 mudstone 871.8 0.019 2.19 341.9 6.8 33.7 33.33 3.88 24.9 24.86 43.24 18.38 13.51 

Y-12 fine sandstone 874.3 0.012 0.91 347 15.6 50.4 21.51 2.52 2.86 15.05 39.78 41.94 3.23 

Y-13 mudstone 878.4 0.014 2.37 304.4 5.5 23.6 45.71 2.78 45.16 26.43 37.86 17.86 17.86 

Y-14 mudstone 888.59 0.014 1.28 376 5 42.7 30.71 3.3 22.94 26.09 47.83 16.67 9.42 

Y-15 
sideritic 

mudstone 
892.6 0.016 2.38 289.2 5.9 26.5 45.34 3.5 23.19 22.08 44.81 14.94 18.18 

Y-16 
medium 

sandstone 
903.75 0.014 1.39 155.3 12.9 38.9 37.78 2.89 27.62 22.39 32.83 37.32 7.47 

Y-18 silty mudstone 904.45 0.017 2.28 261.6 5.2 20.6 37.21 3.58 24.07 26.9 32.16 19.89 21.05 

Y-20 coarse sandstone 925.1 0.05 3.97 205.8 17.3 50.3 30.87 10.01 2.85 18.79 35.57 40.94 4.7 

Y-22 mudstone 951.7 0.014 2.69 344.6 4.7 21 26.76 2.71 28.37 29.93 34.31 18.25 17.52 

Y-24 mudstone 953.25 0.018 1.4 414.2 8.9 52.6 39.36 3.91 29.82 25.82 49.45 18.68 6.05 

Y-25 mudstone 964.8 0.011 1.12 388 7.8 38.4 29.63 2.65 27.81 27.1 45.79 14.02 13.08 

Y-26 
medium 

sandstone 
974.25 0.021 2.3 136.7 13.8 36.9 30.41 3.9 27.37 26.29 27.23 40.38 6.1 

Y-28 siltstone 976.25 0.014 0.72 648.5 11.5 78.7 33.1 2.72 27.72 38.62 40.69 16.55 4.14 
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Table 2 Low-temperature nitrogen adsorption test results of rock samples from well J27 

Sample  Lithology 
Burial 

depth(m) 

BET specific surface 

area (m
2
/g) 

BJH pore volume 

(ml/g) 

Average pore 

diameter (nm) 

Y-4 siltstone 860.30 6.206 0.0101 18.617 

Y-5 carbonaceous mudstone 861.00 10.053 0.0106 30.159 

Y-7 mudstone 861.05 11.774 0.0194 35.321 

Y-10 mudstone 871.80 6.492 0.0113 19.475 

Y-13 mudstone 878.40 10.878 0.0104 32.633 

Y-14 mudstone 888.59 6.328 0.0097 18.984 

Y-15 sideritic mudstone 892.60 7.549 0.0134 22.648 

Y-16 medium sandstone 903.75 5.121 0.0098 15.363 

Y-18 silty mudstone 904.45 5.923 0.0116 17.769 

Y-22 mudstone 951.70 2.902 0.0068 8.705 

Y-24 mudstone 953.25 7.658 0.0132 22.973 

Y-25 mudstone 964.80 4.895 0.0114 14.685 

Y-26 medium sandstone 974.25 5.304 0.0147 15.913 

Y-28 siltstone 976.25 5.314 0.0093 15.943 

 

 
Fig. 6. Plots of depth vs. pore structure parameters obtained from low-temperature nitrogen adsorption 

experiments. 

  
4.3 Porosity and permeability experiments 

Previous research show that there is no obvious correlation between the micro-pore structure 
parameters and the macro-physical parameters of rocks (Li et al., 2018). The porosity and permeability 
of mudstone, silty mudstone and sideritic mudstone is poor. The porosity ranges from 0.46% to 2.64%, 
with an average of 1.52%. The permeability ranges from 0.0000034 to 0.0142 mD, with an average of 
0.0037 mD. These mudstones belong to ultra-low permeability layers, which are good water-barrier 
and gas-barrier layers (Wang et al., 2015). The porosity of siltstone, fine sandstone, medium sandstone 
and coarse sandstone ranges from 0.81% to 2.07%, with an average of 1.43%, which is slightly lower 
than that of mudstone. The permeability ranges from 0.00042 to 0.668 mD, with an average of 0.1617 
mD, which is greater than that of the mudstone. Most of the sandstones are low permeability and 
compact (Li et al., 2018; Lai et al., 2018; Table 3). 

The porosity and permeability of samples also show cyclicity in relation to the continuous cyclic 
changes reflected in the sequence stratigraphy framework. The overall trend in changes in porosity and 
permeability are opposite. In the same sequence near the maximum flooding surface, porosity is greater 
and permeability is lower. In the third-order sequence, the transgressive systems tract is located at the 
lower part of the maximum flooding surface, which reflects the process of increasing sea level and an 
upward-fining grainsize. The sand-mud ratios decrease and the permeability is decreases. The 
high-level systems tract is located above the maximum flooding surface, which reflects a gradual sea 
level decrease. The permeability increases gradually (Catuneanu, 2006; Yang Zhaobiao, 2011; Tong et 
al., 2016; Fig. 7). 

In addition, the Klinkenberg permeability of some marked strata in the J1 borehole were tested with 
a PDP200 pulse attenuated gas Klinkenberg permeability tester at the Key Laboratory of Coalbed 
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Methane Resources and Reservoir Formation Process in the Ministry of Education (China University of 
Mining and Technology). The test range was 0.00001 to 10 mD. According to the depth of formation, 
the confining pressure was designated as 300 Psi. The testing medium was N2. The results show that 
the permeability of the K3 sandstone in the J1 borehole is 0.07 mD, which is the highest, followed by 
mudstone. The limestone is the lowest, which is less than 0.00001 mD (Table 4). The overall 
permeability of the limestone, mudstone and sandstone is low. 

 
Table 3 Porosity and permeability test results of rock samples from well J27 

Sample Lithology Burial depth (m) Porosity (%) Permeability (mD) 

Y-1 fine sandstone 844.18 1.43 0.046 

Y-4 siltstone 860.3 2.07 0.0024 

Y-8 fine sandstone 863.8 0.81 0.0248 

Y-10 mudstone 871.8 1.44 0.0000034 

Y-11 medium sandstone 873.9 1.74 0.00042 

Y-12 fine sandstone 874.3 1.40 0.0131 

Y-15 sideritic mudstone 892.6 1.17 0.0142 

Y-18 silty mudstone 904.45 1.89 0.00052 

Y-19 medium sandstone 908.07 1.75 0.0080 

Y-20 coarse sandstone 925.1 1.14 0.0843 

Y-24 mudstone 953.25 2.64 0.0037 

Y-25 mudstone 964.8 0.46 0.000062 

Y-26 medium sandstone 974.25 1.14 0.668 

Y-28 siltstone 976.25 1.42 0.608 

 

 
Fig. 7. Relationship between rock sample porosity and permeability as a function of depth. 

 
Table 4 Permeability test results of rock sample from well J1 

Sample Burial depth (m) Lithology Marker strata Permeability (mD) 

D-1 347.5 mudstone Roof of No. 2 coal - 

D-3 349.94 siltstone Floor of No. 2 coal 0.00111 

D-7.5 357.38 silty mudstone Floor of No. 4D coal 0.00327 

D-10 368.32 medium sandstone K3 sandstone 0.07 

D-11 411.34 limestone L4 limestone ﹤0.00001 

D-13 412.02 argillaceous siltstone Floor of No. 7 coal 0.00251 

D-14 428.38 limestone L1 limestone ﹤0.00001 

D-17 433.57 fine sandstone Floor of No. 8 coal 0.00071 

 
4.4 Breakthrough pressure experiment 

Breakthrough pressure is an important index for quantifying sealing ability of a caprock (Liu 
Deliang et al., 2007). The caprock mainly relies on capillary pressure to seal oil and gas. Only when the 
reservoir pressure is greater than the minimum capillary pressure corresponding to the pore throat of 
the caprock can the oil and gas break through the caprock and dissipate into the surrounding area. 
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When the residual pressure of oil and gas is less than the breakthrough pressure of the caprock, oil and 
gas resources be enriched and accumulated (Liu Weixin et al., 2011). 

The results show that the breakthrough pressure of samples ranges from 15.2 to 22.5 MPa, with an 
average of 19.21 MPa. The breakthrough time ranges from 132 to 322 minutes, with an average of 
228.43 minutes. The breakthrough pressure of mudstone is greater than 18 MPa and it has good sealing 
properties. The breakthrough pressure of siltstone, fine sandstone, medium sandstone and coarse 
sandstone ranges from 15.2 MPa to 22.5 MPa, which may be related to the complex composition and 
pore structure of sandstone (Guo Chen, 2015; Table 5). 

With the continuous cyclic change of the sequence structure, the breakthrough pressure and 
breakthrough time of samples shows a certain cyclicity. In the SQ2 and SQ6 to SQ7 sequences, the 
breakthrough pressure and breakthrough time near the maximum flooding surface are lower. The 
breakthrough pressure and breakthrough time at the interface between the SQ4 and SQ5 sequences are 
also lower than that of other strata. The high values of breakthrough pressure and breakthrough time 
occur at the maximum flooding surface of SQ5 and the SQ1, SQ2, SQ2 and SQ3 sequence boundaries. 
The representative samples are Y-12, Y-20 and Y-26, which have fine sandstone, medium sandstone and 
coarse sandstone lithologies, respectively. The breakthrough pressure of these samples is greater than 
21 MPa, the breakthrough time is greater than 265 min. The breakthrough time for Y-20 (coarse 
sandstone) is even higher at 322 min. This result shows that although the permeability of the tight 
sandstone strata in the study area is good, the porosity is low, and the breakthrough pressure and 
breakthrough time are greater (Fig. 8). 

 
Table 5 Breakthrough pressure test results of rock samples from well J27 

·Sample Lithology Buried depth (m) 
Breakthrough pressure 

(MPa) 

Breakthrough time 

(minutes) 

Y-1 fine sandstone 844.18 17.2 212 

Y-4 siltstone 860.3 16.5 159 

Y-8 fine sandstone 863.8 15.2 132 

Y-10 mudstone 871.8 19.5 293 

Y-11 medium sandstone 873.9 17.2 151 

Y-12 fine sandstone 874.3 22.1 265 

Y-15 sideritic mudstone 892.6 18 152 

Y-18 silty mudstone 904.45 19.6 178 

Y-19 medium sandstone 908.07 20.1 301 

Y-20 coarse sandstone 925.1 21.6 322 

Y-24 mudstone 953.25 18.5 165 

Y-25 mudstone 964.8 19.1 289 

Y-26 medium sandstone 974.25 22.5 289 

Y-28 siltstone 976.25 21.8 290 

 

 
Fig. 8. Relationship between the breakthrough pressure test parameter and the depth of rock samples. 
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5 Discussions 
 

5.1 Depositional environment 
Superimposed stratigraphic sequences formed in the Gujiao block due to the continuous rises and 

falls of sea level. Previous studies have shown that trace elements could indicate paleosalinity and 
sedimentary depositional environments (Wang et al., 2018). It is generally believed that values of 
Sr/Ba>1 indicate marine sedimentary environments, and the values of Sr/Ba<1 indicate continental 
sedimentary environments (Wang Aihua, 1996). The Sr/Ba values of samples range from 0.12 to 0.61, 
with an average of 0.26. All values are less than 1. The V/Cr values range from 0.08 to 1.70, with an 
average of 0.66, all of which are less than 2. The Ni/Co values range from 0.80 to 5.66, with an average 
of 2.49; with the exception of the Y-1 sample, all values are less than 5. The U/Th values range from 
0.08 to 0.32, with an average of 0.17, all of which are less than 0.75. The formation in this area formed 
in an oxidizing environment affected by freshwater (Table 7; Jones and Manning, 1994). The total 
thickness of the Shanxi Formation is 35.90 m, and the sandstone thickness is 23.70 m. The sand content 
of the Shanxi Formation is 0.66. The total thickness of Taiyuan Formation is 90.40 m, and the thickness 
of sandstone is 47.65 m. The sand content of the Taiyuan Formation is 0.53. It is considered that the 
paleogeography of the Gujiao block from the SQ2 sequence of Taiyuan Formation to the SQ7 sequence 
of the Shanxi Formation is dominated by a barrier bar-lagoon-tidal flat and delta (Sun Yuqi, 2015; Su 
Chi, 2016), which provides conditions for frequent interactions between rocks of various lithologies. 

 
Table 6 Content and ratio of trace elements in samples 

Sample 
(10

-6
) 

Sr/Ba V/Cr Ni/Co U/Th 
Sr Ba V Cr Co Ni Th U 

Y-1 61.6 476 35.4 176 3.62 20.5 16.11 1.60 0.13 0.20 5.66 0.10 

Y-2 61.3 381 30.4 139 10.7 17.0 3.89 0.60 0.16 0.22 1.59 0.15 

Y-3 70.0 350 20.6 44.7 10.0 8.0 2.90 0.51 0.20 0.46 0.80 0.18 

Y-4 146 606 88.4 118 18.4 32.6 16.35 2.79 0.24 0.75 1.77 0.17 

Y-7 151 1029 76.6 83.9 3.16 13.1 15.46 3.16 0.15 0.91 4.13 0.20 

Y-8 55.8 266 21.9 270 9.52 25.7 5.76 0.63 0.21 0.08 2.70 0.11 

Y-9 147 773 56.1 117 7.46 18.0 13.50 1.44 0.19 0.48 2.41 0.11 

Y-10 127 819 88.4 109 15.8 31.0 14.92 2.87 0.15 0.81 1.97 0.19 

Y-11 128 790 91.3 139 10.4 25.4 60.28 5.59 0.16 0.66 2.43 0.09 

Y-12 92.6 500 35.4 186 7.09 20.6 8.67 1.39 0.19 0.19 2.91 0.16 

Y-13 106 676 63.3 37.3 9.61 25.9 17.33 3.51 0.16 1.70 2.69 0.20 

Y-14 93.8 394 86.1 78.0 10.3 25.3 7.75 1.34 0.24 1.10 2.45 0.17 

Y-15 86.0 314 75.6 96.8 4.46 15.2 3.98 0.78 0.27 0.78 3.42 0.20 

Y-16 87.7 732 56.0 111 10.9 18.4 13.84 1.76 0.12 0.50 1.69 0.13 

Y-18 92.1 241 68.3 65.8 13.3 21.7 12.83 4.05 0.38 1.04 1.63 0.32 

Y-19 62.0 222 42.4 179 9.72 20.4 22.34 1.82 0.28 0.24 2.10 0.08 

Y-20 72.4 131 26.5 262 6.03 25.3 9.95 1.18 0.55 0.10 4.20 0.12 

Y-22 85.3 323 127 85.3 23.6 71.4 18.11 5.83 0.26 1.49 3.03 0.32 

Y-24 54.1 216 85.4 94.6 18.7 23.7 16.04 3.10 0.25 0.90 1.27 0.19 

Y-25 60.3 99.2 26.9 41.6 13.3 15.1 3.85 0.67 0.61 0.65 1.13 0.17 

Y-26 75.6 158 64.2 143 11.6 17.7 7.92 1.22 0.48 0.45 1.53 0.15 

Y-28 49.8 215 88.5 109 5.11 16.2 18.62 3.19 0.23 0.81 3.17 0.17 

 
Table 7 The discrimination index of environmental redox and the corresponding parameters for samples 

(Jones and Manning, 1994) 

Indicators 
Redox environment 

Sample parameters 
Oxic Suboxic to dysoxic Anoxic 

U/Th ＜0.75 0.75～1.25 ＞1.25 0.08～0.32 

Ni/Co ＜5.00 5.00～7.00 ＞7.00 0.80～5.66 

V/Cr ＜2.00 2.00～4.25 ＞4.25 0.08～1.70 

 
5.2 Development mechanism of pore 

Generally, the porosity and permeability of rock layers are mainly related to grain size. Mudstone is 
characterized by a small grain size, compact lithology, lower porosity than sandstone, and has a 
permeability several orders of magnitude lower than sandstone (Teng et al., 2019; Yang et al., 2010). 
Sedimentary environments and diagenesis control the composition, grain size and matrix cements of 
sandstone, which influence the evolution of pore throat structures in sandstone (Li Yang, 2006; 
Bjørlykke, 2014; Zhang et al., 2018; Wei et al., 2018). The Gujiao block underwent multi-stage 
tectonism, intense stratum compression and groundwater activity, which resulted in great differences in 
the pore structure in different strata. Because of the strong compression and compaction, the 
intergranular pores of sandstone are reduced, and some diagenetic quartz minerals are also fractured by 
compression (Fig. 9A, B). The pores in sandstone are not well developed, and the total proportion of 
macropores and mesopores is relatively low (Fig. 5). The minerals in sandstone, such as feldspar and 
mica, will develop dissolution pores along the cleavage due to dissolution. Some of the dissolution 
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pores may be re-filled later (Fig. 9C). Many sets of coal seams developed vertically in the coal-bearing 
strata of the Gujiao block. Organic acids produced in the late diagenetic stage is beneficial to the 
secondary growth of quartz and the development of kaolinite (Yang et al., 2015). Intergranular pores in 
sandstone have generally undergone secondary growth of quartz and filling of clay minerals or organic 
matter (Fig. 9D, Fig. 10). Therefore, the permeability of the sandstone is poor. 

 

 
Fig. 9. Microphotograph of cast thin slice. 

(a): K3 sandstone from the J1 borehole is strongly compacted. (b): Dissolution pores in sandstone (Y-8 from the J26 borehole) are strongly 

compacted and quartz is broken. (c): Dissolution pores in sandstone (Y-19 from the J26 borehole) develop along mica cleavage. (d): 

sandstone (Y-19 from the J26 borehole) pore is filled with organic matter. 

 

 
Fig. 10. Microphotograph of sandstone Slice. 

Note: (a): K1 sandstone from the J26 borehole. (b): K3 sandstone from the J26 borehole. 
 
6 Conclusions 

 
Due to multi-stage sea level transgressions, multiple coal seams and interbedded rock strata 

developed vertically in the Gujiao block. Using various experimental methods, the following 
conclusions have been drawn: 

(1) With increasing strata depth, the pore structure parameters determined by mercury injection tests 
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change sinusoidally. There are fewer micropores, followed by transitional pores. The pore structure 
parameters determined by low-temperature liquid nitrogen adsorption tests of samples show cyclical 
vertical changes that correspond to cyclic sequence stratigraphic structures. 

(2) With the continuous cyclic changes in the sequence structure, porosity, permeability, 
breakthrough pressure and breakthrough time of rock samples show a certain cyclicity. The overall 
change trends of porosity and permeability are opposite. Although the permeability of sandstone strata 
in the study area is better than that of mudstone, the porosity of sandstone is lower, and the 
breakthrough pressure and breakthrough time are higher. 

(3) The strata in this area formed in an oxidized environment affected by freshwater. From the SQ2 
sequence of the Taiyuan Formation to the SQ7 sequence of the Shanxi Formation, the paleogeography 
is dominated by a barrier bar-lagoon-tidal flat and delta. The Gujiao block has undergone multiple 
stages of tectonism, intense stratum compression and groundwater activity, which have resulted in 
pronounced differences in the pore structure of different lithologies. After the formation of sandstones, 
the intergranular pore of sandstones generally experienced secondary quartz growth and clay mineral or 
organic infilling, which resulted in low porosity and permeability. 
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