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To reveal the evolution law of coal skeleton deformation during the process of CO2 flooding and displacing CH4 in coal seam, a fluid-solid coupling mathematical model of CO2 injection enhanced CH4 drainage was established based on Fick’s law, Darcy’s law, ideal gas state equation, and Langmuir equation. Meanwhile, numerical simulations were carried out by implementing the mathematical model in the COMSOL Multiphysics. Results show that the CH4 content of both regular gas drainage and CO2 enhanced gas drainage gradually decreases with time, and the decreasing rate is high between 10 and 60 days. Compared with regular gas drainage, the efficiency of CO2 enhanced gas drainage is more obvious with greater amount of CH4 extracted out. When coal seam gas is extracted for 10, 60, 120, and 180 days, CH4 content in coal seam is reduced by 5.2, 17.2, 23.6, and 26.7%, respectively. For regular gas drainage, the deformation of coal skeleton is dominated by the shrink of coal matrix induced by gas desorption, and the strain curve shows a continuous downward trend. For CO2 enhanced gas drainage, the strain curve of coal skeleton showed a decrease—rapid increase—slow increase trend. The evolution of permeability is opposite to the evolution of coal skeleton strain. Higher gas injection pressure will lead to a greater coal skeleton strain. The pumping pressure affects the deformation of coal skeleton slightly compared with that of initial water saturation and initial temperature. Greater initial water saturation leads to larger deformation of coal skeleton in the early stage. The strain value of coal skeleton gradually tends to be consistent as gas injection prolongs. Higher initial temperature leads to greater reduction in coal skeleton strain when the gas injection continues. Research achievements provide a basis for the field application of CO2 injection enhanced CH4 drainage in underground coal mines.
Keywords: coal seam, CO2 injection enhanced CH4 drainage, coal skeleton deformation, numerical simulation, fluid-solid coupling model
1 INTRODUCTION
Coal seam gas is a by-product of coal mining, mainly composed of CH4 (Fan et al., 2017). Coal seam gas is a clean energy source. However, coal and gas outbursts and gas explosions often occur with coal mining, which severely restricts the safe and efficient production of coal mines (Huo et al., 2019). With the increase of mining depth, the permeability of coal seam gradually decreases, resulting in the increase of difficulty of gas drainage. Therefore, improving the efficiency of coal seam gas drainage is a key technology for preventing and controlling mine gas disasters, as well as the development and utilization of gas resources (Guo et al., 2020).
Scholars have explored the method of replacing CH4 by injecting waste gas into the coal seam. Generally, the injected gas includes CO2, N2, and flue gas (Wu et al., 2019). The adsorption capacity of coal for CO2, N2, and CH4 is CO2 > CH4 > N2 through a series of studies, which provides a certain theoretical basis for coal seam gas injection (Song et al., 2019, Fan et al., 2019a, Yi et al., 2013). N2 mainly displaces coal bed methane by changing the pressure gradient in the coal-rock fractures (Lin et al., 2018), and the competitive adsorption effect is small. CO2 can not only displace the free CH4 in fractures, but also compete with the gas on the adsorption site to replace it (Liu et al., 2017; Fang et al., 2019a). Busch et al. (2003) carried out CO2 and CH4 mixed binary gas adsorption and desorption experiments on different coal ranks under the same conditions, and found that the adsorption capacity of CO2 is stronger than that of CH4 (Liu et al., 2019; Wang et al., 2018). Reznik et al. (1984) conducted experiments by injecting CO2 into bituminous coal containing CH4 and bituminous coal containing water under high pressure, and proved that CO2 injection can increase the recovery rate of CH4 by 2–3 times and obtained higher gas injection pressure can lead to higher recovery rate of CH4 (Chattaraj et al., 2016, Lin et al., 2017). Baran et al. (2014) used the volumetric method to conduct adsorption experiments under lower and higher pressures, and proved that CO2 is the best gas that can penetrate into the internal structure of coal. The above experiments show that CO2 injection can flood or displace coal seam CH4 and improve the efficiency of CH4 drainage. To explore the mechanism of CO2 injection enhanced CH4 recovery, scholars from various countries have carried out numerical simulation on the basis of physical experiments. Vishal et al. (2015) studied the effect of adsorption time on CO2 enhanced coal bed methane recovery (CO2-ECBM). Zhou et al. (2012) and Fang et al. (2019b) used COMSOL Multiphysics software to analyze the evolution of permeability in the CO2-ECBM process, and the results show that the effective stress changes, matrix shrinkage, and swelling caused by pumping pressure of drainage and CO2 injection pressure are the key factors affecting permeability. Gas injection pressure and temperature are the two key factors that affect the efficiency of CH4 extraction (Fang et al., 2019c). Fan et al. (2018) considered non-isothermal adsorption and analyzed the effects of different injection pressures and initial temperatures on CO2-ECBM. Additionally, Pan et al. (2019) studied the evolution of its microstructural changes under high-pressure methane adsorption/desorption. Wang et al. (2020) revealed the specific process of coal macromolecular rearrangement caused by CO2 injection through molecular dynamics.
However, predecessors have seldom studied the deformation law of coal skeleton in the process of gas injection to displace coal seam CH4. In this article the coal mass is considered a dual pore structure composed of pores and fractures, and a fluid-solid coupling model for gas injection enhanced methane drainage is established. The COMSOL Multiphysics software is used to study the coal skeleton strain law in the process of CO2 injection to displace coal seam CH4 on the background of Zhangcun coal mine in Shanxi Provence. The results will provide a reference for improving the CH4 drainage from coal seams during underground mining.
2 MATHEMATICAL MODEL OF CO2 INJECTION ENHANCED CH4 DRAINAGE IN COAL SEAM
2.1 Basic Assumptions
According to the occurrence characteristics of gas in coal reservoirs, the following assumptions are made (Fan et al., 2016; Li et al., 2016; Ren et al., 2017; Fan et al., 2019b): 1) The coal mass is a porous medium with double pores composed of pores and fracture; 2) The gas migration in the matrix satisfies Fick’s law of diffusion, and the gas migration process in the fracture satisfies Darcy’s law; 3) CH4 and CO2 are regarded as ideal gases; 4) Water only migrates in the fractures; 5) The adsorption and desorption of CH4 and CO2 in coal mass are carried out under constant temperature conditions.
2.2 Permeability Evolution Model
Assume that the coal seam is a dual-porosity unidirectional permeable medium composed of a matrix, as shown in Figure 1. Matrix pores are the main storage space for CH4 and CO2, and the change of fractures affects the evolution of permeability. Therefore, the changes of pores and fractures are the key factors in the process of CO2 down whole injection enhanced CH4 drainage by effects of flooding and displacement.Where a0 is the initial matrix width, m; q is the initial fracture width, m.
[image: Figure 1]FIGURE 1 | Physical model of coal mass: (A) actual coal surface, (B) coal structure model, and (C) representative element volume (REV).
The coal matrix porosity model can be expressed as (Fan et al., 2016):
[image: image]
where [image: image] is the matrix porosity strain variable; εv is the volume strain in the coal; pmg is the gas mixture pressure, MPa; [image: image] is the skeleton bulk modulus, GPa; εa is the skeleton adsorption gas strain; Es is the skeleton elastic modulus, GPa; v is Poisson ratio; [image: image] is the Biot coefficient for the porosity; [image: image] is the bulk modulus, GPa; [image: image] is the effective elastic modulus, GPa; E is the elastic modulus, GPa; Kn is fracture stiffness, GPa; and the subscript “0” represents the initial value of the parameter.
Expression of matrix swelling strain caused by gas adsorbed on coal (Cao et al., 2019):
[image: image]
where ρc is the density of coal, kg/m3; R is gas molar constant, J/(mol·K); T is the temperature in the coal seam, K; ai is the limit adsorption capacity of gas component i, m3/kg; bi is the adsorption equilibrium constant of gas component i, MPa−1; pmgi is pressure of gas component i in the matrix, Pa; Vm is the molar volume of gas, L/mol.
Considering the influence of stress and seepage effects, the fracture porosity model can be obtained as (Fan et al., 2019b):
[image: image]
where φf0 is the initial fracture porosity; [image: image] is the equivalent fracture stiffness, GPa; q is the initial fracture width, m.
According to the cubic law, the relationship between porosity and permeability is:
[image: image]
where k0 is the initial permeability of the coal seam, m2.
Substituting Eq. 3 into Eq. 4 can obtain the dynamic evolution equation of permeability:
[image: image]
The relative permeability model of gas-water two-phase flow is (Xu et al., 2014):
[image: image]
where krg0 is the endpoint relative permeability of the gas; sw is the saturation of water; swr is the irreducible water saturation; sgr is the residual gas saturation fraction; krw0 is the endpoint relative permeability of water.
2.3 Controlling Equation of Seepage Field
2.3.1 Gas Transport in the Coal Matrix
According to the ideal gas state equation, the density of each component gas under standard conditions is:
[image: image]
where pa is standard atmospheric pressure, kPa.
Generalized Langmuir equation for binary gas adsorption equilibrium:
[image: image]
where cpi is the content of gas component i in coal, kg/m3; ρgi is the density of gas component i under standard conditions, kg/m3; Mgi is the molar mass of gas component i, g/mol.
The gas content in the coal matrix per unit volume equals the sum of the free gas content and the adsorbed gas content, which is obtained from the Langmuir equation and the ideal gas equation of state:
[image: image]
Owing to the influence of gas injection and drainage, the original equilibrium state of gas in the coal seam is broken. Forced by the concentration gradient, the gas in the coal matrix migrates into the fractures by diffusion. According to Fick’s law of diffusion, the gas mass in the matrix can be conserved. The equation is (Ren et al., 2017):
[image: image]
where pfgi is the pressure of gas component i in the fracture, MPa; τi is the desorption time of gas component i, d.
Substituting Eqs 7–9 into Eq. 10, the gas transport equation in the matrix can be obtained as:
[image: image]
2.3.2 Transport of Gas and Water in the Fractures
Considering the gas slippage effect and the generalized Darcy law of gas-water two-phase flow, the transport flows of gas and water are gained respectively (Fan et al., 2019c):
[image: image]
where b is the Klinkenberg factor, MPa; μgi is the dynamic viscosity of gas component i, MPa·s; μw is the dynamic viscosity of water, MPa·s.
Then, the mass conservation equation for gas migration in the fractures is:
[image: image]
where sg is the gas saturation in fracture, sg+ sw= 1.
The water seepage controlling equation is:
[image: image]
2.4 Stress Field Controlling Equation
Considering that the total strain of coal mass is the sum of strain caused by stress, fluid pressure in matrix pores and fractures, and coal matrix swelling resulted from CH4 and CO2 adsorption. The stress field controlling equation is (Li et al., 2016):
[image: image]
where [image: image] is the shear modulus of coal, GPa; ei,ij are in tensor form (e can be displacement u, pressure p, or strain ε). The first subscript represents the i-direction component of variable e. The second subscript represents the partial derivative of ei in the i-direction. The third subscript represents the partial derivative of ei,ij in the j direction; [image: image] is the Biot coefficient; Fi is the volume force, GPa; [image: image] is the fracture fluid pressure, Pa.
3 SIMULATIONS OF CO2 INJECTION ENHANCED CH4 DRAINAGE FROM COAL SEAM
3.1 Physical Model and Definite Solution Conditions
Taking the 2,606 roadway of Zhangcun Coal Mine in Shanxi Provence as the background, the feasibility of CO2 injection to increase gas drainage was studied in terms of its high gas and enrich water combined condition. COMSOL Multiphysics software is adopted to numerically solve the established fluid-solid coupling mathematical model. The 2,606 roadway is buried in a depth of 537 m, the coal seam temperature is 298.15 K, and the gas content during advancing is 8.5–10.0 m3/t. As shown in Figure 2, a two-dimensional physical geometry model with 6 m × 16 m in size was built for the simplification of coal wall on 2,606 roadway. There are five boreholes (two for gas injection and three for drainage) arranged along the center line of the roadway with borehole spacing of 2.5 m. Line A-B is set as the observation reference of simulate results, as well as the point C (9.25 m, 3 m), point D (11.75 m, 3 m), point E (14.5 m, 3 m). Both the sides of the model are set as roller boundary condition. The overburden loading of 14.85 MPa is applied on the upper side. The extern sides of the model are set as impermeable boundaries, indicating that no gas flows at these boundaries. The bottom side is set as a fix boundary. The borehole wall of the borehole is set as the pressure boundary condition with a pumping pressure of 20 kPa and an injection pressure of 1.0 MPa. The other used parameters are shown in Table 1. These parameters are mainly recovered from field tests and laboratory experiments, as well as recorded in other articles (Fan et al., 2016; Fan et al., 2019a; Fan et al., 2019b; Fang et al., 2019b; Fang et al., 2019c).
[image: Figure 2]FIGURE 2 | Physical geometry model of numerical simulation.
TABLE 1 | Numerical simulation parameters.
[image: Table 1]3.2 Analysis of Simulated Results
3.2.1 Gas Pressure Evolution
Figure 3 shows the contour map of coal bed gas pressure at 10, 60, 120, and 180 days of regular gas drainage and CO2 enhanced gas drainage. In Figure 3A, without CO2 injection, the gas pressure continues to decrease with the increase of extraction time. The vertical direction decreases faster than the horizontal direction leading by the supplemental gas sources in the horizontal direction. The vertical direction is closer to the coal seam boundary and there is no supplementary gas source.
[image: Figure 3]FIGURE 3 | Coal bed gas pressure distribution of both regular and CO2 enhanced gas drainage at different times. (A) Regular gas drainage. (B) CO2 enhanced gas drainage.
As CO2 is continuously injected into coal seam, the gas pressure shows a downward tendency in whole, but the changes near the drainage borehole and the gas injection borehole are different, as illustrated in Figure 3B. The pressure around the gas injection borehole is also gradually decreasing. The pressure around the gas injection borehole drops slower than that near the extraction borehole. And the drop rate in the vertical direction is slower than that in the horizontal direction. This is because the vicinity of the injection borehole is largely affected by CO2 flows. Although the CH4 pressure decreases with the effects of extraction, the CO2 pressure is rising, resulting in slowly drops of pressure. The gas pressure in the vertical direction of injection borehole is less affected by the pumping pressure of the drainage.
3.2.2 CH4 Content Evolution
Figure 4 presents the contour of CH4 content at 10, 60, 120, and 180 days of both regular and CO2 enhanced gas drainage in coal seam. Figure 4A shows the variation of CH4 content after regular gas drainage. The CH4 content reduction area expands from the center of drainage borehole, but the reduction region and rate are relatively slow. On the contrary, the reduction region and rate of CH4 content at the same duration for CO2 injection enhanced CH4 drainage have been significantly improved. This is caused by the combined action of CO2 injection and CH4 drainage. The potential pressure gradient in the coal seam drives the seepage of CO2 and displacement of free CH4 in the fractures. When most of the free CH4 in the fractures is driven out, the injected CO2 will compete with the CH4 adsorbed inside and on the surface of the coal, and then replace the adsorbed CH4. This accelerates the desorption rate of CH4. In Figure 4B, CH4 presents the trend of change.
[image: Figure 4]FIGURE 4 | Contour of CH4 content of both regular and CO2 enhanced gas drainage at different times. (A) Regular gas drainage. (B) CO2 enhanced gas drainage.
Figure 5 presents the evolution of the CH4 content on the observation line A-B with time. In Figure 5A CH4 content of both regular gas drainage and CO2 enhanced gas drainage gradually decreases with time, and the decreasing rate is highest between 10 and 60 days. CH4 pressure in coal seam gradually decreases (pressure gradient between the drainage borehole and coal seam) as the extraction time prolongs. In other words, the pressure gradient and the CH4 flow rate gradually decrease, slowing down the decreasing rate of CH4 content. Compared with the regular gas drainage, the effect of CO2 enhanced gas drainage in coal seam is more obvious with greater amount of CH4 extracted out. The reason is that CO2 drives and competitively adsorbs with CH4, which enhances the efficiency CH4 drainage.
[image: Figure 5]FIGURE 5 | Evolution of CH4 content on the reference line AB with both regular and CO2 enhanced gas drainage. (A) Regular gas drainage. (B) CO2 enhanced gas drainage.
The peak CH4 content between the extraction borehole and the gas injection borehole for 10, 60, 120, and 180 days of regular gas drainage are 8.62, 6.87, 5.55, and 4.57 m3/t, respectively. The peak CH4 content of CO2 enhanced gas drainage are 8.17, 5.69, 4.24, and 3.35 m3/t respectively, which reduced by 5.2, 17.2, 23.6, and 26.7% compared with that of regular gas drainage, respectively. The drainage efficiency has been significantly improved.
3.2.3 Evolution of Coal Skeleton Strain and Permeability
Figure 6 shows the strain and permeability of coal skeleton adsorbed gas during regular gas drainage and CO2 enhanced gas drainage. From Figure 6A, the strain value of coal skeleton behaves a gradual downward trend on the reference points (C, D, E) for the regular gas drainage. This is because the free CH4 in fractures flows out driven by the pressure gradient, and the decrease of gas pressure in fractures triggers desorption of adsorbed gas in coals, as a result that coal matrix will shrink and deform. The strain at point E is slightly smaller than that at other points at the same time due to the influence of a single drainage hole. There is a short period of plateau on the coal permeability curve at the beginning followed by gradual increase. The change in permeability is mainly affected by effective stress and matrix shrinkage. On the one hand, with the pumping pressure of drainage, the free CH4 in fractures is discharged, and the adsorbed CH4 begins to desorb. As a result, CH4 pressure in coal seam drops. The effective stress increases, to compress the seepage channel in coal mass, and subsequently coal permeability decreases. On the other hand, the permeability increases caused by the CH4 desorption induced shrinkage of coal matrix. The two opposite aspects work together to decide the change of coal seam permeability. In early stage, the seepage effect dominates, and the desorption rate of CH4 is slow, leading to the infinitesimal change in coal permeability. When the free CH4 is gradually discharged, the desorption rate begins to increase, and the permeability begins to rise.
[image: Figure 6]FIGURE 6 | Changes in strain and permeability of coal skeleton on the reference points (C, D, E) during regular and CO2 enhanced gas drainage. (A) Regular gas drainage. (B) CO2 enhanced gas drainage.
In Figure 6B, the strain on reference points C and D shows a slight decrease—rapid increase—slow increase trend in the process of CO2 enhanced gas drainage. CH4 desorption under the combined action of CO2 displacement and pumping pressure of drainage at the initial stage plays a leading role. Then, free CH4 in the coal fractures decreases and CO2 increases. CO2 competes with the CH4 in matrix for adsorption, and the strain value of coal skeleton increases as the coal matrix undergoes swelling deformation caused by the stronger adsorption affinity of CO2 than that of CH4. Finally, CO2 gradually reaches adsorption equilibrium, and the strain curve gradually slows down. Point E is mainly affected by the drainage hole, and its strain value continues to decrease. Figure 6B shows that the evolution curve of permeability is opposite to that of coal skeleton strain.
The CH4 desorption in coal matrix contracts leading to the decrease of coal skeleton strain. Then, as the free CH4 in the coal fractures decreases, CO2 increases and CO2 competes with the CH4 in the matrix to adsorb. The coal matrix expands and deforms, and the strain value of the coal skeleton rapidly increases. Finally, the competitive adsorption of CO2 gradually tends to balance since most of the adsorbed CH4 in the matrix is replaced. The competitive adsorption of CO2 gradually tends to balance. The CO2 adsorption rate slows down, and the strain value of coal skeleton slowly increases.
4 INFLUENCE OF DIFFERENT FACTORS ON THE DEFORMATION OF COAL SKELETON
We will explore different factors affecting the deformation of coal skeleton during CO2 injection to enhanced CH4 drainage from coal seam. The controlled single variable method was used to analyze the influence of different gas injection pressures, pumping pressures, initial water saturations, and coal seam temperatures on coal skeleton deformation. The simulation schemes of different influencing factors are shown in Table 2.
TABLE 2 | Simulation schemes of different influencing factors.
[image: Table 2]Figure 7A presents the strain curve on the reference point D under different gas injection pressures during CO2 enhanced gas drainage. In general, higher gas injection pressure will lead to greater strain of coal skeleton. Higher injection pressure under the same condition will lead to greater amount of adsorbed CO2, as well as greater swelling deformation of coal matrix. If the injection pressure is low, the matrix contraction in the early stage is great, and the curve is easy to slow down. When the initial injection pressure is higher than CH4 pressure in coal seam, CO2 cannot transport from high pressure to low pressure area. At this time, the coal skeleton strain is mainly affected by the desorption of CH4. CH4 pressure in coal seam gradually decreases as the action of pumping pressure. When CH4 pressure drops below the injection pressure, CO2 can flow under the action of the pressure gradient. The lower the injection pressure of CO2, the smaller the pressure gradient formed. As a result, the adsorption equilibrium reaches earlier.
[image: Figure 7]FIGURE 7 | Evolution of coal skeleton strain on point D under different parameters during CO2 enhanced gas drainage. (A) Different gas injection pressures. (B) Different pumping pressures. (C) Different initial water saturations. (D) Different initial temperatures.
In Figure 7B, the change of pumping pressure of drainage affects the deformation of coal skeleton slightly.
Figure 7C shows the strain curve of coal skeleton on the reference point D at different initial water saturations. Greater initial water saturation will lead to greater deformation of the coal skeleton in the early stage, and the strain value of coal skeleton gradually tends to be consistent as the operation time of gas injection prolongs. The reason is the water in fractures flow out will carry out part of the free CH4 and CO2 in the coal. As a result, the desorption rate of CH4 is accelerated and the adsorption rate of CO2 is slowed down. The shrinkage scale of the coal matrix becomes larger. As most of the water flows out of the borehole, the water saturation of coal seams with different water saturations tends to be consistent, and the deformation of coal skeleton also tends to be consistent.
Figure 7D shows the coal skeleton strain on the reference point D at different initial temperatures. The higher initial temperature will lead to greater reduction in the coal skeleton strain value, particularly when the operation time of gas injection prolongs.
5 CONCLUSION

1) A fluid-solid coupling mathematical model of CO2 injection enhanced CH4 drainage in coal seam was established based on Fick’s law, Darcy’s law, ideal gas state equation, and Langmuir equation. Meanwhile, numerical simulations on CO2 injection enhanced CH4 drainage during underground mining were carried out using the established model.
2) The CH4 content of both regular and CO2 enhanced gas drainage gradually decreases with time, and the decreasing rate is high between 10 and 60 days. Compared with regular gas drainage, CO2 enhanced gas drainage effect is more obvious with greater amount of CH4 extracted out. When the CH4 in coal seam is extracted for 10, 60, 120, and 180 days, the CH4 content in coal seam is reduced by 5.2, 17.2, 23.6, and 26.7%, respectively.
3) For regular gas drainage, the deformation of the coal skeleton is dominated by the contraction of coal matrix induced by gas desorption, and the strain curve shows a continuous downward trend. In the process of CO2 enhanced gas drainage, the strain curve of coal skeleton showed a slight decrease— rapid increase—slow increase trend. The evolution curve of permeability is opposite to that of coal skeleton strain.
4) Higher gas injection pressure will lead to greater coal skeleton strain. The pumping pressure affects the deformation of coal skeleton slightly compared with the initial water saturation and initial temperature. Greater initial water saturation will lead to larger deformation of coal skeleton in the early stage, and the strain value of coal skeleton gradually tends to be consistent as the operation time of gas injection prolongs. Higher initial temperature leads to greater reduction in coal skeleton strain, particularly when the gas injection prolongs continuously.
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The accurate characterization of coal pore structure is significant for coalbed methane (CBM) development. The splicing of practical pore ranges of multiple test methods can reflect pore structure characteristics. The pore\fracture compressibility is the main parameter affecting the porosity and permeability of coal reservoirs. The difference in compressibility of different coal rank reservoirs and pore\fracture structures with changing stress have not been systematically found. The pore structure characteristics of different rank coal samples were characterized using the optimal pore ranges of high-pressure mercury intrusion (HPMI), low-temperature liquid nitrogen adsorption (LT-N2A), low-pressure carbon dioxide adsorption (LP-CDA), and nuclear magnetic resonance (NMR) based on six groups of different rank coal samples. The compressibility of coal matrix and pore\fracture were studied using HPMI data and NMR T2 spectrum under effective stress. The results show that the more accurate full pore characterization results can be obtained by selecting the optimal pore range measured by HPMI, LT-N2A, and LP-CDA and comparing it with the NMR pore results. The matrix compressibility of different rank coal samples shows that low-rank coal > high-rank coal > medium-rank coal. When the effective stress is less than 6 MPa, the microfractures are compressed rapidly, and the compressibility decreases slowly when the effective stress is more than 6 MPa. Thus, the compressibility of the adsorption pore is weak. Nevertheless, the adsorption pore has the most significant compression space because of the largest proportion in different pore structures. The variation trend of matrix compressibility and pore\fracture compressibility is consistent with the increase of coal rank. The compressibility decreases with the rise of reservoir heterogeneity and mechanical strength. The development of pore volume promotes compressibility. The research results have guiding significance for the exploration and development of CBM in different coal rank reservoirs.
Keywords: pore\fracture structure, full pore characterization, matrix compressibility, pore\fracture compressibility, different coal ranks
INTRODUCTION
Coal is a complex porous medium. As a coalbed methane (CBM) accumulation site and migration channel, pore\fracture is very important to the adsorption, desorption, diffusion, and seepage of CBM (Ross et al., 2009; Moore et al., 2012; Hao et al., 2013; Yang et al., 2017; Wang et al., 2020; Li et al., 2021). The pore structure of coal determines the development technology of CBM and also affects production. Therefore, accurate characterization of the pore structure of coal reservoirs is of great significance for CBM development. There are many methods to characterize the pore structure of coal quantitatively. However, there are some limitations because various test methods have different advantageous pore ranges (Clarkson et al., 2013; Zhou et al., 2017). The high-pressure mercury intrusion (HPMI) test is widely used in pore structure analysis, but it has limitations in characterizing the full pore size. When the mercury intrusion pressure is higher than 10 MPa (the pore size is approximately 100 nm), the compressibility significantly impacts the test data (Friesen et al., 1988; Li et al., 2015). Therefore, it is necessary to correct the compressibility of HPMI data to improve the reliability and applicability of HPMI data. Furthermore, the study of coal matrix compressibility also has the practical engineering value for evaluating the deformation capacity of coal reservoirs. Therefore, it is necessary to analyze the principle and correct the test results of pore characterization methods for different coal rank reservoirs.
Pore\fracture compressibility is the main parameter affecting the porosity and permeability of coal reservoirs. It is applied to the study of the permeability prediction model and involves optimizing CBM drainage and production and selecting stimulation measures (Yuan et al., 2018; Li et al., 2019; Zhang et al., 2019; Wang et al., 2020). During the production of CBM, the effective stress increases gradually, and the pore\fracture is continuously compressed, resulting in the continuous reduction of seepage space, which affects the permeability (Tao et al., 2010; Wang et al., 2021). Therefore, the study on the compressibility of pore\fracture with stress plays a guiding role in efficient CBM development (Tan et al., 2018). At present, HPMI and nuclear magnetic resonance (NMR) are mainly used to study the compressibility of coal (Li et al., 2013; Shao et al., 2018; Chen et al., 2019; Evweton et al., 2021). Moreover, NMR has the characteristics of fast, non-destructive, and can apply in-situ stress, which can approximately simulate the changes of pore\fracture under effective stress. Li et al. (2013) proposed a method to characterize the pore stress sensitivity of coal by NMR. It is concluded that seepage pores control the stress sensitivity of low-rank coals. In contrast, adsorption pores maintain the middle and high-rank coals by describing the pore system of different rank coals under different confining pressures. Meanwhile, Hou et al. (2019) concluded that the compressibility of movable fluid pores is more excellent than that of irreducible fluid pores. The total compressibility is affected by both types of pores. Li et al. (2019) proposed an improved permeability model considering coal matrix deformation and key pore compressibility. In addition, the compressibility of the pore\fracture system is greatly affected by heterogeneity, and the permeability characterized by NMR has an apparent negative correlation with fractal dimension. The occurrence law of minerals (mineral content, mineral morphology, and mineral arrangement) has an evident impact on compressibility, and the coal reservoir with high mineral content has less compressibility (Chen et al., 2019; Cheng et al., 2020). Previous studies mainly focused on the single coal rank, and there was a lack of comparative research of different coal ranks. There are differences in material composition, pore\fracture development degree, and mechanical characteristics of varying coal rank reservoirs, which will affect the compressibility of coal reservoirs. In addition, the pore\fracture of coal reservoirs shows other characteristics under different effective stress. Previous studies used HPMI and NMR experiments to characterize the compressibility of pore\fracture and rarely analyzed the influencing factors of compressibility.
Firstly, we selected six different rank coal samples in Shanxi Province to characterize the full pore by HPMI, low-temperature liquid nitrogen adsorption (LT-N2A), and low-pressure carbon dioxide adsorption (LP-CDA). Secondly, the compressibility of coal matrix and different types of pore\fracture are analyzed by HPMI and NMR. Finally, the influencing factors of compressibility were analyzed combined with the mechanical test of microhardness.
EXPERIMENTS AND METHODS
Samples
Shanxi Province is the enrichment area of coal and CBM in China, and there are different rank coals. The compressibility of different rank coal samples was studied by collecting six different rank coal samples (Ro,max between 0.54 and 3.18%) in Shanxi Province. The samples were from the fresh working faces of Maoergou coal mine (MEG), Baode coal mine (BD), Zuozegou coal mine (ZZG), Xinzhuang coal mine (XZ), Gaohe coal mine (GH), and Sihe coal mine (SH) (Figure 1). The samples are sealed by plastic wrap to the laboratory for relevant experiments after being collected. The maximum reflectance (Ro,max) of vitrinite under oil immersion, coal rock composition, and industrial analysis are measured according to ISO (International Organization for Standardization) 17246-2005 and ISO 7404-5-2009. The macerals contain vitrinite and a small amount of inertinite primarily (Table 1).
[image: Figure 1]FIGURE 1 | Sampling location in the Shanxi Province.
TABLE 1 | Vitrinite reflectance, industrial analysis, and macerals of samples.
[image: Table 1]Experimental Process
There are cylindrical samples of 25 × 50 mm used for the NMR experiment, 3 mm broken sample around the cylinder is used for the HPMI experiment, and 40–60 mesh powder samples are prepared for LT-N2A and LP-CDA experiment.
The real-time response characteristics of NMR are used to study the compressibility of coal and rock under different stress. NMR will be produced when the hydrogen nucleus is exposed to an oscillating magnetic field (Menzel et al., 2000). The relationship between relaxation distribution and relaxation time can detect the number of hydrogen atoms in water. The number of hydrogen atoms presenting in water can be seen by transverse relaxation (T2) time (Yao et al., 2014; Kang et al., 2019). According to the principle of NMR measurement, the transverse relaxation (T2) of water in the magnetic field gradient is affected by three different relaxation mechanisms: free relaxation (T2B), surface relaxation (T2S), and diffusion relaxation (T2D), which can be expressed as follows:
[image: image]
When the magnetic uniformity is as low as 30 ppm, the relaxation caused by diffusion is negligible. This means that the value of 1 / T2D is small enough (Yao et al., 2014). So we can get:
[image: image]
where ρ is the surface relaxation rate, m/s; S is reservoir pore surface area, m2; V is reservoir pore volume, m3. Thus, T2 values greater than 100 ms represent free water, 2.5–100 ms represent capillary water, and less than 2.5 ms represent adsorbed water (Yao et al., 2010). Generally, the adsorbed water is mainly stored in the adsorption pore with less than 100 nm. In comparison, the capillary water is stored in the seepage pore with a pore size of 100–10000nm, while the free water is stored in the fracture with a pore size greater than 10000 nm and the gap between the sample and the core holder.
MacroMR12-150H-I large aperture nuclear magnetic analysis and imaging system produced by Suzhou Newmag company were used in the experiment. Before the investigation, the sample was dried at 60°C for 300 min to remove the residual moisture, and then the sample was placed in the core holder to measure the NMR signal to remove the noise caused by the dried sample. Then, each sample was saturated with water under 20 MPa pressure in a vacuum for 48 h. Next, a saturated sample was placed in the core holder to measure the NMR signal under the confining pressure of 0 MPa. Record the T2 spectrum signal when the signal is stable and use it as the initial base of the saturated core sample. Next, we applied a confining pressure of 3 Mpa and kept it for 2 h until the signal did not change, then applied to confine pressures of 6, 9, 12, and 15 MPa, and recorded the signal value of each pressure point.
The HPMI experiment was conducted on the autopore IV 9500 mercury intrusion instrument in the Guizhou coalfield geology bureau laboratory. After drying the sample with 10 g and for 3 mm crushed for 24 h at 60°C, the water in the samples was removed, and then the experimental test was carried out. The mercury intrusion pressure is 60,000 psi, and the pore size distribution above 5 nm can be measured based on the Washburn equation.
The LT-N2A experimental instrument is Tristar II 3020 specific surface and porosity analyzer. After drying and degassing 2 g sample with 40–60 mesh, the N2 adsorption capacity at different relative pressures (0.001–0.998) was measured at 77 K. The N2 adsorption branch data were interpreted based on the multipoint Brunauer Emmett Teller (BET) and Barrett Joyner Halenda (BJH) models, and the specific surface area, pore volume, and pore size distribution parameters were obtained.
An autosorb IQ-MP automatic micropore analyzer carried out an LP-CDA experiment. After drying and degassing 2 g sample with 40–60 mesh, LP-CDA with relative pressure between 0.0001 and 0.03 were obtained at 273 K. The LP-CDA data were interpreted by nonlocal density function theory (DFT), and the pore size distribution was obtained.
The microhardness is measured by using the Chinese coal standard MT-246-1991. First, the prepared standard sample of coal brick is fixed on the carrier. After flattening and compaction, a thin layer of white paraffin is evenly coated on the experimental surface. Next, the 40 measuring points evenly distributed on the smooth sheet of coal brick are pressurized and depressurized under the test force of 0.98 N. The microhardness of each measuring point was calculated based on the average of the two diagonal lengths of the measured indentation. Arithmetic means the value of the practical point measurement results is the microhardness value of the sample.
Data Processing
The pore division adopts the decimal division standard of (Hodot, 1966), which is widely used in the aperture classification of coal reservoirs. This aperture division method can describe the aperture splicing results in the later paper and can be compared with NMR (Yao et al., 2014).
The compressibility coefficients of coal matrix and different types of pore\fracture are calculated by using HPMI and NMR data according to the definition of compressibility coefficient and previous research methods (Li et al., 2013; Shao et al., 2018).
Matrix Compressibility
Ignoring the compressibility of mercury, the compressibility coefficient of the coal matrix is defined as:
[image: image]
where Cm is the compression coefficient of coal matrix, m2/N; Vm is the volume of coal matrix measured by helium, cm3/g; dVm/dP is the volume change of coal matrix under the condition of unit pressure drop, cm3/(g·MPa). Thus, during mercury intrusion, the relation between mercury intrusion volume (ΔVobs), pore volume (ΔVP), and compressed volume of coal matrix (ΔVP) can be described as:
[image: image]
The coal matrix’s compression effect is becoming more evident with the increase of mercury intrusion pressure during the HPMI experiment, especially when the pressure is more significant than 10 MPa. Furthermore, a linear relationship exists between the cumulative mercury intrusion volume and the mercury intrusion pressure, resulting in ΔVobs/ΔP tends to a constant α. Therefore, ΔVm/ΔP can be expressed as:
[image: image]
where [image: image] is obtained from the experimental data of LT-N2A; ΔP is the difference between the maximum mercury intrusion pressure and the minimum mercury intrusion pressure in the mercury injection stage, MPa; ΔVm/ΔP is the mean value within a pressure range, which is independent of pressure change. Usually, ΔVm/ΔP can be instead of dVm/dP. Cm can be expressed as:
[image: image]
Compressibility of pore\fracture
The HPMI experiment reflects the compression characteristics of the coal matrix under different mercury intrusion pressures. NMR can characterize the compression characteristics of different pore\fracture under different confining pressures. The ratio of T2 spectral area under different confining pressures and initial T2 spectral area (0 MPa) is used to reflect the variation law of pore\fracture to quantitatively characterize the relationship between different pore compression characteristics and confining pressure:
[image: image]
where Aij is the area ratio of T2 spectrum, i = 1, 2 and 3 represent adsorption pore, seepage pore, and microfracture; j = 1, 2, 3, 4, 5, and 6 represent confining pressures of 0, 3, 6, 9, 12 and 15 MPa respectively; S0 refers to the T2 spectral area when the confining pressure is 0 MPa, and Si refers to the T2 spectral area of T2 spectrum when the confining pressure increases to 3, 6, 9, 12 and 15 MPa respectively. The smaller Aij indicates that the larger the compression space of pore\fracture.
The change of T2 spectral area can be used to quantitatively characterize the compressibility of each pore range under stress (Li et al., 2013). The calculation formula of the compressibility coefficient can be described as follows:
[image: image]
where Cpc is the average pore compression coefficient, MPa−1; Vp is the pore volume when the effective stress is P, cm3/g; Vp0 is the pore volume when the effective stress is 0, cm3/g; Si/S0 is the dimensionless T2 spectral area ratio, and Pc0 is the stress under initial conditions.
RESULTS AND DISCUSSION
The compressibility of the coal reservoir is an important parameter that affects the diffusion and seepage capacity change in CBM production. This work analyzes the pore structure characteristics and full pore characterization results of different rank coals. HPMI and low field NMR are used to study the compressibility of different coal steps and different pores and fractures. The factors affecting the compressibility of the coal reservoir are discussed.
Characteristics of Pore in Different Coal Rank Reservoirs
Characterization of Pore Structure by the Single Test Method
HPMI data show that the mercury intrusion volume of MEG samples with the lowest coal rank is significantly greater than that of the other five samples with higher coal rank (Figure 2A), showing that the pores of low-rank coal (Ro,max<0.65%) are more developed and the pore volume is more significant. The mercury removal efficiency of MEG samples is lower, and the lag ring is larger (Figure 2A), indicating that the low-rank coal samples develop more parallel open pores and have good connectivity. Micropore and transition pore are more developed, and the content of mesopores and macropores is minimal from the pore distribution. Especially for high-rank coal (Ro,max>2.0%), such as XZ, GH, and SH samples, macropores are very underdeveloped. All kinds of pores of low-rank coal samples, such as MEG, are relatively developed and have uniform pore distribution (Figure 2B). It reveals that the mercury removal efficiency of low-rank coal is lower, while that of medium (0.65%<Ro,max<2.0%) and high-rank coal is higher.
[image: Figure 2]FIGURE 2 | Pore size distribution characteristics of different test methods (A). Characteristics of mercury Intrusion-Extrusion curve; (B). Pore distribution characteristics of HPMI; (C). Adsorption-desorption curve characteristics of LT-N2A; (D). Pore distribution characteristics of LT-N2A; (E). Isothermal adsorption curve characteristics of LP-CDA; (F). Pore distribution characteristics of LP-CDA).
According to the LT-N2A adsorption-desorption curve characteristics, the six coal samples are divided into two types. Type Ⅰ: MEG, ZZG, and XZ samples. When the relative pressure is low (P/P0 < 0.5), the adsorption-desorption curves coincide with no adsorption loop (Figure 2C). In the small pore range (<4.5 nm), the semi-open pore is the central part. There is a noticeable lag ring with the ink bottle-shaped pores and cylindrical pores when high relative pressure (P/P0 > 0.5). Type Ⅱ: BD, GH, and SH samples. The adsorption-desorption curves are parallel but do not overlap when the relative pressure is low. There are mainly semi-open pores closed at one end and cylindrical pores open at both ends. Adsorption loop appears with higher relative pressure. But the pore of Type Ⅱ is more relaxed than Type Ⅰ. The LT-N2A experiment can characterize the information of part micropores and transition pores. Among them, the pores of 3–5 nm are more developed (Figure 2D).
The carbon dioxide adsorption capacity of different rank coal samples increases with the increase of relative pressure. The adsorption rate in the low-pressure range (P/P0 < 0.01) is high, and that in the medium high-pressure range (P/P0 > 0.01) is decreasing. Therefore, the maximum adsorption capacity of different rank coals is high-rank coal > low-rank coal > medium rank coal (Figure 2E). The pore size distribution of different samples is similar. However, the pore volume is more developed with less than 0.8 nm (Figure 2F).
Coal Matrix Compressibility
HPMI can not reflect the actual pore structure characteristics of coal due to the compression effect of coal matrix in the high-pressure range (>10 MPa) when characterizing the pore structure. Therefore, it will result in significant errors in pore structure analysis (Friesen et al., 1988; Li et al., 1999; Cai et al., 2013; Guo et al., 2014). Therefore, it is necessary to correct HPMI data. The compression effect of the coal matrix has little effect on macropores (1,000–10,000 nm) and mesoporous (100–1,000 nm); the pore distribution curve before correction almost coincides with that after correction (Figure 3). On the other hand, the matrix compression effect has a significant impact on the transition pores (10–100 nm) and micropores (<10 nm). There is an apparent separation between the pore distribution curve before correction and the pore distribution curve after correction. Therefore, the compression effect of the coal matrix should be considered when the HPMI experiment is used to characterize pore size distribution, especially pore size is less than 100 nm.
[image: Figure 3]FIGURE 3 | The curve of incremental mercury intrusion and pore distribution.
Full Pore Characterization
According to the different pore characterization range and accuracy with the three test methods, each method’s optimal pore range is adopted to characterize different coal samples’ pore characteristics comprehensively. The pore structure characteristics of micropores are characterized by LP-CDA data (<2 nm) and part LT-N2A data (2–10 nm); the pore structure characteristics of transition pores are characterized by part LT-N2A data (10–100 nm) and corrected HPMI data describe the pore structure characteristics of mesopores and macropores. Adsorption pores (micropores and transition pores) are the most developed for the six samples. However, there are significant differences between low-rank coal and medium-high rank coal. The proportion of adsorption pores of low-rank coal is 77.29%, and that of medium-high rank coal is 90.38–96.07%, with an average of 93.03%. The seepage space is more developed because the compaction degree of low-rank coal is low, and the coal structure is loose.
Furthermore, with the increase of coalification degree, cyclo condensation and thermal cracking lead to the shedding of oxygen-containing functional groups and hydrogen-rich side chains, more orderly arrangement of aromatic rings, and the formation of a series of intermolecular pores, which makes the adsorption space of medium and high-rank coals more developed (Liu et al., 2016). Therefore, the pore size distribution characterized by HPMI-LTN2A-LPCDA agrees with the corresponding pore size distribution of NMR, especially in the distribution frequency of adsorption pore range (Figure 4). However, there are still differences in comparing the two methods due to different test methods’ size effect and principle. Furthermore, different pore size distributions will affect the compressibility of the coal reservoir, further analyzed below.
[image: Figure 4]FIGURE 4 | Full pore splicing characterization (A). MEG sample; (B). SH sample).
Compressibility of Matrix and pore\fracture
HPMI method and NMR test with stress are the main methods to study the compressibility of the coal. In this work, the coal matrix compressibility coefficient (Cm) is calculated using the HPMI data, and the compressibility coefficient (Cp) of different types of pore\fracture is calculated according to the T2 spectrum under different confining pressures. The applicability of the test results is compared and analyzed.
Compressibility of Coal Matrix Based on High-Pressure Mercury Intrusion
The matrix compressibility (Cm) of coal samples of different coal rank ranges from (1.04–1.84) × 10−4 MPa−1 (Figure 5), and low-rank coal > high-rank coal > medium rank coal. Compared with medium-high rank coal, low-rank coal has a loose structure, low compactness, and a significant matrix compression effect. Nelson et al. (1980) attributed the relationship of coal matrix compressibility and coal rank to the change of micropore volume. Cai et al. (2018) considered a negative correlation between coal matrix compressibility and coal rank. Shao et al. (2018) considered that the compressibility of the coal matrix changed in stages with the increasing coal rank. The compressibility coefficient of the coal matrix shows first decreased, increased, and then decreased with the increase of coal rank. The turning point was Ro,max = 1.3%, and Ro,max = 2.5%, mainly affected by the second and third coalification jump. The calculation results were consistent with the previous research results, which illustrated the feasibility of the calculation method and results.
[image: Figure 5]FIGURE 5 | Characterization of matrix compressibility of coal samples of different coal rank.
Compressibility of pore\fracture Based on Nuclear Magnetic Resonance
NMR carried out the experiments of pore\fracture distribution under different confining pressures. The results show that the T2 spectrum amplitude of adsorption pores decreases slightly with confining pressure. At the same time, the T2 spectrum amplitude of seepage pores also gradually moves to the left (Figure 6), indicating that the T2 amplitude of different types of pores has different manifestations. The surface areas of T2 amplitudes of different pores are calculated by integration. The results show that the T2 amplitudes of total pores, adsorption pores, and microfractures gradually decrease with confining pressure.
[image: Figure 6]FIGURE 6 | T2 spectra of samples under different confining pressures.
In contrast, the seepage pores slightly increase, and the overall T2 peak spectrum also shifts to the left (Figure 6). Because the pores are compressed with the increase of stress, resulting in the decrease of signal amplitude. The compression of pore\fracture also reduces the T2 relaxation time, resulting in the left shift of peak spectrum (Yao et al., 2010). The change of matrix causes the changing trend of adsorption pore under stress. Matrix compression leads to fluid extrusion in the adsorption pore with increased confining pressure, which reduces the T2 spectrum amplitude of the adsorption pore. The amplitude of microfracture T2 changes obviously under stress (Figure 7). 3 MPa is the turning point, T2 amplitude decreases to 15.29–98.54%, with an average of 44.14%, when the confining pressure is 0–3 MPa. When the confining pressure is 3–15 MPa, T2 amplitude decreases by 1.02–20.56%, with an average of 10.52%. The T2 amplitude of the seepage pores in the low-pressure range increases slightly (Figure 7). Because the stress sensitivity of microfractures is the largest, microfractures are compressed during the increase of confining pressure, and part microfractures are compressed to form seepage pores. Moreover, the fluid of the adsorption pore will move to the seepage pore during compression, which increases the T2 amplitude of the seepage pore. The variation trend of T2 spectrum amplitude of total pore is consistent with that of adsorption pore under stress. Adsorption pore is the primary pore type in the pore\fracture. Therefore, the compressed volume of the pore\fracture under stress mainly comes from the adsorption pore.
[image: Figure 7]FIGURE 7 | Relationship between T2 spectral area ratio and confining pressure.
The compressibility of different pore types of different rank coals varies greatly (Figure 8). The compressibility of microfractures significantly changes with the increase of confining pressure (Figure 8). The compressibility of microfractures can be divided into two stages based on the variation trend of the compressibility coefficient. The compressibility coefficient of microfractures decreases sharply in confining pressure of 0–6 MPa, and the compressibility of microfractures decreases slowly in confining pressure of 6–15 MPa (Figure 8). It indicates that microfractures’ compression effect is evident in the low-pressure range and weak in the high-pressure field. The compressibility coefficient of the seepage pore increases with the increase of confining pressure. The compressibility of microfracture decreases significantly with the rise in pressure, the compression space of microfracture decreases, which changes part microfractures into seepage pores. The compressibility is of the adsorption pore almost unchanged because the compressibility of the adsorption pore is determined by the mechanical properties of the coal matrix resulting in a weak stress response.
[image: Figure 8]FIGURE 8 | Pore\fracture compression coefficient.
Influencing Factors of Compressibility
Analyzing the influencing factors of coal reservoir compressibility is the key to take targeted response control measures. Therefore, the following will study the compressibility coefficient of coal reservoir from three aspects: pore structure, heterogeneity, and mechanical properties.
Pore Structure
The influence of pore size distribution characteristics on coal compressibility is controversial. For example, Li et al. (2013) found an apparent positive correlation between coal compressibility and micropores. In addition, Cai et al. (2018) showed that micropores have little effect on compressibility; macropores are the chief pore range affecting compressibility. In this work, different coal rank samples are mainly adsorption pores, and the content of adsorption pores of medium and high-rank coal is more than 90%. The reason has been explained in Chapter 3.1. There is a prominently positive correlation between the total pore volume and compressibility in coal samples of different coal ranks (Figure 9B), indicating that the larger the pore volume, the easier the coal is compressed. Pore volumes of different samples are mainly adsorption pores, so the effect of adsorption pore volume on compressibility is significant (Figure 9A). The pore volume and porosity are almost consistent in development. Therefore, the impact of porosity on coal compressibility is similar to pore volume (Figure 9C). The compressibility of coal shows an increasing trend with the increase of porosity and pore volume. There is a synergy between them, which has an important impact on the compressibility of coal.
[image: Figure 9]FIGURE 9 | Relationship between adsorption pore volume, total pore volume, porosity, and compressibility.
Pore Heterogeneity
The distribution of pore heterogeneity is usually characterized by fractal dimensions (Mandelbrot et al., 1983; Li et al., 2019). NMR fractal theory can characterize pore morphology and structural heterogeneity in different pore size ranges (Harmer et al., 2001). The complexity of pore\fracture is reflected by studying the fractal dimension under different stresses. The larger the fractal dimension, the more complex the pore\fracture structure, and the more substantial the heterogeneity (Zheng et al., 2018; Chen et al., 2019). Based on previous studies, VP can be expressed as:
[image: image]
Logarithmic transformation of the above formula can be characterized as:
[image: image]
where VP is the cumulative porosity percentage, %; T2max is the maximum transverse relaxation time; Dw is the NMR fractal value in dripping water, dimensionless.
The pore\fracture based on NMR characterization is divided into adsorption space (T2 < 2.5 ms) and seepage space (T2 > 2.5 ms) according to the pore division methods of Li et al. (2013) and Cheng et al. (2020). To explain the variation of heterogeneity of pore\fracture under different confining pressures, the fractal dimensions of adsorption space and seepage space of different coal rank samples based on NMR test results are calculated by Eq. 10 (Figure 10). With the increase of effective stress, the heterogeneity of adsorption space tends to be complex. The increasing trend of fractal dimension of adsorption space (DA) of SH sample is more evident than that of other samples, and DA increases rapidly from 1.17 to 1.24 (Figure 10A). The reason is that the adsorption pore volume of the SH sample is more developed than that of other samples (Figure 2). Therefore, the stress compression response is more significant. However, the effect of stress on the heterogeneity of seepage space is weak. During 0–3 MPa, the fractal dimension of seepage space (DS) increases obviously. When the confining pressure is higher than 3 MPa, the DS is almost unchanged (Figure 10B). The above results show that the confining pressure dramatically influences adsorption space heterogeneity, and the seepage space’s heterogeneity is mainly reflected in the low-pressure range (0–3 MPa).
[image: Figure 10]FIGURE 10 | Fractal dimension of samples under different confining pressures (A). Fractal dimension of adsorption pore; (B). Seepage pore fractal dimension).
There is the same change trend between the DS and the corresponding compressibility of each sample (Figure 11), indicating that the changing trend of DS can express the change law of compressibility of pore\fracture. The larger the DS of the same sample, the stronger the heterogeneity, and the more difficult it is for the pore\fracture to be compressed. Because the fractal dimension affects the mechanical strength and self-similarity of coal. Wang et al. (2013) studied that the compressive strength of coal decreases exponentially with the increase of fractal dimension. The larger the fractal dimension indicates that the coal structure has low self-similarity, the more substantial the ability to resist stress deformation (Pateicia et al., 2003). To clearly show the influence of the fractal dimension of seepage space on compressibility, the first-order derivation of the compressibility coefficient of sample seepage space is carried out. The variation trend of compressibility of seepage space with fractal dimension is divided into two stages (Figure 12). The first stage is the rapid decline stage; the compressibility of seepage space decreases significantly with the increase of fractal dimension. The second stage is the sound stage, the influence of fractal dimension on pore\fracture compressibility becomes smaller and stable when the fractal dimension increases to a specific value. Because the stress sensitivity of microfractures in the initial stress range is more potent than that of seepage pores, which will lead to the transformation of part microfractures into seepage pores, and the compressibility of seepage space decreases sharply. In the later stage of stress application, the pore size of the seepage space becomes smaller. Li et al. (2019) studied that pore compressibility is affected by pore size. In the same space, pore stress sensitivity with large pore size is strong. Therefore, the fractal dimension affects the compressibility of seepage space, showing the second stage change trend.
[image: Figure 11]FIGURE 11 | Relationship between compressibility and heterogeneity of seepage space.
[image: Figure 12]FIGURE 12 | Relationship between the first derivative of seepage pore compressibility coefficient and fractal dimension.
Mechanical Strength
The effective stress increases of the reservoir with the production of gas and water from the coal reservoir in CBM exploitation, resulting in the deformation of the pore\fracture of the coal reservoir. The higher the mechanical strength of coal, the stronger the ability to resist stress deformation, reducing the compressibility of coal matrix and pore\fracures. Microhardness can analyze the hardness and other critical mechanical characteristics of materials. In recent years, the micromechanical properties of coal have been widely used to explain coal reservoirs’ mechanical properties (Shao et al., 2018; Godyń et al., 2019).
Coal matrix compression and pore\fracture compression are expressed as the relative changes of the coal reservoir matrix and pore\fracture under stress. Thus, they can reflect the mechanical characteristics of coal reservoirs. There is an apparent negative correlation between matrix compressibility, pore\fracture compressibility, and microhardness (Figure 13). The higher the mechanical strength of coal, the stronger the ability to resist stress deformation, and the less prone to compression deformation. Therefore, the greater the microhardness, the smaller the compressibility of matrix and pore\fracture. On the other hand, there is an apparent positive correlation between matrix compressibility based on HPMI and pore\fracture compressibility based on NMR. The correlation coefficient is 92% (Figure 13), which illustrates the adaptability of matrix compressibility and pore\fracture compressibility in characterization results. The compressibility of pore\fracture characterized by NMR is higher than that indicated by HPMI. Because different test methods describe the stress sensitivity of different properties, and the scale effect is also the reason for the difference between the two values.
[image: Figure 13]FIGURE 13 | Relationship between microhardness and compressibility of matrix and pore\fracture.
The matrix compressibility and pore\fracture compressibility of coal have the exact change trend with the increase of metamorphic degree (Figure 14). Before the second coalification jump, aromatization led to the shedding of many oxygen-containing functional groups in the coal, reducing microporosity and pore volume. The decrease in volatile substances would also lead to the consolidation of the coal, enhance the compactness of the coal, and improve the strength and resistance to stress deformation of the coal (Stach et al., 1982). Therefore, the compressibility of coal matrix and pore\fracture decreased due to the decreasing pore volume and the increasing strength. During the second coalification, the side chain of organic matter is shortened. As a result, the quantity is reduced, the cyclo condensation cooperation and thermal cracking are gradually strengthened, the hydrogen-rich side chain is significantly reduced and accompanied by a large amount of methane escape, a large number of nanopores are generated in the coal, increasing the stress response of the coal reservoir (Figure 9). The increase of pore volume will also reduce the mechanical strength of the coal, resulting in the enhancement of compressibility.
[image: Figure 14]FIGURE 14 | Compressibility characterization based on HPMI and NMR calculations.
CONCLUSION

1) The more accurate full pore characterization results can be obtained by selecting the optimal pore range measured by HPMI (>100 nm), LT-N2A (2–100 nm), and LP-CDA (<2 nm), and the characterization results are highly consistent with the NMR.
2) The coal pore/fracture volume decreases with the increase of stress. The adsorption pore has the most significant compression due to volume advantage. The microfracture compression is the most effective, and the compression coefficient first decreases rapidly (0–6 MPa) and then decreases slowly (6–15 MPa) with stress increase.
3) The compressibility coefficient negatively correlates with pore heterogeneity and mechanical strength and positively correlates with pore volume. The variation trend of coal matrix compressibility and pore\fractures compressibility with coal rank is consistent, greatly affected by the jump of coalification.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
JL: Conceptualization, Methodology, Formal analysis, Resources, Writing-original draft, Writing-review and editing XF: Methodology, Investigation, Supervision JK: Conceptualization, Methodology, Supervision, Funding acquisition MC: Methodology ZW: Editing and revision All authors reviewed the article.
FUNDING
This work was supported by the National Natural Science Foundation of China (42072190, 41772158), the Basic Scientific Research Business Fee of the China University of Mining and Technology (2020CXNL11), and the Key Foundation of Shanxi Province (201901D111005(ZD)).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Cai, Y., Li, Q., Liu, D., Zhou, Y., and Lv, D. (2018). Insights into Matrix Compressibility of Coals by Mercury Intrusion Porosimetry and N2 Adsorption. Int. J. Coal Geology. 200, 199–212. doi:10.1016/j.coal.2018.11.007
 Cai, Y., Liu, D., Pan, Z., Yao, Y., Li, J., and Qiu, Y. (2013). Pore Structure and its Impact on CH4 Adsorption Capacity and Flow Capability of Bituminous and Subbituminous Coals from Northeast China. Fuel 103 (JAN.), 258–268. doi:10.1016/j.fuel.2012.06.055
 Chen, S., Tang, D., Tao, S., Ji, X., and Xu, H. (2019). Fractal Analysis of the Dynamic Variation in Pore-Fracture Systems under the Action of Stress Using a Low-Field NMR Relaxation Method: An Experimental Study of Coals from Western Guizhou in China. J. Pet. Sci. Eng. 173, 617–629. doi:10.1016/j.petrol.2018.10.046
 Cheng, M., Fu, X., and Kang, J. (2020). Compressibility of Different Pore and Fracture Structures and its Relationship with Heterogeneity and Minerals in Low-Rank Coal Reservoirs: An Experimental Study Based on Nuclear Magnetic Resonance and Micro-CT. Energy Fuels 34 (9), 10894–10903. doi:10.1021/acs.energyfuels.0c02119
 Clarkson, C. R., Solano, N., Bustin, R. M., Bustin, A. M. M., Chalmers, G. R. L., He, L., et al. (2013). Pore Structure Characterization of North American Shale Gas Reservoirs Using USANS/SANS, Gas Adsorption, and Mercury Intrusion. Fuel 103, 606–616. doi:10.1016/j.fuel.2012.06.119
 Friesen, W., and Mikula, R. (1988). Mercury Porosimetry of coalsPore Volume Distribution and Compressibility. Fuel 67 (11), 1516–1520. doi:10.1016/0016-2361(88)90069-5
 Godyń, K., Kožušníková, A., and Sciubba, E. (2019). Microhardness of Coal from Near-Fault Zones in Coal Seams Threatened with Gas-Geodynamic Phenomena, Upper Silesian Coal Basin, Poland. Energies 12 (9), 1756–1770. doi:10.3390/en12091756
 Guo, X., Yao, Y., and Liu, D. (2014). Characteristics of Coal Matrix Compressibility: An Investigation by Mercury Intrusion Porosimetry. Energy Fuels 28 (6), 3673–3678. doi:10.1021/ef5004123
 Hao, F., Zou, H., and Lu, Y. (2013). Mechanisms of Shale Gas Storage: Implications for Shale Gas Exploration in China. Bulletin 97 (8), 1325–1346. doi:10.1306/02141312091
 Harmer, J., Callcott, T., Maeder, M., and Smith, B. E. (2001). A Novel Approach for Coal Characterization by NMR Spectroscopy: Global Analysis of Proton T1 and T2 Relaxations. Fuel 80 (3), 417–425. doi:10.1016/S0016-2361(00)00103-4
 Hodot, B. (1966). Coal and Gas Outburst. Beijing: China Coal Industry Press, 318. 
 Hou, X., Zhu, Y., Wang, Y., and Liu, Y. (2019). Experimental Study of the Interplay between Pore System and Permeability Using Pore Compressibility for High Rank Coal Reservoirs. Fuel 254 (OCT.15), 115712. doi:10.1016/j.fuel.2019.115712
 Kang, J., Fu, X., Li, X., and Liang, S. (2019). Nitrogen Injection to Enhance Methane and Water Production: An Experimental Study Using the LF-NMR Relaxation Method. Int. J. Coal Geology. 211, 103228. doi:10.1016/j.coal.2019.103228
 Li, S., Tang, D., Pan, Z., Xu, H., and Huang, W. (2013). Characterization of the Stress Sensitivity of Pores for Different Rank Coals by Nuclear Magnetic Resonance. Fuel 111, 746–754. doi:10.1016/j.fuel.2013.05.003
 Li, W., Liu, H., and Song, X. (2015). Multifractal Analysis of Hg Pore Size Distributions of Tectonically Deformed Coals. Int. J. Coal Geology. 144-145, 138–152. doi:10.1016/j.coal.2015.04.011
 Li, X., Fu, X., Ranjith, P. G., and Xu, J. (2019). Stress Sensitivity of Medium- and High Volatile Bituminous Coal: An Experimental Study Based on Nuclear Magnetic Resonance and Permeability-Porosity Tests. J. Pet. Sci. Eng. 172, 889–910. doi:10.1016/j.petrol.2018.08.081
 Li, Y.-H., Lu, G. Q., and Rudolph, V. (1999). Compressibility and Fractal Dimension of Fine Coal Particles in Relation to Pore Structure Characterisation Using Mercury Porosimetry. Part. Part. Syst. Charact. 16 (1), 25–31. doi:10.1002/(sici)1521-4117(199905)16:1<25:aid-ppsc25>3.0.co;2-t
 Li, Y., Wang, Z., Pan, Z., Niu, X., Yu, Y., and Meng, S. (2019). Pore Structure and its Fractal Dimensions of Transitional Shale: A Cross-Section from East Margin of the Ordos Basin, China. Fuel 241, 417–431. doi:10.1016/j.fuel.2018.12.066
 Li, Y., Wang, Z., Tang, S., and Elsworth, D. (2022). Re-evaluating Adsorbed and Free Methane Content in Coal and its Ad- and Desorption Processes Analysis. Chem. Eng. J. 428, 131946. doi:10.1016/j.cej.2021.131946
 Liu, S., Sang, S., Wang, G., Ma, J., Wang, X., Wang, W., et al. (2017). FIB-SEM and X-ray CT Characterization of Interconnected Pores in High-Rank Coal Formed from Regional Metamorphism. J. Pet. Sci. Eng. 148, 21–31. doi:10.1016/j.petrol.2016.10.006
 Lucas-Oliveira, E., Araújo-Ferreira., A. G., and Bonagamba, T. J. (2021). Surface Relaxivity Probed by Short-Diffusion Time NMR and Digital Rock NMR Simulation. J. Pet. Sci. Eng. 207 (4), 109078. doi:10.1016/J.PETROL.2021.109078
 Mandelbrot, B. B. (1983). The Fractal Geometry of Nature / Revised and Enlarged Edition. New York: W.h.freeman & Co.p. 
 Menzel, M. I., Han, S.-I., Stapf, S., and Blümich, B. (2000). NMR Characterization of the Pore Structure and Anisotropic Self-Diffusion in Salt Water Ice. J. Magn. Reson. 143 (2), 376–381. doi:10.1006/jmre.1999.1999
 Moore, T. A. (2012). Coalbed Methane: A Review. Int. J. Coal Geology. 101 (1), 36–81. doi:10.1016/j.coal.2012.05.011
 Nelson, J. R., Mahajan, O. P., and Walker, P. L. (1980). Measurement of Swelling of Coals in Organic Liquids: a New Approach. Fuel 59 (12), 831–837. doi:10.1016/0016-2361(80)90031-9
 Ross, D. J. K., and Marc Bustin, R. (2009). The Importance of Shale Composition and Pore Structure upon Gas Storage Potential of Shale Gas Reservoirs. Mar. Pet. Geology. 26 (6), 916–927. doi:10.1016/j.marpetgeo.2008.06.004
 Shao, P., Wang, X., Song, Y., and Li, Y. (2018). Study on the Characteristics of Matrix Compressibility and its Influence Factors for Different Rank Coals∗. J. Nat. Gas Sci. Eng. 56, 93–106. doi:10.1016/j.jngse.2018.05.035
 Stach, E., Mackowsky, M. T., Teichmüller, M., and Taylor, G. H. (1982). Textbook of Coal Petrology. Berlin: Gebruder Borntraeger. 
 Tan, Y., Pan, Z., Liu, J., Feng, X.-T., and Connell, L. D. (2018). Laboratory Study of Proppant on Shale Fracture Permeability and Compressibility. Fuel 222, 83–97. doi:10.1016/j.fuel.2018.02.141
 Tang, P., Chew, N. Y. K., Chan, H.-K., and Raper, J. A. (2003). Limitation of Determination of Surface Fractal Dimension Using N2 Adsorption Isotherms and Modified Frenkel−Halsey−Hill Theory. Langmuir 19 (5), 2632–2638. doi:10.1021/la0263716
 Tao, S., Wang, Y., Tang, D., Xu, H., Lv, Y., He, W., et al. (2012). Dynamic Variation Effects of Coal Permeability during the Coalbed Methane Development Process in the Qinshui Basin, China. Int. J. Coal Geology. 93 (1), 16–22. doi:10.1016/j.coal.2012.01.006
 Wang, J. Z., Tang, H., Zhu, J. L., Ao, Q. B., Zhi, H., and Ma, J. (2013). Relationship between Compressive Strength and Fractal Dimension of Pore Structure. Rare Metal Mat. Eng. 42 (12), 2433–2436. doi:10.1016/S1875-5372(14)60033-3
 Wang, K., Pan, J., Wang, E., Hou, Q., Yang, Y., and Wang, X. (2020). Potential Impact of CO2 Injection into Coal Matrix in Molecular Terms. Chem. Eng. J. 401, 126071. doi:10.1016/j.cej.2020.126071
 Wang, X., Pan, J., Wang, K., Ge, T., Wei, J., and Wu, W. (2020). Characterizing the Shape, Size, and Distribution Heterogeneity of Pore-Fractures in High Rank Coal Based on X-ray CT Image Analysis and Mercury Intrusion Porosimetry. Fuel 282 (11), 118754. doi:10.1016/j.fuel.2020.118754
 Wang, Z., Fu, X., Deng, Z., and Pan, J. (2021). Investigation of Adsorption-Desorption, Induced Strains and Permeability Evolution during N2-ECBM Recovery. Nat. Resour. Res. 30 (1), 3717–3734. doi:10.1007/s11053-021-09884-8
 Yang, C., Zhang, J., Wang, X., Tang, X., Chen, Y., Jiang, L., et al. (2017). Nanoscale Pore Structure and Fractal Characteristics of a marine-continental Transitional Shale: A Case Study from the Lower Permian Shanxi Shale in the southeastern Ordos Basin, China. Mar. Pet. Geology. 88, 54–68. doi:10.1016/j.marpetgeo.2017.07.021
 Yao, Y., Liu, D., Che, Y., Tang, D., Tang, S., and Huang, W. (2010). Petrophysical Characterization of Coals by Low-Field Nuclear Magnetic Resonance (NMR). Fuel 89, 1371–1380. doi:10.1016/j.fuel.2009.11.005
 Yao, Y., Liu, D., and Xie, S. (2014). Quantitative Characterization of Methane Adsorption on Coal Using a Low-Field NMR Relaxation Method. Int. J. Coal Geology. 131, 32–40. doi:10.1016/j.coal.2014.06.001
 Yuan, J., Jiang, R., and Zhang, W. (2018). The Workflow to Analyze Hydraulic Fracture Effect on Hydraulic Fractured Horizontal Well Production in Composite Formation System[J]. Adv. Geo-Energy Res. 2 (3), 319–342. doi:10.26804/ager.2018.03.09
 Zhang, J., Wei, C., Ju, W., Yan, G., Lu, G., Hou, X., et al. (2019). Stress Sensitivity Characterization and Heterogeneous Variation of the Pore-Fracture System in Middle-High Rank Coals Reservoir Based on NMR Experiments. Fuel 238, 331–344. doi:10.1016/j.fuel.2018.10.127
 Zheng, S., Yao, Y., Liu, D., Cai, Y., and Liu, Y. (2018). Characterizations of Full-Scale Pore Size Distribution, Porosity and Permeability of Coals: A Novel Methodology by Nuclear Magnetic Resonance and Fractal Analysis Theory. Int. J. Coal Geology. 196, 148–158. doi:10.1016/j.coal.2018.07.008S
 Zhou, S., Liu, D., Cai, Y., Yao, Y., Che, Y., and Liu, Z. (2017). Multi-scale Fractal Characterizations of lignite, Subbituminous and High-Volatile Bituminous Coals Pores by Mercury Intrusion Porosimetry. J. Nat. Gas Sci. Eng. 44, 338–350. doi:10.1016/j.jngse.2017.04.021
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Lu, Fu, Kang, Cheng and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 08 December 2021
doi: 10.3389/feart.2021.788349


[image: image2]
Spatiotemporal Evolution and Genesis of the Late Ordovician—Early Silurian Marine Euxinia in Northeastern Upper Yangtze Basin, South China
Chaoyong Wang1,2, Zaitian Dong1,2*, Xuehai Fu1,2, Qing Chen3, Xiaofan Liu4, Mengmeng Tang1,2 and Zetang Wang1,2
1Key Laboratory of CBM Resources and Dynamic Accumulation Process, China University of Mining and Technology, Ministry of Education, Xuzhou, China
2School of Resources and Earth Science, China University of Mining and Technology, Xuzhou, China
3Nanjing Institute of Geology and Paleontology, China Academy of Sciences, Nanjing, China
4China Coal Education Association, Beijing, China
Edited by:
Jienan Pan, Henan Polytechnic University, China
Reviewed by:
Yuan Bao, Xi’an University of Science and Technology, China
Jiang-Hai Wang, Sun Yat-sen University, China
Weiqing Liu, Henan Polytechnic University, China
* Correspondence: Zaitian Dong, dongzt@cumt.edu.cn
Specialty section: This article was submitted to “Economic Geology”, a section of the journal Frontiers in Earth Science
Received: 02 October 2021
Accepted: 08 November 2021
Published: 08 December 2021
Citation: Wang C, Dong Z, Fu X, Chen Q, Liu X, Tang M and Wang Z (2021) Spatiotemporal Evolution and Genesis of the Late Ordovician—Early Silurian Marine Euxinia in Northeastern Upper Yangtze Basin, South China. Front. Earth Sci. 9:788349. doi: 10.3389/feart.2021.788349

Marine redox conditions and their dynamic changes were a major factor that controlled the formation of black shale and caused the late Ordovician marine extinction in the Upper Yangtze Basin (South China). However, the spatiotemporal variation and potential controlling factors of marine redox conditions in this area remain unclear. We analyzed whole-rock geochemistry and pyrite sulfur isotopes (δ34Spy) of 47 shale samples from the Late Katian to Rhuddanian in a shelf-to-slope (Qianjiang Shaba section and Wc-1 well) region of northeastern Upper Yangtze Basin, and reconstructed water column redox conditions during the Late Ordovician–Early Silurian Transition. The geochemical characteristics of shale, including the ratio of elements, discriminant function and ternary diagram location in the study area suggest a passive continental margin sedimentary environment, wherein the terrigenous detritus is mainly derived from felsic igneous rocks in the upper crust, showing characteristics of near-source deposition. The redox indices (Fe speciation, Corg/P, UEF, and MoEF) showed that the development of anoxic water, especially euxinia, has obvious spatiotemporal heterogeneity. Under conditions of high availability of active organic carbon and limited sulfate supply, high active Fe input and strong biological irrigation in the shallow water area may effectively remove H2S produced by microbial sulfate reduction, conducive to the prevalence of ferruginous water columns. However, for this deep water area, the rapid accumulation rate of organic matter, decrease in dissolved Fe (caused by upwelling in the open sea), and seawater stratification (caused by the rising of sea level) promoted the development of a euxinic water column. This inference is supported by the covariant relationship between organic carbon accumulation rate, chemical index of alteration, Co × Mn, and δ34Spy. Our study highlights the potential control effects of sea level change, continental weathering and upwelling on the development of euxinic water columns.
Keywords: redox conditions, δ34Spy isotope, chemical index of alteration, upper yangtze basin, late ordovician—early silurian
INTRODUCTION
The paleo-ocean during the transition from the Late Ordovician to the Early Silurian (O–S) in the Upper Yangtze Basin, South China, has been widely studied with respect to the sedimentary environment (Wang et al., 2016; Li et al., 2017; Liang et al., 2017; Wu et al., 2019; Wang et al., 2021), redox conditions (Li et al., 2019; Liu et al., 2019; Wang et al., 2019), and sea level change (Wang et al., 2017; Jin et al., 2020). During this period, a set of organic-rich black shale was deposited, including the Wufeng Formation (WF, Katian—Hirnantian) and Longmaxi Formation (LMX, Hirnantian—Rhuddanian), which have become the main targets for shale gas exploration in China (Zou et al., 2016; Zou et al., 2019). Simultaneously, this period showed a series of environmental and evolutionary events, including the Gondwana glacier expansion, volcanic eruption, bio-extinction, and bio-recovery (Jablonski, 1991; Sutcliffe et al., 2000; Delabroye and Vecoli, 2010; Algeo et al., 2016), particularly the Late Ordovician bio-extinction, resulting in the disappearance of approximately 26% of families and 85% of marine life (Jablonski, 1991; Harper et al., 2014). An in-depth study of the redox conditions of black shale formation and bio-extinction confirmed that both of these may have been related to large—scale anoxic events in the ancient oceans (Liu et al., 2016; Zou et al., 2018).
The latest research on marine redox conditions in this area indicates that the source weathering intensity and effectiveness of sulfate may be the main controlling factors for the development of anoxic water columns, especially euxinia (Zou et al., 2018; Li et al., 2019; Li et al., 2021). However, because of the lack of high-resolution geochemical records, especially the lack of research evidence on paleo-ocean topography and external ocean current communication in the continental margin area, the controlling factors of redox conditions in the Upper Yangtze Basin water column need to be explored further.
In this study, the marine redox conditions, pyrite sulfur isotope (δ34Spy), and chemical weathering of the source regions of the WF—LMX Formation from Qianjiang Shaba section and Wc-1 well in the northeastern Upper Yangtze Basin were comprehensively analyzed. Combined with previously published data, including Datianba section of Xiushan County, and X3 well of Sangzhi County, our results provide new insights into the spatiotemporal evolution of euxinia in the Upper Yangtze Basin. These insights are of great significance for understanding the relationship between continental weathering, marine chemistry, and early biological evolution.
GEOLOGICAL SETTING
Paleogeography and Lithostratigraphy
The South China Plate was formed by the Yangtze and Cathaysia Block during the O–S (Figure 1A). Palaeomagnetic data indicated that during this period, the South China Plate was located in a low-latitude area near the equator and was dominated by intraplate deformation (Figure 1A). A series of uplifts and depressions were developed (Figure 1A). The Upper Yangtze Basin was formed in the northwest part of the Yangtze Block. During the early Ordovician, this part was a craton basin extending from the northeast to the southwest. At the end of the Silurian period, it gradually transformed into a foreland basin controlled by continuous flexural subsidence (Huang et al., 2018; Huang et al., 2020). The sedimentary center is mainly located in the Yibin—Fuling—Wanzhou area in the eastern part of the Upper Yangtze Basin, surrounded by three main uplift belts: The Chuanzhong uplift to the west, Qianzhong uplift to the south, and Xuefeng uplift to the east, forming a semi—closed shallow sea connected to the South Qinling Ocean in the north (Chen et al., 2004) (Figure 1B). Further, under the influence of continuous tectonic compression, submarine highlands, such as Xiang’e, Huayinshan, and Neijiang—Zigong have developed in the basin, which indicates that the distribution of strata in this area is heterogeneous (Xi et al., 2021) (Figure 1B).
[image: Figure 1]FIGURE 1 | Ancient geographical location of the study well and sections. (A) Geographical location of the Upper Yangtze Basin in South China in the Late Ordovician and distribution of main orogenic belts and oceans (Zhang et al., 2015); (B) Locations of the well and sections of the Yangtze Basin in the Early Silurian (Chen et al., 2004). (C) Biostratigraphic division of Wc-1 well and Shaba section (Chen et al., 2004).
Located in the northeast of the Upper Yangtze Basin, Wc-1 well, Qianjiang Shaba section, and two correlation sections, X3 well and Datianba section, were the targets of this study. Based on paleogeographic reconstruction, the four study areas were concluded to be deposited in different water depth environments. The Datianba section, X3 well, and Shaba section (Qianjiang County, Chongqing Municipality, 29°20′32.72″N, 108° 51′20.93″E) are located on the flank of the submarine highland of the Xiang’e or the structural saddle connecting it with the Qianzhong uplift, belonging to the shallow sea area, Wc-1 well (located in Chengkou City, Chongqing Municipality, 31°54′26.67″N, 108°32′58.21″E; Wang et al., 2021) is situated near the Qinling Ocean, and the water depth gradually deepens in this section (Figure 1B; Liu et al., 2016; Xi et al., 2021).
All four study areas contain the Upper Ordovician WF formation and Lower Silurian LMX formation, which are black shale containing graptolites intercalated with siliceous shale and mudstone. Under the influence of the local uplift caused by the Late Ordovician Kwangsian Orogeny, the Guanyinqiao Formation (GYQ) is unevenly distributed in the study area. Except for the thicker GYQ deposited in the Datianba section, in the other areas, this formation is thin or missing (Chen et al., 2004; Chen et al., 2014; Figure 1C). In this study, the middle-upper interval of the WF formation (approximately 4–10 m thick) and the GYQ and lower part of the LMX formations (approximately 2–10 m thick) were analyzed to determine the characteristics of marine redox conditions during this period. According to previous research which performed, vitrine reflectance measurement and clay mineral analysis, the four sections experienced a similar thermal evolution history, and the maximum burial temperature was approximately 210–250°C (Su et al., 2007: Nie et al., 2018; Wang et al., 2021; Xi et al., 2021).
Biostratigraphic Framework
The graptolite biostratigraphy of the Upper Ordovician–Llandoverian Series in South China has been established in previous studies, and provides a high-resolution framework for regional or global identification and correlation of related strata (Chen et al., 2000). In the research sections, five graptolite biozones were determined according to ascending order: the Dicellograptus complexus (D. complexus), Paraorthograptus pacificus (P. pacificus), Metabolograptus extraordinarius (M. extraordinarius), Metabolograptus persculptus (M. persulptus), and Akidograptus ascensus (A. ascensus) zones (Figure 1C). These biozones are consistent with the regional and global framework for the biostratigraphy of graptolites. The first appearance of M. extraordinarius and A. ascensus in the research section was considered to be the dividing line between the Katian–Hirnantian and Hirnantian–Rhuddanian stages. This dividing line has been used to determine the estimated duration of a single graptolite zone (Melchin, 2008; Cooper et al., 2012): D. complexus (0.6 Myr), P. pacificus (1.86 Myr), M. extraordinarius (0.73 Myr), M. persulptus (0.60 Myr), and A. ascensus (0.43 Myr). These data have been used to calculate the linear sedimentation rate (LSR) of each graptolite zone (Li et al., 2019).
SAMPLES AND METHODS
Samples
In total, 47 shale samples were collected from the Wc-1 well and Shaba section (23 from Wc-1 well and 24 from Shaba section). All samples were carefully processed to remove weathered surfaces and visible pyrite. Then, all samples were ground to 200 mesh size in a tungsten carbide crusher for geochemical analysis.
Methods
Analytical Methods
The total organic carbon (TOC) determination method applied in our study was as follows: Samples of approximately 100 mg were placed into the infiltration crucible, and 1:1 hydrochloric acid was dripped to remove carbonate minerals. After the reactions were complete, the samples were cleaned with deionized water and then, placed in an oven (80°C) until completely dried. Finally, the samples were placed in a LECO CS230 carbon sulfur analyzer, and the TOC contents were calculated according to the peak of carbon dioxide produced.
Whole-rock major element analysis was performed using a BRUKER S8 TIGER X-ray fluorescence spectrometer (XRF, AXS Corporation, Germany) at the China University of Mining and Technology Advanced Analysis and Computation Center. The analytical procedures for the major elements were performed according to the Chinese national standard GB/T14506.28-2010. Trace and rare earth elements (REEs) were analyzed using a PE Elan6000 standard inductively coupled plasma mass spectrometer (ICP-MS) at the Jiangsu Geological and Mineral Resources Design and Research Institute, with an accuracy of 95%. Analytical procedures for trace and REEs were performed according to the Chinese national standards GB/T14506.30-2010 and GB/T14506.29-2010, respectively.
Determination of Fecarb, FeOX, and Femag by a sequential extraction method was described after Poulton and Canfield (2005). Briefly, 1) 100 mg of dry sediment samples was dissolved in 10 ml of 1 M sodium acetate (pH 4.5). The solution was placed in a 50°C water bath shaker for 48 h and then, centrifuged to extract the supernatant for determining Fecarb. 2) The solid substance obtained by centrifugation in the above step was added to a mixture of 50 g/L sodium dithionite and 0.2 M sodium citrate (pH = 4.8), and oscillated in a water bath shaker at room temperature for 2 h. The supernatant was centrifuged to extract FeOX. 3) The solid substance after centrifugation was then, reacted with a mixture of 0.17 M oxalic acid and 0.2 M ammonium oxalate at room temperature for 6 h. The supernatant obtained was centrifuged to extract Femag. Inductively coupled plasma optical emission spectrometry (ICP-OES) was used to detect the iron content in the extraction solution, and the error accuracy was better than 5%.
Iron pyrite (Fepy) was determined using the Cr reduction method proposed by Canfield et al. (1986). Specifically, under conditions of full nitrogen, 1 M CrCl2, 0.5 M HCl solution and 20 ml of concentrated HCl were reacted with 100 mg of the sample at 240°C for 2 h, and the generated H2S was treated with AgNO3 in the collection tube to form Ag2S precipitate. After filtration, the FeS2 content was determined using stoichiometry. The obtained Ag2S precipitate and excess V2O5 were wrapped in a tin boat and placed in a high-temperature thermal conversion element analysis isotope ratio mass spectrometer (TC/EA-IRMS) to obtain δ34Spy. The instrument was calibrated using the autonomous international organization within the United Nations system (IAEA) international standards: IAEA-S1 (−0.3‰), IAEA-S2 (22.65‰), and IAEA-S3 (−32.5‰), and the analysis accuracy was ±0.2‰.
Proxies Used in This Study
The component variability index (ICV) was used to evaluate whether the sedimentary material in the source area includes cyclic deposition (Cox et al., 1995), and was calculated as:
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The oxide concentration was calculated in moles. A value of ICV > 1 indicates that shale or mudstone contains a large number of non-clay silicate minerals, which belong to the first deposition (in the context of tectonic activity) (Van de Kamp and Leake, 1985). A value of ICV < 1 indicates that cyclic deposition or strong weathering may have occurred after the first deposition.
The chemical index of alteration (CIA) was determined, since it is an important index for the quantitative analysis of weathering degree and paleoclimate conditions in the source area (Nesbitt and Young, 1982). The CIA was calculated as follows:
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Notably, CaO∗ in the formula refers only to CaO in the silicate minerals. McLennan (2001) proposed an indirect calculation formula for CaO∗ as follows: CaOresidual = mole CaO - 10/3 × mole P2O5. If CaOresidual < Na2O, then CaO∗ = CaOresdual, otherwise CaO∗ = Na2O.
When diagenesis occurs, potassium metasomatism increases the potassium content; therefore, the calculated value of CIA is low and needs to be corrected. Panahi et al. (2000) proposed the use of the CIAcorr formula for correction to calculate the CIA value of rock samples without potassium metasomatism. The corresponding calculation formula is as follows:
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where K2Ocorr = [mAl2O3 + m (CaO∗ + Na2O)]/(1−m), and m = K2O/(Al2O3 + CaO*+Na2O + K2O). The corresponding oxides are in mole fractions. K2Ocorr refers to the K2O content in rock samples without potassium metasomatism, and m represents the proportion of K2O in the original parent rock.
To describe the enrichment degree of elements in sediments, the enrichment factor (EF) was used to minimize the variable dilution effect of carbonate or biogenic silica (Tribovillard et al., 2006; Algeo and Tribovillard, 2009). The calculation formula of EF is as follows:
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where XEF represents the enrichment coefficient of element X normalized using the post-Archean average shale (PAAS) standard (Taylor and McClcnnan, 1985). A value of XEF > 1 represents the enrichment of elements, and vice versa.
The organic carbon accumulation rate (OCAR) was used to evaluate the changes in primary productivity and was calculated as follows: OCAR = TOC × LSR × ρ, where LSR is the linear deposition rate of the biostratigraphic described in section 2.2 (Myr−1). ρ is the rock density of black shale, with its value being 2.5 g cm−1 (Stanley, 2010).
RESULTS
All geochemical data of the Wc-1 well and Shaba section are included in the supplementary material (Tables 1, 2; Supplementary Table S1), and the stratigraphic models of the key results are shown in Figures 2–4. The test data of Datianba section, and X3 well can be found in Liu et al. (2016), and Xi et al. (2021), respectively.
TABLE 1 | Test results of TOC and major elements in Wc-1 well and Shaba section.
[image: Table 1]TABLE 2 | Test results of δ34Spy and trace elements in Wc-1 well and Shaba section.
[image: Table 2][image: Figure 2]FIGURE 2 | Chemostratigraphic profiles of (A) total organic carbon (TOC) and organic carbon accumulation rate (OCAR), (B) FeT and Corg/P, (C) FeHR/FeT and Fepy/FeHR, (D) MoEF and UEF, (E) CIAcorr and δ34Spy and (F) Co×Mn for Wc-1 well. The value of 106 for Corg/P was used to distinguish suboxic–anoxic conditions (Algeo and Ingall, 2007). The values between 0.22 and 0.38 (for FeHR/FeT) were used to distinguish oxic–suboxic and suboxic–anoxic conditions. And values of 0.7–0.8 (for Fepy/FeHR) represent ferruginous–euxinic redox thresholds (Poulton and Raiswell, 2002).
[image: Figure 3]FIGURE 3 | Chemostratigraphic profiles of (A) total organic carbon (TOC) and organic carbon accumulation rate (OCAR), (B) FeT and Corg/P, (C) FeHR/FeT and Fepy/FeHR, (D) MoEF and UEF, (E) CIAcorr and δ34Spy and (F) Co×Mn for Shaba section. The meaning of the virtual lines and numbers in the graph is consistent with Figure 2.
[image: Figure 4]FIGURE 4 | (A) Source of shales in Wc-1 well and Shaba section analyzed by Al–Fe–Mn triangulation (Wedepohl, 1971; Adachi et al., 1986). (B) Al/(Al + Fe)–Fe/Ti diagram of Wc-1 well and Shaba section (Zhang et al., 2017). (C) Enrichment of trace element in Wc-1 well and (D) Shaba section. (E) PAAS-normalized REE patterns of Wc-1 well and Shaba section samples. (F) Chondrite-normalized REE patterns of Wc-1 well, Shaba section, PAAS, and UCC (Rudnick and Gao, 2003).
Variations of TOC and Major Elements
The TOC content and major elements in Wc-1 well and Shaba section are shown in Figures 2A, 3A; Table 1. In detail, from the Late Katian to the Rhuddanian period, the average value of TOC and OCAR for Wc-1 well increased from 1.83% to 10.06 mg/cm2/kyr to 4.48% and 109.31 mg/cm2/kyr, respectively (Figure 2A). In Shaba section, the average value of TOC increased from 2.94 to 4.39%, while the value of OCAR decreased from Late Katian (16.66 mg/cm2/kyr) to Hirnantian (13.04 mg/cm2/kyr), and then increased in Rhuddanian (42.60 mg/cm2/kyr) (Figure 3A).
The predominant constituents of the samples were SiO2, Al2O3, CaO, Fe2O3T, MgO, and K2O are, with averages of 76.79, 7.49, 1.30, 2.46, 1.27, and 1.59 wt% for Wc-1 well, and 67.83, 11.90, 2.09, 3.96, 2.02, and 2.51 wt% for Shaba section, respectively. The average contents of other major elements, such as Na2O, MnO, TiO2, and P2O5, were below 1% (Table 1).
The value of Al/(Al + Fe + Mn) is often used to determine the genesis types of siliceous rocks. Values from 0.01 to 0.60 represent the endpoint values of hydrothermal origin and biological origin respectively (Adachi et al., 1986; Yamamoto, 1987). The samples of Wc-1 well and Shaba section had high Al/(Al + Fe + Mn) values (0.56–0.81, mean = 0.69), indicating that the genesis of the siliceous rocks was mainly biological, without any hydrothermal effect. Additionally, the Al–Fe–Mn triangulation method was also used to determine whether siliceous minerals were hydrothermal or biogenic (Adachi et al., 1986; Yamamoto, 1987). In this study, the values of the samples were within the biogenic range of the triangle diagram (Figure 4A), indicating a non–hydrothermal origin. Further, considering the diagenetic fluidity of Mn (Murray, 1994), the association diagram of Al/(Al + Fe) and Fe/Ti without Mn was further used to determine the genesis of siliceous rocks (Zhang et al., 2017). The values of our samples were not in the range of hydrothermal genesis (Figure 4B), which further confirmed the biogenic influence.
Variations of Trace and Rare Earth Elements
The concentrations of trace and REEs elements are shown in Table 1; Supplementary Table S1; Figures 4C–F. In detail, for trace elements, samples were enriched in Cd, U, and Mo and slightly enriched in Th, Zr, Co, and Hf in Wc-1 well and Shaba section. There were obvious differences for the different stages. The average contents of U and Mo in the Rhuddanian were higher than those in the Late Katian and the Hirnantian. The measured average values of Sc were in a loss state compared with PAAS (Figures 4C,D).
The total REE (∑REE) content in Shaba section was higher than that in Wc-1 well, ranging from 159.13 to 248.88 ppm (mean 211.99 ppm) and 93.34–262.47 ppm (mean 158.94 ppm), respectively, suggesting that shales in this section were more sub statically affected by terrestrial clasts, compared to those in Wc-1 well. The PAAS normalized and chondrite normalized REE patterns of shales from the study areas are almost similar, with light REE (LREE) enrichment and relatively flat heavy REE (HREE) distribution (Figures 4E,F). Otherwise, all samples have slightly negative Ce anomalies (0.69–1.14, mean 0.88, and 0.80–0.99, mean 0.92, respectively) and obvious negative Eu anomalies (0.50–0.82, mean 0.68, and 0.47–0.65, mean 0.55, respectively). The cerium and europium anomalies were calculated from: Ce/Ce* = 2 × CeN/(LaN + PrN), and Eu/Eu* = EuN/(SmN × GdN)1/2, respectively, where N was a PAAS-normalized value (Taylor and McClcnnan, 1985).
δ34Spy
For Wc-1 well samples, the values of δ34Spy increased from the range of −7.7–14.4‰ (mean = 5.93‰) in the WF Formation to 12.6–16.7‰ (mean = 14.65‰) in the GYQ Formation, and then decreased to the range of −5.1–10.9‰ (mean = 3.61‰) in the LMX Formation (Figure 2E; Table 2). Showing a similar trend, the values of δ34Spy for Shaba section samples increased from a range of −18.6‰ to −5.1‰ (mean = −9.46‰) in the WF Formation to a range of 2.4–3.1‰ (mean = 2.75‰) in the GYQ Formation, and then decreased to a range of −10.28 to −0.78‰ (mean = −5.86‰) in the LMX Formation (Figure 3E; Table 2).
DISCUSSION
Sediment Provenance and Paleoweathering
Sediment Provenance and Tectonic Settings
Trace elements and REEs, such as Sc, Th, and Zr, are widely used to distinguish sedimentary provenance because of their stability during weathering, transportation, diagenesis, and metamorphism (Cullers and Podkovyrov, 2000). In igneous rocks, Th, Sc and Zr are generally found in felsic minerals, mafic minerals, and zircon, respectively, and the correlation ratio of these elements can be used to determine sedimentary provenance (Hayashi et al., 1997). In general, the value of Zr/Sc increases obviously due to the enrichment of zircon during sedimentary recycling, but the value of Th/Sc is not affected; therefore, the Th/Sc versus Zr/Sc plot can be used to determine the variation in sediment provenance (McLennan et al., 1993). Most samples from the study area could be shown on the composition evolution curve and were close to the end members of felsic igneous rocks, indicating that the black shale samples did not experience sedimentary recycling, and may have been sourced from felsic igneous rocks (Figure 5A). The plot of La/Th versus Hf can also provide information on sedimentary provenance (Floyd and Leveridge, 1987). In this study, the values of La/Th and Hf contents varied from 2.68 to 11.40 (mean = 5.64) and 1.55–12.23 ppm (mean = 4.52 ppm) for Wc-1 well, and 3.39–6.51 (mean = 4.62) and 3.21–6.60 ppm (mean = 4.97 ppm) for Shaba section, respectively. Most samples plotted near the field of felsic source (Figure 5B), suggesting the samples were mainly from felsic igneous rocks. The REE distribution pattern standardized by chondrite-normalization was similar to that of UCC and PAAS, suggesting that the sedimentary component of black shale was controlled by upper crustal source rock and showed near-source deposits (Figure 4D). Notably, the test results of Wc-1 well samples show a tendency toward the tholeiitic oceanic arc source, which may be related to tectonic change and upwelling in the northern Qinling orogenic belt (see section 5.2.2).
[image: Figure 5]FIGURE 5 | Sedimentary provenance and tectonic setting discrimination diagrams for Wc-1 well and Shaba section samples. (A) Zr/Sc—Th/Sc, (B) Hf—La/Th, (C) Th—Sc—Zr/10 ternary diagram, and (D) Al2O3/(Al2O3 + Fe2O3T)—LaN/CeN. ACM: active continental margin. CA, continental island arc; PM, passive margin; And OIA, oceanic island arc.
Based on the different geochemical composition characteristics of clastic sedimentary rocks, the tectonic setting of sedimentary basins can generally be divided into: active continental margin (ACM), passive continental margin (PM), continental island arc (CA), and oceanic island arc (OIA) (Bhatia and Crook, 1986). In this study, according to the Th–Sc–Zr/10 ternary diagram, most samples in the study area plotted in or near the PM field, and only one sample of Shaba section was close to the CA margin (Figure 5C). Thus, it can be speculated that Shaba section may reflect the inheritance characteristics of clastic deposits with an older provenance, rather than being source entirely from the corresponding sedimentary environment (Xiong et al., 2019). In the diagram of Al2O3/(Al2O3+Fe2O3T)–LaN/CeN, almost all samples plotted in or near the continental margin field (Figure 5D). Therefore, combining this with the relatively stable tectonic movement in the Upper Yangtze Basin and the continuous clastic input of the paleo continent in the Qianzhong uplift (Huang et al., 2020), we suggest that the sedimentary system of the continental margin should be the main tectonic background of the study area.
In addition, REEs are known to reflect tectonic background information accurately. In this study, the key REE indices of samples from Shaba section were similar to those of the PM field, but different from those of the CA, OIA, and ACM settings (Table 3), which is consistent with the conclusion drawn from the previous diagram. However, this similarity in Wc-1 well seems to be weak, especially for the Late Katian and Rhuddanian periods (Table 3). The reason for this phenomenon may be related to the higher biogenic silica content in the region. In different sediment types, the content of REEs is affected by the dilution of biogenic silica, with the content of REES being lowest in mudstone with more biogenic silica (Lu and Jiang, 1999; Wang et al., 2021).
TABLE 3 | Comparison of the key rare earth element (REE) indices between this study and published literature.
[image: Table 3]Paleoweathering and Detrital Influx
To eliminate the influence of sedimentary recycling on the evaluation of the weathering degree in the source area, the ICV values of Wc-1 well and Shaba section were calculated. Our results showed that most samples had values greater than 1, with only a few samples being less than or close to 1, suggesting that the effect of sedimentary recycling was limited, and that the degree of weathering in the source area can be suitably discussed and evaluated (Supplementary Table S1; van de Kamp and leake, 1985; Huang et al., 2020). Furthermore, the CIAcorr formula was used to correct the influence of K-metasomatism in the diagenetic stage to better reflect the weathering conditions experienced by the source rock. It is known that the loss rates of Ca, Na, K, and other elements is faster than those of Al and Ti in warm and humid climates, which increases the CIAcorr calculation results and represents strong weathering. In contrast, lower CIAcorr values are thought to represent weaker weathering in cold and dry climates (Selvaraj and Chen, 2006). Specifically, the CIAcorr values of Wc-1 well and Shaba section were higher during the Late Katian (69–76, mean 73, and 70–84, mean 73, respectively), lowest in the Hirnantian (55–72, mean 67, and 55–72, mean 66, respectively), and gradually increased in the Rhuddanian (67–71, mean 70, and 69–75, mean 72, respectively), suggesting that the source area experienced a similar weathering intensity from strong to weak and then to strong (Figures 2E, 3E).
The contents of Al and Ti have been found to vary among different types of source rocks, but due to their strong weathering resistance, ultimately show a consistent trend in sediments (Young and Nesbitt, 1998). The contents of Al and Ti in the study area samples had a high positive correlation (r = 0.99 for Wc-1 well, and r = 0.97 for Shaba section. Table 1), suggesting that the source rocks experienced a strong degree of weathering. Notably, Al and Ti are important indicators for evaluating terrigenous debris input, because both are derived from the weathering of source rocks; Al is mainly related to the dissolution of clay minerals, whereas Ti is usually related to clay and heavy minerals (such as ilmenite and rutile) (Murphy et al., 2000). The overall trend of Al and Ti contents in Wc-1 well and Shaba section were similar to those in CIAcorr, suggesting that the input of terrigenous debris from latest Katian to Rhuddanian also showed a trend wherein the contents first decreased and then, increased. However, compared with Wc-1 well, the contents of Al and Ti in Shaba section were much higher, indicating that Shaba section was greatly affected by terrestrial clastic input.
Water Restriction and Upwelling
Water Restriction
The sedimentary environment and biogeochemical cycle are affected by the degree of water column restriction in the basin, which plays an important role in the enrichment and preservation of organic matter (OM) in sediments (Rowe et al., 2008; Algeo and Rowe, 2012). In general, the geochemical properties and enrichment of Mo and U are used to study the retention of modern and ancient water columns. This is because in the suboxic open ocean system, the UEF in sediment is higher than that of MoEF, owing to the fact that U accumulation begins at the redox boundary of Fe(II)–Fe(III), resulting in a sediment MoEF/UEF value less than that of seawater. As the reduction degree of bottom water gradually increases, and the euxinia environment appears, the enrichment rate of Mo increases, and the MoEF/UEF value in the sediment becomes equal to or greater than that of seawater. However, when the basin is experiencing a strong restrictive environment, the MoEF/UEF value is very small due to the lack of Mo and U supply, even when the reduction degree in the bottom sedimentary environment of sea water is very high. Simultaneously, the strong reduction conditions result in Mo fixation (occurring prior to that of U). Therefore, the MoEF/UEF value decreases with an increase in its enrichment coefficient (Algeo and Tribovillard, 2009).
The contents of Mo and U in the samples of the study area gradually increased from the Late Katian to the Rhuddanian (Figures 2D, 3D), and the contents of Wc-1 well were higher than those in Shaba section, indicating that Wc-1 well received more Mo and U elements from the ocean compare to Shaba section. Specifically, for Wc-1 well samples from the late Katian period, under suboxic and anoxic conditions, the value of MoEF/UEF were plotted in the range of 0.3–1.0 SW, which representing an unrestricted marine environment. Similarly, for Shaba section, although the values of MoEF/UEF plotted in a lower range of 0.1–0.3 SW, with the increase of TOC, the degree of water reduction became stronger, thus the enrichment of Mo and U still increased, therefor, the Mo and U concentrations were also consistent with the water environment of modern unrestricted basins (Figures 6A,B).
[image: Figure 6]FIGURE 6 | Crossplots of (A) Al versus Co × Mn and (B) Co × Mn versus Cd/Mo for Wc-1 well and Shaba section. Enrichment factors (EF) of Mo versus U in (C) Wc-1 well and (D) Shaba section. The solid line shows the Mo/U molar ratios of 1 × seawater value (SW) and dotted lines indicate 0.1 × SW, 0.3 × SW, and 3 × SW (Algeo and Tribovillard, 2009).
During the Hirnantian period, the enrichment degree of U and Mo in Shaba section increased gradually, but the MoEF/UEF value consistently plotted in the range of 0.1–0.3 SW, indicating that this area was in a restricted marine environment (Figure 6B). For Wc-1 well, the unrestricted marine environment remained unchanged (Figure 6A). In the Rhuddanian period, the enrichment degree of Mo and U reached the maximum, and the values of MoEF/UEF from Wc-1 well and Shaba section were also ∼1.0 SW, which represented an unrestricted marine environment.
In summary, Wc-1 well represents an unrestricted marine environment during the O–S period. Shaba section represents an unrestricted marine environment during the Late Katian and Rhuddanian periods, but for other periods, represents a restricted marine environment.
Upwelling
It is known that upwelling from bottom water with more nutrients depletes oxygen in the water column and plays an important role in preserving OM in sediments (Gupta et al., 2016). The concentrations of Mn, Cd, Mo, and Co are used to identify the development of upwelling, because under the influence of upwelling, sediments in the deep water shelf environment are usually rich in Mn, Cd, and Mo, and depleted in Co (Boening et al., 2009). A value of Co (ppm) × Mn (%) < 0.4 is often used to indicate the existence of upwelling, and the smaller its value, the stronger is the upwelling (Sweere et al., 2016). For Wc-1 well, the values of Co × Mn were 0.20–0.51 × 10−8 (mean 0.42 × 10−8), 0.21—1.83 × 10−8 (mean 0.60 × 10−8), and 0.84—2.02 × 10−8 (mean 1.43 × 10−8) in the Late Katian, Hirnantian, and Rhuddanian, respectively (Figure 2F). For Shaba section, the values of Co × Mn were 0.24—3.01 × 10−8 (mean 1.04 × 10−8), 0.40—1.20 × 10−8 (mean 0.75 × 10−8), and 0.51—0.99 × 10−8 (mean 0.74 × 10−8) in the Late Katian, Hirnantian, and Rhuddanian, respectively (Figure 3F). This indicates that the development degree of upwelling in the study area gradually weakened from the bottom to the top. Compared with Shaba section, the development degree of upwelling in Wc-1 well was higher, reaching the highest level in the latest Katian (Figure 6C). In other words, restriction of the water column in Shaba section was stronger than that in Wc-1 well. Studies have indicated that large temperature differences between the poles and equator are the main cause of upwelling during glaciation (Alsenz et al., 2013). Notably, the climate change deduced in the study area during the O—S period was found to be accordance with this characteristic.
Further, it is understood that different adsorption degrees of Mo and Cd in the biological growth process result in corresponding changes in the value of Cd/Mo in the sediment: in restricted systems, this value is less than 0.1, whereas in the upwelling system, it is more than 0.1 (Little et al., 2015; Sweere et al., 2016). In this way, the covariant relationship with Co × Mn can further determine existence of upwelling (Sweere et al., 2016). In this study, only five samples from Wc-1 well had Cd/Mo values greater than 0.1 (three samples from the latest Katian, and two samples from the Hirnantian, Table 2), suggesting that Wc-1 well was affected by upwelling, especially during the latest Katian (Figure 6D). The other samples plotted in the restricted area suggest that the preservation model is the main reason for the enrichment of sedimentary OM in the study area.
Reconstruction of Redox Conditions in the Study Sections
Numerous studies have shown that, compared with the EF values of trace elements, the response of the bimetal ratio to the redox conditions of the water column is not reliable (Algeo and Tribovillard, 2009; Little et al., 2015; Algeo and Li, 2020). In this study, the Fe speciation (Poulton and Canfield, 2005), EFs Mo and U (Little et al., 2015), and Corg/P ratios (Algeo and Ingall, 2007) were selected to discuss the redox state of the water column. The total iron (FeT) content of the samples in the study area were all greater than 0.5%, which can be further used for Fe speciation analysis (Clarkson et al., 2014; Supplementary Table S1). Corg/P was calculated using Corg/P = (TOC/12)/(P/30.97), where 12 and 30.97 represent the molar weights of the TOC and P contents, respectively. A value of 106 for Corg/P was used to distinguish suboxic and anoxic water columns (Algeo and Ingall, 2007).
At Wc-1 well, the Late Katian period exhibits low FeHR/FeT (0.26—0.84, mean 0.51; Figure 2C), Fepy/FeHR (0.24—0.90, mean 0.73; Figure 2C), Mo contents (2.0—37.7 ppm, mean 18.2; Table 2), and variable Corg/P values (87.3—229.8, mean 129.8, Figure 2B). The above values were the lowest at the bottom of the D. complexus, and gradually increased in the P. pacificus, suggesting that the water redox conditions changed from suboxic to ferruginous and then to euxinia (Figure 2). These inferences are supported by the covariant relationship between MoEF and UEF (Figure 6A). The Hirnantian period exhibited variable FeHR/FeT (0.34—0.81, mean 0.57; Figure 2C), Fepy/FeHR (0.54—0.94, mean 0.76; Figure 2C), Mo contents (3.9—62.9 ppm, mean 23.8; Table 2), and lower Corg/P values (65.1—222.6, mean 126.4, Figure 2B), suggesting a ferruginous condition. The Rhuddanian period potrayed high FeHR/FeT (0.60—0.72, mean 0.67; Figure 2C), Fepy/FeHR (0.76—0.86, mean 0.83; Figure 2C), Mo contents (76.6—144.5 ppm, mean 105.5; Table 2), and Corg/p values (137.7—274.9, mean 217.8, Figure 2B), indicating the prevalence of euxinic conditions.
At Shaba section, the Late Katian period exhibited variable FeHR/FeT (0.22—0.68, mean 0.42; Figure 3C), Fepy/FeHR (0.32—0.67, mean 0.54; Figure 3C), Mo contents (1.62—22.98 ppm, mean 10.37; Table 2), and Corg/P values (12.7—524.6, mean 255.7, Figure 3B). The above values were almost plot in the suboxic to anoxic areas from the D. complexus to P. pacificus, suggesting that the water redox conditions changed from suboxic to ferruginous (Figure 3). This is consistent with the covariant relationship between MoEF and UEF (Figure 6A). The Hirnantian period exhibited low FeHR/FeT (0.27—0.67, mean 0.43; Figure 3C), Fepy/FeHR (0.34—0.60, mean 0.51; Figure 3C), Mo contents (2.98—14.36 ppm, mean 8.00; Table 2), and Corg/p values (25.4—440.8, mean 207.6, Figure 3B), and the minimum value appeared in the GYQ Formation, suggesting intermittent suboxic conditions in ferruginous stages. The Rhuddanian period exhibits high FeHR/FeT (0.21—0.74, mean 0.54; Figure 3C), Fepy/FeHR (0.42—0.67, mean 0.54; Figure 3C), Mo contents (30.82—81.52 ppm, mean 50.20; Table 2), and Corg/p values (133.3—283.2, mean 202.6, Figure 3B), indicating the prevalence of ferruginous conditions.
Further, by comparing the data of Wc-1 well and Shaba section samples, we could deduce that the hypoxia degree of Wc-1 well redox conditions was stronger than that of Shaba section, and there was no obvious euxinic condition in the Shaba section.
Redox Heterogeneity in Study Area During the O—S Preiod
To restore the change in redox conditions of the water column in the northeastern Upper Yangtze Basin during the O—S period, the redox condition data of Datianba section and X3 well in the same basin during this period were compared with those of the study samples (Figure 7; Liu et al., 2016; Wang et al., 2021; Xi et al., 2021). The Datianba section was located close to the Qianzhong uplift, and the X3 well and Shaba section were located on the northern and southern sides of the Xiang’e Submarine High (the paleomagnetic regions were on the east and west sides), respectively, and Wc-1 well was close to the Qinling Ocean (Figure 1B). The ancient water depth was the deepest in Wc-1 well, followed by the Datianba section, and gradually became shallow in Shaba and X3 well sections (Liu et al., 2016; Wang et al., 2021; Xi et al., 2021). Datianba section was dominated by anoxic ferruginous conditions during the Late Katian, accompanied by intermittent euxinia. Euxinia conditions were present during the Hirnantian period, but the conditions turned ferruginous in the GYQ Formation. By the Rhuddanian period, the water column was dominated by intermittent euxinia conditions (Liu et al., 2016). In contrast, X3 well was dominated by oxic–suboxic conditions during the O—S period, and anoxic water was almost undeveloped (Xi et al., 2021).
[image: Figure 7]FIGURE 7 | Variations in Fepy/FeHR, FeHR/FeT, δ34Spy, and TOC/Spy in the Katian to Rhuddanian shales of Shaba section and Wc-1 well in the study area, Datianba section (Liu et al., 2016), and X3 well (Xi et al., 2021). The meaning of virtual lines and numbers in graph is consistent with Figure 2.
Therefore, the redox conditions of the water column at different water depth during the same period showed obvious differences. During the Late Katian period, the water column in the northeastern Yangtze basin was in anoxic ferruginous conditions, whereas oxic—suboxic conditions were developed in the shallow area (Figure 7). With continuous advancement of the Hirnantian glacial period, euxinic water gradually disappeared from the basin, and the reduction in water decreased. From the late Hirnantian to the Rhuddanian period, anoxic water gradually expanded from deep to shallow depth in the basin.
Controls on the Development of Euxinia in Yangtze Basin
As mentioned above, the redox conditions of the water column in the study area during the O—S period, especially the distribution of euxinia, showed obvious spatiotemporal heterogeneity. Liu et al. (2016) and Li et al. (2019), Li et al. (2021) explained this phenomenon in terms of tectonic movement, CIA intensity, and sulfate availability. On this basis, our study further explored the control mechanism of euxinia development using detailed geochemical data.
In general, the transformation of anoxic water between ferruginous and euxinic conditions is mainly controlled by the input of OM, Fe and sulfate in the sedimentary system (Johnston et al., 2010; Raiswell and Canfield, 2012). Moreover, paleoproductivity is a direct factor in evaluating sedimentary OM, and OCAR is considered to be one of the most effective indicators for evaluating paleoproductivity (Shen et al., 2015; Bao et al., 2020). During the O—S period, the average values of OCAR were higher in Wc-1 well (1.85—124.80 mg/cm2/kyr, mean 32.81 mg/cm2/kyr) than those in Shaba section (0.85—58.10 mg/cm2/kyr, mean 21.01 mg/cm2/kyr) (Supplementary Table S1), consistent with the change in redox conditions, suggesting that the productivity level may be one of the main factors causing the change of redox conditions in the water column. A higher level of productivity is conducive to the generation of an anoxic water column, which was also reflected in the OCAR and Fepy/FeHR correlation diagram (Figure 8A). Notably, the Wc-1 well portrayed characteristics of an euxinic condition in the latest Katian, but the value of OCAR did not increase significantly, suggesting that other factors also play a role in controlling the development of euxinia in the basin (Figure 2).
[image: Figure 8]FIGURE 8 | Relationship between research area elements. (A) Logarithmic relationships between OCAR with Fepy/FeHR. (B) Al2O3 verses FeT for Shaba section. (C) Al2O3 verses FeT for Wc-1 well. (D) CIAcorr verses Fepy/FeHR. (E) Logarithmic relationship between OCAR with δ34Spy. (F) CIAcorr verses δ34Spy. (G) Cross plots of Co × Mn versus SiO2/TOC. (H) Cross plots of Co × Mn versus FeT/SiO2. (I) Logarithmic relationships between Co×Mn with δ34Spy.
In the middle water column (below the metamorphic layer), the presence of euxinia resulting from high productivity must meet the following two conditions 1) low FeHR flux and 2) adequate sulfate (Raiswell and Canfield, 2012). The positive correlation between FeT, FeHR, and Al2O3 in Shaba section indicated that active iron mainly comes from the input of terrigenous debris, rather than hydrothermal solution and the other source (Figure 8B; Raiswell and Canfield, 2012). However, there was no such positive correlation in Wc-1 well, and the content of FeHR was lower than that in Shaba section, suggesting that the sources of active iron at different water depths may be different (Figure 8C). Combined with the REE data of Wc-1 well, we speculated that the source of active iron in the sedimentary system of this area may be related to the re-release of iron oxides in the sediments, in addition to the terrigenous clastic input (Section 5.1.1; Raiswell and Canfield, 2012). The significant and non–significant positive relationship between CIAcorr and Fepy/FeHR in Shaba section and Wc-1 well, respectively, also supports the above conjecture (Figure 8D). However, the redox conditions of the water column in Wc-1 well did not seem to change significantly with an increase in FeHR, and even euxinia expansion occurred during the latest Katian (Figure 2C), suggesting that a higher FeHR value is not a definitive reason for the decrease in euxinia, and that other influencing factors need to be considered.
The δ34S of pyrite formed in the water column can be used to determine the availability of sulfate in sedimentary systems (Poulton et al., 2015). Moreover, in the process of microbial sulfate reduction (MSR), sulfate and OM in the system will act as the first electron acceptors to control the reaction rate, thus affecting the value of δ34Spy (Bao et al., 2021). In the conditions of high productivity, the reduction rate of OM increases, and the corresponding sulfate differentiation coefficient εMSR (εMSR = δ34SSO4 - δ34Spy) decreases, resulting in high δ34Spy values (Leavitt et al., 2013). In Wc-1 well, the significant negative correlation between OCAR and δ34Spy (r = −0.52, p < 0.01, n = 23; Figure 8E) indicated that the availability of OM was not the main factor affecting the change in the δ34Spy value. However, in Shaba section, this negative correlation was not significant (r = −0.29, p > 0.05, n = 24; Figure 8E), suggesting that the mixed effect of OM and sulfate availability may have benn the reason for the change in the δ34Spy value in this area.
Sulfate inputs to the marine environment are mainly affected by continental weathering, hydrothermal activity, and volcanic activity (Poulton and Canfield, 2011). There was a significant negative correlation between CIAcorr and δ34Spy in Shaba section (r = −0.54, p < 0.01, n = 24; Figure 8F)shows that the input of terrigenous debris was the main factor affecting the change in δ34Spy, and also explaining the reason for the increase in δ34Spy value in the glacial period, that is, an insufficient supply of sulfate and the resulting low εMSR (Li et al., 2021). The lower CIAcorr during the glacial period reduced the sulfate input, thereby limiting the fractionation of sulfur isotopes in the MSR (Algeo et al., 2015), then by being coupled with a decrease in OM flux, resulted in an increase in the δ34Spy value. However, for Wc-1 well, this negative correlation was not significant (r = −0.37, p > 0.05, n = 23; Figure 8F), suggesting that the effectiveness of sulfate in this area may have been restricted by other factors.
During the O–S period, upwelling was widely developed in the relatively deep waters of the Upper Yangtze Basin due to glacial–influenced temperature differences and longshore trade winds, especially during the latest Katian to the Hirnantian period (Yang et al., 2021). Nutrient-rich upwelling not only improves productivity, but also plays an important role in the circulation of marine elements, such as Fe, C, P, and N cycling (Pope and Steffen, 2003; Wittke et al., 2010; Arevalo-Martinez et al., 2019). Generally, in the upwelling development area, the concentration of dissolved Fe in the water column is lower than the biological requirement with an increase in productivity, which promotes high absorption of unsaturated Si(OH)4 in water by diatoms (relative to C and other major nutrients), leading to an increase in the Si/C value in diatoms (Takeda, 1998; Pichevin et al., 2014). In Wc-1 well samples, there was a significant negative correlation between the SiO2/TOC and Co × Mn, and a significant positive relationship between the FeT/SiO2 and Co × Mn (Figures 8G,H). This shows that the area was affected by strong upwelling and intermittent volcanic activities in the O—S period, which might have formed an Fe deficiency scenario similar to that of the lower Yangtze platform (Shen et al., 2019; Yang et al., 2021). In the latest Katian, Fe deficiency caused by upwelling resulting in H2S (generated by MSR) accumulation in the water column, thereby resulting in the expansion of euxinia. This conclusion is also supported by the significant negative correlation between δ34Spy and Co × Mn (Figure 8I).
In summary, based on the high availability of sedimentary OM, the redox conditions of shallow water were mainly affected by terrigenous clastic inputs before and after the glacial period, and higher FeHR input was beneficial to the prevalence of ferruginous conditions in water (Figure 9). Under the influence of upwelling and sea level fluctuation in deep-water areas, the shortage of soluble Fe caused by high productivity resulted in the development of euxinia conditions, even at low sulfate concentrations (Figure 9). During the glacial period, the input of terrigenous debris gradually decreased, and with the decrease in the sea level, marine ventilation was strengthened, and the euxinia water gradually narrowed in the basin (Figures 7, 9).
[image: Figure 9]FIGURE 9 | Depositional model of A—A’ (Figure 1C) during the O—S period: (A) Late Katian. Ferruginous conditions associated with terrigenous clastic inputs develop in shallow water, and euxinia associated with upwelling and higher organic matter fluxes develop in deep water. (B) Hirnantian. Affected by the decline of sea level, euxinia water gradually fades away in the basin. (C) Rhuddanian. Affected by sea level rise and high organic matter flux, euxinia water expands from deep water to shallow water.
CONCLUSION
Based on a high-resolution geochemical analysis of Shaba Section and Wc-1 well, combined with published data from two other sections, our study explored the redox conditions of water in the northeastern part of the Upper Yangtze Basin during the O–S transition period. In particular, we analyzed the evolution and control mechanism of euxinia. Notably, under the influence of tectonic movement and climate change, the water restriction and productivity of the basin have changed unevenly. Combined with the analysis of Fe-S-C flux and its mechanism, our results indicate that before and after the glacial period, the more restricted shallow water area counteracted the H2S produced by MSR under the influence of increased FeHR, which was caused by terrestrial debris input, resulting in the transformation of the water column from suboxic to anoxic ferruginous conditions. However, in deep-water areas having weak hydrological constraints, the content of terrestrial input soluble Fe in the water body gradually decreased due to the influence of high productivity and upwelling and H2S was accumulated, resulting in increased euxinia and aggravation of anoxic water. During the glacial period, with a decrease in sea level and terrigenous debris input, the reducibility of the water column weakened and the anoxic area gradually decreased. The sulfur isotope of pyrite (δ34Spy) showed that there were some differences in the sulfate input in different waters and climatic conditions, and that it played a significant role in controlling euxinia development in the basin. Thus, our results highlight the complex control and key role of terrigenous clastic inputs and upwelling in euxinic changes of oceans in semi-restrictive basins during the O—S period.
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Over the last three decades, molecular dynamics (MD) has been extensively utilized in the field of coalbed methane geology. These uses include but are not limited to 1) adsorption of gaseous molecules onto coal, 2) diffusion of gaseous molecules into coal, 3) gas adsorption-induced coal matrix swelling and shrinkage, and 4) coal pyrolysis and combustion. With the development of computation power, we are entering a period where MD can be widely used for the above higher level applications. Here, the application of MD for coalbed methane study was reviewed. Combining GCMC (grand canonical Monte Carlo) and MD simulation can provide microscopic understanding of the adsorption of gaseous molecules onto coal. The experimental observations face significant challenges when encountering the nanoscale diffusion process due to coal structure heterogeneity. Today, all types of diffusion coefficients, such as self-, corrected-, and transport-diffusion coefficients can be calculated based on MD and the Peng-Robinson equation. To date, the MD simulation for both pure and multi-components has reached a situation of unprecedented success. Meanwhile, the swelling deformation of coal has been attracting an increasing amount of attention both via experimental and mimetic angles, which can be successfully clarified using MD and a poromechanical model incorporating the geothermal gradient law. With the development of computational power and physical examination level, simulation sophistication and improvements in MD, GCMC, and other numerical models will provide more opportunities to go beyond the current informed approach, gaining researcher confidence in the engagement in the estimation of coal-swelling deformation behaviors. These reactive MD works have clarified the feasibility and capability of the reactive force field ReaxFF to describe initial reactive events for coal pyrolysis and combustion. In future, advancing MD simulation (primarily characterized by the ReaxFF force field) will allow the exploration of the more complex reaction process. The reaction mechanism of pyrolysis and spontaneous combustion should also be a positive trend, as well as the potential of MD for both visualization and microscopic mechanisms for more clean utilization processes of coal. Thus, it is expected that the availability of MD will continue to increase and be added to the extensive list of advanced analytical approaches to explore the multi-scaled behaviors in coalbed methane geology.
Keywords: molecular dynamics, adsorption, diffusion, swelling, pyrolysis and combustion, coalbed methane geology
INTRODUCTION
Here, the applicability of molecular dynamics (MD) to the study of coalbed methane geology is examined, specifically the role in visualizing the multimember behaviors accompanying adsorption/diffusion of gaseous molecules, gas-induced coal swelling, pyrolysis, and combustion. A review of MD applications to the study of geoscience is available (Cygan and Kubicki, 2018). Its applications to estimate the microscopic behaviors in coalbed methane geology have yet to be reviewed however. The earliest work for the application of MD aimed to reveal the dynamics damage of the materials exposed to radiation (Gibson et al., 1960), highlighting the non-equilibrium boundary conditions for particles with continuous forces. This preliminary work led to qualitative estimation of thermodynamic properties and to quantitative study of microscopic processes. In 1964, Rahman simulated liquid hydrogen with an MD method in periodic boundary conditions (PBCs) and surprisingly discovered that even a few particles represented the thermodynamic properties of the whole system (Rahman, 1964). Since then, MD simulation of condensed matter has become available, attracting worldwide physicochemical scholars to invest in this research work, taking advantage of the zero approximation nature, tracking particle trajectory, and accurate simulation results. The application of MD to visualize coal physico-chemical processes can date from 1992 as “The minimum-energy conformations obtained after MD calculations have provided insights into the types of bonding that provide the rigid structure observed for coals.” using Given, Wiser, Solomon, and Shinn’s molecular representations of coal in Carlson’s work (Carlson, 1992). Since then, the coal literature, over the last 29 years, has generated a surprisingly large number of MD applications in coal studies. The MD work using those predominantly classical molecular representations of coal slices remains state-of-the-art until advances in the analytical techniques as well as modeling software can be obtained (Mathews and Chaffee, 2012).
The jumps in computation power have also helped us to overcome some of the simulation challenges in model construction and calculation scale, and also aided scholar confidence in the microscopic representations, bridging the macroscopic characteristics and microscopic behaviors of coal. Figure 1A depicts the gradual emergence of journal publications utilizing MD for coal or coal-related research over the last ∼20 years, covering disciplines such as engineering, chemistry, energy fuels, environmental science ecology, and physics (Figure 1B). Although, this is likely an underestimation of the work since it was assessed from only the Web of Science Core Collection. It is expected that this simulation method will become more common for exploring coal behaviors. This paper provides a dedicated review of the history advances, and state-of-the-art availability for MD utility, along with applications in adsorption/diffusion of gaseous molecules, gas-induced coal swelling, pyrolysis, and combustion.
[image: Figure 1]FIGURE 1 | (A) Journal articles from the Web of Science Core Collection for the application of MD to coal research and (B) the corresponding field distribution.
MOLECULAR DYNAMICS
Advantages of MD
The inadequate mathematical apparatus which has already been able to solve the many-body problem still finds it challenging to depict the physical and chemical systems. The behaviors for the systems composed of a fairly large number of interacting particles cannot be described in a theoretically exact way despite the fact that the characteristics of an isolated particle or even the initial processes of two particles can be clarified via the Newtonian equation of motion (Alder and Wainwright, 1959). As a deterministic method of MD, the system composed of N particles will be abstracted into N interacting particles prior to MD simulation. The MD theory was to solve the motion trajectory of each particle using the typical second law of Newton, where the force exerted on these particles is determined by the potential energy of the system (Hu et al., 2010). The critical issue lies in the determination of the potential energy functions (molecular force field) of different systems (Zhao et al., 2016a; Hu et al., 2017), which describes the motion of particles via the Schrödinger equation of the steady (time-independent) state neglecting the spin orbit and other related effects (Naber, 2004). Thus, the determination is to choose the analytic function form and the corresponding parameters (Halgren, 1996; Canongia and Pádua, 2004; Canongia Lopes and Pádua, 2006).
The primary principle of designing a basic force field is to minimize the computational energy cost per unit time step. This can also maximize the simulation geometric scale, which is important for the all-atom force field and even for the coarse-grained model as well. For the microsecond and even millisecond level simulation, the geometric scale should be carefully considered, and Cai and Christophe (2013) have established the typical relationship between time scale and spatial scale in the classical molecular dynamics framework (Figure 2). The large-scale parallelization or dedicated architecture technology can be embedded into the extensible molecular dynamics program with the increasing computation power and the development of large-scale parallel computing architecture (Gonalves et al., 2017). Today, computer simulation has included the whole grain size ranging from dislocation to grain boundary-based deformation mechanism, setting a promising Frontier to explore the material system using MD. For coal macromolecular systems, the common molecular force fields such as OPLS (optimized potentials for liquid simulations) (Jorgensen et al., 1996), polymer-consistent force field (PCFF) (Sun et al., 1994), Dreiding (Carlson, 1992; Takanohashi et al., 1999; Fan et al., 2019), condensed phase optimized molecular potential for atomistic simulation studies (COMPASS) (Hu et al., 2010), and universal force field (Zhao et al., 2016a) can all be used to calculate the macroscopic physical properties, for example, the cohesive energy density and porosity, where the Dreiding and COMPASS force fields have displayed good applicability for coal representations (Figures 3A,B) (Xiang et al., 2014; Song et al., 2017a, Song et al., 2017b).
[image: Figure 2]FIGURE 2 | Typical relationship between time scale and spatial scale in the classical molecular dynamics framework (Cai and Christophe, 2013) (from left to right: water molecules; an enzyme; the ribosome; a 25-million-atom patch of the photosynthetic membrane of purple bacteria).
[image: Figure 3]FIGURE 3 | Comparisons in the density (A) and porosity (B) of coal calculated from different force fields.
Realization of MD
The classical MD theory can be classified into two schemes: 1) equilibrium MD and 2) non-equilibrium MD, and there also exists quantized MD for the case of Gaussian approximations, including frozen and thawed Gaussians (Brüschweiler and Ernst, 1992; Prezhdo, 2002; Manzhos, 2013). Equilibrium MD is further comprised of four types: micro canonical ensemble (NVE), canonical ensemble (NVT), isothermal isobaric ensemble (NPT), and grand canonical ensemble (VTμ) (Rokach, 2010; Zhao et al, 2016a). The common ensemble classification and their properties under macro constraints are depicted in Table 1. There are frequently four types of temperature control mode for the NVT and NPT ensembles, consisting of velocity scale, Berendsen hot bath, Gaussian hot bath, and Nose-Hoover hot bath (Kraska, 2006). In isobaric simulation (NPT), volume changes can be achieved by adjusting the size of the simulated cell in three or one direction(s). In general, the Berendsen-, Anderson-, and Parrinello-Rahman method were utilized frequently for MD simulation (Ulander and Haymet, 2003).
TABLE 1 | Common ensemble classification and their properties under macro constraints.
[image: Table 1]The iso-energetic process was the initial motivation to conduct MD where the starting point is to describe the interaction of the N particles by Hamiltonian equation (Magri., 1978). The success of the calculation depends on the setting of the initial position and initial velocity, where the system studied is usually placed on an ideal lattice. The initial velocity is set according to the Boltzmann distribution (sometimes the initial velocity is set to 0 directly) (Bonomi et al., 2009; Bodendorfer et al., 2019). However, the initial conditions related to the given energy cannot be accurately known frequently. Thus, the system should be adjusted according to the given initial position and initial speed until reaching the required energy (Bonomi et al., 2009). In many practical situations, what we focus on is the isothermal system rather than an iso-energetic system, equivalent to an isolated system immersed in a large heat source of constant temperature (canonical ensemble). The way to keep the temperature constant is to rescale the speed of each step by multiplying a factor (β) before the speed to ensure the constant kinetic energy (Luo et al., 1996). Other scholars such as Haile and Gupta (1983) improved the calibration method via introducing the constant kinetic energy, proposing a method of rescaling momentum.
The iso-pressure molecular dynamics method was first proposed by Anderson (1980) and then extended to the calculation of the cell shape changes (Parrinello and Rahman, 1980; Nosé, 1984). In the isobaric process, the NPT ensemble can be achieved if the system is not adiabatic. The molecular dynamics algorithm of this ensemble was essentially identical to the NPH ensemble, achieving the isothermal isobaric process by adjusting the velocity of each step. Another approach to this process, also proposed by Anderson, is the MD and MC (Monte Carlo) bridging approach to simulate isothermal pressure systems (Luo et al., 1996). This method alters the particle velocity by random collision, and the distribution of particle velocity after collision is used to generate a canonical ensemble (Luo et al., 1996). In addition, Car and Parrinello (1985) developed CP (Car-Parrinello) dynamics by combining density functional theory and the molecular dynamics method. In addition to the above advantages of molecular dynamics, this method can also calculate the ground state electronic structure of solid materials. Due to the large amount of calculation, its application is still limited by the development of computation power (Luo et al., 1996).
Frequently, the MD method can be implemented via three common pathways: quenched dynamics, simulated annealing, and impulse dynamics (Adcock and McCammon, 2006; Lobato et al., 2012; Bando et al., 2020). Quenched dynamics refers to the calculation of atomic displacement versus time at a constant temperature. A sample configuration was extracted in a given internal time (Barbiero et al., 2018). On the contrary, simulated annealing is temperature cycling in a given time to achieve the purpose of sampling in the whole configuration space, making use of the possibility to cross a large energy barrier at a certain high temperature (Righettoni and Pratsinis, 2014; Krumeich et al., 2016). Song et al. and Fu and Song have also devoted some effort to annealing kinetics in the material studio platform (Song et al., 2017a, Song et al., 2017b; Fu and Song, 2018). Annealing dynamics is an advanced process to approach geometrically optimal configuration superior to the pure geometry and energy optimization of this platform (Song et al., 2017a; Song et al., 2017b). The impulse dynamics method firstly assigns an initial velocity vector to the selected atom prior to dynamics simulation, which was frequently used to push the interaction molecules across the energy barrier before the molecular structure relaxed.
ADSORPTION OF GASEOUS MOLECULES ONTO COAL
The molecular mechanism of microscopic interactions between CH4/CO2/H2O and coal is the base to understanding the occurrence state of these gaseous molecules and the induced swelling (Xiang et al., 2014). No experimental technology has been found to operate perfectly, especially for the microscopic interactions of the molecular scale. The traditional experimentations have patent limitations to detect the molecular mechanism of microscopic interactions between the gaseous molecules and coal. MD simulation has been a powerful tool to reveal the relationship between the structure and properties of coal and the interaction mechanism of physical chemistry system compared with the various instrumental analysis technologies. The flow chart for the adsorption process was designed based on the minimum energy principle (Figure 4). Combining GCMC and MD simulation could provide the quantitative understanding of gaseous molecules adsorbing onto coal. The different contributions from van der Waals force, electrostatic force, and hydrogen bond force to the reduction in non-bonding energy suggest that the interaction of coal-CH4 typically exhibits as physical adsorption (Song et al., 2017a). However, the interaction between coal and CO2 is dominated by physical adsorption and incorporates weak chemical adsorption; for coal-H2O, the case encounters the simultaneous existence of physical and chemical adsorption (Xiang et al., 2014).
[image: Figure 4]FIGURE 4 | Adsorption process flow chart for MD and GCMC (Song et al., 2017b).
The initial efforts of simulating the adsorption of gaseous molecules onto coal were based on perfect graphite or defective graphite (Thierfelder et al., 2011). Also, the methane adsorption of MD calculation has been reported to amplify the gas storage in open-ended single-walled carbon nanotubes, where the hybrid isotherm model of Langmuir and Sips was nicely in line with the calculated results (Shokri et al., 2010). The present implementation of MD over-binds about as much as bare DFT (density function theory) calculations under bind, but yields a meaningful adsorption height. Thierfelder et al. (2011) conducted methane adsorption on graphene from the first principles including dispersion interaction, and presented a microscopic picture of the reliability of approximate schemes in which van der Waals forces were limited. For quite a long time, the MD simulation of methane adsorption on graphite (0 0 0 1) was used as the platform to evaluate the gas behaviors onto coal in the molecular scale via state-of-the-art surface science analysis and computation approaches (Dash., 1975; Vidali et al., 1991; Bruch et al., 2007). Mosher et al. (2013) investigated methane adsorption in carbon-based 3D pore networks and found that the simulation estimates overpredict excess adsorption. This discrepancy is potentially induced from the limitation of the experimental model. Liu et al. (2013) simulated the CH4 adsorption on N- and B-containing carbon models of coal and proposed that the physical adsorption of CH4 on coal depends slightly upon the adsorption sites, orientation of CH4, and the electronegativity of the dopant in coal. Hu et al. (2010) calculated the adsorption properties of CH4 and CO2 onto coal in an attempt to shed light on the adsorption at the atomistic level, demonstrating the successful utilization of MD in the study of the adsorption field. The MD simulation indicates the stronger adsorption affinity of CO2 over CH4 almost in all the published literature to date. Compared with the experimental-based characterization, MD can be understood as a “virtual experiment” at the molecular level, serving as an interface between laboratory experimentation and physicochemical theories (Liu et al., 2013). From the last decade on, MD work has been extended to more complex cases, for example, the contributions from water and oxidation on the adsorption process.
The coal macromolecular representation used in Hu et al. (2010) was the Wiser model and the MD results proved that the coal could absorb more CO2 than CH4 at the given temperature, providing an alternative technique to clarify the interactions between coal and adsorbates even for practically unreachable conditions. The general outcomes of MD are frequently consistent for different coal macromolecular representations, proving MD to be a promising tool incorporating the coincidences between the experimental and simulation results. Since the last decade, the coal geology community has witnessed a blowout increase in the generation of coal macromolecular representations with the gradually popularizing analysis and modeling technologies. The combined Monte Carlo and molecular dynamics is the most favored method to reveal the single and competitive adsorption of gaseous adsorbates onto coal. Zhang et al. (2014) conducted MC and MD simulations at a temperature ranging from 308 to 370 K to investigate the methane adsorption on dry and moist coal, providing a quantitative insight into the impacts of moisture and temperature on methane adsorption. The experimentations of Goodman et al. (2007) suggested good agreement of adsorption amount for pressure up to 8 MPa, however, for higher pressures, the results of different laboratories diverged distinctly in ranks, maceral, ash content, porosity, surface functional groups, temperature, and moisture.
Aiming at this issue, Liu and Wilcox (2011), Liu and Wilcox (2012a), Liu and Wilcox (2012b) conducted detailed simulation to articulate the CO2 adsorption onto microporous carbons of heterogeneous surface functional groups, and the results suggested that the oxygen functional groups were favored for CO2 adsorption, where the opposite effects can be indicated for the hydrated graphite. Based on the CS1000 coal model, the competitive adsorption behavior of CO2 and CH4 in coal micropores was also clarified based on the poromechanical model and MD and proposed a safe and long-term carbon sequestration resulting from the preferential adsorption of CO2 to CH4 (Brochard et al., 2012). Figure 5a∼fdepict the coal macromolecular representations which were frequently used in the publications. The consistent results among different macromolecular representations suggest the rationality of the MD method to depict the adsorption behaviors of gaseous adsorbates onto coal. Recently, MD has been prevalently used to optimize macromolecular representations prior to the adsorption process. Compared with the GCMC method, the adsorption process calculated from the MD simulation could provide more force and energy state parameters both for the initial and final status of the coal-gas compounds. However, MD requires much more computing memory and time than the MC calculation to acquire the normal termination status (Zhao et al., 2016a).
[image: Figure 5]FIGURE 5 | Typical coal macromolecular representations used to simulate the adsorption process (A): Wiser model absorbing the CO2 and CH4 (Zhao et al., 2016b); (B): the typical vitrinite model absorbing different amounts of CO2 (Song et al., 2018); (C): the Yanzhou coal model absorbing CH4, CO2, and H2O (Xiang et al., 2014); (D): CS1000 coal model absorbing CO2 (Brochard et al., 2012); (E): intermediate-rank bituminous coal building block absorbing H2O and CH4 (Zhang et al., 2014).
As increasingly dependable MD models are being developed for coal macromolecular representations, the adsorption processes of CH4/CO2/N2/H2O have been prevailing using the MD theory and method, providing a microscopic insight of high fidelity to present the structural heterogeneity of coal. In addition, the single maceral has been separated from the whole coal to represent the compositional complexity, as well as the macromolecular representations (Song et al., 2017a; Song et al., 2017b). For common gases such as CH4, CO2, H2O, and N2, the adsorption priority follows the order of CO2> H2O > CH4> N2, independent of the coal macromolecular representations used. For the outcomes of MD, Song et al. (2017a) exhibited the typical results and a comparison with the experimental results. As seen in Figures 6A–C, the maximum adsorption amounts of MD were close to the experimental result using the IS-100 isothermal adsorption desorption instrument (at 298 K), indicating the rationality of MD. However, their variation laws differ significantly, especially for the low pressure region. The adsorption amount of MD first increases sharply at low pressures and then remains stable with the increasing pressure. However, the experimental results gradually increase with the increasing pressure until 5 MPa. This was induced from the existence of ash in coal and may be the limitation of the coal macromolecular representations for the ash-related analysis. The D-A model fit better than the Langmuir model, which perhaps indicates the microporous filling properties for adsorption processes. For CO2, the experimental adsorption amount was slightly lower than the MD results and their difference tended to decrease with the increasing pressure. When approaching the saturation state, the relative error of MD was reduced to 1.2%, maintaining an acceptable error (Song et al., 2018).
[image: Figure 6]FIGURE 6 | (A) Comparison between MD and experiment results for CH4, (B) their Langmuir and D-A model fitting results (Song et al., 2017a), and (C) comparison between MD and experiment results for CO2 (Song et al., 2018).
DIFFUSION OF GASEOUS MOLECULES THROUGH COAL MATRIX
Single Component Diffusion
As early as 1905, Einstein established the movement of small particles suspended in a stationary liquid based on the molecular-kinetic theory of heat, indicating the direction of calculating the diffusion of gaseous molecules into porous medium (Einstein, 1905). The hypothesis of the diffusion investigation of MD was the identification of the adsorption process, which assumes that the atom motions follow Newton’s first law and can be described via the empirical potential functions (Song et al., 2018). Thus, MD has long been an appropriate approach to explore the underlying interaction mechanism of gas-coal and gas-gas during the diffusion process. Generally, the diffusion mechanisms can be classified into four mechanisms with the increasing observation scale, i.e., self-diffusion, Fickian diffusion, Knudsen diffusion, and surface diffusion. Self-diffusion occurs in the pure crystals and is independent of concentration gradient (Hu et al., 2017). Frequently, self-diffusion, following the Einstein equation, can be directly calculated via the Dynamics module of Materials Studio and utilized as the starting point to initiate the more advanced diffusion processes (Xiang et al., 2014). Fickian diffusion was derived by molecule-molecule collisions, where the diffusion mass flow per unit time through the unit cross-section perpendicular to the diffusion direction is proportional to the concentration gradient at the cross-section under the conditions of steady diffusion (Charrière et al., 2010; Liu et al., 2015). Fickian diffusion is the apparent diffusion process and can be examined experimentally, characterized via Fickian/transport diffusion coefficients (Zhao et al., 2016b). Knudsen diffusion occurs in pores whose diameter is smaller than the mean-free path length of gas molecules and can be quantified by Knudsen diffusion coefficients (Yang and Liu, 2019). The flux equation of Knudsen diffusion can be induced from the theory of molecular motion. Surface diffusion refers to the movement of atoms, ions, molecules, and clusters along the surface direction on the solid surface and occurs when there exists a chemical potential gradient field on the solid surface (Karacan and Mitchell, 2003). As the surface area is about unit surface spacing, the surface diffusion mainly occurs at the distance of 2-3 layers of atomic surface to the solid surface (Song et al., 2018). This diffusion mechanism is not only dependent on external environment (temperature, pressure, humidity, atmosphere, etc.), but is also affected by crystal orientation, electronic structure of surface chemical composition, and surface potential (Liu and Lin, 2019).
Scholars from around the world have invested great efforts to investigate the diffusion behaviors of gaseous adsorbates in coal from both experimentation and molecular/numerical simulations over the last two decades. The apparent diffusion coefficient was physically observable via experiments (Saghafi et al., 2007; Jian et al., 2012), however, the experimental observations face significant challenges when encountering the nanoscale diffusion process due to the heterogeneity of coal structure. MD could offer one approach to simulate the nanoscale diffusion process even for binary and ternary mixtures. An excellent review on the diffusion coefficients calculated from MD for binary and ternary mixtures is currently available (Liu et al., 2013). These MD works not only focus on self-diffusion coefficients, but also on the corrected (or Maxwell-Stefan) and transport diffusion coefficients (Zhao et al., 2016b; Song et al., 2018). Hu et al. (2010) simulated the diffusion of the small-molecule gas in coal via the Einstein diffusion law and Wiser model, proposing an alternative method for directly studying the interactions between coal macromolecules and small molecule gases. This work firstly introduces the calculation of self-diffusion coefficients from the mean square displacement (MSD) curves. The linear region suggests the occurrence of the Einstein diffusion, however, an anomalous (non-Einstein) diffusion also exists before the Einstein diffusion resulting from the extra tortuosity of the coal macromolecular structure (Hu et al., 2010). It is notable that the slopes of the MSD-t curve in the anomalous and Einstein diffusion stage were 1.0 and 0.5, respectively, (Hu et al., 2010; Song et al., 2017b) (Figures 7A–D), indicating the consistent motion laws of the microscopic particles. The consistent slope of the MSD-t curve in the literature suggests the reliability of the MD work for calculating the diffusion coefficients. Then, Xiang et al. (2014) calculated the self-diffusion coefficients of CO2, CH4, and H2O in Yanzhou coal based on Einstein’s diffusion law and found that the self-diffusion coefficients of these three gases follow the order of CO2>H2O > CH4.
[image: Figure 7]FIGURE 7 | MSD vs. time plot of CH4, CO2, and H2O diffusion (A) and logarithmic plot of CH4 (B), CO2 (C), and H2O, (D) MSD vs. t (from Song et al., 2017b).
Other than these self-diffusion coefficient works, Zhao et al., 2016b conducted an MD work for the self- and transport diffusion of CO2 and CH4 in coal, where the corrected (or Maxwell-Stefan) and transport diffusion coefficients were induced based on Fick’s first law and the Peng-Robinson state equation. Based on the GCMC and MD on the coal building block (C100H82O5N2S2) of 191 atoms, Zhang et al. (2016) applied the Maxwell- Stefan diffusion model to correlate the self and transport diffusivities and discovered that the transport coefficients increased with the increasing reservoir pressure due to the enhancement of the thermodynamic factor incorporating with the Peng-Robinson equation of state. Song et al. (2018) combined the GCMC and MD simulation method to orderly relate the adsorption state and the self and transport diffusion for CO2/CH4/N2 in low-rank coal vitrinite and clarified that the diffusion process for N2 is the easiest to induce compared to CO2 and CH4. From the research paths of Hu et al. (2010), Zhang et al. (2014), Zhao et al., 2016b, and Song et al. (2018), MD has become a gradually perfect method to depict the diffusion behaviors of gaseous molecules into coal, reflecting the advanced process of MD for the single component. Both the activation energy calculated from the Arrhenius law and the output configuration of the diffusion behaviors were also collected during the MD simulation, yielding the optimal configurations of coal-CH4, coal-CO2, and coal-N2 at varying adsorption states (Song et al., 2018). The activation energy (ΔEs) of the diffusion process was independent of the temperature, however, it increased with the increasing adsorbate number. All types of the diffusion coefficients, such as the self, corrected, and transport diffusion coefficients, increased with the increasing temperature, indicating the higher probabilities of a big jump for the gaseous adsorbates from one site to another neighboring site. To date, the MD simulation of a single component has reached a situation of unprecedented success after Song et al. (2018). To the best of our knowledge, this series is the most microscopically appropriate method to determine the diffusion properties in coal using the realistic coal model accounting for the heterogeneities of the physical and chemical structures in natural coal. Future efforts will clarify the impacts from the guest-host and guest-guest interactions on the transport properties in coal macromolecular representations.
To verify the MD results, the comparison between simulation and experimental results is depicted in Table 2. The Ds, Dc, and Dt refer to the self-diffusion coefficients, corrected-diffusion coefficients, and transport-diffusion coefficients, respectively, where Dt corresponds to the experimental results. The self-diffusion coefficients of vitrinite+5 CO2 (representing 5 CO2 molecules diffusing in a vitrinite macromolecule) and vitrinite+5 CH4 are 8.53 and 3.47 × 10−11 m2/s, respectively, at 298 K and 0.1 MPa, which are higher than the values calculated by Zhao et al. (2016a) in the Wiser coal model (5.4 × 10−11 m2/s for CO2 and 1.6 × 10−11 m2/s for CH4, MD in the Compass force field for 2000 ps) and by Xiang et al. (2014) in the Yanzhou coal model (1.42 × 10−11 m2/s for CO2 and 0.335 × 10−11 m2/s for CH4, MD in the Dreding force field for 1,500 ps) however significantly lower than the values calculated by Hu et al. (2010) in the Wiser model (1 × 10−9 m2/s for CO2 and 1.2 × 10−9 m2/s for CH4). As the total simulation time for MD is the signature for the diffusion behaviors, the running time for MD time is 500 ps, which is significantly shorter than the transformation time of 1,000 ps established by Müller-Plathe et al. (1992). The short MD runs used and the resulting poor definition of the anomalies in MSD involved in the diffusions of small gas molecules in the polymer materials may have not shown up in earlier MD simulations, which on the other hand will result in improper diffusion coefficient results (Müller-Plathe et al., 1992; Zhao et al., 2016a). The transport diffusion coefficients of CO2 and CH4 are close to the experimental results by Saghafi et al. (2007) with a relative error of 2.9–64.0% and 5.9–27.7%, respectively, verifying the rationality of the calculated method.
TABLE 2 | Three diffusion coefficients for different amounts of CO2, CH4, and N2 in vitrinite (Song et al., 2018).
[image: Table 2]Diffusion of Binary and Ternary Mixtures
Except for the diffusion behaviors of the single component, MD can also calculate the diffusion properties of gaseous adsorbates of the binary and ternary mixtures in coal, which has gained considerable and increasing interest as it reflects the multi-component characteristics of the coalbed methane and shale gas. The methods for calculating diffusion coefficients of the binary and ternary mixtures can propose predictive engineering models for the field data. For the Fick diffusion coefficients, the method is always consistent using the MD simulation. The multicomponent Darken equation was also developed to depict the concentration dependence of Maxwell-Stefan diffusion coefficients (Liu et al., 2012), providing an expression of Di, jxk to parametrize the generalized Vignes equation. The Maxwell-Stefan (M-S) theory established to depict the multicomponent diffusion and the diffusion mechanism was dominated by the surface diffusion process (Maxwell, 1867). The diffusion particles were always derived by the force field of the pore walls (Hu et al., 2017). When n types of gaseous adsorbates diffused in coal which was presented as the (n+1)th component, M-S diffusion equations of mutual diffusion can well characterize the motion properties for the coal-gas system (Krishna and Wesselingh, 1997; Skoulidas et al., 2003). Compared with the diffusion of the pure component, the M-S diffusion equations of mutual diffusion can provide the binary exchange coefficient (Dij) to reflect the cross influence of different components in the mixture diffusion system (Hu et al., 2017). The thermodynamic factor and modified Onsager coefficient matrix can also be calculated to obtain the phenomenological coefficients incorporating with the MD simulation. For the Accelrys Materials Studio software, MD can be conducted in the Dynamics Task of the Forcite module, whose details can be referred to in Adsorption of Gaseous Molecules Onto Coal. Prior to the Dynamics Task, the configuration should be subjected to geometry optimization, energy optimization, and annealing simulation. The gaseous adsorbates were inserted into the coal macromolecular representations via the GCMC or MC. In this work process, MD was also used to minimize the configuration for relaxation (Hu et al., 2017).
Frequently, the trajectories of the last several seconds were saved and used for the diffusion calculation. For the results of the mutual diffusion coefficient matrix [D], the diagonal elements such as D11 and D22 quantify the interaction extent of gas-coal, however, the cross exchange (correlation) coefficients such as D21 and D12 reflect the interactions of gas-gas for the binary and ternary mixtures (Liu et al., 2013; Hu et al., 2017). The increasing diffusion coefficients with the increasing temperature indicated in almost all the literature suggest the enhancement of the activity at high temperatures (Hu et al., 2010, 2017; Zhao et al., 2016b; Song et al., 2018). The coupling intensity (RD = Di/Dij) which was defined to quantify the contributions of gas-gas and gas-coal to the diffusion of gaseous adsorbates in coal increases with the increasing temperature (Hu et al., 2017), suggesting that the interactions between gas and gas weakens at higher temperature. The first term for the right hand of M-S diffusion equations for the mutual diffusion is negligible, indicating that the case is infinitely close to single-component diffusion at a high enough temperature. For the pressure dependence, there exists divergence on whether high pressure could promote or impede the diffusion speed of the guest molecules (Table 3). Staib et al. (2013) summarized the pressure dependence of diffusion coefficients for various gaseous adsorbates in coal and also proposed a numerical model to characterize the pressure and concentration dependence of CO2 diffusion in coal, clarifying the importance of the pressure step used for calculating the diffusion coefficients at the given conditions. However, the MD results exhibit high consistency for the pressure dependence. Generally, the transport diffusion coefficients first increase until peak pressure and then decrease with the increasing pressure.
TABLE 3 | Effects of the pressure on the diffusion coefficients for various gaseous adsorbates in coal (modified from Staib et al. (2013)).
[image: Table 3]GAS-INDUCED COAL SWELLING AND SHRINKAGE
For the U.S., CO2 emissions from fossil fuel combustion accounts for about 94% (Liu and Wilcox, 2011), and worldwide economic stability and development require energy, which today is also largely dominated by the direct combustion of fossil fuels (Markewitz et al., 2012; Middleton et al., 2012; Moore., 2012). As indicated in almost all the literature, coal has the advantage of adsorption of CO2 over CH4, thus, the injection of CO2 into coal seams could not only improve the recovery of the coalbed methane (Xiang et al., 2014) but also minimize global emissions (Chen et al., 2021). This provides a promising continuable technique for carbon capture and storage. Although the recovery rate of CBM can be enhanced to 95% after injecting CO2 compared with the original 77% (Reeves et al., 2004; Wang K. et al., 2020, Wang et al., 2021a), the adsorption of CO2 onto coal could induce the differential swelling of the coal matrix, which will narrow (or even lead to the closure of the fracture network) the seepage channel and result in the reduction of permeability by ∼1 order of magnitude next to the injection well (Brochard et al., 2011; Wang R. et al., 2020).
The differential swelling of coal is caused by the reduction of mechanical strength after absorbing the gaseous adsorbates (Fan et al., 2020). For the last four decades, the swelling deformation of coal has been attracting increasing attention both via the experimental and mimetic angle. Green et al. (1984) firstly applied the volumetric swelling procedure to examine the coal swelling of the coal matrix and compared the results with the gravimetric swelling experiments, verifying the consistent results between the volumetric and gravimetric procedure. Reucroft and Sethuraman (1987) conducted dilatometric studies on swelling deformation induced from CO2 adsorption and quantified that the swelling deformation induced from CO2 adsorption can account for 20–50% of the specific surface area estimated from the low pressure CO2 adsorption experiments. Aida et al. (1991) examined the steric effects on the solvent swelling of Illinois No. 6 coal and discovered good correlations between cross-link densities and swelling deformation behaviors. Then, Pan and Connell, 2007 established a theoretical model to depict adsorption-induced coal swelling and strain equilibrium, successfully describing the differences in swelling behaviors among different gas species. There also exist anisotropic properties for coal swelling, where more swelling occurs in the bedding direction than that parallel to the bedding (Pan and Connell, 2011). Larsen, 2014 proposed that the dissolved CO2 serves as a plasticizer which can enable the physical structure rearrangements and make the coal into a more associated form in which fluids will be less soluble. Romanov et al. (2006) calculated the errors induced from coal swelling for CO2 adsorption measurements and found that the true adsorption amount is at least 10% more than the observed values for the gravimetric experiment. For the swelling of pressure dependence, the swelling rate firstly increases with the increasing pressure until 8–10 MPa and remains stable (Day et al., 2008), indicating the existence of the swelling limit. The rank and sorbate used also impact the swelling rate in coals and these have been experimentally clarified by Astashov et al. (2008) and Majewska et al., 2010. Niu et al. (2017) estimated the adsorption swelling of natural and reconstituted anthracite coals using an experimental platform and discovered the swelling hysteresis phenomenon.
As mentioned above, the experimental methodology has achieved the quantification of the swelling rate and the influencing factors with the development of the physical analog. However, the experimentation could not reveal the microscopic mechanism of the swelling deformation in essence. MD was another efficient method to reproduce the swelling behaviors of gaseous adsorbates into coal. Narkiewicz and Mathews (2009) calculated the CO2-induced swelling of coal via MD and proposed that the anisotropic swelling was greater perpendicular to the bedding plane. The deformation of coal induced by CH4 adsorption was also quantified via the quenched solid density functional theory (QSDFT) and clarified the adsorption-induced deformation effect (Yang et al., 2010). Compared with MD, two qualitatively different types of swelling mechanisms can be identified depending upon the pore size. However, the QSDFT requires the minimization of the grand thermodynamic potential, which needs a lot of computation power. Based on the poromechanical model, Brochard et al. (2011) conducted effective MD work for swelling deformation behaviors of the CS1000 model induced from the adsorption of CO2 and CH4 in micropores, clarifying that the differential swelling was independent of the geological temperatures and pressures. This work highlights the foundation of the research for swelling deformation, and works as a guide for future coal scholars. Then, the solvent-coal interactions during solvent swelling were examined using the self-built macromolecular representations of Permian-aged South African coals and the results indicated that the nonbonding interactions play an important role during coal-solvent swelling. Xiang et al. (2014) conducted MD simulation for the competitive adsorption of CH4/CO2/H2O and swelling of Yanzhou coal macromolecular representation. This GCMC and MD work clarifies that the reduction in valence electronic energy suggests the molecular mechanism of the swelling deformation for the “stressed coal” formed from the stress (Xiang et al., 2014). Using the extended poromechanical model developed by Brochard et al. (2011), the MC work for the Wiser model suggested that the swelling deformation enhances with the increasing mole fraction of CO2 (Zhang et al., 2015). The calculation flow of the swelling deformation using GCMC and MD is depicted in Figures 8A–D using the coal vitrinite macromolecular representations built in our previous work (Song et al., 2017a). The adsorption process for the CO2 molecules can be simulated via GCMC. Also, the pore volume, specific surface area, and pore size distribution can be calculated using the Atom Volumes & Surface Tool in the Materials Studio software. Then, the swelling ratio of coal vitrinite at this given condition was 5.4%, indicating the loss of porosity correspondingly. This provides a promising method to estimate the swelling deformation of coal and has achieved consistent outcomes (Song et al., 2019).
[image: Figure 8]FIGURE 8 | The calculation flow of the swelling deformation for low-rank coal vitrinite macromolecular representation (at 273 K and 0.1 MPa; the occupied and free volume are depicted as the gray zone and blue zone, respectively.).
Zhao et al., 2016b proposed that the swelling deformation of coal was negligible at relatively low pressures and becomes significant with increasing pressure. We also calculated the volumetric change using the GCMC and MD based on the coal vitrinite macromolecular representation and proposed that higher temperature is conducive for the swelling equilibrium (Song et al., 2018), which is considered to be related to chemical thermodynamics. Frequently, the swelling rate, always following the order of [CO2] > [CH4] > [N2], first increases sharply and then slowly when reaching a temperature >348 K independent of the adsorbate type and adsorption state. This reduction in the increase rate of swelling deformation was orientated from the structural variation under high temperatures. For the Materials Studio software environment, the swelling rate can be calculated via the difference in the configuration volume before and after MD. The research synchronously using the GCMC and MD suggests that the swelling rate is almost proportional to the adsorption quantity of CH4/CO2/H2O before the adsorption limit (Song et al., 2018). The occurrence of the swelling deformation should overcome the non-bond potential energy, and thus the proneness of the swelling deformation can be estimated from the composition of molecular potential energy, which can be referred to in detail in Eq. 3. For the pressure dependence, the swelling rate increases slowly at low pressures and sharply at high pressures, in line with the results that higher pressures lead to the closure of the fractures and thus delay the gas diffusion speed (Zhao et al., 2016a; Song et al., 2018).
As the temperature and pressure dependence have been clarified, the differentiated swelling deformation of coal could be revealed in response to the geological conditions using the GCMC and MD (Chen et al., 2021; Wang H. et al., 2021, Wang et al., 2021c, Wang et al., 2021 J.). The work of Chen et al. (2021) has reached the quantification of differentiated swelling deformation for the binary mixture. For the binary mixture of n CO2+ m CH4 (binary mixture of N2+ CH4 with the molar ratio of n: m) and n N2+m CH4, the differentiated swelling deformation was dominated by the mole fraction of CO2 and CH4, respectively (Figure 9). It is noteworthy that, as the geological conditions were actually determined by the pressure and temperature, the variations of the swelling deformation for the coal matrix in response to the geological conditions is of great significance for the extraction of CBM and CO2 capture and storage, especially for the deep un-minable coalbeds (Van Niekerk and Mathews, 2011). Based on the consistent results for the temperature and pressure dependence of swelling deformation, the variation of swelling deformation can be clarified using MD and a poromechanical model incorporating the geothermal gradient law. Chen et al. (2021) investigated the differential swelling of coal vitrinite at geological conditions and proposed that the differential swelling ratio increases regularly with the increase of the burial depth. Although both the swelling ratios for the binary mixtures of n CO2+m CH4 and the n N2+m CH4 increase with the increasing burial depth, there exist distinctly different variations between them (Figure 10). For the former, the differential swelling ratio first increases and then remains stable with the increasing bulk mole fraction of CO2. However, for the latter, it gradually increases with the increasing bulk mole fraction of N2 despite of the low increase rate at a higher bulk mole fraction of N2. With the development of computational power and physical examination level, the simulation sophistication and improvement in MD, GCMC, and other numerical models will provide more opportunities to go beyond our current informed approach, gaining our confidence in the engagement in the estimation of coal swelling deformation behaviors.
[image: Figure 9]FIGURE 9 | The variations of the differential swelling of the n CO2+ m CH4 and the n N2+m CH4 systems under the influence of mole fraction and adsorption amount (Chen et al., 2021).
[image: Figure 10]FIGURE 10 | The variations of the differential swelling of the n CO2+ m CH4 and the n N2+m CH4 systems in geological conditions (Chen et al., 2021).
There also exist properties for matrix shrinkage for coal. Durucan et al. (2009) conducted matrix deformation experiments on a range of different rank coals subjected to carbon dioxide and methane sorption at representative in situ reservoir pressures under unconfined conditions. These experiments were complemented by a set of simultaneous gas permeability and strain measurements, relating to coal rank and the mechanical and elastic properties. The matrix volume of coal shrinks when occluded gases desorb from its structure. In coalbed gas reservoirs, matrix shrinkage could cause the fracture aperture width to increase, causing an increase in permeability. Levine (1996) developed a computer model to evaluate the potential effect of matrix shrinkage on the absolute permeability and the results indicated that permeability changes as large as +250 mD are predicted for the upper case value of matrix shrinkage. Harpalani and Schraufnagel (1990) established gas pressure-volumetric strain relationships and proposed that the volume of the coal matrix shrinks by ≈0.4% when the gas pressure falls from 6.9 MPa to atmospheric pressure. The permeability increase as a result of matrix shrinkage was also observed in Bowen Basin coal where the matrix shrinkage becomes a dominant factor on cleat permeability over the effective horizontal stress. Liu and Harpalani (2013) reviewed the experimental and theoretical studies on coal matrix shrinkage and also developed a new theoretical approach to model sorption-induced coal shrinkage or swelling. Connell (2016) established a new interpretation of the response of coal permeability to changes in matrix shrinkage and found that considerable fines production at lower pore pressures with this reservoir could contribute to permeability damage, a mechanism not considered in the current model or the Shi-Durucan model.
COAL PYROLYSIS AND GAS GENERATION
As the first and necessary reaction step, coal pyrolysis, also termed as coal dry distillation, occurs at almost all the thermal upgrading processes of coal, producing CH4, CO2, H2O, etc. (Hou et al., 2017; Wang et al., 2021a). Although the methodology for pyrolysis includes the physical method, chemical method, physical chemistry method, and computer-aided molecular design (CAMD), the traditional physical methodology faces great challenges when monitoring complex reaction processes and variations for free radicals (Khare et al., 2011; Ashraf et al., 2019). Mathews et al. (2011) proposed the combined experimental examinations and MD of ReaxFF to reveal the pyrolysis mechanisms of coal. ReaxFF MD can estimate the variations of free radicals in the pyrolysis process and adequately consider the weak interaction of chemical bond formation, Coulomb force, and van der Waals force. Therefore, the method of ReaxFF MD is more and more widely used in the coal pyrolysis process (Chenoweth et al., 2008; Zheng et al., 2013; Gao et al., 2018). The ReaxFF force field was proposed by Van Duin et al. (2001) to simulate the break and generation of the chemical bonds between atoms, thus systematically analyzing the continuous chemical reaction process involved in the pyrolysis process.
The simulation process for the ReaxFF MD includes 1) selection or construction of the coal macromolecular representations, 2) geometrical and energetic optimization for the coal macromolecular representations, and 3) simulation of the ReaxFF force field (Yang et al., 2020, Yang et al., 2021). The appropriate selection of the ReaxFF force field should enable the estimation and capture of the products and free radicals resulting from the pyrolysis reaction to obtain the product distribution and elementary reaction of the reaction (Kitsuka et al., 2007; Ashraf et al., 2019). The coal pyrolysis process can be simulated by ReaxFF MD, as well as the effects of pyrolysis temperature, which is of great significance for further study of the coal pyrolysis mechanism. ReaxFF MD can also be used to reproduce the large scale (above 1,000 of atoms) reactive system. For the pyrolysis/combustion process, ReaxFF MD can produce the results 100 times faster than the methods of quantum mechanics (QM) (Bhoi et al., 2014). Although kinetic chemical models have been established to depict the pyrolysis/combustion process of coal, they face utility challenges due to very expensive validation with experimental results and their time-consuming process. In light of this, MD simulation could provide a fundamental reaction mechanism based on the coal macromolecular representation. As mentioned above, the force field characterizing coal pyrolysis/combustion could depict the generation, transformation, and dissociation of the chemical bonds (Weismiller et al., 2010), whose results were in line with those from QM. Bhoi et al. (2014) conducted the MD simulation of spontaneous combustion using brown coal representation and proposed that the combustion of brown coal was initialized by thermal degradation at simulated temperatures high enough to enable chemical reaction within a computationally affordable time. Zheng et al. (2013) investigated the pyrolysis reaction of bituminous coal at 1,000–2000 K (250 ps in duration) based on the Wister and Shinn coal macromolecular representations and highlighted the consistency of the three types of pyrolysis products between MD and experimental results. The comparison of ReaxFF MD and thermogravimetric experimental results could verify the coal macromolecular representation constructed via the elemental analysis, nuclear magnetic resonance (NMR), and infrared spectroscopy (Wang et al., 2017).
The appropriate utilization of the force field enables us to clarify the complex reactions of hydrocarbons. As an extremely complex mechanism, the temperature of ReaxFF MD for the coal pyrolysis reaction mechanism was significantly higher than the actual reaction temperature, where the quantitative relation between the simulated and actual temperature was via the simple harmonic transition state theory. The background processing time of ReaxFF MD can be shortened by programming. Combined with the advantages of the ReaxFF reaction MD in exploring the mechanisms and behaviors of coal pyrolysis, the numbers of calculation cores and force field parameters should be furtherly optimized to improve the calculation efficiency, chemical analysis ability, authenticity, and conclusion accuracy of ReaxFF MD in simulating the pyrolysis mechanisms. Since the parameters of the reactive force fields (RFFs) were frequently derived from QM results, the reactive MD was a powerful tool for exploring complex reactive systems (Castro-Marcano et al., 2012). With the computational resources of the state of the art, the time scale required for ReaxFF MD simulation is of several orders of magnitude shorter than that required for the experiments (Castro-Marcano et al., 2012). Despite the traditional ReaxFF MD, the newly trained ReaxFF which incorporates sulfur-containing hydrocarbons has been found to correctly simulate pyrolysis and combustion dynamics of coal (Castro-Marcano et al., 2012), which provides an improved char construction methodology and demonstrates that the chemical events occurred during the combustion as well (Figure 11). ReaxFF MD simulation has been successfully utilized to reveal the atomic-scaled mechanism of the combustion of an Illinois No. 6 coal char combining the appropriate char representation and ReaxFF reactive force field. These reactive MD works have clarified the feasibility and capability of ReaxFF to describe the initial reactive events for coal pyrolysis and combustion.
[image: Figure 11]FIGURE 11 | Conversion of six-membered ring into five- and seven-membered rings demonstrated via ReaxFF MD combustion at 3000 K (for interpretation of the references to color in this figure legend, the reader is referred to the web version of this article) (from Castro-Marcano et al., 2012).
Factors affecting the pyrolysis process such as rank, pulverized coal particle size, temperature, heating rate, pyrolysis atmosphere, residence duration, and catalyst could interact and mutually restrain, dividing the pyrolysis process into three stages, i.e., primary pyrolysis reaction, secondary pyrolysis reaction, and later condensation reaction (Kitsuka et al., 2007; Casal et al., 2018). The outcomes of the hydrocarbon yield with the temperature is depicted in Figure 12. There are three peaks during the pyrolysis process, which exhibit at 350–380°C, 380–470°C, and 480–520°C. There, the yields are low (C1: 1.98–4.39 mg/g*TOC, C2–C5: 2.35–2.93 mg/g*TOC) (TOC, the content of the total organic carbon) for the first stage. The majority of C2–C5 in this stage comes from the initial cracking of aliphatic chains and oxygen functional groups. The instantaneous rate was also low at this stage, which was perhaps induced from limited heat accumulation to trigger the thermal cracking of coal macromolecules (Bhoi et al., 2014). For the second stage, production of C1 and C2–C5 stably increased with temperature, where C1 likely comes from the initial cracking of coal macromolecules but also from the secondary cracking of C2–C5 molecules. The instantaneous rates of C2–C5 decrease with the increasing temperature. The increasing yield of C2–C5 indicates that the generation rate of C2–C5 was higher than their cracking rates, which is consistent with the results of ReaxFF MD (Castro-Marcano et al., 2012). The third peak is from 480 to 520°C with a high hydrocarbon yield (C1: 30.23–40.38 mg/g*TOC, C2–C5: 7.65–7.71 mg/g*TOC), as well as generation rates. In this stage, the faster rate of reactive dynamics time of MD enables us to initiate chemical reactions within a computational affordable time. The ReaxFF could detect the types of free radical intermediates to obtain the distribution and elementary reaction of general products during coal pyrolysis, which is of wider significance for explaining the mechanism of pyrolysis behaviors. The corresponding temperatures are representative of the loss of short chain aliphatic structures such as -CH3 and -CH2, and the condensation of aromatic structures.
[image: Figure 12]FIGURE 12 | (A) Hydrocarbon yield and (B) instantaneous rate under different pyrolysis temperatures (Song et al., 2017c).
The temperature programmed pyrolysis work is of great interest in coal utilization processes where there is a slow-heating rate. The pyrolysis products of vitrinite are mainly gaseous hydrocarbon C1–5. Gaseous hydrocarbon yield and change law of functional groups were obtained. Light hydrocarbon (C6–C14) content of M1 (Ro, max = 0.58%), M2 (Ro, max = 0.80%), M3 (Ro, max = 1.59%), M4 (Ro, max = 1.61%), and M5 (Ro, max = 2.46%) calculated by experiment results of the closed system and open system are respectively 4 mg/g·TOC, 110 mg/g·TOC, 111 mg/g·TOC, 104 mg/g·TOC, and 38 mg/g·TOC. Thus, the yields of C6–C14 first increase and then decrease with the increasing rank. During pyrolysis, the higher carboxyl content and H-bonding were an essential contributor to the stability of coal macromolecules with the different lost rate of oxygen-containing functional groups and alkyl side chains with the increasing coal rank (Li et al., 2013).
As mentioned above, the main components of CBM were generated from the thermal evolution of the organic matters. Thus, the ReaxFF MD is an appropriate method to clarify the gas generation mechanism. The enrichment in coal is closely related to the occurrence of CH4, which primarily can be divided into three states, i.e., adsorption, free, and dissolved states. These were related to the microscopic interactions between coal macromolecules and CH4. Using MD we clarified the dominance of physical adsorption for CH4 from different contributions of van der Waals force, electrostatic force, and hydrogen bond force. For CBM industry, CH4 first desorbed from the micropores surface, then diffused into fractures of the coalbed, and finally was extracted through permeation flow. The hypothesis of the diffusion investigation of MD was the identification of the adsorption process, which assumes that the atom motions follow Newton’s first law and can be described via the empirical potential functions. Thus, MD has long been an appropriate approach to explore the underlying interaction mechanism of gas-coal and gas-gas during the diffusion process. MD could offer one approach to simulate the nanoscale diffusion process even for binary and ternary mixtures. An excellent review on the diffusion coefficients calculated from MD for binary and ternary mixtures is currently available (Liu et al., 2013). There also exist properties for matrix swelling and shrinkage for coal during the adsorption and desorption of CH4. MD was another efficient method to reproduce the swelling behaviors of gaseous adsorbates into coal. Narkiewicz and Mathews (2009) calculated the CO2-induced swelling of coal via MD and proposed that anisotropic swelling was greater perpendicular to the bedding plane. Based on the poromechanical model, Brochard et al. (2011) conducted effective MD work for swelling deformation behaviors of the CS1000 model induced from the adsorption of CO2 and CH4 in micropores, clarifying that the differential swelling was independent of the geological temperatures and pressures. These basic enrichment and transportation processes for coalbed methane geology are closely related to the interactions among coal and gaseous adsorbates, where MD can be appropriately used to reproduce these processes.
CONCLUDING COMMENTS AND PROSPECTS
MD has applicability over a wide range of applications in coalbed methane geology. While much of the early work was categorized into “biological systems” that were of high performance and large-scaled, later work has been extended to quantify and rationalize coal’s complex behaviors. Compared with the experimental work, MD simulation can provide insights into the molecular mechanism of microscopic interactions between CH4/CO2/H2O/N2 and coal. With the development of the computation power, we are entering a period where MD will be used for higher level applications such as 1) adsorption of gaseous molecules onto coal, 2) diffusion of gaseous molecules into coal, 3) gas induced coal swelling, and 4) coal pyrolysis and combustion.
Combining GCMC and MD simulation can provide a quantitative understanding of gaseous molecules onto coal. MD simulation indicates the stronger adsorption affinity of CO2 over CH4 almost for all the published literature to date. Compared with the experimental-based characterization, MD can be understood as a “virtual experiment” at the molecular level, serving as an interface between laboratory experimentation and physicochemical theories. Since the last decade, the MD work has been extended to more complex cases, for example, the contributions from water and oxidation on the adsorption process. The hypothesis of the diffusion investigation of MD was identified to the adsorption process, assuming that the atom motions follow Newton’s first law and can be described via the empirical potential functions. Thus, MD has long been an appropriate approach to explore the underlying interaction mechanism of gas-coal and gas-gas during the diffusion process. The experimental observations face significant challenges when encountering the nanoscale diffusion process due to the heterogeneity of coal structure. Today, all types of the diffusion coefficients, such as the self, corrected, and transport diffusion coefficients can be calculated based on MD and the Peng-Robinson equation. To date, MD simulation of a single component has reached a situation of unprecedented success after Song et al. (2018). To the best of our knowledge, the current research origin is the most microscopically appropriate method to determine the diffusion properties in coal using the realistic coal model accounting for the heterogeneities of the physical and chemical structures in natural coal. Future efforts will clarify the impacts from the guest-host and guest-guest interactions on the transport properties in coal macromolecular representations.
Although the recovery rate of CBM can be enhanced after injecting CO2 compared with the original 77%, the adsorption of CO2 onto coal could induce the differential swelling of the coal matrix, which is caused by the reduction of mechanical strength after absorbing the gaseous adsorbates. For the last four decades, the swelling deformation of coal has been attracting increasing attention both via the experimental and mimetic angle. Based on the consistent results for the temperature and pressure dependence of swelling deformation, the variation of swelling deformation can be clarified using MD and a poromechanical model incorporating the geothermal gradient law. With the development of computational power and physical examination level, simulation sophistication and improvement in MD, GCMC, and other numerical models will provide more opportunities to go beyond our current informed approach, gaining our confidence in the engagement in the estimation of coal swelling deformation behaviors. Coal pyrolysis, also termed as coal dry distillation, occurs at almost all the thermal upgrading processes of coal. The faster rate of reactive dynamics time of MD enables us to initiate chemical reactions within an affordable computational time. The background processing time of ReaxFF MD can be shortened by programming. These reactive MD works have clarified the feasibility and capability of ReaxFF to descript the initial reactive events for coal pyrolysis and combustion. Combined with the advantages of the ReaxFF reaction MD in exploring the mechanisms and behaviors of coal pyrolysis, the representation construction method, auxiliary construction program, pyrolysis simulation temperature range, and pyrolysis time should be furtherly optimized to improve the calculation efficiency, chemical analysis ability, authenticity, and conclusion accuracy of ReaxFF MD in simulating the pyrolysis mechanisms. Advancing MD simulation (primarily characterized by a force field) will also allow the exploration of the more complex reaction process. The reaction mechanism of pyrolysis and spontaneous combustion should be a positive trend. The potential of MD for both visualization and microscopic mechanisms is also an interesting possible direction. Thus, it is expected that the availability of MD will continue to increase and will be added to the extensive list of advanced analytical approaches to explore the behaviors of multi-scale mechanisms in coalbed methane geology.
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The closed pores in coal seams influence the storage of coalbed methane. The investigation of closed pores characteristics for coals is of great significance in improving the production of coalbed methane and revealing the mechanism of coal and gas outburst. However, due to limitations in analytical techniques, the characteristics and evolution mechanism of closed pores in coals with different ranks are not sufficiently understood. In this paper, eight coal samples with different ranks were collected and characterized by small-angle X-ray scattering (SAXS) and low-temperature nitrogen adsorption (LTNA). The open and closed pores of coals with various ranks were studied, and the mechanism for evolution of closed pores during coalification was proposed. The results show that among eight coal samples with different ranks, the closed porosity of low-metamorphic coals is relatively lower, the closed porosity of medium-metamorphic coals is in the middle, and the closed porosity of high-metamorphic coals is relatively higher. The change in closed porosity for coals with different ranks may be related to varieties of the molecular structure of coals. The low-metamorphic coals have more disordered arrangement of molecular structure and easily form connected pores. Therefore, the closed porosity in low-metamorphic coals is low. The aromatization of medium-metamorphic coals turns aliphatic chains into closed aromatic rings, and the closed porosity of these coals also increases. When coals reach a high degree of metamorphism, polycondensation compacts the coal macromolecular structure, providing for easy formation of closed pores between aromatic condensed rings, so the closed porosity is obviously increased in high-metamorphic coals. This study has dual significance in advancing the understanding of open and closed pores in coals and the mechanism of coal and gas outburst.
Keywords: coal, small-angle X-ray scattering, low-temperature nitrogen adsorption, closed pore, different ranks
INTRODUCTION
Coal is a sedimentary organic rock evolved from the burial and accumulation of ancient plant remains going through a long period of geological, physical and chemical processes (Dai et al., 2020). With the geological evolution of coal, the molecular structure of coal change regularly (Liu et al., 2018). With the cleavage and expulsion of aliphatic side chains and functional groups in coal, a large amounts of methane and other gases are produced (Levine, 1993). Much of methane exists in coal seams, which is a serious hazard hindering the safe operation of coal mines (Flores, 1998).
A great amount of gas can be stored in coal seams, and this is closely related to the large amounts of nanopores in coals (Yao et al., 2008). These pores provide large specific surface areas for adsorption of methane molecules, thus ensuring the gas adsorption capacity in coal seams (Hu et al., 2020). Pores in coal include open pores and closed pores (Alexeev et al., 1999; Nie et al., 2015). The pores in coal are divided into passing, inter-connected, dead end and closed pores. According to the pores connectivity, the former three types are considered as open pores, which can be detected by injecting probe fluids methods. Coalification causes the nanopores of coal to change regularly, and the mechanism for pore evolution is essentially controlled by evolution of molecular structure in coal (Li et al., 2020). The evolution of pore structure must be accompanied by evolution of the characteristics of open and closed pores during coalification (Wang et al., 2020). Furthermore, coalification also determines the gas content generated during evolution of the coal seam (Bustin and Clarkson, 1998). Therefore, it is possible that some generated gas may be trapped in the closed pores of coal (Chen et al., 2018).
Coal and gas outburst has plagued coal mine safety for a long time, and its scientific mechanism is still of interest in the field of coal mining safety research (Wang et al., 2019). Mining activities of coal seam disrupted its original equilibrium state. The enclosed gas originally stored in the closed pores of the coal seam may be connected with the outside environment. A great amount of gas is instantly desorbed, leading to mining disasters such as coal and gas outburst (Niu et al., 2017). Therefore, coal and gas outburst may be related to the gas existing in the closed pores of the coal seam. Furthermore, the total gas content of an experimental coal sample generally includes lost gas, desorbed gas and residual gas (Chen et al., 2019). The residual gas may initially be sealed in closed pores in coal. The exploitation of gas trapped in closed pores is challenging, so closed pores affect the overall exploitation efficiency of coalbed methane. Ignoring the influence of closed pores in coal may lead to overestimation of coalbed methane productivity (Chen et al., 2018). Therefore, studying the characteristics of closed pores in coal has immense theoretical and practical importance in preventing coal and gas outburst disaster, recognizing the mechanism for storage of coalbed methane and improving accuracy in evaluation of coalbed gas content.
Since it is difficult for probes to contact closed pores directly, direct detection of closed pores in coal is not easy (Mou et al., 2021). There are many techniques for investigating the pore structure of coal. The common methodologies include mercury porosimetry, low-temperature nitrogen adsorption (LTNA), carbon dioxide adsorption, etc (Han et al., 2020). However, these injecting fluids methods can only detect the open pores, which are difficult to detect closed pores in coal. (Mou et al., 2021). Other techniques used to characterize microscopic morphology mainly include scanning electron microscopy (SEM) (Li et al., 2019), transmission electron microscopy (TEM) (Zhao et al., 2014), high-resolution transmission electron microscopy (HRTEM) (Wang et al., 2021) and micro-computed tomography (CT) (Li et al., 2017). However, they are limited to observing the local pore structure of samples and cannot effectively evaluate the overall pore characteristics of coal seams. In short, research on closed pores in coal is limited.
While Small-angle X-ray scattering is an advanced nondestructive testing method. It can detect nano-scale pore characteristics depending on the electron density difference between coal matrix and pores, including open and closed pores (Okolo et al., 2015). Radlinski et al. (2004) used small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) to investigate the pore structure of seven coal samples and analyzed their pore parameters. Pan et al. (2016) used small angle X-ray scattering (SAXS) and low-temperature nitrogen adsorption (LTNA) to study three tectonic coals with similar metamorphic degrees and analyzed the influence of tectonic deformation on the properties of closed pores in coal.
In this study, the SAXS technique was used to investigate total pore characteristics (including both open and closed pores) of coal with different ranks. Additionally, LTNA experiments were carried out with coal samples to measure the open pore characteristics of each sample. Generally, the effective testing range of LTNA is 1.8–300 nm, while the pore diameter of sample characterized were approximately 2–65 nm by SAXS in this study. There is overlap of testing range between two methods, so the characteristics of open and closed pores within the range of 2–65 nm can be determined for coal samples. With the combined application of the two methods, the characteristics of open and closed pores for coal samples were effectively measured, and mechanism for evolution of open and closed pores during the coalification process was analyzed. A scheme for effectively measuring the characteristics of closed pores in coal was put forward in this paper. It is of substantial significance to promote research on the characteristics of open and closed pores in coal and to understand the mechanism of coal and gas outburst.
EXPERIMENTAL WORK
Sample Preparation
Eight coal samples were collected in representative coalfields in China, their ranks ranging from low metamorphic lignite to high metamorphic anthracite. Samples GS (lignite) and SGT (bituminous C) were taken from Pingzhuang Coalfield and Dongsheng Coalfield in Inner Mongolia Province respectively. Sample XZY (bituminous C) was obtained from Datong Coalfield in Shanxi Province. These coal seams belong to the Jurassic coals. Sample TS (bituminous B) was collected from Kailuan coalfield in Hebei Province. Sample ZB (bituminous B) was obtained from the Huoxi coalfield in Shanxi Province. Samples ZC (bituminous A), YW (bituminous A) and NY (anthracite) were obtained from the Qinshui coalfield in Shanxi Province. These five coal samples belong to the Carboniferous-Permian coals. Fresh coal samples were gathered carefully from mining working faces. Then, samples were vacuum-sealed and immediately brought to test in the laboratory.
Block samples were broken into smaller piece samples with a hammer in the laboratory. A sample of each coal with a diameter larger than 1 cm was selected and polished into a slice sample with ∼1 cm diameter and ∼1 mm thickness with sandpaper. The prepared slice samples were used for SAXS experimental study. Furthermore, crushed coal samples with small particles were collected and ground. After pulverization, particle samples of 60–80 mesh were selected for low-temperature nitrogen adsorption experiments and subsequent analyses.
Based on Chinese national standards GB/T 30,732–2014, the proximate analyses of coal samples were performed by using the automatic analyzer. Vitrinite reflectance measurements were conducted on polished coal samples employing a Leitz MPV-3 photometer microscope in accordance with Chinese national standards GB/T 6948–2008. The proximate analyse and maximum vitrinite reflectance results are listed in Table 1. The ultimate analyses of coal samples were performed according to Chinese national standards GB/T 31391–2015. The automatic true density analyzer was used to test the true relative density of coal samples. The results are presented in Table 2.
TABLE 1 | The maximum vitrinite reflectance, proximate analyses and coal rank of coal samples.
[image: Table 1]TABLE 2 | The ultimate analyses and true density of coal samples.
[image: Table 2]Small-Angle X-Ray Scattering Experiment
The SAXS experiments were conducted at the 1W2A line station of Beijing Synchrotron Radiation Facility (BSRF) (Li et al., 2014). The incident monochromatic X-ray beam was provided with energy fixed at 8.052 keV and its wavelength is fixed at 0.154 nm. The focused X-ray spot size is about 1.4 mm (horizontal) × 0.2 mm (vertical). The detectable region of scattering vector [image: image] is mainly determined by the length of the SAXS camera for detector. In this experiment, the distance between sample and detector was 1,570 mm, and the measured scattering vector (q) ranges from 0.097 to 3.339 nm−1.
The sample holder with a cavity of 10 mm in diameter and 1 mm thickness was used to place test sample. The prepared circular slice samples were put into the cavity and fixed for SAXS experiment. This experiment was conducted in the air environment, and the air background was subtracted in subsequent data processing. To calculate pore structural parameters, the absolute scattering intensity is necessary (Xie et al., 2018). In this study, the absolute scattering intensity was calibrated by using the glassy carbon SRM 3600 (Xie et al., 2018).
The mass of each sample was weighed prior to SAXS experiment in order to compare the differences in pore structure for samples with a same mass standard. The results are presented in Table 3.
TABLE 3 | The mass of different experimental samples.
[image: Table 3]The porosity of porous materials can be calculated from the invariant Qinv as Eq. 1 (Radlinski, 2006; Xie et al., 2018):
[image: image]
where, q is the scattering vector (nm−1), [image: image] is the absolute scattering intensity (cm−1), [image: image] is the electron density difference between solid matrix and pore in the material (e/Å3), [image: image] is the classical electron radius which is equal to 2.8179 × 10−13 cm, and P is the porosity (%).
Coal is considered to be a two-phase polydisperse system composed of coal matrix and pores (Radlinski et al., 2004). The electron density of pores in coal approximates zero. Therefore, the electron density difference [image: image] between the coal matrix and the pores is about the electron density of coal matrix.
The electron density of coal matrix can be calculated by the true relative density and ultimate analyses results as Eq. 2 (Radlinski, 2006):
[image: image]
where, ρ is true relative density, NA = 6.022 × 1023 is Avogadro’s number, i represents a kind of element, αi is the content with percent of element i, Zi is the number of electrons of element i, Mi is the molecular weight of element i.
The real space size of a scatterer is shown in Eq. 3 (Li et al., 2018):
[image: image]
where, q is the scattering intensity (nm−1) and d is the pore diameter (nm). The measured scattering vector (q) ranges from 0.097 to 3.339 nm−1 in this experiment, so the pore diameter of each sample characterized were approximately 2–65 nm. Detailed information on processing SAXS experimental data was provided in our previous publication (Zhao et al., 2020).
Low-Temperature Nitrogen Adsorption Experiment
Low-temperature nitrogen adsorption experiments were performed on an ASAP 2020Plus surface area and porosity analyzer (Micromeritics, United States). According to China’s national standard GB/T 21650.2-2008, the test was conducted by using the static volumetric method. Samples prepared from 60 to 80 mesh particles were selected for the LTNA experiment.
Prior to analysis, 1.0 g of each coal sample was degassed under vacuum at 110°C for approximately 10 h, then the degassed sample was weighed again. Afterward, the test tube was connected to the experimental instrument for analysis. An appropriate amount of high-purity liquid nitrogen (purity >99.999%) was put into the Dewar flask to provide the low-temperature of liquid nitrogen (77 K) for this experiment.
Both adsorption and desorption isotherms were tested at the relative pressure (P/P0) in the range of 0.01–0.995 (P is the equilibrium pressure and P0 is the saturated vapor pressure at the temperature of liquid nitrogen, approximately 0.1013 MPa). The equilibrium state during entire experimental process was controlled automatically. Then, the isotherms of adsorption and desorption were obtained. Finally, the pore structure parameters of samples were acquired by the instrumental software.
RESULTS AND DISCUSSION
Small-Angle X-Ray Scattering Results
The scattering curves for eight coal samples with different ranks are presented in Figure 1. The overall trends are similar in the scattering curves for samples, and the scattering intensity I of the samples decrease with scattering vector q increasing. Over the entire scattering vector range of 0.097–3.339 nm−1, sample NY and sample YW exhibit high scattering intensity I, while sample ZB has the lowest scattering intensity I, and the scattering intensity I of other samples are between it of samples NY and ZB. For most samples, when the scattering vector q is 1 nm−1, the scattering intensity I decreases to a low value. When the scattering vector q is larger than 1 nm−1, the scattering intensity I basically remains stable or decreased slightly. The scattering curves for different samples reflect the differences in nanopores structure, which may be mainly related to the different ranks of coal samples (Zhao et al., 2014).
[image: Figure 1]FIGURE 1 | Scattering curves of eight coal samples with different ranks.
When processing SAXS data, it is necessary to calibrate the initial experimental data based on Porod’s theory. In this study, the original Porod’s curve of each sample shows obvious positive deviation effects. This is due to the existence of non-uniform regions of nano-scale electron density in the sample (Li, 2013). The electron density of coal matrix fluctuates slightly because of heterogeneity of coal matrix and presence of mineral matter (Zhao et al., 2020). To obtain the structure of pores in coal, the deviation correction is essential. The Porod’s curve deviation correction for sample (GS sample as an example) was shown in Figure 2. The corrected SAXS data was used for subsequent processing and analysis.
[image: Figure 2]FIGURE 2 | Porod’s curve deviation correction for sample (GS sample as an example).
The porosity of each sample was quantified by using the absolute scattering intensity. In this paper, the X-ray beam size was 1.4 × 0.2 mm2. The thickness of the sample is 1 mm. Combined with the sample volume and mass in the beam testing area, the porosity was then normalized to mass weighted pore volume for each sample, as presented in Table 4. Variation in pore volume of samples with coal rank is shown in Figure 3.
TABLE 4 | Pore volume per unit mass of each coal sample.
[image: Table 4][image: Figure 3]FIGURE 3 | Variation of pore volume of coal samples with coal rank.
With changes in the metamorphic degrees of coals, the overall pore volume of coal first increased, then decreased, then increased and decreased as shown in Figure 3. The pore volume of sample GS (lignite) with the lowest degree of metamorphism is 17.587 mm3/g, and that of sample SGT (bituminous C) is 22.654 mm3/g. A decreasing trend in the pore volume is observed from sample SGT (bituminous C) to sample ZB (bituminous B). The pore volume of sample ZB (bituminous B) is 9.996 mm3/g, the smallest pore volume among the eight coal samples. For coals with higher metamorphism degree, the pore volume of sample YW (bituminous A) is 25.334 mm3/g, which is the largest pore volume among the eight coal samples. For sample NY (anthracite), the pore volume is slightly lower at 23.015 mm3/g.
Coal is considered to be a two-phase polydisperse system composed of coal matrix and pores (Radlinski et al., 2004; Bahadur et al., 2015). In this study, the international software McSAS was used to investigate the pore distribution characteristics of each coal sample (Bressler et al., 2015). The SAXS data was analyzed using polydisperse sphere model, and the pore size distribution obtained was just a relative volume fraction. By combining this result with the pore volume per unit mass for each sample, the pore size distribution normalized to the mass weighted pore volume was obtained. The pore size distributions of various samples are presented in Figure 4. Within the range of 2–65 nm, all coal samples exhibit pore size distribution, but there are distribution differences among them. For pores with diameter less than 20 nm, samples SGT (bituminous C), XZY (bituminous C), YW (bituminous A), NY (anthracite) have larger pore volume, indicating that these four coal samples have more pores within this pore size range. For pores with the diameter larger than 20 nm, except for sample ZB (bituminous B), the pore size distributions of the other coal samples have no obvious difference. The pore volume of sample ZB (bituminous B) is small over the entire pore size distribution range, indicating that ZB (bituminous B) has few nanopores within the range of 2–65 nm.
[image: Figure 4]FIGURE 4 | Pore size distribution of coals with different ranks.
Low-Temperature Nitrogen Adsorption Results
The physisorption isotherms were classified into eight types by IUPAC (Thommes et al., 2015). The low-temperature N2 adsorption isotherms of the eight coals with different ranks are presented in Figure 5. The isotherms of samples are closer to a combination of type II and type IV(a) isotherms, indicating that coals have complex pore structure. On the whole, the adsorption process for coal samples can be divided into micropore filling, monolayer adsorption, multilayer adsorption and capillary condensation (Choi et al., 2001; Sing and Williams, 2005). At extremely low relative pressures (P/P0 < 0.1), the nitrogen quantity adsorbed increases obviously because nitrogen molecules fill micropores with pore size close to the diameter of gas molecules. Physisorption in mesopores and macropores is distinct from that in micropores. With increasing relative pressure, nitrogen molecules are gradually adsorbed onto surfaces of mesopores in coals, which is monolayer adsorption. Then, the adsorption isotherm is relatively flat (P/P0 < 0.4). In this process, multi-layer nitrogen molecules are adsorbed on pore surfaces in coals. When the relative pressure exceeds 0.4, with continuous multilayer adsorption, an increasing number of nitrogen molecules undergo capillary condensation in the pores of coal (Hou et al., 2017). The nitrogen condenses to a liquid-like phase, and the amount of nitrogen adsorbed increases obviously.
[image: Figure 5]FIGURE 5 | Low temperature N2 adsorption isotherms of coal samples.
Figure 5 shows that the types of hysteresis loops of physisorption isotherms for the eight coal samples are not consistent. Among them, the adsorption and desorption curves of some coal samples are close to overlapping, while physisorption isotherms of some coal samples have obvious hysteresis loops. Based on the latest classification of hysteresis loops from IUPAC (Thommes et al., 2015), the hysteresis loops for the eight coal samples can be divided into three types. The hysteresis loops of sample GS (lignite) and sample TS (bituminous B) belong to the same type, and the hysteresis loops are inconspicuous, which indicates that their pore morphology is mainly slit-like and plate-like with one side closed (Zhao et al., 2016). The isotherms of samples XZY (bituminous A), ZB (bituminous B), ZC (bituminous C), and YW (bituminous C) show small adsorption hysteresis loops, corresponding to type H4. This means that the pores in these coals are mainly cylinder-like and cone-like, and they are open on both sides with good connectivity (Chen et al., 2017). The physisorption isotherms of samples SGT (bituminous A) and NY (anthracite) have obvious hysteresis loops, corresponding to type H2. Their desorption curves drop sharply when the relative pressure is less than 0.5, demonstrating that both coals have “ink-bottle” pores (He et al., 2020).
The pore size distribution can be obtained for each sample using the nitrogen adsorption curves of samples and BJH theory (as shown in Figure 6). Samples other than NY exhibit pores with diameter less than 10 nm, and these contributed various pore volume. In the range of pore diameter less than 10 nm, samples GS, SGT and XZY show the largest pore volume for the pores with approximately 10 nm diameter, while samples TS, ZB, ZC and YW show the largest pore volume for pores with diameter of approximately 2 nm. Sample NY has few pores with diameter less than 10 nm. For pores with diameter greater than 10 nm, the pore volume of all eight coal samples increases with an increase in pore diameter.
[image: Figure 6]FIGURE 6 | Pore size distribution of coal samples obtained by BJH theory.
Closed Pore Characteristics and Evolution Mechanism for Coal With Different Ranks
Using BJH theory, the pore volume was obtained for pores with diameter less than 65 nm in coal samples with different ranks, and this is considered to be the open pore volume of coal. By combining the LTNA experimental results with the previous SAXS results, the characteristics of open and closed pores within the range of 2–65 nm can be determined for each sample. The results of pore volume and open/closed porosity measured by the two kinds of experiments are shown in Table 5.
TABLE 5 | Pore volume, open/closed porosity obtained from LTNA and SAXS experiments.
[image: Table 5]To compare the pore volume determined by LTNA and SAXS experiments for coals with different ranks, two experimental results of each coal are compared by histogram, as shown in Figure 7. According to the SAXS results, the pore volume of samples decreases in the order YW > NY > SGT > XZY > GS > ZC > TS > ZB. According to the LTNA results, the order decreases as SGT > YW > GS > XZY > ZC > NY > TS > ZB. The orders of pore volume differ for the two experiments. The SAXS results show that the pore volume of YW is the largest, but the pore volume of SGT is the largest in the LTNA experiment. Moreover, the pore volume of NY is the second among the eight coal samples according to SAXS results, while its pore volume ranks sixth among the eight coal samples based on LTNA results. The difference in the orders of pore volume for the two experimental techniques reveals the difference in open and closed porosity in coals with different ranks.
[image: Figure 7]FIGURE 7 | Histogram of pore volume of coal samples obtained from LTNA and SAXS experiments.
In the LTNA experiments, open pores in the target range can be detected by nitrogen adsorption, while total pores information (including open pores and closed pores) in the target range can be measured by SAXS experiment. A combination of the two experimental methods effectively detects the open porosity and closed porosity within the target range for the sample, thereby evaluating the characteristics of open pores and closed pores for sample. The results indicate that the open porosity of sample SGT is the highest at 60.81% and that of GS is also high at 57.41%, while the open porosity of medium-metamorphic coals (samples XZY, TS, ZB, ZC) is approximately 50%. The open porosity of sample YW is 43.17% and that of NY is the lowest among the eight samples at 32.54%. On the whole, the open porosity of low-metamorphic coals is relatively higher, the open porosity of medium-metamorphic coals is in the middle, and the open porosity of high-metamorphic coals is relatively lower. Accordingly, the closed porosity of coals shows the opposite trend.
Figure 8 shows the variation in closed porosity of samples with coal ranks. The figure was divided into three parts: low-metamorphic coals (GS and SGT); medium-metamorphic coals (XZY, TS, ZB, ZC) and high-metamorphic coals (YW and NY). Fitting the closed porosity of the three parts basically shows that the closed porosity increases from low-metamorphic coals to medium-metamorphic coals, the closed porosity of medium-metamorphic coals increases slightly with the increase of coal rank, and the closed porosity of high-metamorphic coal increases significantly with the increase of coal rank. This may be related to the different molecular structure of coals with different ranks (Liu et al., 2019; Ren et al., 2021).
[image: Figure 8]FIGURE 8 | Variation of closed porosity of samples with coal ranks.
For low-metamorphic coals, the molecules contain more irregular parts, such as aliphatic chains and functional groups, while there are few aromatic rings (Yan et al., 2020a). The gaps between them often form large pores, and the macroscopic structure of coals is loose (Jiang et al., 2019b). Because there are a great number of chain structures in low-metamorphic coals, their overall molecular structure arrangement is disordered and spaced. It is easier for side chains, bridge bonds and functional groups to form connected pores with each other. Therefore, there are many connected pores in low-metamorphic coals, and the extent of their closed porosity is low. For medium-metamorphic coals, most of the alkyl side chains and functional groups have fallen off (Yan et al., 2020b). At the same time, aromatization has led to more aromatic rings structure and the intermolecular arrangement has become relatively dense (Jiang et al., 2019a). Due to the losses of side chains and functional groups, aromatic rings are typically connected by bridge bonds, which reduces the opportunity to form connected pores. In addition, aromatization converts the aliphatic chain structures into closed aromatic rings, which may also reduce the open porosity and increase the closed porosity of medium-metamorphic coals. For high-metamorphic coals, the mechanism for molecular evolution is mainly polycondensation, and irregular parts such as functional groups and side chains have basically disappeared (Meng et al., 2020). The degree of condensation for aromatic rings in coal macromolecules has improved continuously. The aromatic units extend horizontally and stack vertically, which obviously improves the order and density of the corresponding macromolecular structure (Niu et al., 2019). The dense arrangement of the molecular structure provides for easy formation of closed pores between aromatic rings in high-metamorphic coals. Therefore, the closed porosity in high-metamorphic coal is significantly increased.
Previous studies have shown that when selecting powdered samples for LTNA experiments, the number of open pores in coal is increased during the pulverization process (Jin et al., 2016; Si et al., 2017). The quantity of nitrogen adsorbed by samples with small particle sizes in the LTNA experiment is greater, and the corresponding open pore volume is larger. Our previous research shows that pulverization also increases the total pores (both open and closed pores) volume in coal (Zhao et al., 2020). In this paper, slice samples similar to the original state of coal were selected for SAXS experiment, and 60–80 mesh particle samples were selected for LTNA experiment. This may increase the open pore volume obtained from LTNA experiment relative to that of the original sample. Therefore, the open porosity values obtained in this study may be larger than the open porosity present in the original state of coal, and the corresponding closed porosity may be smaller. The actual closed porosity in coal may be greater than those determined experimentally in this paper.
CONCLUSION
To study the characteristics of open and closed pores in coals with different ranks, the SAXS and LTNA experiments were used for joint analysis in this work. The characteristics of open and closed pores with size in the range of 2–65 nm for various coals were measured, and the mechanism for evolution of open and closed pores during coalification was analyzed for coals with different ranks. The main conclusions are as follows:
1) The orders of pore volume sizes of the SAXS experimental results and the LTNA experimental results are not consistent. The difference in orders of pore volume reveals the difference in open and closed porosity in coals with different ranks.
2) Overall, the closed porosity of low-metamorphic coals is relatively lower, the closed porosity of medium-metamorphic coals is in the middle, and the closed porosity of high-metamorphic coals is relatively higher. Accordingly, the open porosity of coals shows the opposite trend.
3) The change in closed porosity for coals with different ranks may be related to differences in coal molecular structure. The low-metamorphic coals have more disordered arrangement of molecular structure and easily form connected pores. Therefore, the closed porosity in low-metamorphic coals is low. The aromatization of medium-metamorphic coals turns aliphatic chain structures into closed aromatic rings, and the closed porosity of the corresponding coals also increases. When coals reach a high degree of metamorphism, polycondensation compacts the coal macromolecular structure, providing for easy formation of closed pores between aromatic condensed rings, so the closed porosity is obviously increased in high-metamorphic coals.
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Similar to North America, China has abundant shale resources. Significant progress has been made in the exploration and exploitation of shale gas in China since 2009. As the geological theory of unconventional oil and gas was proposed, scientists have started researching conditions for shale gas preservation. The shale roof and floor sealing and the shale self-sealing are the critical objects of such research, which, however, are still in the initial stage. This article studies the formation mechanism of shale roof and floor sealing and shale self-sealing by taking marine shales from Member I of the upper Ordovician Wufeng Formation–lower Longmaxi Formation in the upper Yangtze region as the research object. Analyses were performed on the TOC content, mineral composition, and porosity, as well as the FIB-SEM, FIB-HIM, and gas permeability experiments on the core samples collected from the marine shales mentioned above. The conclusions are as follows: for the sealings of shale roof and floor, the regional cap rocks, roof, and floor provide sealing for shales due to physical property differences. For the self-sealing of shales, the second and third sub-members of Member I of the Wufeng Formation–Longmaxi Formation mainly develop clay mineral pores which are dominated by macropores with poor connectivity, while the first sub-member of Member I of the Wufeng Formation–Longmaxi Formation mainly develops organic-matter pores, which are dominated by micropores and mesopores with good connectivity. Owing to the connectivity difference, the second and third sub-members provide sealing for the first sub-member, while the methane adsorption effect of shales can inhibit large-scale shale gas migration as it decreases the gas permeability; thus, the organic-rich shales from the first sub-member of Member I of the Wufeng Formation–Longmaxi Formation provides sealing for itself.
Keywords: marine shale, roof and floor sealing, self-sealing, organic-matter pores, adsorption capacity
INTRODUCTION
As the economy in China has been developing fast in recent years, the demand for natural gas has increased vastly nationwide, while the domestic output of such a resource is far from sufficient for the demand. Therefore, all the major oil companies successively established four natural import channels, respectively, from the northeast, northwest, and southwest as well as by sea transportation. However, the gradually increasing import of and dependence on natural gas from abroad in recent years pose a mighty challenge against China’s energy security (Curtis, 2002; Guo, 2016; Zou et al., 2017). Fortunately, China, similar to North America, has tremendous shale gas resources and has made significant progress in the exploration and exploitation of shale gas since 2009 (Guo, 2021).
As the geological theory of unconventional oil and gas was proposed, scientists have started researching on conditions for shale gas preservation (Guo et al., 2017). In the geological theory of conventional oil and gas, pelite is one of the most common cap rocks in the oil and gas field, and oil geologists have studied the sealing provided by pelite cap rocks for underlying reservoirs (Guo et al., 2020). Shales can be converted into source rocks when they satisfy certain conditions. When their thickness is bigger than the maximum distance between the hydrocarbon expulsion from the top and the bottom at the peak time of hydrocarbon generation of the shales, gas will be effectively sealed in them. Nevertheless, the geological theory of conventional oil and gas does not consider shales as reservoirs, and the research on vertical sealing from the perspective of pore characteristics is limited. The largest difference between shale gas and conventional gas in preservation conditions lies in the roof and floor conditions, as the roof and floor may feature the lithology of mudstone, shale, tight sandstone, or carbonatite, and its quality depends on the physical properties of the rock (Zou et al., 2015; Guo et al., 2016; Zou et al., 2016). The lithology of the roof and floor is critical to the preservation conditions of shale gas because the roof and floor with quality lithology in combination with a gas-preserving shale bed can form a fluid compartment, which effectively slows the outward migration of shale gas and thus makes it well preserved (Zou et al., 2017; He et al., 2019; Zou et al., 2020). On the contrary, the roof and floor with poor lithology provide weak sealing for fluids, easily dissipating oil or gas outward and thereby wasting shale gas reservoirs. In North America, the overlying and underlying strata of the Barnett shale reservoirs are both tight limestones, while the overlying strata of the Marcellus and the Haynesville shale reservoirs are shales and their underlying strata are tight limestone, all forming good-quality sealing strata which provide good preservation conditions and gas-bearing properties for shales (Zou et al., 2019).
A series of studies have been conducted on the shale roof and floor sealing and the shale self-sealing. Wei et al. (2017) concluded that the shale gas layer of the Wufeng–Longmaxi Formation is a typical “top-covered and bottom-clogged” type, which is favorable for shale gas preservation. It has sealing capacity for the following reasons: its floor strata are composed of nodular and regular limestone of the Linxiang and Baota Formations with dense lithology. Besides, the matrix porosity and permeability are generally less than 2% and 0.1 × 10−3μm2, respectively. No fractures and sedimentary discontinuity exist. The marine mud shale of the Wufeng–Longmaxi Formation has a large specific surface area during the formation process of large amounts of shale gas, with copious hydrocarbon-friendly organic pores being formed. The shale gas is first adsorbed on the surface of these pores before it is stored in the pores or fractures of large diameters in a free state. Wei et al. (2017) and Cui et al. (2020) concluded that the top and bottom strata of the upper Ordovician Wufeng–lower Silurian Longmaxi shale gas formation are dense and exhibit low pore, low permeability characteristics. They also observed that the replacement and breakthrough pressures vary in different regions. For the top strata sample, both pressures were negatively correlated with the permeability: the lower the porosity degree and permeability, the stronger the replacement and breakthrough pressures. The gas-bearing capacity has a significant positive correlation with the microcosmic sealing capacity of the roof strata and a slight positive correlation with that of the floor strata, which means that the variances in the sealing capacity of the roof strata have more significant impact than those in the sealing capacity of the floor strata on the enrichment degree of shale gas (Cui et al., 2020).
Previous studies on the shale roof and floor sealing and shale self-sealing are not in-depth enough to study their formation mechanisms. By contrast, this article carried out research in this regard by taking JiaoYe1 well of the Jiaoshiba block located in the southeast of the Sichuan Basins in the upper Yangtze region in southern China as the study object. The Longmaxi Formation contains three members along the vertical direction, namely, Members I, II, and III from the bottom to the top. Based on the characteristics including rock colors, lithology, the combination of them both, and the combination of well logs, Member I of the Longmaxi Formation can be further divided into three sub-members, which are Sub-members I, II, and III from the bottom to the top, of which Sub-member I of Member I of the Wufeng Formation–Longmaxi Formation is currently the primary target strata of shale gas production in Sichuan Basins (Guo et al., 2016; Guo et al., 2017; Zhang et al., 2018a; Zhang et al., 2019a; Guo et al., 2020; Nie et al., 2020) (Figures 1–3). This article analyzed the mechanism of shale roof and floor sealing formation from the perspective of porosity, breakthrough pressure, and permeability, and marine shale self-sealing formation from the perspective of porosity compositions, porosity structures, and adsorption effect.
[image: Figure 1]FIGURE 1 | Locations of the Jiaoshiba Block in the southeast of the Sichuan Basins in southern China and JiaoYe1 well. Modified from references (Zhang et al., 2018a; Zhang et al., 2019a; Nie et al., 2020).
[image: Figure 2]FIGURE 2 | Bottom structure map of Wufeng Formation in Jiaoshiba Block. Modified from references (Nie et al., 2020).
[image: Figure 3]FIGURE 3 | Pass the JiaoYe1 well strata section in the Jiaoshiba block. Modified from references (Nie et al., 2020).
GEOLOGICAL SETTINGS
Sedimentary and Stratum Characteristics
Previous studies have shown that (Mei et al., 2012; Wang et al., 2015; Mou et al., 2016; Zhang et al., 2019b; Wu et al., 2019; Zhang et al., 2020a; Ma et al., 2020) the upper Yangtze region turned into a cratonic basin after the Cathaysia plate extrusion during late Ordovician–early Silurian. The sedimentary strata of late Ordovician in the upper Yangtze region are named as the Wufeng formation, while the sedimentary strata of Early Silurian in the same region are named as the Longmaxi formation, which can be divided into Member I, II, and III from the bottom to top. The target stratum for the study in this article is Member I of the Wufeng–Longmaxi Formation. The shale in such a member features bipartite lithology: Sub-member I of Member I of the Wufeng Formation–Longmaxi Formation is dominated by black siliceous organic-rich shale, while Sub-members II and III of Member I of the Longmaxi Formation is a combination of dark gray and silty shales, and siltstone.
Tectonic Characteristics
As evident from previous studies (Li et al., 1995; Li et al., 2002; Wang and Li, 2003; Zhang et al., 2017; Hu et al., 2018; Yang et al., 2019), the primitive continental crust in southern China was separated into two ancient plates in the early Mesoproterozoic period, of which one is the Yangtze plate and the other the Cathaysia plate. The two plates were stretching during the early Cambrian when large-scale transgressions occurred, leaving behind the sedimentation of a set of organic-rich shales that almost totally cover the plates. Afterward, the water body decreased; fine and silty shales gradually became coarse clasolites like siltstone and sandstone. When the Cathaysia late extruded the Yangtze plate in the Ordovician period, the water body further decreased, and the sedimentary system was changed from clasolites to carbonanites. The large-scale transgressions that happened in the late Ordovician–early Silurian changed it back to the sedimentary system of clasolites and left behind the sedimentation of a set of organic-rich shales in the deep-water shelter surrounded by the ancient continent. The Cathaysia plate started subduction toward the Yangtze plate and collided with it during the Cambrian–Silurian period. Then, the two plates merged with each other as the complete South China plate at the end of the Silurian period.
SAMPLES, EXPERIMENTS, AND DATA SOURCES
Member I of the Wufeng–Longmaxi Formation from the JiaoYe1 well was evenly sampled every 2 m, and 42 pieces of cores were collected in total. The porosity was tested with a Poro PDP-200 porosity tester, the TOC content was tested with an OG-2000V carbon and sulfur analyzer, and the analysis of X- and clay minerals was conducted with a YST-I mineral analyzer. The data reported by Guo et al. (2016) were referred to for part of the test data (Guo et al., 2016). The data reported by Guo et al. (2017) and Jin et al. (2018) were referred to for the porosity test data of the gypsum rock from Members II and III of the Longmaxi Formation in the shale roof, and the Lower Triassic Jialingjiang Formation in the regional cap rocks as well as the Linxiang and Baota Formations in the shale floor (Guo et al., 2017; Jin et al., 2018). Part of the samples with different TOC contents was used for FIB-SEM (focused ion beam–scanning electron microscopy) experiments with a Helios NanoLab 660 apparatus and FIB-HIM (focused ion beam–helium ion microscopy) experiments with a Zeiss Orion NanoFab apparatus. Samples were collected from the stratum parallel to the 2,396 m organic-rich shales of the Longmaxi Formation Member I in Jiaoye No. well with a size of 2.5 cm (diameter) × 5 cm (length) each. They were used to measure core permeability with N2, CH4, and CO2, under the pressure of 5 MPa.
RESULTS AND DISCUSSION
Sealing of Shale Roof and Floor
As shown in Figure 4, JiaoYe1 well is a typical shale gas well in the Jiaoshiba Block of the eastern Sichuan region. The lithology of Member I of the Wufeng–Longmaxi Formation (referred to as Wu-Long Formation Member I hereinafter) is mainly a sedimentary shale under the deep-water shelter, that is, pure shales. The shale roof belongs to Member II of the Longmaxi Formation (referred to as Long Member II hereinafter) and Member III of the Longmaxi Formation (referred to as Long Member III hereinafter). The lithology of Long Member II is gray-dark gray siltstone, while that of Long Member III is gray-dark gray mudstone. The regional cap rocks are the gypsum rocks of the Lower Triassic Jialingjiang Formation, which is universally developed in the Sichuan Basins. The shale floor is the dark gray mud-bearing nodular limestone of the upper Ordovician Linxiang Formation and the gray limestone of the Middle Ordovician Baota Formation (Wang et al., 2019; Wu et al., 2019; He et al., 2020).
[image: Figure 4]FIGURE 4 | Divisions of sub-members of JiaoYe1 well Longmaxi Formation Member I and analysis results of their mineral composition, TOC content, and porosity (refer to Figure 1 for the well location).
As shown in Table 1, the Wu-Long Formation Member I shale of JiaoYe1 well and its roof and floor are successive sedimentations, with the latter featuring stable distribution, tight lithology, high thickness, high breakthrough pressure, and excellent sealing (Dong et al., 2018). The roof of the Wu-Long formation Member I shale is the gray-dark gray siltstone of Long Member II (10 ∼ 35 mm thick in the Jiaoshiba region) and the gray-dark gray mudstone of Long Member III (100 ∼ 140 mm thick in the Jiaoshiba region), and the average porosity, permeability, and breakthrough pressure of the two members mentioned above are respectively 2.4%, 0.0016 × 10−3μm2, and 69.8 ∼ 71.2 MPa (Borjigin et al., 2017; Dong et al., 2018). Meanwhile, the floor of the Wu-Long Formation Member I shale is the nodular limestone of the Lingxiang and Baota Formations (30 ∼ 40 mm thick in the Jiaoshiba region with average porosity of 1.58%), featuring a permeability of 0.0017 × 10−3μm2 and a breakthrough pressure of 64.5 ∼ 70.4 MPa (Nie et al., 2019; Jin et al., 2020). The structural evolution simulation indicated that the gypsum rock on the top of JiaoYe1 well located at the higher part of the structure was destroyed (5 ∼ 0 Ma before the present which is relatively late), while the section of the well located at the lower part of the structure still preserves the gypsum rock stratum that is 70 ∼ 250 mm thick with porosity generally smaller than 2.00%, and breakthrough pressure generally over 60 MPa as well as excellent sealing performance. As the gypsum rock located in the deep part is highly plastic, its sealing performance for natural gas is further enhanced at the same time (Wu et al., 2018; Liu et al., 2019).
TABLE 1 | Lithology, porosity, thickness, and breakthrough pressure of JiaoYe1 well shale and its roof and floor, and regional cap rocks. Some data in the table are from references (Guo et al., 2016; Guo et al., 2017; Guo et al., 2020).
[image: Table 1]Based on the discussions above, the regional cap rocks (gypsum rock of the Lower Triassic Jialingjiang Formation), the roof (Long Member II gray-dark gray siltstone/dark gray lime shale and Long Member III gray-dark gray mudstone), and the floor (dark gray mud-bearing nodular limestone of the Linxiang Formation and gray limestone of the Baota Formation) provide sealing for the shale due to the difference in their physical properties.
Self-Sealing of Shales
The Difference in TOC Content, Mineral Composition, Pore Type, and Pore Structure
Table 2 shows the analyses on TOC content and mineral compositions, according to which the contents of brittle minerals and TOC decreased gradually from Sub-member I of the Wu-Long Formation Member I in the lower part (the average value is 65.9 and 3.58%, respectively) to Sub-member III of the Long Member I in the upper part (the average values are 46.8 and 1.72%, respectively). In contrast, the contents of clay minerals increased instead (from 34.1 to 53.2%). The differences in mineral compositions and TOC content between all Wu-Long Formation Member I sub-members indicated different pore types. The shale pores can be classified as organic-matter pores, brittle mineral pores, and clay mineral pores based on their existing state.
TABLE 2 | Mineral composition, TOC content, and percentage of various pore types of shales from Member I of the Wufeng Formation–Longmaxi Formation. Some data in the table are from references (Guo et al., 2016; Guo et al., 2017; Guo et al., 2020).
[image: Table 2]Guo et al. (2016) quantitatively specified the contribution of every type of pores to the shale porosity with the help of physical models of porosity rocks. Due to the difference in mineral compositions and TOC content of shales, every sub-member contains different pore types (Table 2) (Guo et al., 2016; Guo et al., 2017; Guo et al., 2020). The percentage of clay mineral pores in the total porosity gradually increased from Sub-member I of the Wu-Long Formation Member I in the lower part to Sub-member III of the Long Member I in the upper part, while that of organic-matter pores in the total porosity gradually decreased at the same time (Guo et al., 2016; Guo et al., 2017; Guo et al., 2020).
In order to analyze the porosity structure characteristics of shales in different members, this article performed observation of the organic-matter pores in Sub-member I of JiaoYe1 well Long Member I and the clay mineral pores of Sub-member III of JiaoYe1 well Long Member I by FIB-SEM experiment. Sub-member I of Long Member I was found to contain a large number of organic-matter pores with big diameters (micropores, mesopores, and macropores <200 nm), of which most are elliptical ones (A of Figure 5). Meanwhile, Sub-member III of Long Member I was found to contain clay mineral pores fewer than organic-matter pores in quantity, but bigger in diameter (macropores of 200 nm ∼ 1 μm), and most of the pores were in irregular shapes.
[image: Figure 5]FIGURE 5 | FIB-SEM and FIB-HIM Images of Shales Respectively from Sub-members I and III of JiaoYe1 Well Wu-Long Formation. Organic-matter Pores of Sub-member I of JiaoYe1 Well Wu-Long Formation Member I, 2405 m: (A) FIB-SEM Image, (B) FIB-HIM Image. Clay Mineral Pores of Sub-member III of JiaoYe1 Well Wu-Long Formation Member I, 2342 m: (C) FIB-SEM Image, (D) FIB-HIM Image.
The internal three-dimensional structure of the pores was further observed by FIB-HIM experiments. The FIB-HIM experiment was performed on samples at a depth close to that of the FIB-SEM sample, and it was found through observation that the organic-matter pores of Sub-member I of JiaoYe1 well Long Member I contain big pores with small ones inside them. With this type of “small pores inside big pores” characteristic, not only organic-matter reservoir space and specific surface area are enlarged but also the seepage channels are provided for shale gas, thus enhancing organic-matter connectivity (B of Figure 5) (Ji et al., 2014; Ji et al., 2015; Wang et al., 2016a; Wang et al., 2016b; Ji et al., 2016; Tang et al., 2017). The pores developed in the clay mineral pores of Sub-member III of Long Member I are more separated and fewer in quantity with poor reservoir capacity and connectivity (D of Figure 5).
It can be concluded from the previous discussion that the change in TOC content and mineral compositions between Sub-members II and III of Long Member I and Sub-member I of the Wu-Long Formation Member I caused the variation in porosity types and structures and the difference in connectivity, which causes Sub-members II and III of Long Member I to form sealing for Sub-member I of Long Member I.
Adsorption Effect
Samples with a dimension of 2.5 cm (diameter) × 5 cm (length) were collected from the organic-rich shales of JiaoYe1 well Long Member I at 2,396 mm along the parallel direction with the strata. These samples were measured for the flow velocity and gas permeability of the cores with N2, CH4, and CO2, respectively, under the pressure of 5 MPa (refer to Table 3 and Figure 6 for the measurement results).
TABLE 3 | Flow velocity and gas permeability tests on shales with N2, CH4, and CO2.
[image: Table 3][image: Figure 6]FIGURE 6 | Comparison of three different gas flow rates. The flow velocity of gases in shales is CO2 < CH4 < N2.
The gas molecule adsorption by shales created the gas slippage effect (Klinkenberg effect) in the seepage channel (Zhang et al., 2019c; Zhang et al., 2020b; Liu et al., 2021a; Liu et al., 2021b); that is, the flow velocity of gas molecules in the channel center is higher than that close to the channel wall, and the closer gas molecules to the channel wall, the slower their flow velocity (Huang et al., 2020; Zhang et al., 2019d; Zhang et al., 2020c; Wang et al., 2020; Zuo et al., 2019; Xia et al., 2020; Gao, 2021; Yu et al., 2022). The gas adsorption capacity of shales can be ranked as CO2 > CH4 > N2, while the rank is reversed regarding the flow velocity and permeability of those gases in shales as CO2 < CH4 < N2 (Figure 7). It indicates that the gas slippage effect is more obvious, the gas molecule flow velocity is slower, and the permeability is more decreased when the gas adsorption capacity of shales is higher (Wang et al., 2017; Zhang et al., 2018b). In organic-rich shales, the higher the quantity of adsorbed methane, the more evident the gas slippage effect; the higher the TOC content, the thicker the organic-rich shales, resulting in lower shale permeability and providing better conditions for shale gas preservation.
[image: Figure 7]FIGURE 7 | Schematic diagram of the effect of adsorption on gas flow velocity and permeability in shale.
It can be concluded from the previous discussion that higher TOC content and adsorption capacity of shales lead to narrower effective pore throat and lower permeability, thus resulting in better self-sealing performance. Meanwhile, the self-sealing of shales can also be enhanced when the thickness of organic-rich shales is increased, and thereby, their adsorption quantity rises.
Formation Mechanism
Based on the above discussion, this article summarizes the Forming model of sealing of roof and floor and self-sealing of shale of Wufeng Formation–Longmaxi Formation as shown below (Figure 8). The regional cap, the roof, and floor strata of the shale (Figures 8A,D) have much lower porosities and higher breakthrough pressure than the shale (Figures 8B,C), and they are closed to the shale due to the difference in physical properties. For the shale, the second and third subsections of section I of the Longmaxi Formation mainly develop clay mineral pores, which are mainly of macropores with poor connectivity (Figure 8B); the first subsection of section I of the Wufeng Formation–Longmaxi Formation mainly develops organic matter pores, which are primarily micro and medium pores with good connectivity (Figure 8C). The connectivity difference leads to the second and third subsections forming sealing capacity to the first subsections. The adsorption of methane by the organic-rich shale in the first subsection of the Wufeng Formation–Longmaxi Formation section I (Figure 8C) will inhibit the large-scale transport of shale gas, thus causing the organic-rich shale to form its self-sealing capacity.
[image: Figure 8]FIGURE 8 | Forming model of the sealing of roof and floor and self-sealing of shale of Wufeng–Longmaxi Formation.
CONCLUSION
In this article, Member I of the Upper Ordovician Wufeng Formation–Lower Silurian Longmaxi Formation from the Yangtze region was used as the case for the study, and the marine shales from Member I of the Wufeng Formation–Longmaxi Formation of the Jiaoshiba Block in the Sichuan Basins were selected for detailed analyses. The analyses of TOC content, mineral compositions, and porosity, as well as the experiments of FIB-SEM, FIB-HIM, and gas permeability, were then conducted on the core samples from the shale gas exploration well for the study on the formation mechanism of shale roof and floor sealing and shale self-sealing, and it was concluded as follows:
1) Regarding shale roof and floor sealing: The regional cap rocks (gypsum rocks of the Lower Triassic Jialingjiang Formation), the roof (gray-dark gray siltstone/dark gray lime shales of Member II of the Longmaxi Formation, and gray-dark gray mudstone of Member III of the Longmaxi Formation), and the floor (dark gray mud-bearing nodular limestone of the Linxiang Formation and gray limestone of the Baota Formation) together had sealing effects on the shales of Member I of the Wufeng Formation–Longmaxi Formation due to the differences in physical properties.
2) For shale self-sealing: Sub-members II and III of Member I of the Longmaxi Formation are different from Sub-member I of Member I of the Wufeng–Longmaxi Formation in pore types: clay pores dominated by macropores with poor connectivity were mainly developed in Sub-members II and III, while organic-matter pores dominated by micropores and mesopores with excellent connectivity were developed in Sub-member I of Member I of the Wufeng–Longmaxi Formation. Thanks to the difference in connectivity, Sub-members II and III together formed sealing for Sub-member I.
3) The methane adsorption effect of shales decreased the permeability and inhibited the massive migration of shale gas. As a result of the adsorption effect, the organic-rich shales from Sub-member I of Member I of the Wufeng–Longmaxi Formation can seal themselves.
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Jingmen block is an essential location for the development and exploration of shale gas. The regional structure, the tectonic characteristics, and their influence on shale gas preservation in the Jingmen block were summarized based on observations from drilled cores, seismic data interpretation, FMI imaging logging results, and other methods of subsequent analysis. The study results show that: 1) the overall structure of the study area is simple. The shale corresponding to the Wufeng and Longmaxi formations of the Upper Ordovician and Lower Silurian periods were subjected to compression deformation in Indosinian and early Yanshanianand, following extension and strike-slip transformation in the late Yanshanian period. Structures, including back-thrust, echelon, parallel, inversion structures, and rifts, could also be observed 2) Fractures with different tectonic stages and scales have different effects on the preservation degree of shale gas in the study area, resulting in differences in the nature, scale and zone of influence of faults in different regions and 3) The crack associated with fault structure include interlayer low-angle detachment fracture, conjugate shear fracture, reticular fracture, high-angle shear fracture, high-angle strike-slip shear fracture, and high-angle fracture zone. The location and type of fracture development in different stages vary, which affect the shale gas preservation and migration 4) Based on the influence of structures on shale gas preservation, the study area is divided into four categories viz. two favorable areas and two more favorable areas.
Keywords: jingmen, deep, tectonic characteristics, shale gas, preservation condition
1 INTRODUCTION
Southern China is endowed with the vast resource potential of marine shale gas. The development of black shale, a deep-water shelf facies in the western part of the Middle Yangtze region during early Cambrian Qiongzhusi and the Late Ordovician Wufeng to early Silurian Longmaxi periods based on their exploration practices and basic research in the Middle and Lower Paleozoic formations of Hubei. The substantial hydrocarbon source of the marine mud shale in these regions was also reported by several researchers (An et al., 2016; Bo et al., 2018; Deng and He, 2018; Shasha et al., 2018; Xiao-Hong et al., 2018). The shale gas in southern China has distinct characteristics from the shale gas in North America. After the reservoir formation, the shale underwent significant deformation in response to multi-stage tectonism, which was also influenced by the combined effects of Huangling paleo-uplift, Guizhong paleo-uplift, Jiangnan-Xuefeng paleo-uplift, and Dabashan orogenic belt during the Mesozoic and Cenozoic periods (Yuming et al., 2013; Kongquan et al., 2020). The subsequent development of intricate faults, folds, strong uplifts, and denudational processes in the western part of the Middle Yangtze block resulted in the rupture of the shale strata and the destruction of the preservation conditions of the original shale gas reservoir (Xusheng, 2014; Zhihong, 2015; Zou et al., 2015; Guo, 2016; Zhai et al., 2017; Xiaoxi et al., 2018). Multiple episodes of complex tectonic movements have occurred in the Jingmen area in Central Hubei. The structural differences among the various phases greatly influence the preservation conditions of shale gas (An et al., 2016; Deng and He, 2018; Guo et al., 2021), resulting in an inconsistency in the enrichment of marine shale gas in the area. The drilling results also confirm the varying productivity and characteristics of gas-bearing blocks.
Several studies have been conducted on the generation conditions, enrichment patterns, and reservoir characteristics of shale gas in Central Hubei (Deng and He, 2018; Shasha et al., 2018; Xiao-Hong et al., 2018). However, research on the influence of the structure of phases on the preservation conditions of shale gas is relatively limited, which restricts the exploration and development of shale gas in Central Hubei. Therefore, establishing the influence of the structure of Jingmen block in central Hubei on the preservation conditions of shale gas is critical for the exploration and subsequent development of well positions. The present study considers the Wufeng -Longmaxi Formation shales from the Jingmen block in central Hubei as the research object to analyze the characteristics of its structural evolution, fracture distribution, scale, and pressure characteristics during formation. In addition, the preservation conditions of shale gas in the study area are also discussed, in conjunction with the gas-bearing characteristics of shale blocks offering a reference for the exploration of shale gas in similar conditions.
The structural characteristics and evolution processes of the area are summarized here, based on the acceptable interpretation of seismic data, FMI imaging logging results, and rock core data analysis. One of the critical elements determining the preservation conditions of shale gas in the area is tectonic activity. The present study investigates the conditions and favorable areas for the preservation of shale gas to guide the prospective exploration and development in the area.
2 GEOLOGICAL PROFILE
The Jingmen block is part of the Dangyang synclinorium of the central Hubei fold belt, situated in the middle Yangtze. It is located in the southern Frontier of the Qinling-Dabieshan structural belt on the front margin of the Dahongshan thrust-fold belt. It is the front transition zone between the arc-shaped Dabashan and Dahongshan thrust-fold belts (Ma, 2015). It is bordered on the north by the Bahong thrust anticline belt, on the south by Yidu-Hefeng anticline belt, on the west by Huangling uplift, and on the east Lexiangguan-Qianjiang compound anticline (Figure 1).
[image: Figure 1]FIGURE 1 | Regional tectonic location in Jingmen area, central Hubei [Revised according to the literature (Chen et al., 2016)].
The study area is characterized by a high slope toward the northwest and a low slope toward the east, developing localized microstructures including several folds and fissures. The neritic carbonate and clastic rock have been developed from bottom to top during the Sinian to Lower Triassic period, with Triassic formations exposed on the surface. The Wufeng Formation and the Longmaxi Formation have developed black graptolite-bearing carbonaceous mud shale, a set of deep-water shelf facies, during the Upper Ordovician and Lower Silurian periods, respectively which is a promising period for the development of shale gas. After being subjected to extensive tectonic movement after the formation of the Indosinian, early Yanshan, and late Yanshan and basins (Ma, 2015; Chen et al., 2016; Deng and He, 2018), the tectonic activity of the block has tended to stabilize, with the subsequent weakening of the degree of the stratum deformation. This is favorable for forming a favorable shale gas zone through the enrichment and storage of oil and gas within the Wufeng and Longmaxi Formations.
3 STRUCTURE AND EVOLUTION OF STUDY AREA WITH FEATURES OF TECTONIC FRACTURE DEVELOPMENT
The shale strata of Wufeng and Longmaxi Formations of the Upper Ordovician and Silurian periods in the study area has tectonically evolved through three phases with substantial tectonic destruction after deposition. It was formerly believed that shale strata with considerable sedimentary thickness might act as its caprock, but the subsequent tectonic movement does not affect it. This comprehension has several limitations. During the development of Early Paleozoic strata, multiple periods of intense tectonic movement probably affected the sealing conditions to allow the shale gas to escape. The structural variations caused by stratigraphic uplift and fracturing developed during different periods profoundly influenced the shale gas preservation conditions in the area.
3.1 Tectonic-Burial History
The sedimentation and burial history of Well Yitan-1 are investigated using the geological background and stratigraphic analysis (Figure 2). The area is reported to have undergone an “early subsidence and late uplift”, maintaining periodic deposition before the Indosinian with alternate rapid and slow episodes.
[image: Figure 2]FIGURE 2 | Settlement and burial history map of Wufeng Formation-Longmaxi Formation in Well Yitan 1.
The deposition of the main strata, the marine carbonate rocks of over 5,000 m thickness, was mainly caused by subsidence for a more extended period. The two burial processes of Silurian and Lower Triassic foreland basins before the Cretaceous were rapid and occurred during the prototype development period, until the slow uplift and denudation during the early Cretaceous period at the end of Jurassic, which resulted in a slight decrease in the burial depth of stratum. In short, after the Indosinian Movement stopped the marine sedimentary development, a single subsidence-uplift cycle was established macroscopically, with the burial depth reaching its lowest in the early Yanshanian period and continuing to uplift till now.
The Middle and Late Silurian periods witnessed the beginning of the early oil generation stage of the mud shales in the Longmaxi Formation after developing Early Paleozoic shallow buried types, Late Paleozoic continuous balance types, and the Mesozoic deep-buried types in the Jingmen exploration area. The oil generation reached peak stage in the Early Permian and reached mature and dry gas stages in the Middle and Late Triassic periods. The oil generation phase ended by the beginning of high burial depth during early Yanshanian. The hydrocarbon generation model controlled by the “drop early and lift late” burial history generally generated hydrocarbon continuously. The hydrocarbon generation process is considered single and continuous, although there are multiple phases. The major subsidence activities have not occurred after the late uplift.
3.2 Stages and Scale of the Development of Fracture Structures
The Middle Yangtze area is characterized by complex fracture structures which have experienced long-term, multi-cycle evolution processes. The study area is located at the convergence of multiple fracture systems, with different stages and varying types of development of fault systems. This diversity in the stages and scales of fractures in the area has varying implications on the degree of shale gas preservation. After the significant hydrocarbon generation period, caused by the tectonic movements induced the uplift of stratum and development of large open fractures, which subsequently affected the shale gas reservoirs adversely to escape the shale gas. The shale strata and its roof and floor were damaged to varying extend by these fractures. Large-scale fractures generally cut vertically upwards further into the shale strata along with the rock layers in roofs and floors, extending farther laterally to provide an excellent channel through which the shale gas can escape. However, when the small micro-fractures are not extending to the roof and floor of the shale strata, gases will be preserved instead of escaping through the channel, and increases the space for gas storage will be increased, which catalyzes the shale gas production by enhancing the seepage flow of gas adsorption and desorption.
The major tectonic activities occurred in the Jingmen block through three tectonic phases, viz. the Indosinian, the early Yanshanian, and the late Yanshanian resulting in the three-stage development of fracture structures are as shown in Figure 3.
1) Indosinian tectonic phase.
[image: Figure 3]FIGURE 3 | The characteristics of the fracture structure and the map of the favorable area selection.
When the North China plate collided with the Yangtze plate, the Qin-Kun fracture system erupted vigorously and evolved an NWW-SEE thrust nappe structure in the north and associated folds in the study area in response to a compression toward the SN-SSW direction. The arcuate plane and the shingled/back-punched cross-section are shown in Figures 3, 4. The Indosinian period is dominated by tectonic activity in the Cambrian System-Early Silurian, with minor faults and few penetrating horizons. The detachment surface on the Caledonian Synsedimentary fault was over thrusted, resulting in the weakening of the tectonic activities toward the south.
[image: Figure 4]FIGURE 4 | Stratum and style of Indosinian tectonic development.
The current tectonic activities are followed by the major hydrocarbon generation period of early Yanshanian and are characterized by low-amplitude overthrust and dispersion of fault gouges, with few penetrating stratums and relatively mild fault activity. The sealing capacity of fault structures enable the shale gas to get entrapped within the strata.
2) Early Yanshanian tectonic phases
The early Yanshanian period witnessed intense orogenic activities of the northern Qinling orogenic belt. The south and north orogenic belts underwent strong compression in the NE-SW direction causing the thrust and compression of the Middle Yangtze, which resulted in the formation of two arc-shaped structural systems in the south and north, and the development of NW-SE reverse faults as well as associated folds. However, Huangling paleo-uplift was withstood in the west, and the western tectonic shape was shifted from northwest to nearly south-north (Figure 3). The vertical depth of fault is relatively higher than the Indosinian reverse fault. Due to a more significant extent, the faults penetrate multiple horizons, and many have been penetrating the entire stratum, as in the case of F1, a north-south reverse fault in the northwest of the study area (Figure 5A). Similarly, the F2 reverse thrust fault formed (Figure 5B) in the direction of Jing 102-Yitan 2 inclines toward the northeast with steeper section occurrence at the top and slower at the bottom. The fault is fractured to the basement and formed a thrust anticline structure on the hanging wall, with a declining strength from north to south. It is a pressure cum sealing fault that fractured after the significant hydrocarbon generation period. The late Yanshanian extension did not cause the inversion of the fault, although the formed shale gas reservoir was damaged to a certain extent, as long as the well location placement is far away from the fault zone.
3) Late Yanshanian tectonic episode.
[image: Figure 5]FIGURE 5 | Early Yanshanian structural reverse fault (Corresponding to the plane F1 reverse fault and F2 reverse fault formation).
The late Yanshanian witnessed multiple groups of fractures due to E-W stretching, which include the S-N trending normal fault on the west side of Well Jing 102, the NE left-lateral strike-slip fault on the east side of Well Jing 102, and the E-W and NE-SW right lateral syncline en-echelon normal faults in the south as shown in Figure 3. The faults are generally gentle downwards and steep upwards, with several penetrating horizons, while the central NW-trending reverse fault was inverted into a normal fault. These faults are congruent with the active period and occurrence of the regional fault system.
1) Herringbone normal faults: These are plane-shaped faults located in the mid-west of the block, toward the western side of Well Jing 102, along the NNW-near NS direction. The main fault extends farther, turning from NNW to near NS direction, while the secondary faults have limited extension, with NNW orientation (Figure 2 F4 fault group). The profile is characterized by sharp uphill and mild descending, with a reverse Y-shaped combination of secondary faults and major faults (Figure 6A).
2) Parallel strike-slip structures: These structures are concentrated in the east of Jing 102, well toward the central and eastern parts of the study area. Several NNE nearly parallel left-lateral strike-slip faults occur over the plane of these structures (Figure 2 F5 fault group).
[image: Figure 6]FIGURE 6 | Fault profile characteristics in late Yanshanian [(A) Midwestern herringbone fault; (B) Left-hand strike-slip structure in central-eastern].
The development of these structures ended at the reverse fault development zone in the early Yanshanian trending NW direction (Figure 2 F2 fault zone). The section is virtually vertical, with several parallel fault planes, mostly running from the surface to the basement in the longitudinal direction (Figure 6B).
3) Syncline en-echelon faults combination: These faults were developed in the central and southern part of the study area, with the first and final sections of several faults overlaid and linked (Figure 2 F6). The descent gradient is mild, while the ascending profile is severe. The normal faults or growth faults below the Linxiang Formation are apparent, whereas the occurrence planes above the Linxiang Formation are steep and practically vertical.
In the late Yanshan period, most faults were open with gentle downhill and steep uphills with several penetrating layers. Most of them are faults that occurred after the significant hydrocarbon generation period, which is not conducive to shale gas preservation. Hence, The late Yanshan normal faults and strike-slip fault zones should be far from the well placement deployment.
3.3 Development Characteristics of Structural Fractures and Their Influence on Shale Gas Preservation
Large-scale faults of various stages control the tectonic pattern of the study area. In particular, penetration of the roof and floor of the shale strata exposed the fault of the Wufeng Formation-Longmaxi Formation shale reservoir, influencing the scale of subsequent fracture growth. A high number of tiny secondary faults and minor fractures will follow the development in the adjacent strata during the thrust nappe and stress of the major faults in the research region. The primary fractures of the reservoir have an important influence on the preservation of shale gas and the initiation and extension of hydraulic fractures (Wang et al., 2018). This paper examines the fracture development types, angles, connectivity, and other factors using core observations and FMI imaging logging results to study the characteristics of fracture development in different regions and their influence on shale gas preservation.
The analysis of fracture phases is mainly focused on FMI interpretation of fracture strike and dip angle occurrence in four single shale gas Wells (Jing 102, Yitan 1, Yitan 2 and Yitan 3) in the Wufeng Formation-Longmaxi Formation. The formation period of fractures is evaluated from the perspective of structural deformation characteristics, including the structural pattern, structural stress, and structural movement experienced in the study area, and the restriction and cutting relationship between fractures.
Tectonic fractures in the study area are mainly divided into three phases: Indosinian, Early Yanshan period, and Late. During the Indosinian period, nearly EW, NW, and NE conjugate fractures were developed under the control of the maximum principal stress in the NNW-SSE direction. In the early period of Yanshan, a network of natural fractures with a dominant NW trend were formed along the direction of the Jing 102-Yitan 2 rift zone due to the strong compression in the NE-SW direction. The late Yanshanian was developed near EW trending due to the influence of near EW trending tension, with high-angle fractures along NW and NE direction, penetrating the Indosinian and early Yanshanian fractures (Figure 7).
[image: Figure 7]FIGURE 7 | Log interpretation of natural fracture development characteristics in yitan 3 well.
The high-angle fractures mainly were formed along the late Yanshanian stretch due to the strike-slip effect according to the tectonic activity period formed by natural fractures. The intense compression of the Indosinian-early Yanshanian period resulted in the low-angle detachment fracture and structural deformation.
1) The characteristics of fracture development in the Indosinian period.
The NWW-SEE thrust nappe structure and associated folds were formed in the study area in response to the Indosinian thrust nappe. The development of minor faults and natural fractures, and interlayer sliding structures are evident from the reservoir core (Well Yitan 3) (Figure 8A). The core has 74 high resistance fractures (filled with high-resistance minerals) and eight high conduction fractures. The direction of the high-guide seam and high-resistance seam is the same and is near the east-west. Fractures are mainly distributed in the Long 2 Member and second sub-member of Long 1. The L114-WF reservoir has developed vertical fractures (Figure 8B).
[image: Figure 8]FIGURE 8 | Characteristics of structural fractures in Indosinian period (A,B) and early Yanshanian period (C). (A) Mirror structure (L114); (B) conjugate shear joints (L112); (C) High angle natural fractures (L112, see mirror structure).
From the perspective of fracture development characteristics, micro-fractures and fractures can increase the storage space of shale gas. On the one hand, because they do not cut through the top and bottom strata, they cannot be used as a passage for shale gas escape which is conducive to shale gas preservation.
In addition, horizontal bedding layers (interlayer fractures) were developed at the bottom of Wufeng and Longmaxi Formations in Well Yitan 3. The weakening of upward development might have a significant impact on permeability anisotropy and artificial fracturing seam net form.
2) Feature of early crack development in Yanshan.
In the central-southern NW-SE and western near S-N trends, the studied region is significantly compressed in the NE-SW direction, forming reversal faults and related folds. High-angle fractures (dip angle of roughly 80°) were formed in the core of Well Jing 102, which exhibited mirror structures (Figure 8C). L111-L114 has nearly vertical and WF group cracks, wherein the former are not filled, and the latter is filled with calcite by the strong compression and shearing effect of the early Yanshanian. The FMI imaging interpretation shows that fractures in Well Jing 102 are mostly northeast-trending high-guiding fractures, tending to NW, and mostly high-guiding fractures of unfilled material.
The tiny beds of L114L113 in Well Yitan 2 have formed high-angle shear fractures with virtually vertical fractures in the first-line rift zone of Well Jing 102-Yitan 2, and the fracture surface is straight and smooth with no infill. It is formed by brittle shear fracture of mud shale under local or regional tectonic stress, which enhances the seepage and accumulation capacity of shale gas. If it is connected to the significant faults of opening, shale gas may escape.
The early Yanshan fractures, dominated by unfilled high-conductivity fractures, are located near the rift zone, developed after the peak period of hydrocarbon generation, and may be connected to surface penetrating faults (such as the F2 fault group), which is not conducive to the preservation of shale gas. Therefore, the formation pressure coefficient of Well Jing 102 with the development of reservoir fractures is lower than other wells in the block (1.25), and the gas content is relatively low, 3.6 m3/t (Table 2). It demonstrates that natural cracks and faults may reduce the efficacy of caprock to some extent.
3) Fracture development characteristics in the late Yanshan period
The natural fractures formed by regional tensional tectonic stress are nearly vertical, extending to tens of centimeters. The fracture surface will be straight and smooth when the core is cracked along the fracture with no filling. The longitudinal fault step emerges in the cross-section, which has a mirror structure. For example, parallel strike-slip shear cracks in Well Yitan 2 (Figure 9A) may increase shale gas seepage and accumulation capacity. Therefore, if it is connected to significant open faults, shale gas may escape through it.
[image: Figure 9]FIGURE 9 | Characteristics of structural fractures in late Yanshanian period (Yitan2 well). (A) 3,971.6 m, black shale in the lower part of L114; (B) 3,495.61 m high angle fracture; (C) 3,495.28 m, conjugate fracture.
The FMI logging of Longmaxi Formation in Well Yitan 1 could explain 49 natural fractures, most characterized by high conductivity. The formation layers were primarily developed in the lower part of Long 2 Member. The center and upper sections of the second sub-member of the Long 1 Member and the top of the Wufeng Formation have both produced high conduction and high resistance cracks. The cored intervals of Well Yitan 1 show that natural fractures are mostly vertical fractures and high-angled (Figure 9B). Conjugate fractures could be observed on the core section (Figure 9C). Some of the fractures were filled with quartz and calcite.
Figure 10 shows micro-fractures in the high-quality shale member of Well Yitan 1. The extension of smaller microstructures is affected by the shape and arrangement of mineral particles, while the larger micro-fractures are less affected by the mineral particles.
[image: Figure 10]FIGURE 10 | Characteristics of microfractures in late Yanshanian period (Yitan 1 well). (A) 3,498 m, L111, fractures, mineral particles influence fracture morphology; (B) 3,495.7 m, L112, Cracks, calcite filling.
3.4 The Influence of Modern Tectonic Stress Field on Shale Gas Preservation
The magnitude and direction of the current maximum horizontal principal stress have a significant and direct impact on shale gas preservation. The sealability of the fault is determined by the angle between the directions of the maximum horizontal principal stress and fault/fracture, which are generally positively correlated (Chen et al., 2003). Previous studies show (Qi et al., 2017; Tian et al., 2017; An-jiang et al., 2018) that the sealability of the fault is roughly divided into two grades based on the angle between the direction of the maximum horizontal principal stress and the direction of the fault, and the categories are good and poor sealability. The fracture sealing performance is good when the angle between the maximum horizontal primary stress direction and the fracture direction is larger than 45°, and it is poor when the angle is less than 45°.
Based on the measured maximum horizontal principal stress direction in Jingmen area, well Yitan 3 is 90°, well Jing 102 is 95°, and well Yitan 1 is 80°. The actual measurement results show that despite the complex structural environment of the study area, the maximum horizontal principal stress directions of multiple drillings are consistent. In other words, the Himalaya orogeny during the Himalayan-Neotectonic active period caused the current maximum horizontal stress direction to be approximately east-west (about 90°), and the extension environment in the late Yanshanian was turned into the compression environment. The angles between the maximum horizontal principal stress and the faults of different structural stages and types differ significantly, which is evident from the angle between the fault strike and the direction of the maximum horizontal principal stress in the Jingmen area (Table 1; Figure 3). The angle between the low-angle Indosinian period reverse faults in the northeast of the block with the direction of the maximum horizontal principal stress approximately 90% less than 45°. However, the early Yanshanian period reverse faults distributed in the western edge of the block and the first-line rift zone of Jing 102-Yitan 2 well. The normal fault is distributed in the late Yanshanian toward the western side of jing 102 well, yitan 2 well first-line rift zone. Strike-slip faults with an angle higher than 45° are found across the Middle East and south of the block, with the highest horizontal significant stress direction accounting for nearly 80%. The Indosinian period reverse fault cannot form an effective plugging of shale gas due to the angle between the maximum horizontal principal stress direction of the current tectonic stress field and the fault strike, which is not favorable for the preservation of shale gas. However, the reverse faults in the early Yanshan and the normal, as well as strike-slip faults in the late Yanshan, are conducive to the preservation of shale gas.
TABLE 1 | The Angle between the fault strike and the direction of the maximum horizontal principal stress in Jingmen block.
[image: Table 1]4 ANALYSIS AND DISCUSSION
The buried depth of the bottom boundary of the Wufeng -Longmaxi Formations in the target layer of the study area declines progressively from less than 2,500 m in the west to nearly 4,500 m in the east. About 60% of the burial is occupied up to an approximate depth of 3,500–4,500 m. The overall structure is monoclinic, with high southwest and low northeast axis, softer strata, and minor variations. Back reverse thrust, echelon, parallel, inversion, rift, and other microstructures have developed in the local structure.
4.1 The Control of Tectonic Action on Shale Gas Preservation
The study is characterized by three significant stages of development of structures that affect the preservation conditions of shale gas. The placements and kinds of various phases of structure development have varying impacts on shale gas preservation conditions. The structure belonging to the Indosinian period was developed in the northeastern part of the study area, striking nearly east-west to the northwest, with angle overthrust and fault gouge smear, with less penetrating layers. The structure is more favorable to the preservation of shale gas since it happened before the primary hydrocarbon producing phase (early Yanshan period). In addition, well placement should be taken into account at a certain distance from the thrust fault zone. The early Yanshanian structure is primarily developed in the western margin of the study area with irregular distribution in the first line of Jing 102-Yitan 2 wells and the southern area. Close to the denudation area, north-south high-angle thrust faults, high dip angles, several through-through horizons are present due to the obstruction of The Huangling uplift.
Along with these, the shallow burial depth and low gas content in the western margin make it not feasible for drilling. The fault breaks down to the basement in the first-line part of Jing 102 well-Yitan 2 well, which is steep on the top and slow on the bottom. In addition, an inversion normal fault was developed owing to the stress of the late Yanshan Mountains, and the hanging wall developed a thrust anticline structure. The peak of the main hydrocarbon generation period was followed by an open fault with strong activity and a fault. It is simple to let shale gas escape and destroy the produced shale gas reservoir, which is not good for shale gas preservation. Drilling projects should not be carried out on this line. Many groups of faults were formed in the late Yanshanian period under the influence of the east-west stretching background, and most of them were steep on the top and slow on the bottom with many through-through horizons. A herringbone normal fault trending S-N was developed on the west side of Well Jing 102. The area is characterized by the thick and wide distribution of faults, making it unsuitable for well placement. The project should be deployed away from the northeast of the NE strike-slip fault, on the east side of Well Jing 102, which penetrates mainly from the surface to the basement in the longitudinal direction. The combination of central-southern echelon faults has a modest development density and is located relatively far from the hedging extrusion deformation. This location is most suitable for well placement due to the wide and gentle structure, the medium burial depth, and high gas content, which is better than in the north.
On the one hand, the natural fracture system of various stages in the research region is an ideal storage space for shale gas, which can effectively improve the free gas content of shale gas due to significant seepage ability as it is a dominant channel for shale gas migration. Early low-angle detachment fractures and later high-angle shear fractures interconnected with other types of fractures generated a complex network of fractures to provide a foundation for later hydraulic fracturing, which is favorable for shale gas development and extraction. High-angle shear fractures and low-angle slippage fractures are generally semi-open fractures. If penetrating fractures or the major faults emerge in the overburden, the shale gas will escape from the natural fracture system in the shale reservoir through the channel. The L12-WF small formation meets minor faults or high-angle shear fractures during drilling-logging stages, and the gas measurement of the developing section is low, often less than 1%.
In addition, the pressure coefficient of the shale strata with higher is slightly lower (1.3–1.5), and the fracture-fault connections may induce leakage risks. The distribution and influence of hydraulic fractures may be affected by the heterogeneity of the fracture development method, posing a danger to the shale gas production.
4.2 Optimal Selection of Favorable Areas Based on Structural Control
Multiple tectonic movements influenced the study region resulting in variations in the structural parameters of different blocks, including the stage, type, activity and openness, penetrating horizons, and development characteristics of structural fractures, etc., which affected the shale gas preservation in the area. The study area is roughly divided into two favorable areas (I1, I2) and two more favorable areas (II1, II2) with faults of different periods and different properties as boundaries (Table 2). Figure 2 illustrates characteristics of each favorable zone and are as follows:
Ⅰ1: The tectonic activities of Ⅰ1 are relatively weaker with the gentle stratigraphic occurrence of fault structure in the early and late Yanshanian period, evidenced by small folds, medium to deep burial depth, high formation pressure coefficient, and high gas content.
Ⅰ2: The development density of the syncline en-echelon fault combination in late Yanshan was comparably lower. The distance from the hedge squeeze is relatively far from the north with weaker structural transformation strength, wide and gentle fold structure, medium burial depth, high formation pressure coefficient, high gas content, and hence this zone is suitable for deploying wells.
Ⅱ1: This zone is characterized by penetrating horizons and is affected by the Indosinian thrust nappe structure. Natural fracture zones are well developed in this zone and are distributed in the Long 2 member and the second sub-member of Long1 member. Vertical fractures, mainly high-resistance fractures, are developed in the L114-WF reservoir section. The tectonic facies is relatively minor in terms of shale gas leakage, with the occurrence of substantial leakage in multiple well sections of Longmaxi Formation in yitan-3 guide well, accounting for a total leakage of over 3,800 cubic meters. The development of minor faults or natural fracture zones caused well leakage, which adversely affected the sealability of the caprock.
Ⅱ2: This zone is characterized by the longitudinal penetration of faults from the surface to the basement with moderate development of fold structures. The area is also notable for the combined influence of the Indosinian thrust nappe structure, the early Yanshan compression structure, and a sinistral strike-slip fault in the late Yanshan period. The L112-WF section was dominated by the near-upright high conductive fractures with a northeast strike during the early Yanshan period. High conductivity fractures were developed in the lower part of Long 2 Member. High conductivity fractures and high resistance fractures developed in the middle and upper part of the second sub-member of Long 1 member and the top of Wufeng Formation in the late Yanshan Period. In each phase, the tectonic area far from the cut-through target layer is favorable for shale gas preservation.
TABLE 2 | Summary of average index parameters of organic shale reservoirs in shale gas wells of the Jingmen Block.
[image: Table 2]5 CONCLUSION

1) The Jingmen block in central Hubei has a monoclinic structure with high southwest and low northeast axis, as well as a gentle stratum and minor variations. The local structure is complex and is characterized by the development of back-thrust, echelon, parallel, inversion, rift, and other structures.
2) The shale strata of Wufeng and Longmaxi Formations of upper Ordovician and Lower Silurian periods were undergone modification after their deposition through the three-stage tectonic processes viz., Indosinian, Early Yanshanian, and Late Yanshanian. Compression deformation was dominant in the Indosinian and early Yanshanian periods, while tensile and strike-slip were dominant in the late Yanshanian period.
3) Fractures of different structural stages and structural scales have different effects on shale gas preservation in the study area. A low-amplitude thrust nappe structure with a bow-shaped plane was formed during Indosinian period in the northeast along the NWW-SEE direction as a result of compression in the NS-SSW direction. The influencing horizon mainly belongs to the Cambrian-Early Silurian period, with minor faults, few penetrating horizons, and weakened tectonic activity toward the south. NW-SE reverse faults and associated folds were developed in the early Yanshan period in response to strong compression in the NE-SW direction. The tectonic traces in the west have changed from northwest to nearly north-south, and structures such as significant faults, steep dips, and multiple cutting layers were formed due to the resistance of the Huangling paleo-uplift in the west. The developing wells should be constructed in areas where the western margin is closer to the denudation zone, and the north-south thrust fault developed zones with shallow burial depth. The rift zones where the fault inversion in the first line of Jing 102-Yitan 2 well is in the late stage are unsuitable for well deployment and should not be considered for wee construction. In the late Yanshan period, multiple groups of faults were formed in response to the near E-W tensile background, which includes S-N trending normal fault on the west side of Jing 102 Well, NE left-lateral strike-slip fault on the east side of Jing 102 Well, and E-W and NE-SW right lateral syncline en echelon normal faults in the south. Most of these open faults were developed after a significant hydrocarbon generation period and penetrated several horizons with gentle downhills and steep uphills. Hence, this zone is not conducive to the preservation of shale gas.
4) During the thrust nappe and tension of the major faults in the study area, many secondary minor faults and fractures were developed in the nearby strata. The occurrence of target layer fractures, including interlayer low-angle slip fractures, conjugate shear fractures, mesh fractures, high-angle shear fractures, high-angle strike-slip shear fractures, and high-angle fractures, and other types, were evidenced by core observation and FMI imaging logging results. The varying location and type of fracture development in different stages have a substantial influence on the preservation and migration of shale gas.
5) Based on the influence of structure on the preservation of shale gas, the study area is categorized into two favorable and two more favorable areas.
6) As shale gas exploration has been initiated recently, the data on abundant shale gas pressure, gas content, gas composition, and related information is limited. Hence, the influence of structure on shale gas preservation can only be analyzed qualitatively. However, the analysis can be strengthened by considering the roof, floor, and hydrological conditions, which enable the accurate optimization of favorable areas based on structural control are minimal. Further, the development of exploration can also yield more experimental data, which can strengthen the conclusion.
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The different lithological combinations of the surrounding rock of coal seams play a key role in controlling the enrichment and migration of coalbed methane (gas), and their permeability and stress sensitivity have important theoretical guiding significance for the regional election and evaluation of coalbed methane development. In this paper, the HB-2 type coal rock sample pore permeability adsorption simulation measurement device is used to carry out the sensitivity experiment of the permeability of different surrounding rock combinations on the effective stress of the No. 3 coal seam roof in the Daping coal mine area, Luan, Shanxi. The sensitivity coefficient of permeability to effective stress, the maximum damage rate of permeability, and other parameters are defined to characterize the response mode of permeability to effective stress and the dynamic change rule of permeability, and reveal the control mechanism of effective stress on permeability change of different surrounding rock combinations. The results show that the permeability of the roof of No. 3 coal seam is highly sensitive to the effective stress, and the permeability of different surrounding rock combinations decreases with the increase of the effective stress, and there is a strong negative exponential correlation between the permeability and the effective stress; the stress sensitivity coefficients of different surrounding rock combinations under unloading stress are higher than those under loading; the permeability changes of specimens with different combinations of surrounding rock under the same experimental conditions are varied and the differentiation phenomenon is significant; the permeability is affected by lithology, pore fissure degree, and different combinations of surrounding rock, among which different combinations of surrounding rock are the main controlling factors for the dynamic change of permeability.
Keywords: surrounding rocks, combinations, stress sensitivity, different lithology, permeability
INTRODUCTION
Coalbed methane is a kind of unconventional natural gas that is self-generated and self-storage from coal seams and is mainly stored in coal seams and surrounding rock in an adsorbed state (Yang et al., 2014). The geological conditions that affect the occurrence of coalbed methane include gas generation conditions (coal thickness, coal rank, coal quality, and reservoir physical properties) and preservation conditions (burial depth and surrounding rock). Among them, the capped ability of the surrounding rock of coal seams determines the difficulty of the vertical migration of coalbed methane. The permeability of the surrounding rock is a key indicator to characterize the capped ability of the surrounding rock, and the permeability of different lithological surrounding rock combinations varies greatly. Therefore, it is of great theoretical and practical significance to research the permeability characteristics of different lithological surrounding rock combinations in coal seams for the regional election and evaluation of coalbed methane development.
In recent years, many domestic and foreign scholars have carried out numerous studies on the mechanical properties and permeability characteristics of coal rock and obtained a series of research results. Lu et al. (Lu, 2008) revealed the strength weakening and flushing reduction principle of combined coal rock through experiments; Zuo et al. (Zuo et al., 2011a; Zuo et al., 2011b; Zuo et al., 2011c) conducted experimental studies on the damage mechanism, mechanical properties, and graded loading and unloading characteristics of deep coal rock monomers and combinations; Zhao et al. (Zhao et al., 1999) concluded that adsorption and pore pressure jointly affect the permeability coefficient of coal by establishing the relationship between permeability and volumetric stress; Somerton (Somerton et al., 1975), Brace (Brace, 1978) and Tang et al. (Tang et al., 2006) studied the effect of effective stress on coal permeability; SEIDLE et al. (Seidle et al., 1992) proposed a matchstick model to explain the relationship between coal rock permeability and effective stress, and established an empirical model for coal rock permeability; MCKEE et al. (Mckee et al., 1988) established a theoretical percolation model based on the compressibility of the coal rock matrix; P&M model (Palmer and Mansoori, 1998a) and S&D model (ShiDurrcan and Durucan, 2004) are currently the most representative permeability models; Yang et al. (Yang et al., 2008) studied the permeability law of coal rock under different conditions at low and high temperatures, respectively.
The stress sensitivity of coal seam permeability is becoming a hot research topic for scholars at home and abroad. Peng et al. (Peng and Qi, 2008) conducted permeability experiments on coal samples of different sizes under loading and unloading conditions and deduced the calculation formula and application range of coal sample permeability based on the scale effect; Meng et al. (Meng and Li, 2015), Jasinge D et al. (Palmer and Mansoori, 1996; Palmer and Mansoori, 1998b; Jasinge et al., 2011; Li et al., 2014; Liu et al., 2014), Lu et al. (Chen et al., 2008; Zhao-Ping and Hou, 2012; Chen et al., 2014; Xu, 2016) conducted stress sensitivity experiments on coal samples of different regions, different coal ranks, and different water saturations to evaluate and analyze their stress sensitivity and mechanism, combined with experimental data for non-linear fitting, and used logarithms, power laws, and polynomials to describe the variation of coal rock permeability with stress. Rong et al. (Rong et al., 2018) established exponential and cubic permeability models under triaxial stress and found that the exponential model provides a better quantitative description of the evolution process of coal permeability than the cubic model. Liu et al. (Liu et al., 2015; Zhou et al., 2015; Zhu et al., 2017) considered the Klinkenberg effect when proposing the coal permeability model and discussing the permeability.
In summary, the existing research mainly focuses on the permeability and stress sensitivity of coal and surrounding rocks, and few studies have been reported on the permeability variation rule and stress sensitivity of different lithological surrounding rock combinations, however, the permeability characteristics and stress sensitivity of different lithological surrounding rock combinations are one of the basic scientific issues affecting coalbed methane development. Therefore, this article draws on previous studies, takes the roof surrounding rock of No. 3 coal seam in Daping coal mine as the research object, and uses the HB-2 type coal rock sample pore permeability adsorption simulation device to carry out experimental research on the vertical migration characteristics and stress sensitivity of coalbed methane under different lithological surrounding rock combinations, in order to provide theoretical guidance for the optimization of coalbed methane development areas and the precise prevention and control of coal mine methane.
Overview of the Study Area
The location of the Daping Coal Mine is shown in Figure 1. The No. 3 coal seam in the area is located in the lower part of Shanxi Formation, about 30.00 m above the K8 sandstone at the bottom of the Lower Shihezi Formation, and the coal seam averages 6.19 m, which is a stable and mineable coal seam in the whole area. The immediate coal seam roof is mudstone, sandy mudstone and siltstone, and the main roof is fine-grained sandstone; the bottom slab is mudstone, sandy mudstone and fine sandstone, and the lithology of the upper coal seam roof in the region undergoes a phase change. Mudstone porosity is 3.10%, sandstone porosity is 11.2%, and siltstone porosity is 4.7%. The strata in this area are generally controlled by a group of broad gentle folds in the east, and the whole is located in the northwest flank of the Xiadian anticline, which is a folded structure with alternating anticlines and synclines, with a dip angle of 3–15°.
[image: Figure 1]FIGURE 1 | Location and geological map of the study area.
EXPERIMENTAL RESEARCH
Processing of Samples
The experimental samples are taken from the No. 3 coal seam roof in the Daping Mine, with sample specifications larger than 30 cm × 30 cm. In order to avoid the discrete influence of the fissures on the experimental results, the samples are prepared in strict accordance with the “Engineering Rock Mass Test Method Standard” (GB/T 50266-2013), with the size of a single rock experimental sample Ø 50 mm × 30 mm and 3 different lithology combinations as a combined sample. There are 6 combinations in Figure 2, and the specifications and dimensions of different surrounding rock combination samples are shown in Table 1.
[image: Figure 2]FIGURE 2 | Combination methods of different lithological surrounding rocks.
TABLE 1 | Basic parameter table of the samples of different lithological surrounding rock combinations.
[image: Table 1]EXPERIMENTAL EQUIPMENT
The equipment used in the experiment is a coal rock sample pore permeability adsorption simulation measurement device (Figure 3). The experimental setup consists of a displacement system, a simulation system, a data acquisition and processing system, an auxiliary system, and a loading system.
[image: Figure 3]FIGURE 3 | The HB-2 type coal rock sample pore permeability adsorption simulation measurement device.
EXPERIMENTAL METHOD
The experimental gas is high purity nitrogen (99.99%). The permeability of the coal sample can be calculated by measuring the gas rock core inlet pressure, rock core outlet pressure, experimental temperature, gas flow and other experimental parameters, and using Darcy’s law.
The flow of gas in coal rock can be regarded as laminar flow and its flow law can be described by Darcy’s law. The calculation formula of coal rock permeability is as follows:
[image: image]
where, K is the permeability of the surrounding rock combination, mD; Q0 is the gas flow at atmospheric pressure, mL/s, μ is the viscosity of N2, MPas, L is the length of the rock core, cm, P0 is the atmospheric pressure of the day, kPa, P1 ,P2 is the rock core inlet pressure outlet pressure, kPa, A is the sample cross-sectional area, cm2
Effective stress refers to the difference between the crustal stress acting on the in-situ coal rock and the fluid pressure in the pores and fissures. In this experiment, the effective stress is described by the average effective stress (Peng et al., 2009)
[image: image]
where, δe is the average effective stress, MPa, δa is the axial pressure, MPa, δr is the confining pressure, MPa, P1 is the gas pressure at the inlet end, MPa, P2 is the gas pressure at the outlet end, MPa.
EXPERIMENTAL PROCEDURE
Under the conditions of room temperature (30°C) and air pressure (3 MPa), the confining pressure is loaded step by step from 4, 6, 8 and 10 MPa, respectively. The steps are as follows:
1) Install the experimental sample in the gripper, check the airtightness of the system, and use a vacuum pump to continuously vacuumize the coal sample for 1 h.
2) Apply the confining pressure to a predetermined value of 4–10 MPa, open the nitrogen cylinder valve, and adjust to the predetermined pressure value of 3 MPa. Always keep the confining pressure greater than the gas pressure during the experiment to prevent gas leakage.
3) After the gas flow is stable, start to measure the flow, record the data, and calculate the permeability.
4) After the measurement is completed, load the next level of stress and repeat steps (2)–(3).
5) When the stress value reaches the maximum value, the stress of each level is unloaded step by step under the conditions of 10, 8, 6, and 4 MPa confining pressure, and after the gas flow is stable, record the data and calculate the permeability.
6) After the above steps are completed, replace the surrounding rock sample to ensure that the sample is cooled for more than 24 h. Repeat steps (1)–(5) 3 times until all percolation experiments are completed.
EXPERIMENTAL RESULTS AND ANALYSIS
Permeability Test Results
The variation of permeability and effective stress for a single lithological surrounding rock is shown in Figure 4, and the variation of permeability and effective stress for different surrounding rock combinations is shown in Figure 5.
[image: Figure 4]FIGURE 4 | Variation relationship of permeability versus effective stress for a single sample. (A)—mudstone; (B)—sandstone; (C)—siltstone; (D)—summary.
[image: Figure 5]FIGURE 5 | Variation relationship of permeability with effective stress for different surrounding rock
As shown in Figure 4, the permeability of the three kinds of single lithological surrounding rock decreases with the increase of effective stress. The permeability of mudstone decreases from 0.0075 mD to 0.0008 mD, the permeability of siltstone decreases from 0.0079 mD to 0.0008 mD, and the permeability of sandstone decreases from 0.0418 mD to 0.0279 mD. Effective stress is the main factor that determines the size of the permeability. The attenuation of the permeability is the largest at the beginning of loading. As the effective stress increases, the permeability gradually tends to be flat. At the initial stage of loading, the internal pores and fissures of the surrounding rock are easily closed under pressure, the fluid space is reduced, and the permeability drops sharply. In the later stage, the decline in permeability tends to level off under the influence of effective stress. When the effective stress is 1.57 MPa, the permeability of sandstone is 5.57 times that of mudstone and 5.31 times that of siltstone; the permeability of siltstone is 1.05 times that of mudstone.
As shown in Figure 5, the permeability of the 6 groups of different surrounding rock combinations is significantly affected by the effective stress, and they all show the characteristics of a decrease in permeability as the effective stress increases.
During the initial loading, the permeability decreases rapidly under the influence of effective stress. When the confining pressure rises from 4 to 6 MPa, the permeability of combination 5 decreases by 62.2%, the permeability of combination 1 (siltstone, sandstone, mudstone) decreases by 60%, and the permeability of combination 6 decreased by 34.2%. It can be seen from combination 1, combination 5, and combination 6 that when sandstone and mudstone are adjacent, the permeability decreases significantly (more than 60%) regardless of whether the mudstone is at the top or bottom of the combination; as the effective stress continues to increase, the permeability gradually decreases and eventually stabilizes.
At 4MPa, the permeability of combination 6 (sandstone, mudstone, siltstone) is the largest at 0.00161mD, and the permeability of combination 2 is the smallest at 0.00063 mD, a difference of 2.56 times. At 10 MPa, the permeability of combination 6 is still the largest at 0.00064 mD, and the permeability of combination 2 is the smallest at 0.00013 × 10−3 mD, a difference of 4.92 times. The above phenomenon is mainly due to the different combination methods. As the surrounding rock combination shrinks and deforms when the effective stress increases, the pores and fissures are closed, that is, the microstructure of the surrounding rock changes, which leads to a decrease in the permeability of the surrounding rock combinations.
The Effect of Different Combinations on Stress Sensitivity
The maximum damage rate of permeability is the percentage of coal reservoir permeability damage under effective stress (Liu et al., 2019) namely
[image: image]
Among them, DK is the maximum damage rate of permeability; K1 is the coal sample permeability corresponding to the initial effective stress, mD; Kmin is the permeability value corresponding to the maximum effective stress, mD.
The relationship between the permeability damage rate and effective stress change of a single mudstone, sandstone, and siltstone is shown in Figure 6, and the relationship between the permeability damage rate and effective stress change of different surrounding rock combinations is shown in Figure 7. It can be seen from the Fig. that as the effective stress increases, the permeability of a single surrounding rock decreases regularly, which can be divided into three stages in turn: the confining pressure 4–6 MPa stage, 6–8 MPa stage, and 8–10 MPa stage.
[image: Figure 6]FIGURE 6 | Variation of permeability damage rate with effective stress.
[image: Figure 7]FIGURE 7 | Variation of permeability damage rate with effective stress for different surrounding rock combinations.
When the confining pressure increases from 4 to 6 MPa (the effective stress increases from 1.57 to 2.89 MPa), the permeability damage rate of mudstone in a single surrounding rock combination is the largest and that of sandstone is the smallest, with a difference of 3.7 times. At this stage, the sensitivity of mudstone to stress is significantly higher than that of sandstone and siltstone, so mudstone has the largest permeability damage rate. The permeability damage rates of combination 1, combination 2, combination 3, and combination 5 are basically the same, while the permeability damage rates of combination 4 and 6 are similar. The sensitivity of combination 5 is higher than that of other combinations, which shows that the permeability damage rate of combination 5 is greater.
When the confining pressure increases from 6 to 8 MPa (the effective stress increases from 2.89 to 4.22 MPa), the permeability damage rate of siltstone in a single surrounding rock becomes the largest, while the sandstone permeability damage rate is still the smallest, with a difference of 4.22 times. At this stage, the sensitivity of mudstone to stress decreases fastest, and sandstone basically stabilizes. Combination 3 has the highest permeability damage rate and higher sensitivity than other combinations. Combinations 3 and 5 have the smallest variation. Combinations 1, 2, 4, and 6 vary greatly and the stress sensitivity difference between the 6 combinations is less than the previous stage.
When the confining pressure increases from 8 to 10 MPa (the effective stress increases from 4.22 to 5.56 MPa), the permeability damage rate of siltstone in a single surrounding rock remains the largest, and the permeability damage rate of sandstone remains the smallest. At this stage, the sensitivity of siltstone to stress is higher than that of mudstone and sandstone and is almost 6 times that of sandstone. The sensitivity of a single surrounding rock to stress gradually decreases, and the stress sensitivity difference between the three is also gradually reduced. Combinations 3, 4, 5, and 6 are basically stable, while combinations 1 and 2 vary greatly.
When the confining pressure increases from 4 to 10 MPa (the effective stress increases from 1.57 to 5.56 MPa), the permeability damage rate of single mudstone and siltstone is the largest, and the permeability damage rate of sandstone is the smallest. Combination 5 has the highest permeability damage rate, and combination 6 has the lowest. With siltstone as the base, mudstone and sandstone are located in a different order, resulting in significant differences in permeability damage rates.
The Effect of Stress Sensitivity on Permeability
In order to establish the relationship between combined permeability and effective stress, the experiment conducted 6 groups of surrounding rock combination permeability test experiments under different confining pressure conditions. Although the factors affecting coal seam permeability are very complicated in actual geological data, the stress sensitivity of coal seam surrounding rock can be evaluated by defining the sensitivity coefficient of permeability to effective stress (Zhu et al., 2016; Chen et al., 2017; Liu et al., 2019; Bobo et al., 2020; Luo et al., 2020).
[image: image]
Among them, b is the proportional coefficient; CK is the effective stress sensitivity coefficient. The larger the value of CK, the more sensitive the permeability changes with the effective stress. Conversely, the less sensitive the permeability changes with the effective stress, the smaller the gradient of permeability changes with the effective stress. Table 2 shows the permeability of surrounding rock combinations under different effective stresses and Table 3 is the fitting curve equations and stress sensitivity coefficients of permeability and effective stress of different surrounding rock combinations, which show the fitting relationship and the corresponding stress sensitivity coefficient between permeability and confining pressure in detail. It can be seen that the negative exponential correlation between permeability and effective stress is good and the goodness of fit R2 all reach above 0.98.
TABLE 2 | Permeability of surrounding rock combination under different effective stresses.
[image: Table 2]TABLE 3 | Fitting curve equation and stress sensitivity coefficient of permeability and effective stress of different surrounding rock combinations.
[image: Table 3]It can be seen from Figure 8 and Tables 2 and 3 that under 3 MPa air pressure, the effective stress in step-by-step loading is between 1.57 and 5.56 MPa, and the effective stress sensitivity coefficient of different surrounding rock combinations are on average 0.891 MPa−1, 0.972 MPa−1, 0.558 MPa−1, 0.595 MPa−1, 1.114 MPa−1, 0.471 MPa−1. Under the condition of step-by-step unloading effective stress, the effective stress sensitivity coefficients of different surrounding rock combinations are on average 1.085 MPa−1, 1.454 MPa−1, 1.232 MPa−1, 1.128 MPa−1, 1.528 MPa−1, 1.263 MPa−1. In the loading stage, the average stress sensitivity coefficient of combination 5 is the largest, which is 1.114 MPa−1, and the combination 6 is the smallest, which is 0.471 MPa−1; in the unloading stage, the average stress sensitivity coefficient of combination 5 is the largest, which is 1.528 MPa−1, and the combination 4 is the smallest, which is 1.028 MPa−1.
[image: Figure 8]FIGURE 8 | The relationship between permeability and effective stress of 6 types of surrounding rock combinations. (A)-combination 1; (B)-combination 2; (C)-combination 3; (D)-combination 4; (E)-combination 5; (F)-combination 6.
In the loading stage, when the mudstone is the top or bottom of the combination, the permeability is more sensitive to changes in effective stress; when the mudstone is in the middle, the permeability is less sensitive to changes in effective stress, and the average stress sensitivity coefficient of combination 5 is 2.36 times the average stress sensitivity coefficient of combination 6.
In the unloading stage, when mudstone is the top, sandstone is in the middle, and siltstone is the bottom, the permeability of the combination is most sensitive to stress; when siltstone is the top, sandstone is in the middle, and mudstone is the bottom, the permeability of the combination is not sensitive to stress; the former is 1.4 times more sensitive than the latter. The stress sensitivity coefficient under the unloading stress condition is higher than that under the loading stress condition.
CONCLUSION

1) Effective stress is the main factor that determines the permeability change. The permeability of the three single lithological surrounding rocks and the six surrounding rock combinations all decrease with the increase of the effective stress, and the attenuation of the permeability is the largest at the initial loading stage. With the increase of effective stress, the permeability gradually tends to be flat. The permeability is sandstone, siltstone, and mudstone from large to small; the permeability of the surrounding rock combinations in order from large to small are combination 6, combination 4, combination 1, and combination 5, combination 3 and combination 2.
2) Among the three kinds of single lithological surrounding rock, mudstone and siltstone have the highest permeability damage rate, and sandstone has the least; mudstone and siltstone are more sensitive to stress than sandstone. Among the six different surrounding rock combinations, combination 5 has the largest permeability damage rate and combination 6 has the smallest.
3) The permeability of coal seam roof is highly sensitive to effective stress. In the loading stage, when the mudstone is the top or bottom of the combination, the permeability change is most sensitive to stress; when the mudstone is in the middle, the permeability change is the least sensitive to stress; the maximum average stress sensitivity coefficient is 2.36 times the minimum. In the unloading stage, when mudstone is the top, sandstone is in the middle, and siltstone is the bottom, the combined permeability is most sensitive to stress; when siltstone is the top, sandstone is in the middle, and mudstone is the bottom, the combined permeability is not sensitive to stress; the former is 1.4 times more sensitive than the latter. The stress sensitivity coefficient of the sample permeability in the unloading stage is greater than the stress sensitivity coefficient during loading stage.
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The understanding of the nanopore structure in tectonically deformed coal (TDC) could be expanded from the perspective of a single maceral. A total of 10 TDCs with an increasing deformation degree (in the order of unaltered, cataclastic, porphyroclast, scaly, and powdery coal), were collected in a single coal seam and stripped into 10 vitrinite and 10 inertinite samples. Carbon dioxide (CO2) adsorption and nitrogen (N2) adsorption/desorption experiments were conducted to reveal the nanopore structure, whereas 13C solid-state nuclear magnetic resonance and X-ray diffraction experiments were conducted to detect the macromolecular structure. The results reveal that the macromolecular structures of both vitrinite and inertinite can be altered by tectonic stress. As the deformation degree increases, the aliphatic carbons decrease, the aromatic carbons increase, and the aromatic interlayer spacing decreases, whereas the crystallite stacking height and the average number of crystallites in a stack increase. For mesopores, the pore volume of vitrinite slowly decreases and then increases at the stage of scaly coal, whereas that of inertinite fluctuates with no obvious regularities. For micropores, the pore volume of vitrinite deceases as the deformation degree increases, whereas that of inertinite decreases since the deformation stage of porphyroclast coal, and little changed from the deformation stage of unaltered to cataclastic coal. As the coal deformation degree increases, the aromatic interlayer spacing decreases, resulting in a decrease in the micropore volume; however, the average crystallite stacking height and the average number of crystallites in a stack increase, leading to an increase in the micropore volume. Therefore, the micropore decreases and then increases as the coal deformation degree increases. However, the macromolecular changes weakly affect the mesopore evolution in the coal deformation process.
Keywords: vitrinite, inertinite, nanopore structure, macromolecular structure, tectonically deformed coals
INTRODUCTION
As China’s coal basins have generally experienced late tectonic deformations (Cao et al., 2020), tectonically deformed coals (TDCs) can typically be found in the edges of the coal basins, which often leads to coal and gas outbursts, threatening the safe production of coal mines. In addition, TDCs seriously hinder the exploration and development of coalbed methane in complicated structure areas, since the reservoir characteristics of TDCs are much different from that of unaltered coals (Zhang and Yao, 2021). Nanopore structure in coal is a key factor affecting coal reservoirs (Yao et al., 2011; Liu et al., 2019a), and an important scientific issue is that the pore structure of TDCs is very complex, which makes it difficult to produce methane gas in TDCs. Therefore, the pore structure of TDC has always been a hot topic in the fields of gas prevention in coal mines and coalbed methane drainage (Pan et al., 2016).
Tectonic stress is deemed to be one of the dynamic factors in the evolution of coal macromolecular structures (Cao et al., 2007), determining the evolution of the pore structure of tectonic coals (Pan et al., 2015a). A general consensus view is that the evolution characteristics of the pore structure of TDCs in the low deformation stage (generally the brittle deformation stage, including calaclastic, granulated, and flake coals) differ from those in the high deformation stage (generally the ductile deformation stage, including scaly, powdery, wrinkle, and mylonitic coals). Pan et al. (2015b) observed that the content of transitional pores and pore interconnectivity increased at the brittle deformation stage, whereas the content of both micropores and transitional pore increased under ductile deformation with the surface pores developing irregularly. Song et al. (2017) found that the fractal dimension of pores greater than 100 nm in diameter was higher than that of pores less than 100 nm in diameter in primary and brittle deformed coals, but the relationship between the two reversed in wrinkle and mylonitic coals. Li et al. (2020) deemed that the pore volume and specific surface area of ultramicropores (below 1.1 nm in diameter) in TDCs decreased in the brittle deformed stage and then increased in the ductile deformed stage. Guo et al. (2017) revealed that the specific surface area and total pore volume of TDCs slightly decreased under the brittle deformation mechanism and then noticeably increased under ductile deformation. Wang et al. (2020a) believed that as the deformation degree of TDCs increased, the pore volume and specific surface area increased at the deformation stages of cataclastic and ganulitic coals and then remained stable at the stage of crumple coal. Those conclusions have deepened the understanding of pore structure evolution in TDCs; however, further discussions related to how the pore structure of the maceral in a single coal evolves in TDCs need to be held.
Most research studies on the pore structure of TDCs were conducted on whole coal samples that have not been stripped. However, the physical and chemical properties of different macerals in coal are different; for example, the hardness of inertinite is generally greater than that of vitrinite (Wang et al., 2020a). Under tectonic stress compression, the pore structure evolution of different macerals is bound to be different. In our previous studies, we found that the pore structure evolution of vitrinite and inertinite of different coal ranks is different (Wang et al., 2020b). As the degree of thermal metamorphism increases, the pore structure of vitrinite exhibits orderly and regular changes, whereas that of inertinite exhibits no changing regularities. This is because the inertinite group is not sensitive to thermal metamorphism. Therefore, the question arises that if the pore structure of the inertinite is not sensitive to thermal metamorphism, how does it react to tectonic stress? In addition, the macromolecular structure significantly affects the nanopore structure in coal, thus, comparing the nanopore structure evolution characteristics between vitrinite and inertinite with different macromolecular structures is necessary.
Therefore, this study separated the vitrinite and inertinite of tectonic coal with different deformation degrees and used CO2 adsorption and N2 adsorption/desorption experiments to evaluate the evolution of nanopore structures. 13C nuclear magnetic resonance (NMR) and X-ray diffraction (XRD) experiments were also conducted to obtain the macromolecular structures. Ultimately, the comparison of the nanopore evolution of vitrinite and inertinite in TDCs controlled by tectonic stress is revealed.
SAMPLES AND EXPERIMENTS
Sample Preparation
To ensure the consistency of coal rank and composition of samples, a total of 10 TDCs (WTZ-1–WTZ-10) with an increasing deformation degree were collected from a single coal seam in the Wutongzhuang coal mine of the Hebei province, North China, including unaltered, cataclastic, porphyroclast, scaly, and powdery coals (based on Cao et al., 2002 classification of TDCs). It should be pointed out that the sampling coal seam didn’t experience magmatic intrusion or geological hydrotherm fluid, and all the samples experienced the same geological evolution after diagenetic stage but have different deformation degree because of the difference in structural location. Samples belongs to middle rank coal with the average vitrinite reflectance (Ro) being 0.99%.Vitrinite and inertinite were stripped from the vitrain and fusain of the collected samples by handpick. As a result, a single sample could be stripped as both a vitrinite (–V) as well as an inertinite sample (–I). For example, Sample WTZ-1 was stripped as Samples WTZ-1-V and WTZ-1-I. Each vitrinite or inertinite sample must be examined by optical microscopy to ensure the corresponding component of each sample exceeds 90%. All the sample information is listed in Table 1.
TABLE 1 | Sample information.
[image: Table 1]At least 20 g of each sample was collected, and they were ground into particles of 60–80 mesh (0.20–0.25 mm in diameter). A weight of at least 5 g sample was prepared for the CO2 adsorption experiment and N2 adsorption/desorption experiment. Other samples were demineralized for use in the NMR and XRD experiments. The demineralization steps were as follows.
1) The coal samples were put into a volumetric flask, and 20 ml of water was poured into a beaker; then, 20 ml of hydrochloric acid was added into the beaker. After stirring the solution with a glass rod, the mixed liquor in the beaker was added into the volumetric flask to soak all the coal samples in the mixed liquor.
2) After sealing the volumetric flask with a tin foil, the mixture was placed into a thermostat for heating in a water bath for 45 min at a temperature of 60°C. Then, we took the volumetric flask out and poured it into the funnel for filtration. Coal samples were rinsed with distilled water three times so that the minerals could be washed off.
3) The coal sample was put into the volumetric flask again, and 40 ml of diluted hydrofluoric acid was added to it. After sealing the volumetric flask with tin foil, the mixture was placed again in the thermostat to heat in a water bath for 45 min at a temperature of 60°C
4) We poured the mixture into the funnel for filtration and rinsed the coal samples with distilled water three times. Then, the demineralized coal samples were placed in a drying box for drying.
CO2 Adsorption Experiment
Vitrinite and inertinite samples were tested using an instrument model of Autosorb-IQ-Station produced by Quantachrome Instruments. The samples were placed in a degassing device and heated at a temperature of 100–105°C for vacuum degassing. The CO2 adsorption experiment was conducted according to the set pressure point, and the data were recorded to obtain the adsorption curve. The micropore volume and surface area were calculated using the density functional theory.
N2 Adsorption/Desorption Experiments
According to the national standard SY/T6154-1995, the vitrinite and inertinite samples were tested using the gas sorption analyzer (Autosorb-IQ-Station). Using the “static volume method,” the N2 adsorption/desorption experiment was performed on the coal samples. The instrument system recorded the nitrogen adsorption amount at each pressure point and obtained the adsorption/desorption curves. The specific surface area was calculated according to the Brunauer–Emmett–Teller (BET) multimolecular layer adsorption formula; then, the pore volume and pore size distribution of the coal samples were computed using the Barrett–Joyner–Halenda (BJH) model.
13C NMR Experiment
A13C NMR experiment was conducted using a test equipment with the model of Agilent 600M. The experimental conditions were as follows. Experiments run in the double-resonance probe head, and 4-mm sample rotors were used. The magic-angle spinning speed was 8 KHz. The data were recorded by the probe in the Agilent DSX-300 spectrometer at ambient temperature. The radio frequency field strength of the 13C was 600 MHz.
XRD Experiment
The instrument model used for the XRD experiment was MSXD-3 produced by Instruments Inc. Beijing, China. The experimental conditions were as follows: Cu Kα radiation, voltage of 40 kV, current of 40 mA, step size of 0.01, and test range of 10–90°. The scanning speed was 5°/min, and the X-ray wavelength was 0.154,056 nm.
In the typical XRD spectrum of coal, there are two obvious peaks with the values being approximately 25–43° (Ergun et al., 1960; Saikia et al., 2007; Pan et al., 2019), presenting the (002) and (100) peaks of the aromatic layers, respectively. After obtaining the XRD spectrum, the PeakFit software was used to perform peak fitting for the (002) and (100) peaks in the ranges of 10–35° and 35–50°, respectively. The aromatic interlayer spacing (d002), average crystallite stacking height (Lc), the average diameter of coal crystallites (La), and the average number of crystallites in a stack (Nave) can be calculated using the following formulas (Iwashita et al., 2004; Okolo et al., 2015; Li et al., 2017):
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λ is the wavelength of the X-ray with the value being 0.154,056 nm; θ002 and θ100 are the diffraction angles corresponding to the (002) and the (100) peaks, respectively (°); β002 and β100 are the half-peak breadths corresponding to the (002) and (100) peaks, respectively, rad; K1 and K2 are crystallite shape factors, K1 = 0.94 and K2 = 1.84.
RESULTS
CO2 Adsorption Experiment Results
The CO2 adsorption experiment is mainly used to measure micropores less than 2 nm in size (Wang and Long, 2020). The measured pore size range of the CO2 adsorption experiment in this study is 0.3–1.4 nm. The adsorption curves obtained are illustrated in Figure 1. The maximum absorption volume range of vitrinite is 6.22–10.14 cc/g (Figure 1A), whereas that of inertinite is 5.01–9.90 cc/g (Figure 1B); therefore, the maximum adsorption capacities of the two macerals do not differ considerably from each other. However, the adsorption curves of vitrinite and inertinite stripped from the same coal sample are different, denoting that the pore structure of vitrinite is far different from that of inertinite.
[image: Figure 1]FIGURE 1 | CO2 adsorption curves of vitrinite (A) and inertinite (B).
The calculated micropore volumes and micropore specific surface areas of vitrinite and inertinite are listed in Table 2. The micropore volume of vitrinite ranges from 16.758 × 10–3 to 30.153 × 10–3 cc/g with a mean of 21.586 × 10–3 cc/g, whereas that of inertinite is between 15.740 × 10–3 and 30.527 × 10–3 cc/g with a mean of 23.240 × 10–3 cc/g, denoting that the micropore volume of vitrinite is generally close to that of inertinite. The micropore specific surface area of vitrinite ranges from 64.296 to 99.079 m2/g with an average of 79.651 m2/g, which is close to that of inertinite (from 49.963 to 101.893 m2/g with an average of 77.062 m2/g).
TABLE 2 | Results of CO2 adsorption experiments.
[image: Table 2]N2 Adsorption/Desorption Experiment Results
The N2 adsorption/desorption experiment is mainly used to measure the mesopore (2–50 nm in size). The mesopore size range that can be measured in this paper is 2–140 nm. The adsorption/desorption curves are shown in Figure 2. The maximum nitrogen gas adsorption capacity of inertinite, as Figure 2B shows, is much higher than that of vitrinite (Figure 2A). With respect to the curve shape, the desorption/desorption curves of vitrinite are considerably different from those of inertinite. The curve shape of vitrinite is not smooth, and there is a sharp decrease in the desorption curve, indicating that there are more bottleneck pores in vitrinite than in inertinite (Wang et al., 2017). The adsorption curves of inertinite are relatively smoother than that of vitrinite, and the adsorption curve almost coincides with the desorption curve, indicating that there are relatively more one-side-closed and two-side-opened pores in inertinite than that in vitrinite.
[image: Figure 2]FIGURE 2 | N2 adsorption/desorption curves of vitrinite (A) and inertinite (B).
The calculated N2 adsorption/desorption experiment results are listed in Table 3. For vitrinite, the total pore volume ranges from 1.733 × 10–3 to 5.655 × 10–3 cc/g with a mean of 3.952 × 10–3 cc/g, whereas the mesopore volume ranges from 1.314 × 10–3 to 4.662 × 10–3 cc/g with a mean of 3.047 × 10–3 cc/g; the BET specific surface area is between 1.006 and 2.967 m2/g with an average of 1.991 m2/g, and the BJH pore surface area ranges from 0.641 to 3.017 m2/g with an average of 1.633 m2/g. For inertinite, the total pore volume ranges from 1.407 × 10–3 to 21.755 × 10–3 cc/g with a mean of 7.068 × 10–3 cc/g and the mesopore volume ranges from 0.796 × 10–3 to 14.616 × 10–3 cc/g with a mean of 4.989 × 10–3 cc/g, which is higher than that of vitrinite; furthermore, the BET specific surface area is between 1.083 and 4.195 m2/g with an average of 4.989 m2/g and the BJH pore surface area ranges from 0.473 to 5.276 m2/g with an average of 2.248 m2/g, which is also higher than that of vitrinite.
TABLE 3 | Result of N2 adsorption/desorption experiments.
[image: Table 3]In addition, for both vitrinite and inertinite, the micropore volume and surface area are much higher than the mesopore volume and surface area according to the comparison results of Table 2 and Table 3.
13C NMR Experiment
The obtained spectra curves of the 13C NMR experiments are presented in Figure 3. Based on the literature, the NMR spectrum of coal can be divided into three parts (Li, 2015; Liu et al., 2019b): aliphatic carbons (0–90 ppm), aromatic carbons (90–165 ppm), and carbonyl or carboxyl carbons (165–240 ppm). The spectrum curves of the aromatic carbons of vitrinite (Figure 3A) and inertinite (Figure 3A) have basically unimodal characteristics, whereas those of the aliphatic carbons have bimodal characteristics. As the degree of coal deformation increases, the aliphatic carbon peak gradually becomes flat, whereas the peak shape of the aromatic carbon does not change considerably, indicating that the deformation of TDCs has a significantly stronger influence on aliphatic carbons than on aromatic carbons.
[image: Figure 3]FIGURE 3 | NMR spectra of vitrinite (A) and inertinite (B).
The NMR spectra of samples are analyzed using the curve-fitting method (Li et al., 2017). This study adopts a widely used classification of chemical shifts to represent different functional groups of coal (Suggate and Dickinson, 2004; Erdenetsogt et al., 2010; Malumbazo et al., 2011): fal (aliphatic carbons, 0–90 ppm), fa (aromatic carbons, 90–165 ppm), faH (protonated aromatic carbons, 100–129 ppm), faB (aromatic bridgehead carbons, 129–135 ppm), faS (alkylation aromatic carbons, 135–150 ppm), and faP (nonprotonated aromatic carbon constituted by phenolic, 150–165 ppm) have been calculated, and fa/fal is also computed to reveal the enrichment degree of aromatic carbons to aliphatic carbons.
The calculated parameters representing the functional groups of coal are presented in Table 4 and Figure 4. For both vitrinite and inertinite, the fal remains stable from the deformation degree of unaltered to cataclastic coal and starts to decrease at porphyroclast coal, indicating that the aliphatic carbons distinctly reduce at the porphyroclast coal; the fa of vitrinite increases from unaltered to powdery coal (Figure 4A), whereas that of inertinite increases from unaltered coal but is stable from scaly to powdery coal (Figure 4B), implying that it is difficult to alter the aromatic carbon of inertinite compared with that of vitrinite. The faH of vitrinite increases from porphyroclast to powdery coal, whereas that of inertinite exhibits no obvious regularities related to the deformation degree, suggesting that the protonated aromatic carbons of vitrinite would be greater in number from porphyroclast to powdery coal. The faB, faS, and faP of both vitrinite and inertinite have no relations to deformation degree of TDCs. The fa fal of both vitrinite and inertinite significantly increases from unalterted to powdery coal. This clearly shows that the tectonic stress can reduce the aliphatic carbons and increase the aromatic carbons of coal.
TABLE 4 | Results of the NMR parameters.
[image: Table 4][image: Figure 4]FIGURE 4 | NMR structure parameters of vitrinite (A) and inertinite (B).
XRD Results
The spectra obtained by the XRD experiment are presented in Figure 5. As the degree of TDC deformation increases, the shape of peak 002 in both vitrinite (Figure 5A) and inertinite (Figure 5B) becomes sharper, whereas peak 100 does not change considerably. The calculated parameters mentioned in Section 2.5 are shown in Figure 6. It can be seen that independently of vitrinite or inertinite, as the deformation degree of TDC increases, d002 gradually decreases, indicating that tectonic stress diminishes the aromatic interlayer space. In addition, Lc and Nave gradually increase, indicating that the tectonic stress causes the average crystallite stacking height and the average number of crystallites in a stack to grow. However, La does not exhibit an obvious regularity as the deformation degree increases. Furthermore, the parameters of vitrinite and inertinite differ: the changes in Lc and Nave of the vitrinite remain stable (Figure 6A), whereas those of the inertinite exhibit greater variability (Figure 6B).
[image: Figure 5]FIGURE 5 | XRD spectrogram of vitrinite (A) and inertinite (B).
[image: Figure 6]FIGURE 6 | XRD parameters of vitrinite (A) and inertinite (B).
DISCUSSION
Pore Structure Evolution of Vitrinite and Inertinite at Different Stages of TDCs
According to Sections 3.1 and Section 3.2, the pore structure evolution characteristics of vitrinite and inertinite are shown as follows.
1) For mesopores, from unaltered to powdery coal, the total pore and mesopore volume of vitrinite slowly decrease and then increase at the stage of scaly coal, whereas those of inertinite fluctuate from unaltered to porphyroclast coal and then increase at the stage of scaly coal (Figure 7A). In addition, the mesopore and total pore volume of inertinite are generally higher than those of vitrinite (except Sample WTZ-6). Whether in accordance with the BET or BJH model, the surface area value of vitrinite slowly decreases from unaltered to porphyroclast coal and then increases from scaly to powdery coal, whereas that of inertinite increases at cataclastic coal, decreases at porphyroclast coal, and then increases from scaly to powdery coal (Figure 7B).
[image: Figure 7]FIGURE 7 | Pore volume (A) and surface area (B) of vitrinite and inertinite.
2) For micropores, the micropore volume and specific surface area of vitrinite are different from those of inertinite (Figure 8). 1) The micropore volume of vitrinite gradually decreases as the deformation degree of TDC increases (Figure 8A), whereas that of inertinite decreases since the deformation degree of porphyroclast coal (WTZ-5) as Figure 8B shows; thus, in the deformation stage of unaltered and cataclastic coal, the pore volume of the inertinite does not change considerably. This also reduces the difference in the pore volume between vitrinite and inertinite as the deformation degree of TDC increases. 2) The micropore volume of inertinite is higher than that of vitrinite from unaltered and cataclastic coal (WTZ-1–WTZ-4); however, vitrinite’s micropore volume exceeds inertinite’s micropore volume since the deformation degree of porphyroclast coal (WTZ-5–WTZ-10). 3) The micropore specific surface area of vitrinite gradually decreases as the deformation degree of TDC increases and that of inertinite also gradually decreases starting from the stage of porphyroclast coal (WTZ-5). The micropore specific surface area of vitrinite is larger than that of inertinite. In the stage of unaltered and cataclastic coal, the micropore specific surface area of inertinite exhibits undulating changes; however, the changes are insignificant.
[image: Figure 8]FIGURE 8 | Micropore volume and surface area of vitrinite (A) and inertinite (B).
Pore Structure Controlled by Macromolecular Structure Evolution

1) Mesopore structure determined by N2 adsorption/desorption experiments
The N2 experiment mainly determines the mesopore (2–50 nm) structure. Based on the NMR and N2 adsorption/desorption experiment results, with the increasing fa/fal, the mesopore volume and surface area of vitrinite first decreases and then increases, whereas those of inertinite exhibit no obvious regularities (Figure 9).
[image: Figure 9]FIGURE 9 | Relationships between the fa/fal and mesopore volume (A), fa/fal and BET surface area (B).
Based on the results of the XRD and N2 adsorption/desorption experiments, there are no obvious relationships between the mesopore volume and macromolecular structure parameters (d002, Lc, La, and Nave) of inertinite. For vitrinite, the mesopore decreases as Lc (Figure 10B) and Nave (Figure 10D) increase within a certain range (Lc < 1.4 and Nave < 4.8, respectively) and increases when d002 > 0.365 and La > 2.2 (Figures 10A,B). Therefore, it can be concluded that the macromolecular structure evolution does not affect the mesopore structure of inertinite but weakly influences the mesopore structure of vitrinite at a certain range.
[image: Figure 10]FIGURE 10 | Relationships between the mesopore volume and XRD parameters (d002 (A), Lc (B), La (C), and Nave (D)).
2) Micropore structure determined by CO2 adsorption/desorption experiments.
The micropore volume and micropore surface area of both vitrinite and inertinite first decrease and then increase as fa/fal increases (Figure 11); however, they still slightly differ in the following: the micropore volume and micropore surface area of vitrinite gradually decrease and then increase, whereas those of inertinite first remain stable, sharply decrease, and then gradually increase.
[image: Figure 11]FIGURE 11 | fa/fal and micropore structures. fa/fal and micropore volume (A), fa/fal and micropore surface area (B).
The correlation analysis between the XRD results and micropore volume (Figure 12) show that 1) with the decreasing d002 caused by the coal deformation, the micropore volume of vitrinite first decreases and then increases at the point of d002 being approximately 0.365, whereas that of inertinite remains nearly unchanged at first, then sharply drops, and increases when the d002 is less than 0.364 (Figure 12A); 2) as Lc increases, the micropore volume of vitrinite first decreases and then increases when Lc exceeds 1.4, whereas that of inertinite also remains unchanged at first, drops sharply, and then increases when Lc exceeds 1.4 (Figure 12B); 3) for both vitrinite and inertinite, there are no obvious relationships between La and the micropore volume (Figure 12C); 4) as Nave increases, the micropore volume of vitrinite first decreases and then increases when Nave exceeds 4.8, whereas that of inertinite first remains unchanged, then significantly drops, and increases when Nave exceeds 4.8 (Figure 12D). In summary, as the deformation degree of TDCs increases, the micropore volume of both vitrinite and inertinite decreases and then increases. However, the micropore of inertinite remains nearly unchanged, sharply drops, and then slowly increases, whereas that of vitrinite decreases and then increases.
[image: Figure 12]FIGURE 12 | Relationships between micropore volume and XRD parameters d002 and micropore volume (A) Lc and micropore volume (B) La and micropore volume (C) Nave and micropore volume (D).
The Mechanisms of Pore Structure Evolution in TDCs
As presented in Section 4.1 and Section 4.2, only the mesopores of vitrinite will first decrease and then increase as the deformation degree increases, which is controlled by the evolution of fa/fal, and, to a certain degree, the mesopore evolution could also be affected by d002, Lc, and Nave. However, the inertinite mesopore has no obvious relations with the deformation degree. The micropore volumes of both vitrinite and inertinite first decrease and then increase with the increasing deformation degree of TDC, which are also controlled by fa/fal, d002, Lc, La, and Nave.
When coal is subjected to strong deformation by tectonic movements, it exhibits a gradual decrease in hardness on the macroscopic scale (Wang et al., 2020a). On the microscopic scale, the aliphatic carbon in the basic structural unit (BSU) of the macromolecular structure in coal decreases and the aromatic carbon increases. In the deformation process, d002 gradually decreases, causing the micropore volume of the coal to gradually decrease (Figure 13). However, the Lc and Nave increase, causing the micropore volume to increase (Figure 13). Based on the experimental results, from unaltered coal to porphyroclast coal, i.e., Samples WTZ-1–WTZ-6, the decrease in the micropore volume caused by decreased d002 values is higher than the increase in the micropore volume caused by increased Lc and Nave values.
[image: Figure 13]FIGURE 13 | Micropore variation with macromolecular structure evolution
The pores in the BSU of the macromolecular structure in coal are less than 2 nm in size (Liu et al., 2019a). Therefore, the micropores will inevitably exhibit regularity as the macromolecular structure evolves. However, mesopores do not mainly occur in the BSU but exist between BSUs, which is related to the order degree of the BSU (Liu et al., 2019b). The order degree of the BSU is determined by the coal metamorphism degree, therefore, the evolution of mesopore volume is also affected by the macromolecular structure changes as Figure 9 shows.
CONCLUSION
In this study, the TDC samples of different deformation degrees have been stripped into vitrinite and inertinite samples to compare the nanopore structure evolution in the deformation process. CO2 adsorption and N2 adsorption/desorption experiments were applied to study the nanopore structure, whereas 13C NMR and XRD experiments were conducted to obtain the macromolecular structures of coal. The main conclusions can be drawn as follows.
1) For mesopores, the pore volume of vitrinite slowly decreases and then increases at the stage of scaly coal, whereas that of inertinite fluctuates with no obvious regularities.
2) For micropores, the pore volume of vitrinite deceases as the deformation degree increases, whereas that of inertinite decreases from the deformation degree of porphyroclast coal and slightly changes from unaltered to cataclastic coal.
3) The macromolecular structures of both vitrinite and inertinite can be altered by tectonic stress. As the deformation degree increases, the aliphatic carbons decrease, the aromatic carbons increase, and the aromatic interlayer spacing also decreases; conversely, the crystallite stacking height and the average number of crystallites in a stack increase.
4) In the deformation process of coal, d002 decreases, resulting in a decrease in the micropore volume; however, Lc and Nave increase, leading to an increase in the micropore volume. Therefore, the micropore decreases and then increases as the deformation degree of coal increases.
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Pore is the main adsorption and desorption space of coalbed methane (CBM). Pore size configuration and connectivity affect the adsorption/desorption hysteresis effect. Using tectonically deformed coal (TDC) and original structure coal of medium- and high-rank coal as the research objects, through the N2/CO2 adsorption experiment to analyze the pore size distribution and connectivity of different scales. We investigate the control mechanism of heterogeneous evolution in the key pore scales against adsorption/desorption hysteresis characteristics during coal metamorphism and deformation by combining the CH4 isothermal adsorption/desorption experiment under 30°C equilibrium moisture. The findings indicate that the super micropores (<2 nm) are mainly combination ink bottle-shaped pores and have worse connectivity as the degree of metamorphism and deformation increases. The super micropores occupy the vast majority of pore volume and specific surface area; its pore size distribution curve change presents an “M” bimodal type and is mainly concentrated in two pore segments of 0.45–0.70 nm and 0.70–0.90 nm. The effect of ductile deformation exerts a significantly greater effect on super micropores than brittle deformation. The exhibited adsorption–desorption characteristics are the result of the combined effect of the unique pore structure of the TDCs and different moisture contents. The presence of a large number of super micropores is the most important factor influencing the degree of gas desorption hysteresis. The “ink-bottle effect” is the primary cause of gas desorption hysteresis. For CBM development, some novel methods to increase desorption and diffusion rate at the super micropores scale should be considered.
Keywords: tectonically deformed coal, low-pressure CO2 adsorption, pore structure, adsorption/desorption hysteresis, ink-bottle effect
INTRODUCTION
Coalbed methane (CBM) is a significant clean energy resource, as an unconventional natural gas and mainly adsorbed in coal. CBM is primarily composed of methane. To meet the “double carbon target”, coal mine methane emissions must be reduced, which necessitates the advancement of efficient CBM mining technology. China has an abundance of CBM reserves. According to studies, the total CBM resources with a burial depth of less than 2,000 m are approximately 36.82 × 1012 m3, where the CBM resources of medium- and high-rank coal reservoirs are about 22.12 × 1012 m3, accounting for about 60% of the total CBM resources, and reservoirs of medium- and high-rank coal have relatively high gas content (Qin et al., 2018). Tectonically deformed coals (TDCs) are compositionally and structurally transformed by tectonic stresses that occurred extensively during the geological period in the selected regions (Song et al., 2020a). Coal has very different internal pore structures when subjected to different tectonic stresses. Coal deformation types are classified as brittle deformation, brittle-ductile deformation, and ductile deformation, involving more than ten series of TDCs such as fragmented coal, flax seed coal, scaled coal, and mylonitized coal (Ju et al., 2004; Jiang et al., 2010; Cheng and Lei, 2021). Different tectonic deformation mechanisms have significant effects on the nanopore structure and macromolecular structure of coal (Hou et al., 2012; Pan et al., 2015; Hou et al., 2017; Cheng et al., 2020). TDC has a larger total pore volume (TPV) and total specific surface area (TSSA) than original structure coal (OSC). Pore volume (PV) is mainly contributed by macropores and mesopores. Specific surface area (SSA) is mainly contributed by micropores, where mylonitized coal has the biggest PV and SSA at different pore size stages (Meng et al., 2015; Li et al., 2019a; Mou et al., 2021). In the brittle deformation stage, structural deformation causes the complex micropore structure of coal and poor pore connectivity, and a simple mesopore structure is due to the loss of functional groups and the shrinkage of some mesopore structures under stress. There is still a significant difference in micropore structure during the ductile deformation stage, and the difference in mesopore structure changes from weak to strong, which is related to the formation of large quantities of intermolecular pores, defects, and air pores under the action of strong tectonic stress (Guo et al., 2019; Song et al., 2020b). The brittle deformation coal, while there are more small open pores in ductile deformation coal. Due to poor pore connectivity, the gas adsorption capacity of coal increases, with gas diffusion capacity decreasing (Song et al., 2017a; Song et al., 2020b; Yan et al., 2021). The inner surface of coal pores became rougher as structural deformation increased, the pore structure tended to become more complex as the fractal dimension increased, and the pore structure displayed multi-fractal characteristics, according to fractal theory (Niu et al., 2017; Niu et al., 2019; Wang et al., 2020a). Studies have shown that ductile deformation coal has a higher pore fractal dimension than brittle deformation coal, showing more complex pore structure and increased heterogeneity, which results in increased adsorption capacity, enhanced micropore capillary condensation effect, and prominent desorption hysteresis loop (Zhang et al., 2014a; Wang and Li, 2016; Li et al., 2017). Through low-temperature N2 adsorption (LTAN) and low-pressure CO2 adsorption (LPCA) experiments, Hu et al. (2020) and Cheng et al. (2020) found that super micropore structures smaller than 2 nm accounted for the majority of the total pore specific surface, while methane adsorption capacity increased with the increase of micropore PV and micropore SSA, concluding that super micropore structures smaller than 2 nm were the dominant factor affecting methane adsorption capacity. The production of CBM mainly goes through the processes of drainage depressurization–desorption–diffusion–seepage (Lin et al., 2016; Gao et al., 2020). Maximizing the desorption of gas adsorbed inside the pore space is the most important factor in achieving maximum capacity in CBM wells. One of the most important factors affecting CBM recovery efficiency and the design of a CBM drainage system is the desorption characteristics of CBM (He et al., 2020). Previous studies have shown that the adsorption and desorption of CBM in coal are not fully reversible in most cases, and there is a hysteresis (lag) in adsorption and desorption (Wang et al., 2014; Wang et al., 2016; Ma et al., 2020). In the CBM desorption process, desorption hysteresis is defined as a phenomenon in which the desorption process lags behind the adsorption process due to physicochemical effects like temperature, pressure, moisture, and pore capillary condensation phenomena (Wang et al., 2014; Lin et al., 2016; Xu et al., 2021). Based on the results of previous studies, desorption hysteresis is controlled by various factors with one or more dominant factors for any given coals (Zhang and Liu, 2017; Hou et al., 2020). The physical composition of the coal rock, thermal maturity, pore structure distribution, reservoir temperature, water content, and other factors all have an impact on the desorption hysteresis effect (Wang et al., 2014; Hou et al., 2020; Xu et al., 2021). Methane adsorption/desorption processes in TDCs are not consistent with OSC. Different degrees of desorption hysteresis effects develop in different types of TDCs (Song et al., 2012). The desorption hysteresis mechanisms proposed in the literature include the following: gas adsorbed into the coal matrix or dissolved into the residual moisture (Busch et al., 2003; Wang et al., 2016), irreversible deformation (swelling/shrinkage) (Wang et al., 2020b; He et al., 2020), or thermodynamic (energy barrier) limits on accessibility to pore throats (Ma et al., 2012; Liu et al., 2021). The explanations for the hysteresis mechanism are all directly or indirectly related to the pore structure distribution (Wang et al., 2014; Wang et al., 2016; Xu et al., 2021). The key pore scales influencing the generation of hysteresis in gas desorption from coal, on the other hand, are still poorly understood. The influence of the nonuniform evolution of super micropores smaller than 2 nm on the hysteresis characteristics of adsorption and desorption in TDC is still poorly understood, and the relationship between the pore distribution of super micropores smaller than 2 nm and the hysteresis characteristics of adsorption and desorption is mostly analyzed qualitatively.
Therefore, the author takes medium- and high-rank TDCs and OSC as the research objects conduct CH4 isothermal adsorption/desorption experiments and uses LTNA and LPCA experiments to analyze the pore size distribution (PSD), pore shape (PS) connectivity, PV, SSA, and fractal characteristic of different scales, especially the distribution characteristics of <2-nm super micropores. On a microscopic level, the author discusses the control mechanism of heterogeneous evolution in pore structure during coal deformation against CH4 adsorption/desorption hysteresis characteristics, which is important for understanding the nature of gas adsorption and desorption, and provides a theoretical basis for CBM exploration and development in medium- and high-rank TDCs and OSC distribution areas.
EXPERIMENTAL SAMPLES AND EXPERIMENTAL METHODS
Experimental Samples
Jiaozuo Coalfield and Pingdingshan Coalfield are the main distribution areas of medium- and high-rank CBM resources, with CBM resources exceeding 10–100 billion cubic meters (Cheng and Pan, 2020). China’s coal-bearing basins have a complicated structural evolution. The Late Paleozoic coal-bearing basins of the North China Plate, which have undergone multiple stages of tectonic stress superimposition and transformation such as compression, tension and shear, face deformation, and destruction of coal seam structure, form various types of TDCs widely distributed in Jiaozuo and Pingdingshan mining areas. Therefore, the experimental coal samples were collected from high-rank anthracite (No. WYM) of the Zhongma Mine in Jiaozuo Mining District, as well as medium-rank fat coal (No. FM) of the 12th mine in Pingdingshan Mining District, Henan Province, where both OSC and TDCs are developed in the Late Paleozoic Shanxi Formation coal seam. Concerning the coal structure classification plan in China’s national standard (GB/T 30050-2013), samples of OSC, fragmented coal, flax seed coal, and mylonitized coal were collected. TDC samples correspond to three deformation series: weak brittle deformation coal (WBDC), strong brittle deformation coal (SBDC), and strong ductile deformation coal (SDDC). As shown in Table 1, a 20-g air-dried base coal sample smaller than 0.2 mm was chosen for maximum vitrinite reflectance measurement and industrial analysis following China’s national standards GB/T6948-2008, GB/T212-2008, and so on.
TABLE 1 | Maximum vitrinite reflectance and industrial analysis results.
[image: Table 1]At present, a series of approaches to sort the pore structures in the coal reservoir have been put forward based on the physical adsorption property and capillary condensation theory (Song et al., 2020b; Mou et al., 2021). To better understand the effects of pore structure on gas adsorption capacity and flow capability, this work employs a combined classification for coal pore size from the International Union of Pure and Applied Chemistry (IUPAC) (Thommes et al., 2015; Wang et al., 2021a) and Hodot (Li et al., 2015; Li et al., 2020): supermicropores (<2 nm), micropores (2–10 nm), mesopores (10–50 nm), and macropores (50–100 nm).
Low-Temperature N2 Adsorption Experiment
Experimental Instruments and Methods
The LTNA experiment used the QuadraWin SI SSA and pore size analyzer produced by Quantachrome, United States, with a pore size test range of 0.35–500 nm. The instrument is designed according to the isothermal adsorption principle of the “static adsorption capacity method”. The coal sample was crushed before selecting a coal sample with a particle size of 0.17–0.25 mm. Weigh 3 g on a balance, dry it in the oven, and degas each sample under vacuum. Heat it for 12 h at 105°C. N2 was injected under pressure at a low temperature of 77 K after the coal sample had cooled (Niu et al., 2019). Finally, the instrument supporting software can be used to calculate the PSD, PV, and SSA of the sample for various pore sizes using the BJH, BET, and DFT methods (Li et al., 2019b; Zhang et al., 2019).
Experimental Results
The adsorption isotherm is a concentrated representation of the measurement results of the LTNA experiment, which can reflect the characteristics of PS and PSD in coal. As is shown in Figure 1. The measurement results of PV and SSA of eight samples are shown in Table 2.
[image: Figure 1]FIGURE 1 | N2 adsorption isotherm of fat (A-D) and anthracite coal (E-H) at 77 K.
TABLE 2 | The PV and SSA parameter test results of the medium- and high-rank coal samples.
[image: Table 2]Low-Pressure CO2 Adsorption Experiment
Experimental Instruments and Methods
The LPCA experiment has a similar principle to the LTNA experiment. The QuadraWin SI type SSA and pore size analyzer produced by Quantachrome, United States, was used, and the pore size measurement range was 0.35–2.0 nm. Select sample 2–4 g with a particle size of 0.17–0.25 mm. The experimental process is mainly divided into three steps: drying, degassing, and adsorption–desorption measurement, which is the same as N2 adsorption. The temperature at which CO2 adsorption was measured was 273 K, and the maximum equilibrium pressure was 0.12 MPa. The relative pressure varied between 0 and 0.035 because the saturated vapor pressure of CO2 was 3.48 MPa at this temperature and pressure. Since it is difficult for N2 molecules to enter pores <2 nm, while CO2 molecules can enter pores with a minimum diameter of about 0.35 nm, CO2 adsorption was used to study the distribution of super micropores with pore size <2 nm (Pajdak et al., 2019).
Experimental Results
The measurement results of PV and SSA of eight samples are shown in Table 2, and the CO2 adsorption isotherms of the coal samples are shown in Figure 2.
[image: Figure 2]FIGURE 2 | CO2 adsorption isotherm of fat (A-D) and anthracite coal (E-H) at 273 K.
CH4 Isothermal Adsorption/Desorption Experiment
Experimental Instruments and Methods
The isotherm adsorption/desorption experiment adopted the IS-300 isotherm adsorption/desorption instrument produced by Terra Tek, United States. Sample pretreatment is the preparation of samples with equilibrium moisture (Me/%). First, the test samples were crushed to 0.17–0.25 mm, and then a small sprayer was used to spray distilled water on the coal sample for pre-wetting. After a thorough mixture, spread the pre-wet coal sample flat in a low-flat open pan and place it in a thermostat with a temperature of 30°C and relative humidity of 97%–98%. Every day, the samples were weighed until the sample weight remained essentially unchanged after 2 days. Then, under 30°C equilibrium moisture, conduct an isothermal adsorption/desorption experiment. The experiment used CH4 as the adsorbate gas, which had a purity of 99.99%. The maximum pressure in the experiment was 12 MPa, while the equilibrium pressure was 10 MPa. Six equilibrium adsorption pressure points and nine desorption pressure points were set, with the equilibrium time of each pressure point at 12 h.
Experimental Results
The isothermal adsorption/desorption curve measured in the experiment is shown in Figure 3. The Langmuir adsorption model is widely used to characterize the adsorption behavior of CH4 (Meng et al., 2015; Hou et al., 2020). According to GB/T 19560-2008, under certain temperature and adsorbate, the adsorption capacity of coal against CH4 gas can be described by Langmuir equation, which is
[image: image]
where P is the gas pressure (MPa); V is the adsorption capacity under pressure P (cm3/g); VL is the maximum adsorption capacity, also known as Langmuir volume (cm3/g); and PL is the Langmuir pressure (MPa), which refers to the pressure value when the adsorption capacity reaches 1/2 of VL.
[image: Figure 3]FIGURE 3 | Adsorption–desorption isotherm of fat (A-D) and anthracite coal (E-H) at 30°C.
Generally speaking, VL reflects the ultimate adsorption capacity of coal reservoirs, while PL represents the difficulty level of gas desorption. Smaller PL, greater VL, and higher curvature of the adsorption isotherm mean stronger gas adsorption capacity (Wang et al., 2014; Xu et al., 2021). According to Eq. 1, the VL, PL, and the correlation coefficient, R2, of the adsorption curve and the desorption curve are calculated respectively, as shown in Table 3.
TABLE 3 | The VL and PL by CH4 adsorption–desorption isotherm for samples.
[image: Table 3]RESULTS AND DISCUSSION
Pore Shape Analysis
Due to the different physical properties of porous media solids and adsorbed gas, the gas adsorption isotherms of porous media solids present different types. The gas adsorption isotherms of porous solid solids have been summarized and concluded by the IUPAC, and they have been divided into eight isotherm types (I–VI) (Thommes et al., 2015). Coal is a complex disordered carbon material with super micropores to macropores, according to the IUPAC standard. The adsorption process can be divided into micropore filling, single-layer adsorption, multi-layer adsorption, and capillary condensation (Hu et al., 2020; Liu et al., 2021).
The LTNA isotherms of fat OSC and different types of TDCs are shown in Figures 1A–D. It can be seen that the shape of the adsorption isotherm is a combination of type II and IV(a) curves. When the relative pressure (P/P0) < 0.8, the curve rises slowly, transiting from micropore filling and monolayer adsorption to multi-molecular layer adsorption. As the P/P0 increases, the adsorption capacity increases slowly. When the P/P0 > 0.8, capillary agglomeration occurs and the gas adsorption capacity increases sharply, indicating that the coal contains a considerable number of micropores and super micropores. As shown in Figures 1E–H, it can be seen that the shape of anthracite adsorption isotherm is also a combination of type II and IV(a) curves. The adsorption curve almost linearly rises at the lower P/P0 (0–0.15), indicating micropore filling. It has a higher proportion of super micropores than medium-rank fat coal. As the P/P0 increases, the number of molecules arranged in the monolayer of the micropores increases, and multi-layer adsorption occurs where surface tension is concentrated, with the adsorption layer thicker and the curve rising. When the P/P0 exceeds 0.8, capillary condensation appears in the mesopores, with adsorption capacity gradually increasing. SDDC samples has significantly greater adsorption capacity than SBDC, WBDC, and OSC under the condition of dry coal sample, as measured by the total adsorption capacity of the longitudinal axis, which is consistent with the analysis results in the literature (Cheng and Hu, 2021).
According to the IUPAC classification standard, the hysteresis loop in the gas adsorption isotherm can be divided into six categories (H1–H5) (Thommes et al., 2015). The nano-scale PS in coal can be predicted by the hysteresis loop pattern in the gas adsorption isotherm, which is also a widely used practice at present (Li et al., 2019b; Song et al., 2020b; Mou et al., 2021). As shown in Figure 1, after the adsorption process ends, desorption begins and the adsorption loop of each coal sample produces a certain “hysteresis loop”. The adsorption loops of OSC (FM-1, Figure 1A), WBDC (FM-2, Figure 1B), and SBDC (FM-3, Figure 1C) samples for medium-rank fat coal are a combination of type H1 and H4 curves. Whereas the adsorption loop in the mesopore stage is of the H1 type, the adsorption loop in the micropore stage is of the H4 type, which is consistent with OSC, fragmented coal findings in the literature (Song et al., 2017b). Under P/P0 < 0.8, the adsorption and desorption curves are almost parallel, belonging to the H4 type due to the filling of micropores. After P/P0 > 0.8, the adsorption and desorption curves present an obvious upward trend. Because of the mesoporous multi-molecular layer adsorption, the curves rise sharply as P/P0 approaches 1.0, indicating that they are of the H1 type. The hysteresis loop as a whole is small and close to the reversible adsorption and desorption state. The PS corresponds to a cylindrical pore with one end closed, a wedge-shaped pore with one end closed and a tapered pore with one end closed. Meanwhile, it contains some cylindrical pores open at both ends and parallel plate-shaped pores open on four sides (Guo et al., 2017). The adsorption loop of fat SDDC is also a combination of type H1 and H4 curves. The desorption curve exhibits a clear inflection point when the FM-4’s P/P0 is approximately 0.5. The desorption branch rapidly decreases when the P/P0 is slightly lower than the inflection point, indicating that there are many ink bottle-shaped pores similar to the H1 type with one end open (Jiang et al., 2011). For high-rank anthracite (Figures 1E–H), the adsorption and desorption curves are irreversible, almost parallel within the entire relative pressure range and corresponding to cylindrical pores open at both ends and parallel plate-shaped holes open on four sides. The PS of fat coal differs significantly from this. The most obvious thing is that the hysteresis loop does not close at low P/P0. This is not the case with medium-rank fat coal. Similar occurrences have been reported in the literature (Nie et al., 2015; Zhang et al., 2019). It shows that high-rank anthracite has greater residual adsorption capacity than medium-rank fat coal, with more developed super micropores and micropores not easy to desorb. Table 2 also confirms this analysis result. As a result, during the adsorption process, gas molecules enter super micropores, causing inelastic expansion and deformation of the coal matrix or gas molecules in pores with similar widths to adsorbate molecules to exhibit irreversible absorption. It can be seen from Figure 1 that, under the same deformation degree, as the metamorphism increases, the semi-closed pores in the micropore stage evolve into open pores, resulting in better pore connectivity.
Figure 2 shows the CO2 adsorption isotherms of eight samples at 273 K. The shape of the CO2 adsorption isotherm is also a combination of type II and IV(a) curves. As P/P0 increases, coal samples have a higher CO2 adsorption capacity. It can be seen from Figure 2 that regardless of fat coal or anthracite, there is no overlapping in the adsorption curve and desorption curve. The adsorption loop is the type H4 curves. A desorption hysteresis loop is also present, with pore shapes corresponding to cylindrical pores open on both ends, parallel plate-shaped pores open on four sides, and ink bottle-shaped pores. Analysis suggests that “ink bottle-shaped pores” at the super micropore (<2 nm) segment can be regarded as a combination of a smaller-size cylindrical pore open at both ends and a spherical pore (plant tissue pore, air pore, and macromolecular structure pore). Literature (Efremov and Fenelonov, 1989; Sang et al., 2005; Song et al., 2017b) also believes that such “combination ink bottle-shaped pores” may be more dominant.
The Pore Volume, Specific Surface Area, and Pore Size Distribution
The Pore Volume and Specific Surface Area
The LTNA and LPCA method can be used to quantitatively characterize PV, SSA, and PSD of coal. Due to the N2 activation and diffusion effect, N2 cannot enter super micropores <2 nm. As a result, the LTNA method is suitable for the measurement of pores with a pore size of 2–100 nm (Wang et al., 2021b; Yan et al., 2021). CO2 molecules are smaller than N2 molecules, which have a faster diffusion rate, with high saturation pressure (P0 = 26,142 mm Hg) at 273 K, making it easier to collect micropore filling data at a lower relative pressure. Therefore, the CO2 adsorption curve at 273 K can provide PSD information of samples with super micropores <2 nm (Cheng et al., 2020; Wang et al., 2021b). The PV and SSA results of super micropores, micropores, mesopores, and macropores are shown in Table 2 and Figure 4.
[image: Figure 4]FIGURE 4 | Changes in PV and SSA at different pore segments.
From Table 2 and Figure 4, the TPV of fat coal ranges from 0.01422 to 0.02471 cm3/g, and the proportion of super micropores ranges from 54.99% to 62.17%. The TPV of anthracite ranges from 0.06432 to 0.09001 cm3/g, and the proportion of super micropores ranges from 61.67% to 77.92%. The TSSA of fat coal ranges from 63.458 to 83.114 m2/g, and the proportion of super micropores ranges from 95.15% to 96.76%. The TSSA of anthracite ranges from 181.199 to 268.4449 m2/g, and the proportion of super micropores ranges from 94.29 to 96.97%. The super micropores occupy the vast majority of PV and SSA, with SSA being more prominent. With increasing deformation and metamorphism degree, mesopore PV and micropore PV increase. With increasing deformation and metamorphism degree, micropore SSA and super micropore SSA and TSSA increase. Metamorphism has a greater impact on PV and SSA than deformation.
Pore Size Distribution Characteristics
Figures 5A–D show the changes of PV and SSA per unit pore segment as measured by the LTNA method. For medium-rank fat coal, when the pore size D < 100 nm, dV/dD increases significantly with the increasing deformation degree, and SDDC (FM-4) exhibits the most significant change (Figure 5A). When D < 10 nm, dA/dD increases significantly with the increasing deformation degree, and SDDC (FM-4) exhibits the most significant change (Figure 5B). For high-rank anthracite, when D < 10 nm, dV/dD and dA/dD increase rapidly as the pore size decreases and the SDDC (WYM-4) exhibits the highest growth rate (Figures 5C,D). According to the findings, the deformation effect is more pronounced on the PV and SSA of various types of TDCs, as well as the OSC of medium-rank fat coal. However, when viewed along the longitudinal axis, the dV/dD and dA/dD increase rates of high-rank anthracite are more than 10 times those of medium-rank fat coal when deformed to the same degree, indicating an inherited development based on metamorphism from medium-rank fat coal to high-rank anthracite. That is, as the metamorphism and deformation degree increase, the coal pore structure exhibits the characteristics of differential and inherited evolution.
[image: Figure 5]FIGURE 5 | Change of dV/dD and dA/dD as measured by LTNA (A–D) and LPCA (E–H).
Figures 5E–H show the change of dV/dD and dA/dD as measured by the LPCA experiment. When D < 2 nm, dV/dD and dA/dD curve change presents an “M” bimodal type, the left peak contains a slightly larger range of pore sizes than the right peak, and the increments of dV/dD and dA/dD are mainly concentrated in the two pore segments of 0.45–0.70 nm and 0.70–0.90 nm, but the dV/dD and dA/dD of medium-rank fat coal fluctuate greatly in the pore segment 0.70–0.90 nm. When D < 2 nm, dV/dD and dA/dD first increase and then decrease as the pore size decreases, followed by an increase and further decrease, showing the most significant changes in SDDC (FM-4, WYM-4). The increase rate of dV/dD and dA/dD of anthracite under the same deformation degree is more than 2–3 times that of fat coal, as measured by the magnitude of the longitudinal axis. The effect of metamorphism on the dV/dD and dA/dD of the super micropore is reduced when compared to the 10-fold growth rate of micropore (Figures 5A–D), whereas the effect of deformation on super micropores is increased, where ductile deformation exerts a significantly greater effect on super micropores than brittle deformation.
Heterogeneous Fractal Characteristics
Fractal Calculation Model
Studies have shown that, due to the complexity and randomness of the pore structure in coal, there are obvious statistical fractal characteristics. Fractal dimension d value is generally between 2 and 3 (Song et al., 2020b; Mou et al., 2021). The fractal dimension calculation based on the experimental data of LTNA mainly targets the adsorption pores (2 < D < 100 nm). According to the measurement results of the LTNA data, the fractal FHH model is selected for calculation (Song et al., 2017a; He et al., 2020), as shown in Eq. 2:
[image: image]
where P is the equilibrium pressure of gas adsorption, MPa; P0 is the saturated vapor pressure of gas adsorption, MPa; V is the volume of gas molecules adsorbed at equilibrium pressure P, cm3/g; and di is the fractal dimension of the ith pore segment, dimensionless. By plotting a scatter diagram with [image: image] and [image: image] fitting a straight line, the slope K is obtained, i.e., di = 3 + K.
The fractal of super micropores is characterized based on the LPCA experiment. Jaroniec et al. found that the PSD function J(x) and the pore radius x display an obvious linear relationship in the double logarithmic curve under the scale of 0.1–2.0 nm, as shown in Eq. 3 (Jaroniec et al., 1993):
[image: image]
where x is the radius of super micropores, nm; and d4 is the fractal dimension, dimensionless.
If the pore radius x of the super micropore meets x = x(z), where x(z) is a monotonically increasing function of z, then:
[image: image]
where z is the reciprocal of characteristic energy E0. F(z) is the normalized distribution function of z, and Gamma function is usually used to express the heterogeneity of super micropore:
[image: image]
where ρ and v are the relevant parameters of the F(z) distribution function; ρ is a scale parameter, kJ/mol; and v is a shape parameter, which is dimensionless. ρ > 0, v > 0, Γ(x) is a Gamma function, and its expression is:
[image: image]
According to the D–R equation (Nie et al., 2015), the micropore filling degree θ1 can be calculated. Jaroniec et al. proposed that the adsorption characteristics of micropores in heterogeneous solids obey the following integral form (Jaroniec et al., 1990):
[image: image]
where β is the CO2 affinity coefficient, β = 0.38, and z is the function of the characteristic energy E0 in the D–R equation.
By combining Eq. 5 and Eq. 7, we get:
[image: image]
Since z is a function of the characteristic energy E0, E0 is related to the super micropore size x. Therefore, F(z) and J(x) present a certain functional relationship. Stoeckli et al. found the following relationship between x and z (Stoeckli et al., 1989):
[image: image]
By combining Eqs 4, 5, 9, we obtain the expression of J(x):
[image: image]
Variation Characteristics of Fractal Dimension
According to Eqs 2–10, Figures 6, 7 show the statistical relationship of eight samples based on LTNA and LPCA experiment data. Fractal dimensions of macropores (50–100 nm), mesopores (10–50 nm), micropores (2–10 nm), and super micropores (<2 nm) are recorded as d1, d2, d3, and d4, respectively, as shown in Table 4.
[image: Figure 6]FIGURE 6 | Statistical relation between [image: image] and [image: image] of fat (A-D) and anthracite coal (E-H) by LTNA.
[image: Figure 7]FIGURE 7 | Plots of lnx vs. lnJ(x) of fat (A-D) and anthracite coal (E-H) reconstructed from LPCA.
TABLE 4 | Fractal dimension of pore distribution obtained by LTNA and LPCA.
[image: Table 4]The variation in di value of different pore segments with metamorphism and deformation is shown in Table 4. It can be seen that the fractal dimension of anthracite ranges from 2.681 to 2.956 and that of fat coal ranges from 2.469 to 2.729, indicating that the pore complexity and surface roughness increase with the increasing metamorphism degree. The pore complexity and surface roughness of micropores (d3) increase with the increasing deformation degree. It can be seen that fractal dimensions of macropores (d1), mesopores (d2), and super micropores (d4) present different change laws from PV and SSA (Figure 4). The analysis shows that brittle and ductile deformation have an all-around influence on the pore complexity and surface roughness. Fractal dimension is a comprehensive manifestation of changes in PV, SSA, and PS.
Adsorption and Desorption Hysteresis Characteristics
Adsorption and Desorption Characteristics
As shown in Figure 3, the isothermal adsorption–desorption curve of eight samples presents a very similar change trend on the whole. The adsorption capacity increases as pressure increases; the rate of growth is faster at lower pressure and significantly slower at higher pressure. Table 3 shows that the adsorption and desorption isotherm data of eight samples fit well with the Langmuir equation, and the correlation coefficient R2 is greater than 98.60%, indicating that the adsorption and desorption characteristics of the eight samples concerning CH4 obey the Langmuir equation, and thus it is reasonable to use this equation for description. Fu et al. conducted isothermal adsorption experiments on the 184 medium-rank coal samples (Ro,max = 0.65%–2.50%) under Me conditions and concluded that when the maximum pressure and maximum temperature are not higher than 12 MPa and 50°C, CH4 adsorption by medium-rank coal accords with the Langmuir equation (Fu et al., 2008). It can be seen from Table 3 that the Ad-VL value in the adsorption process of TDCs and OSC of fat coal is between 13.68 and 21.77 cm3/g; Ad-PL value ranges between 2.36 and 2.57 MPa. The maximum adsorption capacity Ad-VL of medium-rank fat coal decreases as the degree of deformation increases, whereas Ad-PL value increases and then decreases as the degree of deformation increases. The De-VL value ranges between 12.93 and 20.16 cm3/g in the desorption process; the De-PL value ranges between 1.64 and 1.84 MPa, presenting the same change law as the adsorption process. The Ad-VL value in the adsorption process of TDCs and OSC of anthracite ranges between 28.08 and 32.68 cm3/g; the Ad-PL value varies between 3.08 and 3.53 MPa. The utmost adsorption capacity Ad-VL of TDCs and OSC of anthracite first decreases and then increases as the deformation degree increases, while the Ad-PL value first increases, then decreases, and then increases as the deformation degree increases. The De-VL value of the desorption curve ranges between 25.56 and 31.34 cm3/g; the De-PL value varies between 2.03 and 2.94 MPa, presenting the same change law as the adsorption process. The De-VL and De-PL values fitted by the desorption curve are smaller than the Ad-VL and Ad-PL values fitted by the adsorption curve. This test result is consistent with previous research findings (Zhang et al., 2014b). According to Hu et al., the CH4 adsorption capacity of coal is determined by both micropore volume distributions and external surface areas (Hu et al., 2020). To investigate the relationship between Ad-VL and pore structure and equilibrium moisture, according to Tables 2, 3, we calculated the relationship between Ad-VL and PV and SSA of super micropore with the highest proportion, TPV and TSSA, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Relationship between adsorption curve Ad-VL and PV, pore SSA, and Me.
It can be seen from Figure 8 that the maximum adsorption capacity Ad-VL of eight samples is not strictly positively correlated with the super micropore PV, super micropore SSA, TPV, and TSSA. It can be seen that at 30°C, the Me content of fat coal is in increasing order as that of FM-1 (OSC), FM-2 (WBDC), FM-3 (SBDC), and FM-4 (SDDC). As the degree of deformation increases, so does the Me content of coal. The Me content of anthracite increases in the same order as that of WYM-1 (OSC), WYM-3 (SBDC), WYM-4 (SDDC), and WYM-2 (WBDC). As the degree of deformation increases, the Me content of coal tends to first increase, then decrease, and then increase. Studies have shown a competitive adsorption relationship between Me and CH4 on the matrix surface. Me occupies the effective adsorption sites on the coal matrix surface, resulting in decreased methane adsorption. Less than a 1% increase of water saturation in the matrix can reduce adsorption capacity by 25%, and 5% equilibrium moisture saturation will even cause a 65% loss of adsorption capacity (Krooss et al., 2002; Qin et al., 2005; Zhang et al., 2014a). The experiment results show that tectonic stress changes the pore structure of different metamorphic and deformed coals, resulting in different Me contents and thus varying methane adsorption. According to the results of the analysis, the adsorption–desorption characteristics of medium- and high-rank TDCs and OSC are the result of the combined effect of the TDC’s unique pore structure and different moisture contents.
Adsorption and Desorption Hysteresis Evaluation Model
In engineering practice, the mining of CBM involves a desorption process. As a result, it is critical to concentrate on the issue of CBM desorption and the concept of desorption hysteresis. Wang et al. proposed a quantitative evaluation index for understanding the effect of absorption hysteresis—improved hysteresis index (IHI value). As shown in Figure 9 and Eq. 11, the adsorption and desorption hysteresis evaluation model can be used to calculate the degree of adsorption and desorption hysteresis quantitatively (Wang et al., 2014; Wang et al., 2016).
[image: image]
where IHI is the improved hysteresis index, dimensionless; Ahy is the measured area of the hysteresis area; Ahf is the ideally completely irreversible hysteresis area; and Asf is the ideally completely irreversible adsorption area. When IHI = 0, adsorption and desorption are completely reversible; when IHI approaches 1, adsorption and desorption tend to be completely irreversible.
[image: Figure 9]FIGURE 9 | Illustration of improved hysteresis index (IHI) (Wang et al., 2016).
In this experiment, the adsorption/desorption isotherm has relatively poor consistency, the adsorption/desorption is irreversible, and there is a desorption hysteresis (Figure 3). According to Eq. 11, the IHI values of eight samples were calculated. At the same time, we calculated the error in Langmuir volume VL solved by adsorption data and desorption data, with results shown in Table 3.
As shown in Table 3, under 30°C equilibrium moisture, the IHI value of fat coal tends to first increase, then decrease, and then increase with the increase of the deformation degree; under 30°C equilibrium moisture, the IHI value of anthracite tends to first increase and then decrease with the increase of deformation degree. The IHI value follows the same relative error change trend as the Langmuir volume VL, which is calculated using adsorption and desorption data. As a result, increasing moisture reduces total adsorption capacity first, while moisture in the coal also hinders methane molecule desorption, resulting in a higher IHI (Wang et al., 2014; Hou et al., 2020; Xu et al., 2021).
The Effect of Pore Structure on the Hysteresis Characteristics of Adsorption and Desorption
Coal contains pore structures of different genesis, sizes, shapes, and connectivity, including pores of different genesis such as primary pores, exogenous pores, metamorphic pores, mineral pores, pores with different pore sizes ranging from super micropores (<2 nm) to macropores (>100 nm), and pores of different shapes such as ink bottle-shaped pores, flat-shaped pores, cylindrical pores, and slit-shaped pores (Song et al., 2020b; Mou et al., 2021). The decrease in external pressure breaks the dynamic balance of adsorption/desorption in CBM wells during pressure reduction and desorption. CH4 adsorbed in macropores and mesopores of the coal matrix is first desorbed, followed by CH4 desorbed in micropores and super micropores due to the concentration difference. Studies have shown that ink bottle-shaped pores have the strongest adsorption capacity against methane, followed by slit plate-shaped pores, cylindrical pores, and wedge-shaped pores (Wu et al., 1991; Ma et al., 2020). “Ink bottle-shaped pores” of the super micropore (<2 nm) segment can be regarded as a combination of a smaller-sized cylindrical pore open at both ends and a spherical pore (Efremov and Fenelonov, 1989; Sang et al., 2005; Song et al., 2017b). Such combination flask pore is likely to exist in large quantities, and the small pore throat (concentrated in the two pore segments of 0.45–0.70 nm and 0.70–0.90 nm) has a great binding capacity against methane, making desorption more difficult.
As shown in Figure 10, it can be seen that the IHI value of different types of TDCs and OSC has the same change trend as super micropore (<2 nm) fractal dimension d4, indicating that IHI is closely related to the complexity and irregularity of super micropores. The presence of large quantities of super micropores is the key factor affecting the degree of gas desorption hysteresis. By analyzing the explanation of this phenomenon in different documents and combining the discussion of the experimental results (Ma et al., 2012; Wang et al., 2014; Wang et al., 2016; Pan et al., 2019; He et al., 2020; Xu et al., 2021), it is believed that the key reason for the hysteresis of gas desorption in medium and high-rank coal lies in the “ink-bottle effect”, which specifically includes blockage of pore throat due to various reasons, such as capillary condensation blockage of adsorbed gas (Figure 11A), condensation blockage of water molecules (Figure 11B), impurity blockage (Figure 11C), gas cavitation effect (Figure 11D), adsorption deformation (coal matrix adsorption-induced expansion deformation) (Figure 11E), and pore network effect of the desorption path (Figure 11F). As a result, in addition to increasing the permeability of coal fractures, some novel methods for increasing desorption and diffusion rate at the super micropore scale should be considered for CBM development.
[image: Figure 10]FIGURE 10 | Relationship between IHI value and fractal dimension under each pore segment.
[image: Figure 11]FIGURE 11 | Schematic diagram of the mechanism affecting the hysteresis of adsorption and desorption. [Blockage (A-C); Gas cavitation effect (D); Adsorption deformation (E), Pore network effect (F)].
CONCLUSION

(1) Multi-scale PS analysis of medium- and high-rank fat coal and anthracite shows that the shape of N2/CO2 adsorption isotherm is a combination of type II and IV(a) curves, and the adsorption loop is a combination of type H1 and H4 curves. Super micropores are mainly “combination ink bottle-shaped pores”, which contain a certain number of open pores. As the degree of metamorphism and deformation increases, pores with D > 2 nm have better connectivity, while pores with D < 2 nm have poorer connectivity.
(2) The super micropores occupy the vast majority of PV (54.99%–77.92%) and SSA (94.29%–96.97%), and are more pronounced in the SSA. The micropore SSA and super micropore SSA and TSSA increase with the increase of deformation and metamorphism degree. When D < 2 nm, the PSD curve change presents an “M” bimodal type, mainly concentrated in two pore segments of 0.45–0.70 nm and 0.70–0.90 nm, and there is a reduced effect of metamorphism on the dV/dD and dA/dD of the super micropore, while there is an increased effect of deformation, where ductile deformation exerts a significantly greater effect on super micropores than brittle deformation.
(3) Fractal dimension of anthracite ranges from 2.681 to 2.956, fat coal ranges from 2.469 to 2.729, and the pore complexity and surface roughness increase with the increasing metamorphism degree. The fractal dimension (d3) of micropores increases as the degree of deformation increases. The results show that both brittle and ductile deformation have an impact on pore complexity and surface roughness. Fractal dimension is a comprehensive manifestation of changes in PV, SSA, and PS.
(4) Under Me conditions, Ad-VL does not show a strict positive correlation with super micropore PV and SSA, TPV, and TSSA. The adsorption–desorption characteristics are the result of the combined effect of the TDC’s unique pore structure and different moisture contents. The IHI value has the same change trend as super micropore (<2 nm) fractal dimension d4, which is closely related to the complexity and irregularity of super micropores.
(5) The presence of a large number of super micropores is the most important factor influencing the degree of gas desorption hysteresis. The “ink-bottle effect” has been identified as the primary cause of coal gas desorption hysteresis, which includes pore throat blockage due to a variety of factors [capillary condensation blockage of adsorbed gas, condensation blockage of water molecules, impurity blockage, gas cavitation effect, adsorption deformation (coal matrix adsorption-induced expansion deformation), and pore network effect of the desorption path]. Some novel methods to increase desorption and diffusion rate at the super micropore scale should be considered for the CBM development.
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The alteration of shale structures and properties induced by tectonic activities is an important factor restricting the efficient utilization of shale gas resources. Predicting the distributions of shale deformation structures is of significance for the potential evaluation and favorable area optimization of shale resources in tectonically complex areas. Taking the Wufeng–Longmaxi shale of the southern Sichuan Basin as the research object, deformation observations of shale outcrops and shale core samples were conducted to reveal the distribution patterns of shale deformation structures in fault and fold structures. On this basis, the distribution rules of shale deformation structures in the unexposed areas were predicted by considering the structural framework of the study area. Our research indicated that faults can cause structural deformation in a limited area and that the influences of reverse faults were relatively more significant. Shale near the fault planes of reverse faults usually showed intense folding deformations, with well-developed bedding-parallel and crumpled cleavages. Strong deformation structures (crumpled, mylonitized, scaly, fractured-crumpled, and flaky structure) were distributed. Structural deformations in shale near normal faults were mainly characterized by the increase of tectonic fractures, and shale usually showed cataclastic structure. In the areas affected by strike-slip faults, bedding-perpendicular fractures and the fractures high-angle oblique to bedding planes were well developed. Folds can cause shale to deform in a larger area than faults. Shale in core zones usually displayed strong deformation structures. In the core–limb transitional areas of folds, shale mainly developed bedding-parallel and bedding-perpendicular fractures, and shale usually displayed platy and cataclastic structure. The observed structural deformations in fold limbs were generally weak, and shale usually showed primary structure and weak brittle deformation structures. According to the structural framework of the study area, it is predicted that strong deformation structures are mainly distributed in the core zones of anticlines (especially the tight and closed ones) and near the fault planes of large-scale reverse faults, while medium-intensity brittle deformation structures (platy and cataclastic structure) are distributed in core–limb transitional areas of anticlines and near the normal and strike-slip faults. In the limbs of anticlines and the areas controlled by synclines (mostly wide and gentle), shale mainly shows primary structure and weak brittle deformation structures.
Keywords: distribution prediction, shale deformation structures, organic-rich shale, geological structures, tectonically complex area
INTRODUCTION
With the continuous increase of proved shale gas resources and commercial utilization in recent years, research on the structure and physical properties of shale reservoirs is becoming a research hotspot in the field of unconventional natural gas geology. While evaluating the resource potential of shale gas, scholars noticed that the shale reservoirs in tectonically complex areas usually display structural deformation of varying properties and intensity (Guo and Zeng, 2015; Xiao et al., 2015; Zheng et al., 2018; Cheng et al., 2021). Moreover, porosity characterization showed that the tectonically deformed shale (TDS) exhibits distinct fracture and pore structures from the undeformed shale (Curtis, 2002; Eichhubl et al., 2005; Guo, 2013; Liang et al., 2017; Ma et al., 2014; Zhu et al., 2018), which affects the gas storage and seepage properties of shale reservoirs and leads to the strong heterogeneity of shale gas distribution in tectonically complex areas (Carey et al., 2015; Liang et al., 2020; Liu et al., 2012; Liu et al., 2016).
Although researchers paid much attention to various TDS in recent years, most of the research was independent and static and focused on the evolution rules of mineral composition, pore, and micro-fracture structures of various TDSs. The research objects include the Lujiaping Formation of the Lower Cambrian and the Liujiaping Formation of the Lower Carboniferous in the Daba mountain fold-thrust belt of the northeastern Sichuan basin (Ma et al., 2014; Zhu et al., 2018), the Longmaxi Formation of the Lower Silurian in the peripheral regions of the Sichuan basin (Liang et al., 2020; Li et al., 2021; Zhu et al., 2021), and the structurally complex belt of the northern Guizhou (Gu et al., 2020). The previous research generally supported the conclusion that the structural deformation of shale (especially brittle deformation) brought about abundant micro-fractures and made the pre-existing pores develop to form large connected pore structures. Thus, the pore structure connectivity and reservoir permeability were significantly enhanced (Liang et al., 2017; Liang et al., 2020; Zhu et al., 2018). However, different opinions existed in the evolution rules of pore structures of TDSs. Some scholars pointed out that tectonic compression caused the organic micro- and mesopores to collapse and made the intergranular pores closed, resulting in a decrease in the total porosity and gas adsorption capacity of TDSs (Liang et al., 2017; Ma et al., 2020; Gou et al., 2021; Li et al., 2021). However, it was also demonstrated that the strongly deformed shale exhibited a more developed micro- and mesopore structure (Ma et al., 2014; Ju et al., 2018; Zhu et al., 2019; Shang et al., 2020). These arguments suggest that deep and systematical study of the deformation characteristics and genetic mechanism of TDSs are required to reveal the true evolution rules of pore structures of TDSs.
In the newly published TDS research, the classification and deformation descriptions of TDSs usually referred to the relative findings in the field of tectonite and tectonically deformed coal (TDC). In a broad sense, scholars generally divided tectonite into cataclastic and mylonitized series (Sibson, 1977; Chester et al., 1985; Woodcock and Mort, 2008). Cataclastic series, or brittle deformation series, refers to the tectonically deformed rocks characterized by brittle fracture development and shale fragmentation, and the enhancement of structural deformation usually caused an increase in the density of tectonic fractures and fragmentation degree of shale blocks (Engelder, 1974). Mylonitized series, or ductile deformation series, is a type of tectonite formed by intracrystalline plastic rheology (intracrystalline and bicrystalline sliding), intergranular sliding and rotation, dynamic recrystallization, and the formation of new minerals (Sibson, 1977; Hatcher, 1978). The mylonitized tectonite is characterized by the obvious fine-grained shape and flow textures and is mostly belt-like distributed. Besides, some scholars also put forward the concept of brittle–ductile transitional series, which is a transitional deformation series between cataclastic and mylonitized series. The related concepts include “foliated cataclastic rock” and “semi-plastic mylonitized” (Chester et al., 1985; Marshark and Mitra, 1988; Zhong, 1994; Zhu and Wang, 1995). According to the widely accepted TDC classification, which took the deformation characteristics and genetic mechanism into account, TDCs were divided into three series, namely the brittle, ductile, and brittle-ductile transitional series (Jiang and Ju, 2004; Ju et al., 2004; Pan et al., 2015; Jiang et al., 2010; Li et al., 2019; Guoxi et al., 2020; Cheng et al., 2020a; Cheng et al., 2020b). The three TDC series were further divided into eight types, namely the cataclastic, porphyritic, granulitic, platy, scaly, crumpled, and mylonitized coal.
Similar to the tectonite and TDC classification, previous researchers put forward three shale deformation mechanisms: brittle, brittle-ductile transitional, and ductile deformation series (Ma et al., 2014; Ju et al., 2018; Zhu et al., 2018; Fengli et al., 2019; Li et al., 2021). Brittle deformation series is mainly displayed as the development of brittle fractures and the enhancement of shale fragmentation, corresponding to cataclastic tectonite and the brittle TDCs. It is worth noting that differences exist in the deformation mechanisms of ductile TDS and mylonitized tectonite. The study of tectonite mostly took the highly crystallized felsic rocks as the research objects, which are composed of large crystalline grains. However, the shale is essentially a type of fine-grained clastic rock and composed of fine mineral particles. As a result, under the ductile deformation environment (mostly characterized by high-temperature, high-confining pressure, and low strain rate), the tectonic stresses are more likely to release by intergranular sliding and grain rotation, and it is difficult to maintain sufficient stress to produce obvious intra-crystalline plastic deformation in mineral grains. Consequently, the ductile deformed shale is mainly characterized by the intergranular sliding of fine mineral particles, accompanied by shale fragmentation and dynamic recrystallization on large mineral particles. In the research of Chen (1998), the deformation features of deformed fine-grained clastic rocks in the ductile shear zone with low-grade metamorphism were recorded and analyzed. Moreover, due to the well-developed foliation structure of shale, bedding slips were more likely to occur in shale than in other rocks under tectonic compressions, bringing about bedding-parallel fractures and cleavages. Thus, there are some predominated deformation structures in TDSs, such as platy, flaky, and scaly structure, and the strongly TDSs mostly are belt-like distributed along bedding planes.
There are noticeable differences in shale deformation in different structural locations, but only a few studies have been carried out to reveal the relationship between geological structures and shale deformation. Wang et al. (1982) recorded the deformation variations of tectonite within the southern fault zone of the Tancheng–Lujiang (Tan–Lu) fault belt. They found that the intensity of shale fragmentation largely decreased from the fault plane to the upper and lower sides, and the observed structural deformation gradually changed from brittle deformation to ductile deformation. Zhu et al. (2018) observed the shale deformation variations in the Liujiaping Formation of the Daba Mountain Thrust-fold belt (southeastern margin of the Sichuan basin). They found that there were mainly strongly brittle TDSs near the fault planes while the ductile TDSs were mainly distributed in the complex fold areas, and the intensity of shale deformation gradually decreased from core zones to limbs and from fault planes to fault sides. Deville et al. (2020) observed the deformation characteristics of a large-scale shale outcrop located in the Parras Basin of northeastern Mexico and identified deformation mechanisms of shale: penetrative ductile deformation and localized brittle deformation. Furthermore, they believed that the changes in pressure conditions could lead to the evolution of shale deformation mechanisms. In the research of Li et al. (2021), the structural styles of shale deformation were divided into four levels, from the weaker to the stronger, horizontal strata or monoclinic structures, simple and wide folds, complex and closed folds, and ductile shear zone. According to their finding, the undeformed shale gradually transits to the strongly deformed shale from level A to level D. To conclude, most of the research was performed to serve the sample collection, and few efforts have been made to predict the planar distribution of different TDSs based on the distribution and intensity of geological structures. Based on structural observation and modeling, Katori et al. (2021) constructed the rock deformation distribution patterns on the sides of the Median Tectonic Line (the largest onshore fault of Japan); their research showed that the rock deformation transit with the pattern of “strongly cataclasite, weakly cataclasite, ultramylonite, mylonite, protomylonite” and the tectonite of the same type were distributed in belts parallel to the main structural line.
As all tectonite is of tectonic origin, the formation and distribution of tectonite are significantly controlled by geological structures, and their influences on shale deformation vary with structural types and intensity. Thus, it should be an effective way to determine the distribution rules of shale deformation structures in unexposed areas by establishing the relationship between geological structures and shale deformation. A literature review shows that the current knowledge about shale deformation and the relationship between geological structure and shale deformation is insufficient, and it requires further study of shale deformation features on shale outcrops to reveal the controlling effects and mechanisms of geological structures on TDSs’ distribution.
In this work, the southern Sichuan Basin, located in the junction area of the southern Sichuan low-steep fold belt and the Lou Mountain fold-thrust belt, was selected as the study area. With abundant shale outcrops and intense shale deformation, the southern Sichuan basin is an ideal region to study the distribution rules of shale deformation structures. Specifically, we systematically recorded the structural deformation features of shale outcrops and shale core samples to summarize the micro and macro deformation features of TDSs and reveal the controlling mechanisms of geological structures on shale deformation. Finally, we predicted the distribution rules of various shale deformation structures by considering the structural framework of the study area.
GEOLOGICAL SETTINGS
The Sichuan basin is located in the middle and east of the Sichuan Province of China, bounded by the Mian–Lue collision belt in the north, the Longmen Mountain fold-thrust belt in the west, the Qiyue Mountain fault in the east, and the Lou Mountain fold-thrust belt in the south (Figure 1A) (Burchfiel et al., 1995; Gu et al., 2021). The study area lies in the southern Sichuan low-steep fold belt (a secondary structural zone), which is bounded by the Huaying Mountain fault belt in the west, the Qiyue Mountain fault belt in the east, and the Gulin fault and its associated thrust faults in the south.
[image: Figure 1]FIGURE 1 | Tectonic location (A) and structural outline map (B,C) of the study area.
The strata exposed in the study area include Cambrian, Ordovician, Silurian, Permian, Triassic, Jurassic, and Middle–Upper Cretaceous (Figures 1B,C). There is no regionally distributed angular unconformity observed in the study area (Wei et al., 2019). Only two parallel unconformity systems were regionally distributed: one between the Silurian and Permian and the other between the Upper Jurassic and the Upper Cretaceous. The Wufeng Formation (O3w) of the Upper Ordovician and the Longmaxi Formation (S1l) of the Lower Silurian were mainly exposed near the cores and limbs of the N–S and E–W-extending anticlines in the middle and south region of the study area, which is strictly controlled by fold structures. The microscopic shale structure, organic geochemical, and mineralogical characteristics of the Wufeng-Longmaxi Formation are listed in Supplementary Appendix SA.
The southern Sichuan Basin mainly showed two structural systems: the near-E–W-trending structures and the near-N–S-trending structures (Cheng et al., 2021). The near-N–S-trending structures are mainly a series of synclines and anticlines with hinge lines inclined to the north. The N–S anticlines are relatively more closed than the N–S synclines. The near-E–W-trending structures are dominated by fold structures as well, and the folds distributed in the south are noticeably more complex and intense than those in the north. Besides, there are some near-E–W-trending strike faults developed in the south region, which mostly lies in the limbs of the E–W-trending anticlines.
During field surveys, we observed some structural features that indicate the formation and evolution sequence of the E–W and N–S compressive systems (Cheng et al., 2021): (a) the near-E–W-trending folds and reverse faults are mostly cut by the near-N–S-trending reverse faults; (b) the observed near-E–W-trending normal faults usually show the characteristics of “early reverse faults and later normal faults”; (c) the strata at the superposition areas of the two structural systems mostly dip the east or west. All these features indicate that the final finalization of the near-E–W-trending folds was later than that of the near-N–S-trending compressive structures. Our research team has carried out field studies and reconstructed the burial and thermal history of the Longmaxi Formation of the study area. The results showed that the peak period of the horizontal tectonic compression started after the Late Jurassic. The near-E–W-trending structures were finalized at the end of the Late Jurassic, while the near-N–S-trending structures were finalized at the end of the Oligocene (Cheng et al., 2021). These two periods of tectonic compressions generally determined the structural framework of the study area and then controlled the planar distribution of TDSs.
RESULTS AND DISCUSSION
We carried out shale outcrop observation during field study to reveal the control effects of geological structures on TDSs’ distribution. Specifically, we looked for shale outcrops with good observation and sampling conditions, observed and recorded the structural deformation characteristics of shale in different locations of geological structures, collected TDS samples, and conducted micro- and macro-deformation observations indoors, and then we summarized the controls of geological structures on shale deformation.
Referring to the classification scheme of tectonite and TDCs and considering the distinct deformation characteristics and genetic mechanisms of shale, we proposed a TDS classification scheme to standardize the description of shale deformation and to summarize the distribution rules of shale deformation structures. Three deformation series and eight deformation structures were distinguished from the collected shale samples: the brittle deformation series (including cataclastic, porphyritic, platy, and flaky structure), brittle–ductile transitional series (including fractured-cataclastic and scaly structure), and ductile series (including crumpled and mylonitized structure). The macro and micro deformation images and deformation characteristic descriptions of the whole series of TDSs can be found in Supplementary Appendix SB. This classification scheme corresponds well with the widely accepted classification scheme of tectonite (Sibson, 1977; Zhu and Wang, 1995) and TDCs (Jiang and Ju, 2004; Ju et al., 2004; Jiang et al., 2010; Pan et al., 2015) and takes the distinct deformation characteristics of shale into account (Chen, 1998). The shale deformation characteristics in shale outcrops (with faults and/or folds exposed) were then observed and analyzed to reveal the controlling effects of different structural types on shale deformation. To make the distribution rules of TDSs more prominent and clearer, we illustrated the shale deformation characteristics on outcrops in the form of schematic diagrams.
Effects of Rock Properties and Rock Structures on Shale Deformation
During shale deformation observation on outcrops, we observed significant differences in shale deformation between different shale segmentations (with differences of mineral compositions and mechanical properties) of the same structural location.
An S-shaped fold (composed of a chevron anticline and syncline) was observed in the Longmaxi Formation of the observation point G1102 (Figure 2), which is located in the NWW limb of the Junlian–Tangba NNE-trending anticline. There were significant differences in shale deformation of the upper and lower shale sublayers. The thin-bedded dark shale of the lower sublayer experienced intense and complex folding deformation. Bedding-parallel cleavages and fractures were well developed, indicating intense bending sliding folding deformation. From core zones to limbs, shale deformation gradually changed from crumpled structure to flaky structure and then platy structure (Figures 2A–C,E–H, ). In the thick-bedded mudstone of the upper sublayer, shale deformation was weaker and mainly showed cataclastic and platy structure (Figure 2D). Between the upper and lower sublayers, there developed a slip surface that fluctuated in a broad and gentle wave shape. The structural deformation of the shale near the slip plane was relatively stronger and gradually weakened to the direction away from the slip plane.
[image: Figure 2]FIGURE 2 | Variations in shale deformation of the upper and lower sublayers of observation point G1102. Notes: all attitudes of areal structural elements are in “dip azimuth, dip angle” format in this paper. (A,B) the geological sketch map and field photograph, respectively; (C) the enlarged image of the small closed syncline; (D) the slip surface between the upper and lower sublayers; (E-H) the deformation features of shale samples with collection locations marked in A and B.
Figures 3A,B illustrate the fracture characteristics of outcrop J0407 located in the transitional area between the Xuyong syncline and the Taiyang anticline. The exposed strata are the dark gray thin-bedded shale and silty mudstone with thin-bedded calcareous dolomite of the Leikoupo Formation. The shale and silty mudstone mainly developed bedding-parallel fractures and fractures small-angle oblique to bedding planes, with a density of 120 m−1. The fracture density in the shale near the dolomite can reach a maximum of 148 m−1. On the contrary, the calcareous dolomite mainly developed bedding-perpendicular fractures with a density of 16 m−1. In the dark gray carbonaceous mudstone thin-interbedded with grayish-yellow marl and limestone, there is a small flexure structure developed (Figure 3C). Bedding-parallel fractures were well developed in the thin-bedded mudstone, while in the marl and limestone, two groups of bedding-perpendicular fractures can be observed. Figure 3D showed a small bedding slip structure observed in the Qixia Formation. The mudstone interbedded within limestone experienced intense folding deformation, while the limestone showed weak structural deformation.
[image: Figure 3]FIGURE 3 | Differences in tectonic fractures between soft and hard sublayers. Notes: (A,B) the observation point J0407, the Leikoupo Formation of the Middle Triassic (T2l); (C) the observation point G0813, the Shiniulan Formation of the Lower Silurian (S1s); (D) the observation point G0820, the S1s Formation.
Figure 4 showed the structural deformations in different sections of the Wufeng–Longmaxi Formation. Observation point G1106 is located in the NE limb of an NW extending closed anticline and exposed the Middle and Upper Ordovician (O2–3), Wufeng Formation (O3w), and Longmaxi Formation (S1l). Affected by the NW-trending anticline, the strata generally inclined to the NE direction, and the dip angle was generally larger than 60° (Figure 4A). There were secondary strike reverse faults and interlayer folds developed in the O2–3 limestone (Figure 4B), indicating the intense tectonic compression from northeast to southwest. The Wufeng Formation and the lower member of the Longmaxi Formation mostly showed platy and cataclastic structure (Figure 4C). The structural deformation was mainly characterized by the bedding-parallel and bedding-perpendicular tectonic fractures, most of which were filled with calcite films (Figure 4D). In the calcareous shale of the upper section of the Longmaxi Formation, which was thin-interbedded with silty mudstone and marl, detachment structures were stably developed and showed platy structure (Figure 4E). The structural deformation features at the observation point G1106 indicated that the shale deformation at fold limbs is relatively weaker and mainly dominated by brittle deformation (tectonic fractures). In sections with homogeneous mineral composition, shale tends to show platy and cataclastic structure, while in the thin-interbedded sections, tectonic compressions tend to cause bedding slips and form platy structure.
[image: Figure 4]FIGURE 4 | Structural deformation characteristics of different sections of the Wufeng–Longmaxi Formation (observation point G1106). Notes: (A) a panorama of the Wufeng (O3w) and Longmaxi Formation (S1l); (B) secondary strike reverse faults and interlayer folds in the Middle and Upper Ordovician (O2–3) limestone; (C) the O3w Formation and the Lower member of the S1l Formation; (D) bedding-parallel fractures in the Middle member of the S1l Formation; (E) interlayer-slip structures in the Upper member of the S1l Formation.
The observation point J0705 is located near the fault plane of a secondary reverse fault in the south limb of the NEE-trending Hetaowan anticline (Figure 5). The Wufeng Formation and the lower member of the Longmaxi Formation were exposed (Figure 5A). The Wufeng Formation in this observation point consists of upper and lower members, and significant differences existed in the structural deformation characteristics of the two members. The black thin-bedded shale of the lower member of the Wufeng Formation showed intense structural deformation (mainly developed flaky–and platy structure), with dense bedding-parallel fractures stably developed (Figures 5B,C). A sliding deformation belt was observed near the upper member of the Wufeng Formation (usually referred to as the Guanyinqiao member), with a thickness of about 20 cm (Figure 5B). Shale in the strong deformation belt usually showed as scaly or thin lens-shaped blocks, which were usually covered by bright and smooth friction surfaces (Figures 5E–H). The existence and deformation features of the strong deformation belt indicate that a noticeable bedding-parallel slip has occurred near the contact section of the lower and upper members of the Wufeng Formation. The upper member of the Wufeng Formation consists of medium–thick-bedded dark-gray shale that showed weak structural deformation. Shale mostly displayed cataclastic and platy structure, with bedding-parallel and bedding-perpendicular tectonic fractures well developed (Figures 5D,I).
[image: Figure 5]FIGURE 5 | Shale deformation characteristics of the Wufeng–Longmaxi Formation in observation point J0705. Notes:(A) a panorama of the Wufeng (O3w) and Lower member of the Longmaxi Formation (S1l); (B,C) the lower member of the O3w Formation; (D) the Upper member of the O3w Formation; (E-J) macro and micro deformation features of shale samples with collection locations marked in A-D.
The thin-bedded shale at the bottom member of the Longmaxi Formation mainly developed bedding-parallel fractures and less developed bedding-perpendicular fractures (Figure 5J), and the fracture density was higher than that of the upper member of the Wufeng Formation.
In summary, the lower member of the Wufeng Formation and the bottom member of the Longmaxi Formation generally showed stronger structural deformation, which are located at the bottom and top of the medium–thick-bedded calcareous shale (the upper member of the Wufeng Formation). These strong deformation belts indicated that bedding slips are more likely to occur at the junction section of the strong sublayers (usually thick-bedded shale with high calcium content) and weak sublayers (thin-bedded shale with high organic content).
Observation point G1101 is located in the core–limb transitional area of a NEE-trending closed anticline, with the strata attitude of 347°, 87°. There is a near-E–W-trending reverse fault developed in the core of the anticline (Figure 1), indicating strong N–S-trending structural deformations. The Wufeng–Longmaxi Formation exposed in this outcrop showed strong structural deformations, but significant differences existed in shale deformation of different sections (Figure 6A).
[image: Figure 6]FIGURE 6 | Variations in shale deformation of different segmentation of the Wufeng–Longmaxi Formation (observation point G1101). Notes: (A) a panorama of the Wufeng (O3w) and Longmaxi (S1l) Formation; (B) the Lower member of the S1l Formation; (C,D) the Upper and Lower member of the O3w Formation; (E-L) macro and micro deformation features of shale samples with collection locations marked in A-D.
In the bottom member of the Wufeng Formation, the thin-bedded shale showed intense folding deformation (Figures 6D–F): shale usually displayed as irregularly crumpled, lenticular, and flaky blocks, and shale blocks were mostly covered by smooth friction surfaces. There was a bedding slip in the bottom of the Wufeng Formation. The lower member of the Wufeng Formation was strongly deformed and mainly developed flaky, scaly, and crumpled structure (Figures 6D–F), while the upper member (the Guanyinqiao member) mainly showed cataclastic structure (Figures 6C,G,H).
The lower member of the Longmaxi Formation showed intense structural deformation as well, with dense and fine tectonic fractures well developed. The displacement traces can be observed on the large blocks. Shale generally showed flaky and porphyritic structure interbedded with platy structure (Figures 6B,I,J). From the lower member of the Longmaxi Formation to the upper member, shale gradually transited into platy and cataclastic structure (Figures 6K,L).
To conclude, the strongest structural deformation (porphyritic, flaky, scaly, and crumpled structure) usually occurred in the lower member of the Wufeng Formation and the lower member of the Longmaxi Formation, which are both dominated by thin-bedded shale. The upper member of the Wufeng Formation and the middle–upper member of the Longmaxi Formation showed relatively weaker deformation structures, such as platy, cataclastic structure.
Based on the comparative analysis of shale deformation on the above shale outcrops and the shale cores from nine shale gas evaluation wells in the study area (Cheng et al., 2021), it is found that the strong deformation structures and bedding slip planes were mainly distributed in these three sections: the bottom member of the Wufeng Formation near the underlying limestone, the bottom member of the Longmaxi Formation near the upper member of the Wufeng Formation, and the upper member of the Longmaxi Formation (thin-bedded shale interbedded with marl and silty mudstone). Under intense tectonic compressions, detachment structures were easier to occur in these three sections, resulting in the ductile, brittle–ductile transitional deformation structures (such as crumpled, scaly, flaky structure) in the lower member of the Wufeng Formation and the lower member of the Longmaxi Formation. As bedding sliding deformation mostly displayed as small-scale slip structures in the interfaces of laminas, shale in the upper member of the Longmaxi Formation usually showed platy structure. As for the upper member of the Wufeng Formation and the middle member of the Longmaxi Formation, shale deformation was mainly characterized by developing large-scale bedding-parallel and bedding-perpendicular tectonic fractures, and shale usually showed cataclastic and platy structure.
Effects of Faults on Shale Deformation
Generally, the influences of faults on shale deformation were relatively slighter than that of folds, and the effects of reverse faults were more significant than that of normal and strike-slip faults.
Figure 7A (observation point J0810) illustrates a small secondary reverse fault that lies in the core zone of the NEE-trending Hetaowan anticline. In the ganging wall block near the fault plane, shale generally showed the porphyritic structure. As the distance from the fault plane increases, shale gradually transited from porphyritic structure to crumpled, flaky, and platy structure. Not far away from observation point J0810, observation point G0809 (Figure 7B) showed a reverse fault with a large dip, where gray-black thin-bedded shale, grayish-yellow calcareous mudstone, and marl were exposed. The thin-bedded shale near the fault plane generally showed crumpled and mylonitized structure and gradually transited into flaky structure and then platy structure. The calcareous mudstone and marl near the fault plane mainly displayed porphyritic structure and less developed crumpled structure. To the direction away from the fault plane, shale successively showed cataclastic and platy structure. The porphyritic structure was both observed near the fault planes of reserved faults shown in Figures 7A,B.
[image: Figure 7]FIGURE 7 | Distribution schematic diagrams of shale deformation structures in fault structures. Notes: (A) a reverse fault in observation point G0810; (B) a reverse fault in observation point G0703; (C) a reverse fault in observation point G0707; (D) a reverse fault in observation point G0809; (E) a strike-slip fault in observation point G0811; (F) a normal fault in fracture measurement point J0705.
In the areas controlled by low-angle reverse faults, shale displayed different deformation characteristics. Ductile and brittle–ductile transitional deformation structures (such as crumpled, mylonitized, fractured-crumpled, and scaly structure) are relatively more widely developed. Figure 7C (observation point G0707) illustrates a series of small reverse faults found near the E–W-trending reverse fault in the core of the Hetaowan anticline. The shale near the fault planes showed strong deformation (mainly crumpled, mylonitized, scaly, and flaky structure) and gradually changed to flaky, cataclastic, and platy structure. Figure 7D (observation point G0703) shows a small reverse fault in silty mudstone and shale. The main fault plane gradually changed from oblique-to-beddings to parallel-to-bedding from the south to the north, and the medium–thick-bedded silty mudstone in the hanging wall was pushed to the upside of the shale in the footwall, indicating that the hanging wall experienced long-distance movement. The silty mudstone showed weak structural deformation, dominated by weakly cataclastic and primary structure. The shale near the fault plane has experienced intense and complex folding deformations, manifested in crumpled and mylonitized structure. To the direction away from the fault plane, shale gradually transited to flaky and platy structure.
In summary, the thin-bedded shale near the reverse faults usually deformed in the form of folding deformation, bedding-parallel and crumpled cleavages and showed crumpled, mylonitized, fractured-crumpled, scaly, and flaky structure. Porphyritic structure was sometimes observed near the fault planes of high-angle reverse faults. With the increase of the distance from fault planes, shale deformation generally transited from ductile and brittle–ductile transitional deformation to brittle deformation, and the deformation intensity gradually decreased (cataclastic structure changed into platy structure, and the density of tectonic fractures decreased). Moreover, the shale in the hanging walls of reverse faults generally showed stronger structural deformation. The exception existed when there were hard sublayers near fault planes (such as marl and silty mudstone). In this case, the stronger structural deformation (maybe not in the hanging wall) usually appeared in the thin-bedded shale. The relatively hard layers, however, usually showed weak deformation structures, such as platy and cataclastic structure.
Compared with reverse faults, strike-slip faults and normal faults have relatively slighter influences on shale deformation. Shale near strike-slip faults mainly showed brittle deformation structure, characterized by tectonic fractures near perpendicular to or high-angle oblique to bedding planes. The intensity of brittle deformation rapidly decreased to the direction away from the fault planes. In the observation point G0811 (Figure 7E), we observed a strike-slip fault, where the thin-bedded shale and silty mudstone largely exhibited the same deformation characteristics (the shale was more significantly deformed than the silty mudstone). From the fault plane to the fault sides, shale gradually changed from cataclastic structure to primary structure.
In the areas near the fault planes of normal faults, shale deformation was mainly characterized by the increase of tectonic fractures, which is dominated by the derived tensile fractures perpendicular to bedding planes. Shale mostly showed cataclastic and primary structure. Figure 7F illustrated a small normal fault, where the shale near the fault plane mainly showed cataclastic structure and rapidly transited into primary structure as away from the fault plane.
Effects of Folds on Shale Deformation
Folds generally caused shale deformation in a larger area than faults, and the distribution of deformation structures usually showed more considerable variations in different lithologic segmentations.
The thin-bedded shale near fold cores usually showed intense and complex longitudinal folding deformations, with bedding-parallel and crumpled cleavages and fractures well developed. Shale blocks mostly showed tight arc and crumpled shapes and were covered by smooth and intact friction surfaces, forming crumpled, scaly, fractured-crumpled, and porphyritic structure (Figures 8A,B). Moreover, the thin-bedded shale near the hard sublayers generally displayed the strongest deformation structures (such as crumpled, mylonitized, and scaly structure), and the shale migrated to structural spaces in the form of solid rheology. Under the effects of bedding slip and bedding flow deformations, the thin-bedded silty mudstone and marl intercalated in the thin-bedded shale were usually pulled apart.
[image: Figure 8]FIGURE 8 | Distribution schematic diagrams of shale deformation structures in fold structures. Notes: (A) chevron folds in observation point G1102; (B) folds in observation point G0811; (C) small bedding slip structures in observation point G0820; (D) a flexure structure in observation point G0813.
Due to the differences in strata structure, the distributions of shale deformation structures can show two zoning patterns: horizontal distribution pattern (pattern A) and vertical distribution pattern (pattern B).
Pattern A: The folds are tight and closed (as illustrated in Figure 8A). In this case, the distribution of deformation structures showed zoning characteristics from core zones to limbs. Shale in fold cores mostly exhibited ductile and brittle–ductile transitional deformation structures (mainly crumpled, fractured-crumpled, and scaly structure). However, shale in limbs usually showed platy–and flaky structure (brittle deformation structures).
Pattern B: The folds are wider and broader, as illustrated in Figure 8B. Under this condition, folds mostly caused shale deformation in a significantly larger area than pattern A. The deformation structures were distributed in belts. The distribution belts of deformation structures were in accordance with the entire shape of the deformation zone. To the direction away from the slip surfaces, shale gradually changed from ductile and brittle–ductile transitional deformation structures into brittle ones (mainly porphyritic and cataclastic structure). Shale deformation of the thick-bedded shale segmentations was noticeably weaker than that of the thin-bedded shale, characterized by the development of tectonic fractures (dominated by bedding-parallel fractures and less developed fractures oblique to bedding planes; Figures 8A,B).
In the limbs of fold structures, longitudinal folding deformations were relatively slighter and mostly showed as interlayer sliding deformations. The structural deformation of the thin-bedded shale was usually displayed as the development of bedding-parallel fractures, causing platy and flaky structure. The density of tectonic fractures usually reached the maximum in the segmentations contact with hard sublayers. Besides, in partial areas, there developed compressive–shear fractures oblique to bedding planes at an acute angle (Figure 3B), which were derived from the shear stresses during bedding slips.
Figures 8C,D illustrate the deformation features of two outcrops located in the limbs of large-scale folds, developed with thin-interbedded shale and limestone and shale and marl, respectively. Noticeable differences in structural deformation were observed between the hard and weak sublayers. The thin-bedded shale mainly experienced bedding sliding deformations, leading to the bedding-parallel or crumpled fractures and cleavages. Shale mainly exhibited crumpled, scaly, and flaky structure. In hard sublayers, such as marl and limestone, shale deformations were mainly characterized by the development of tectonic fractures perpendicular to bedding planes, and the fracture density is generally negatively correlated with the thickness of fractured sublayers. In the research of Cheng et al. (2021), negative power functions were observed between the density of tectonic fractures and the thickness of fractured sublayers.
Shale Deformation Prediction Based on Geological Structures
Geological structures truthfully recorded the direction, form, and intensity of the experienced tectonic actions. It should be an effective way to predict the deformation characteristics and distribution laws of various types of TDSs in the unexposed areas based on the relationship between geological structures and shale deformation. In this work, we summarized the influencing modes of geological structures on shale deformation based on shale outcrop observations (Table 1) and then predicted the regional and longitudinal distributions of different TDSs (Figure 9).
TABLE 1 | Shale deformation characteristics in different structural locations.
[image: Table 1][image: Figure 9]FIGURE 9 | Predicted distribution rules of different shale deformation structures. Notes: Light green areas develop medium-intensity brittle deformation structures, such as cataclastic and platy structure. Orange areas develop strong deformation structures, such as porphyritic, flaky, fractured-crumpled, scaly, and crumpled, and mylonitized structure. Gray areas means the eroded areas of the Wufeng–Longmaxi Formation. White areas develop primary structure and weak brittle deformation structures.
The influences of normal faults and strike-slip faults on shale deformation are relatively limited and mainly characterized by the increase of tectonic fractures. The induced fractures are mostly perpendicular to or oblique to bedding planes at a large angle. Shale near the fault planes usually exhibited cataclastic structure, and the intensity of shale deformation rapidly decreased with the increase of distance from fault planes.
The thin-bedded shale near the fault planes of reverse faults usually experienced folding deformations with well-developed bedding-parallel and crumpled cleavages, showing strong deformation structures. Strong brittle deformation structures were observed in a small range near the fault planes of high-angle reverse faults. With the increase of the distance from fault planes, the structural deformation of shale generally showed the transition trends of “from ductile and brittle–ductile deformation to brittle deformation” and “from strong brittle deformation structures to weak brittle deformation structures and then primary structure.” The relatively hard layers (medium–thick-bedded shale, silty mudstone, and marl) near reverse faults mostly experienced weak structural deformation and showed platy and cataclastic structure, developing mainly bedding-perpendicular and bedding-parallel fractures and less fractures oblique to bedding planes.
Near the core zones of folds and the superposition areas of folds of different directions, the thin-bedded shale usually showed complex folding deformations and displayed crumpled, fractured-crumpled, scaly, and porphyritic structure, with bedding-parallel and crumpled cleavages stably and densely developed. Due to the differences in shale’s brittleness, structural deformation structures can show two zoning patterns. The vertical zoning pattern (shale deformation structures zoning along bedding planes and shale transiting from crumpled, mylonitized, and scaly structure to porphyritic and cataclastic structure) usually occurred in shale with a high calcium content. The shale with higher content of argillaceous and organic matters mostly showed the horizontal zoning pattern. From fold cores to limbs, shale gradually changed from crumpled, fractured-crumpled, and scaly structure to flaky and platy structure. In thick-bedded shale near core zones of folds, structural deformations were mainly characterized by bedding-parallel fractures, showing platy and cataclastic structure. The structural deformations of shale in core limbs were generally weak, and the thin-bedded shale mainly developed bedding-parallel fractures. Shale mostly showed platy and flaky structure.
Due to the intense tectonic compressions from south to north and from east to west during the geological history, the well-developed fold structures largely control the tectonic framework of the study area, which is characterized by the superposition of the E–W- and N–S-trending compressive structures (Figure 1). The near E–W-trending folds gradually weakened from south to north in terms of structural intensity and complex degree. Among the near N–S-trending folds, the anticlines were more closed and complex than the synclines, forming wide-spaced anticlines.
The large-scale faults were mainly distributed in the areas controlled by the Guanxingnan anticline and the Hetaowan anticline. The faults in the core zone of the Guanxingnan anticline are reverse faults. Although the faults observed in the south limb of the Hetaowan anticline show as normal faults nowadays, the fault planes of the main and secondary faults usually retained structural traces of reverse faults, such as the occurrence of fault planes, the porphyritic rock belts near the fault planes, and the development of drag folds (Cheng et al., 2021), indicating that the normal faults used to be reverse faults. According to the revealed distribution rules of TDSs on reverse faults, the shale near these faults should have experienced intense structural deformation and mainly displays strong deformation structures (crumpled, mylonitized, fractured-crumpled, scaly, flaky, and porphyritic structure), with bedding-parallel and crumpled cleavages well developed. From the fault planes to the south limb of the Hetaowan anticline, shale gradually transited into cataclastic and platy structure. The distribution belts of shale deformation structures should extend in near E–W direction.
The Guanxingnan anticline shows as a tight linear fold and is divided into two secondary tight folds at the eastern end. There should be strong deformation structures developed in the cores and core–limb transitional areas. The Hetaowan anticline shows as an anticlinorium with reverse faults and strike-slip faults well developed in the core and south limb. Shale near the fold core and reverse faults should display strong deformation structures. In the limbs and the areas controlled by strike-slip faults, shale should show medium-intensity brittle deformation structures (cataclastic and platy structure). The Dawuji syncline is relatively gentle. Shale deformation should be weak and mainly show weak brittle deformation structures and primary structure.
In the middle and north parts of the study area, large-scale faults are less developed and should have no considerable influences on shale deformation. The distribution of shale deformation structures is mainly controlled by fold structures. The NEE-trending folds in the middle and north regions (the Yunshanba syncline, the Taiyang anticline, and the Xuyong syncline) are generally wide and gentle. Shale should mainly show weak brittle deformation structures and primary structure. There might be medium-intensity brittle deformation structures (cataclastic and platy structure). As for the N–S-trending fold structures, the Zhengdong anticline and Huangnizui anticline are significantly tight and closed than the Luobu syncline. Shale in the cores of the two mentioned anticlines should have experienced intense structural deformation and show crumpled, scaly, fractured-crumpled, and flaky structure. In the core–limb transitional areas of anticlines, there should be near N–S-trending brittle deformation belts, in which platy and cataclastic structure are well developed. By contrast, shale in the N–S-trending synclines and the limbs of N–S-trending anticlines should mainly display primary structure and weak brittle deformation structures.
CONCLUSION
Systematical structural deformation observations of shale outcrops were conducted to reveal the relationships between geological structures and shale deformation, based on which the distribution rules of various deformation structures were predicted. The following conclusions are drawn:
1) Shale near reverse faults usually showed complex folding deformations with dense and fine bedding-parallel and crumpled cleavages. Strong deformation structures (such as porphyritic, crumpled, mylonitized, scaly structure) were distributed. Shale near normal and strike-slip faults usually showed cataclastic structure. Shale deformation in areas controlled by folds can display vertical and parallel zoning patterns. In shale outcrops showing vertical pattern, structural deformation belts generally distributed along with bedding planes and shale deformation structures gradually transited from ductile and brittle-ductile transitional series to brittle ones from the main slip surfaces. In the shale outcrops of horizontal zoning pattern, shale deformation structures distributed along the axial surfaces of folds and shale generally transited from ductile and brittle-ductile transitional deformation structures to flaky and platy structure to the direction away from axial surfaces.
2) Due to the differences in strata structure, mineral composition, and physical properties, there were considerable differences in shale deformation between different shale sections of the same structural location. Under tectonic compressions, the thin-bedded shale (with dense and fine laminated structure) mostly showed stronger structural deformations than the medium–thick-bedded shale. Bedding-parallel and crumpled cleavages are usually more developed in the thin-bedded shale sections, resulting in strong shale deformation structures. The medium–thick-bedded shale usually showed cataclastic and platy structure.
3) Strong deformation structures were predicted to mainly distribute in the core zones of the anticlines and near the fault planes of reverse faults. In the core zones of gentle anticlines and synclines and the core–limb transitional areas of tight anticlines, the shale is supposed to show medium-intensity brittle deformation, such as platy and cataclastic structure. Shale in the limbs of anticlines and synclines and other structurally simple areas should mainly show primary structure and weak brittle deformation structures. Furthermore, it is predicted that the strong deformation belts and bedding slip surfaces were mainly distributed at these three sections: the bottom member of the Wufeng Formation, the bottom and upper members of the Longmaxi Formation.
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Soil-rock mixtures (S-RMs) composed of rock slope colluvium and landslide deposits are common in superficial hazards of bank slopes. The physical and mechanical properties of S-RMs are closely related to environmental conditions, especially reservoir water level fluctuation. Therefore, immersion-air dry (I-AD) circulations tests were carried out to simulate the phenomenon in this study. The macroscopic, mesoscopic, and microcosmic studies of S-RMs are carried out after experiencing cycles (N) of 0, 1, 5, and 10, respectively. Conventional triaxial tests, particle analysis tests, and scanning electron microscopy were performed to study the physical and mechanical properties of S-RMs. According to test results, the maximum deviator stress of S-RMs samples with confining pressures of 100, 200, 300, and 400 kPa after ten cycles is reduced by 41.13, 37.11, 32.17, and 30.20%. With the increase in N there is a significant trend towards reducing the strength of S-RMs, and the strength deterioration after the first I-AD circulation reached 15.73%. After I-AD circulations, the content of fine particles in S-RMs decreases, the grain-size characteristic and non-uniformity coefficient increase significantly, and the gradation of S-RMs shows discontinuity. Moreover, the repeated changes of water pressure have an irreversible impact on the microstructure of S-RMs, which will cause an increase in pore size and a higher pore disorder. In addition, it is found from the established strength parameter evolution equation that when N approaches infinity, S-RMs decomposes the weathering into cohesionless silt with an angle of repose of 0.90322φ0. The study results in this paper clarify the deterioration characteristics of wading S-RMs, and might be used in the bank slopes stability analysis.
Keywords: immersion-air dry circulation, multi-scale study, soil-rock mixtures (S-RM), scanning electron microscope (SEM), conventional triaxial compression (CTC)
INTRODUCTION
Soil-rock mixtures (S-RMs) are widely distributed in the mountainous areas of southwestern China, which formed in Quaternary are a type of uneven, loose accumulation geotechnical medium (Xu et al., 2008; Xu et al., 2011). S-RMs are common natural geological materials, and often present in the high fill of airports, filling roadbed, river regulation, bank slopes, and other projects (Yongbo et al., 2015; Gao et al., 2018; Li et al., 2020). Especially in the Three Gorges Reservoir area of China, slopes composed of S-RMs have been affected by the reservoir water level fluctuation for a long time, and S-RMs’ physical and mechanical properties have undergone irreversible deterioration (Jiang et al., 2015). As shown in Figure 1, the S-RMs landslide located in the upper reaches of the Yangtze River suffered instability failure and caused deterioration to the road.
[image: Figure 1]FIGURE 1 | Tuanshiban S-RMs landslide in the upstream of the Yangtze River: (A) S-RMs slope after instability failure; (B) main material of Tuanshiban S-RMs landslide.
The environment of the reservoir and the special conditions of seasonal changes make geomaterials on the bank experience wetting and drying cycles (Miao et al., 2020; Nsabimana et al., 2020; Wang et al., 2020). Therefore, the shear strength (Goh et al., 2014; Wang Jun-Jie et al., 2019), permeability (Ng and Leung 2012; Gallage and Uchimura 2016), deformation characteristics (Wang et al., 2018; Al-Dakheeli and Bulut 2019), and physical properties (Yang et al., 2018; Yang et al., 2019) of geomaterials will be affected by immersion-air dry (I-AD) circulations. Focusing on the characteristics of the reservoir slope being subjected to I-ADs, many tests were carried out to simulate the reservoir water level fluctuation. A water-rock interaction test with the layered sandstone as the study object was carried out, and the deformation and strength characteristics of the layered sandstone showed a significant deterioration trend (Jiang et al., 2019). In addition, the damping coefficient and dynamic elastic modulus of sandstone have a logarithmic change in the first six cycles (Deng et al., 2019). However, the tensile strength of sandstone is not necessarily permanently reduced by I-AD circulations, and any weakening caused by saturation after drying will obviously disappear (Zhao et al., 2017). To gain further insight into the shear strength characteristics of unsaturated soils after many I-AD circulations, the drying and wetting shear strength of sand-kaolin mixtures were studied through unsaturated consolidated drained (CD) triaxial tests (Goh et al., 2014). The shear strength of coal-bearing soil after I-AD circulations is measured by the shear strength test, and it is pointed out that the total cohesion and the total internal friction angle are greatly affected by the moisture content (Fan et al., 2021). To sum up, I-AD test is often carried out together with triaxial tests to study the strength and deformation characteristics of geomaterials. Moreover, S-RMs are often assumed to be homogeneous or piecewise homogeneous and their structural behavior is commonly ignored. However, the deterioration process of geomaterials caused by I-AD circulations is inseparable from the microstructure change.
The mechanical properties of S-RMs (such as stress transfer, failure mode, crack propagation, and bearing capacity, etc.) can be distinguished from homogeneous geomaterials, mainly depending on the internal structural characteristics (such as particle size composition, particle shape, particle distribution and arrangement) (Shan and Lai 2019). Therefore, the combination of digital image processing and discrete element method is usually used to analyze heterogeneous geomaterials (Meng et al., 2018). A mesoscale study of soil-rock mixture based on computer tomography was carried out by Li et al. (2016), and digital image processing was used to establish wire-frame models indicating the interface between soils and gravels. Also, based on the microstructure of the S-RMs obtained by computer tomography, the numerical simulation method of S-RMs vibration compaction method was developed through the discrete element method (Ji et al., 2020). In consideration of the mesoscopic structure of S-RMs, a three-layer embedded model and a multistep-multiphase micromechanical model were proposed by Zhou et al. (2018) to calculate the shear modulus of frozen S-RMs. For the purpose of this overview, the meso-scale study includes rock morphology, rock spatial distribution, rock content, grain composition, and other factors that control the mechanical properties of S-RMs (Zhang et al., 2016). Micro-scale studies involving the skeleton structure and particle contact of S-RMs need to be carried out by scanning electron microscopy (SEM). The mineral composition and content of S-RMs can be revealed by SEM and X-ray diffraction (XRD) methods (Zhang et al., 2016). When studying the effect of material structure on the streaming potential of S-RMs, SEM is used to observe the geometric properties of particles and pores (Wang Y et al., 2019). Many SEM tests revealed that quartz particles are surrounded by many clay minerals, which is the primary microstructure of S-RMs (Zhang et al., 2016; Wang and Hu 2021). Thus, the microstructure of S-RMs is prone to change after I-AD circulations, which leads to the deterioration of the macro-mechanical properties.
To summarize, the objective of this paper is to carry out a multiscale study on the deterioration characteristics and laws of S-RMs under the action of immersion-air drying circulations. In this paper, a self-designed saturated test device is used to complete the immersion process, and triaxial tests and SEM tests are performed on the S-RMs samples after I-AD circulations. The organization of this paper is as follows:
In Section Materials and Methods the test procedure of this paper is introduced; in Section Results, the law of the deterioration of the mechanical properties and the micro-deterioration characteristics of S-RMs after circulations is described; the strength parameter evolution equations of S-RMs are proposed in Section Discussions; the conclusions are drawn in the end.
MATERIALS AND METHODS
Materials
The S-RMs used in tests came from the Tuanshiban landslide in Wanzhou, Chongqing, a reservoir landslide in the Three Gorges Reservoir area in China (Figure 1). Furthermore, the landslide material of the Tuanshiban landslide is mainly composed of pebbly silty clay and gravelly soil. The pebbly silty clay is mainly distributed in the middle and upper part of the soil layer in the landslide area and is generally ochre and beige (Figure 2A). S-RMs are mainly composed of mudstone gravel with a small number of cohesive soils and distributed in the middle and lower parts of the soil layer, which are puce and maroon (Figure 2B). Drilling results show that the composition of the gravelly soil in S-RMs is mainly mudstone, with less sandstone. Generally, the particle size is 5–40 cm, and some are 40–90 cm or even greater than 90 cm. In terms of geometric characteristics, the gravelly soil is angular and subangular, the mudstone is soft, and some sandstones are hard. The content of cohesive soil is about 10–30%, formed by weathering of mudstone blocks, and the content of cohesive soil is less sandy and breccia. The thickness can be up to 50 m, and the average thickness in the distribution area is about 20 m.
[image: Figure 2]FIGURE 2 | Geomaterials of Tuanshiban landslide obtained by drilling. (A) Silty clay, (B) S-RMs.
As an important physical property index of S-RMs, the soil-rock threshold is used to quantitatively distinguish the particle size limits of soils and rocks in the S-RMs. The most widely used soil-rock threshold is currently defined by Lindquist (1994) and Medley (1994) when studying S-RMs of Franciscan in the United States. The soil-rock threshold is determined according to the scale-independence defined by the statistical results of the size of the rocks in S-RMs. Lindquist (1994) and Medley (1994) made statistics on the size of many S-RMs. No matter the area of S-RMs studied, the particle size fractal dimension curve has an obvious turning point at 0.05 [image: image]. Whereas, the turning point occurs where the scale-independence is significant, which can be defined as:
[image: image]
where, dS/RT is the soil-rock threshold; A is the study area of S-RMs, usually let [image: image] = Lc, Lc is defined as the engineering characteristic scale of S-RMs. In the plane study area, Lc is the square root of the study area; for structures such as tunnels, Lc is diameter; for slopes, Lc is the height of the slope; for direct shear test specimens, Lc is the height of a single shear box of the specimen; for the triaxial test sample in this paper, the engineering characteristic scale of S-RMs is the sample diameter.
Therefore, the classification of soils and rocks in S-RMs is defined according to the particle size in this paper:
[image: image]
where, d is the actual measured rock size.
According to Eqs 1, 2, the soil-rock threshold in this paper is set to 5 mm (P5 represents the rock content). The rock content of the samples for I-AD circulations tests and triaxial tests is prepared according to the rock content of natural state of the Tuanshiban landslide. Moreover, the grain grading curve is shown in Figure 3, and the particle sieving results are shown in Figure 4. The size of the rock in the test is given in Figure 5.
[image: Figure 3]FIGURE 3 | Grains composition of prepared S-RMs.
[image: Figure 4]FIGURE 4 | Sieving results of S-RMs.
[image: Figure 5]FIGURE 5 | Different sizes of rocks in S-RMs.
Testing Scheme
In the multiscale study of S-RMs under I-AD circulations, the self-designed saturated tests, particle analysis experiments, triaxial tests, and SEM are set up to carry out macroscopic, meso, and microcosmic-scale studies. I-AD circulations include saturated tests (immersion process) and dry tests (air-dry process). In this paper, immersion saturation and drying oven are used to simulate the reservoir water level fluctuation. The schematic diagram of the test device is shown in Figure 6. It can be seen from Figure 6 that the immersion saturated device is composed of the inlet valve, outlet valve, water storage chamber, triaxial samples, and sieve. The water level is controlled by the inlet valve and outlet valve, and the flow rate is controlled by the tightness of the valve. Soils lost by seepage erosion after each cycle are stored in an internal test sieve. In addition, the air-dry test is completed by a conventional blast constant temperature drying oven, which will not be described in detail here. The main steps are described below:
1) The preparation of triaxial samples. To begin with, configure the sample with the sieved soil and rock blocks according to the designed gradation. Then mixed the prepared soils and rock blocks. Moreover, in the mixing process, watering cans were used to control the moisture content of the natural moisture content of Tuanshiban landslide (w = 8%). The mixture was compacted in five layers into a cylindrical triaxial specimen with a height of 125 mm and a diameter of 61.8 mm.
2) I-AD circulations test. The S-RMs samples were placed on the three-layer sieve in the water storage chamber. The water was injected into the water storage chamber from the inlet valve. After the water was filled, the outlet valve was opened, and the flow rate was controlled to maintain the water level in the water storage chamber to submerge the triaxial sample. After a 12-h saturation process, the triaxial S-RMs sample was placed in a drying oven box for 8 h drying (The immersion test determined the saturation duration and the drying and the drying test, respectively).
3) Triaxial test and SEM. After completing specific I-AD circulations (N = 0, 1, 5, and 10), the samples were subjected to conventional triaxial tests and SEM, respectively. Subsequently, the triaxial tests were carried out at four confining pressures (100, 200, 300, and 400 kPa). In addition, the gold dust was necessary to spray on SEM samples after dehydration to achieve surface conductivity.
[image: Figure 6]FIGURE 6 | Schematic diagram of the test process.
The macroscopic, mesoscopic, and microscopic studies of S-RMs after I-AD circulations have been mainly completed through the above steps.
RESULTS
Macroscopic Mechanical Characteristics
The deformation trend of S-RMs under external load shows nonlinear and elastoplastic characteristics, and rocks of S-RMs are damaged in the process of deformation and failure. I-AD circulations of S-RMs will cause changes in the mechanical characteristics of rocks, and the actual internal situation of S-RMs slope is complicated. Meanwhile, the macroscopic test is one of the important ways to obtain the strength parameters of the S-RMs. In this section, the macro-mechanical characteristics of S-RMs after saturated circulations for 0, 1, 5, and 10 times are studied. The stress-strain curve of S-RMs under four confining pressures obtained by the conventional triaxial test is shown in Figure 7. It can be seen from Figure 7 that after experiencing I-AD circulations, the maximum deviation stress is significantly reduced. Overall, the growth trend of the stress-strain curve of S-RMs still conforms to the three-stage stress-strain curve. The first stage is characterized by rapid stress growth in the initial period, showing roughly linear changes. The first stage is mainly the compaction process of S-RMs. In the second stage of the stress-strain curve, as the axial stress continues to increase, the slope of the stress-strain curve gradually decreases until the maximum deviator appears. The rocks in the S-RMs were observed to roll and rearrange prior to reaching the maximum deviation stress, and finally the rocks occlude each other. The axial pressure is further increased in the last stage, and the S-RMs sample shows strain hardening.
[image: Figure 7]FIGURE 7 | Stress-strain curve of S-RMs after I-AD circulations: (A) P5 = 40%, N = 0; (B) P5 = 40%, N = 1; (C) P5 = 40%, N = 5; (D) P5 = 40%, N = 10.
The relationship between the maximum deviator stress and I-AD circulations is shown in Figure 8, which shows significant strength attenuation. The detailed test results are given in Table 1. When the confining pressure is 100 kPa, the maximum deviator stress is reduced by 41.13%, from 513.13 to 302.08 kPa. When the confining pressure is 400 kPa, the maximum deviator stress is reduced by 30.20%, from 878.38 to 613.07 kPa. It follows that the strength attenuation of S-RMs in the early stage of I-AD circulations is obvious.
[image: Figure 8]FIGURE 8 | Deterioration trend of S-RMs.
TABLE 1 | Maximum deviator stress obtained by conventional triaxial test.
[image: Table 1]Changes in Meso-features
Grain composition is one of the important physical properties that directly affect the mechanical characteristics of S-RMs (Liu et al., 2020). The meso-scale study of S-RMs is reflected by grain composition, which will change with the number of I-AD circulations in this paper. During the I-AD circulations, the fine particles of S-RMs are lost in the pores between the coarse-grained skeletons with the seepage water. This phenomenon in which the fine particles are lost in enormous quantities while the coarse particles remain unchanged is called seepage erosion (Andrianatrehina et al., 2016). The characteristic indexes of S-RMs are presented in Table 2. The impact of I-AD circulations on the grain composition of S-RMs is shown in Figure 9. It is worth noting that the change in grain composition with N = 1 is not obvious, so it is not considered in this section. The non-uniformity coefficient Cu and the curvature coefficient Cc are calculated as follows:
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where, d10, d30, d60 represents the particle size whose cumulative mass accounts for 10, 30, and 60% of the total mass on the particle size distribution curve.
TABLE 2 | Statistical results of S-RMs characteristic indexes.
[image: Table 2][image: Figure 9]FIGURE 9 | Impact of I-AD circulations on grains composition.
It can be seen from Figure 9 that as the number of I-AD circulations increases, obvious permeation erosion occurs, which is reflected in the deviation of the grain composition curve. It can be seen from Table 3 that due to the loss of fine particles, the limit size d60, average size d50, median size d30, equivalent size d20, effective size d10, non-uniformity coefficient Cu, curvature coefficient Cc increase with the increase of I-AD circulations. Thus, the changing trend shows that the poor continuity of S-RMs is caused by I-AD circulations.
TABLE 3 | Statistical results of pore characteristics.
[image: Table 3]Microstructure Analysis
The changes in the internal particle structure and composition of geomaterials are caused by I-AD circulations (Xu et al., 2020). It can be seen from SEM picture in Figure 10 that it is observed that the microstructure of S-RMs is rich in diversity. There are mainly three structures between the internal clay particles, namely the flocculent structure (Figure 10A), honeycomb structure (Figure 10B), and flake structure (Figure 10C). Coarse grains play the skeleton role, mainly showing tight, loosing, hollowed-out pore structure. In areas with more flocculated structures, the loose arrangement of internal fine grains leads to many pores between the framework structures. However, the area with more honeycomb structure has a larger pore size, which is different from the flocculated structure. The microstructure of S-RMs with the flake structure has relatively few pores between the grains in the normal direction, and occasionally there are pores of larger size. Overall, the fine grains are densely connected and geometrically stratified. On the one hand, the pores can be divided into macropore (d ≥ 75 μm), mesopore (30 ≤ d < 75 μm), micropore (5 ≤ d < 30 μm), and ultramicropore (d < 5 μm) according to the pore size (Guo and Cui 2020). On the other hand, the intergranular pores can be divided into intragranular pores, pocket pores, connected pores, and through pores (Figure 11).
[image: Figure 10]FIGURE 10 | Microstructure of soil-rock mixture: (A) flocculent structure in S-RMs; (B) honeycomb structure in S-RMs; (C) flake structure in S-RMs.
[image: Figure 11]FIGURE 11 | Pore size and shape characteristics: (A) partial pore size distribution; (B) the shape of pores.
The Pores (Particles) and Cracks Analysis System (PCAS) is used to identify and quantitatively analyze the characteristics of pores in the SEM image, and the principle of pore identification and statistical analysis of the PCAS has been given in detail (Liu et al., 2011). In addition, the software can be obtained at http://matdem.com/content/?603.html. Since the image resolution obtained by the SEM used in this paper is 14.4 pixels/μm, it is necessary to convert the data obtained by the PCAS software. Moreover, the conversion equations of area (S) and perimeter (C) to the actual area (St) and actual perimeter (Ct) are:
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where, R is the resolution of SEM images.
The process of SEM image processing is shown in Figure 12. In the PCAS software, first adjust the threshold to obtain an acceptable binary image with plenty of dots. In binary images, white and black represent pores and soils, respectively. The results of pore identification are shown in Figures 12I–L, and different colors represent the different pores of various sizes. In this case, the pore size in S-RMs does not have a uniform shape, and the unevenness of the pore size increases after different I-AD circulations.
[image: Figure 12]FIGURE 12 | Pore recognition process: (A–D) are SEM original pictures; (E–H) are the results of binarization; (I–L) are the results of pore identification.
The statistical results of pore characteristics are given in Table 3. The actual size after conversion according to Eqs 3, 4 are shown in Table 4. In Table 4, the probability entropy was used to describe the pores’ directionality, and the probability distribution index reflects the pore area distribution. Amongst, the fractal dimension concept is developed to describe a shape, a profile, or a form in nature regardless of the complexity, and the average shape factor is used to describe the smooth degree of pores. Moreover, the statistical results of pore characteristics indicate that the total pore area has increased from 202.23 μm2 of N-0–633.63 μm2 of N-10, while the number of pores has only increased by 21. Therefore, with the increase of I-AD circulations, the pore size increases. In the process of I-AD circulations, the probability entropy also showed an increasing trend, with a change range of 14.96%. What stands out in Table 4 is that the arrangement of pores is disorderly, and the orderliness is low. It can be seen from Table 4 that after the I-AD circulations, the microstructure of S-RMs changed under the effect of water infiltration, and the total pore area increased. For a single cycle, the average pore size (including average pore area, average perimeter, average pore length, and average pore width) increases after the first cycle, while the average pore size decreases significantly after N = 5. This is due to the increase of pores from primary pores to secondary pores with increasing I-AD circulations. Therefore, in the S-RMs slope experiencing water level fluctuation, many small-sized nascent pores may be generated in S-RMs.
TABLE 4 | Actual pore size after conversion.
[image: Table 4]DISCUSSIONS
In Section Macroscopic Mechanical Characteristics, the shear strength characteristics of S-RMs after I-AD circulations are discussed, and the strength deterioration law of S-RMs is obtained. The degradation of the strength parameter by I-AD circulations will be discussed in this section.
An exponentially functional empirical formula is proposed to predict damage features of altered rock subjected to drying-wetting cycles, and obtained more accurate fitting results in the prediction of peak strength and elastic modulus (Qin et al., 2018). A more detailed strength parameter discussion of S-RMs after I-AD circulations is given in this section. Whereby, the strength parameter deterioration evolution equation is established according to the characteristics of data distribution. For strength parameters calculation, the Mohr circle under four confining pressures was obtained by Mohr-Coulomb theory (Consoli et al., 2013). The cohesion c, internal friction angle φ are taken as the x-axis, and N is the y-axis to show the deterioration law in Figures 13, 14. The strength parameter deterioration equation can be written as:
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where, c0 and φ0 represent the initial cohesion and initial internal friction angle when N = 0; N is the number of I-AD circulations.
[image: Figure 13]FIGURE 13 | Cohesive deterioration evolution curve of S-RMs.
[image: Figure 14]FIGURE 14 | Internal friction angle deterioration evolution curve of S-RMs.
The Eqs 5, 6 reveals that the cohesion c of S-RMs subjected to I-AD circulations is related to c0, which can be written as c = f (c0, N); φ is a function related to φ0 and N, which can be written as φ = f (φ0, N). It can be seen from Figures 13, 14 that the shear strength is affected by I-AD circulations. Whereby, c and φ decrease with the increase of I-AD circulations, and the initial decrease is larger.
The deterioration law shown in each stage is different, so Di is defined as the total deterioration degree. Di is expressed as:
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where, c0 and φ0 are the initial cohesion and the initial internal friction angle of S-RMs; ci and φi are the cohesion and the internal friction angle of S-RMs in the ith test stage.
The deterioration degree in a specific stage in the test designed is expressed as ΔDi. ΔDi can be written as:
[image: image]
where, Di-1 is the test deterioration degree of the previous stage of the ith stage.
In the ith stage, the single-cycle deterioration degree DNi can be expressed as:
[image: image]
where, Ni is the test deterioration degree of the ith stage; Ni-1 is the deterioration degree of the previous stage of the ith stage.
The deterioration analysis of the cohesion and internal friction angle of S-RMs after I-AD circulations is given in Table 5 and Table 6. After the first test, S-RMs samples have undergone severe deterioration. Moreover, the deterioration of cohesion c and internal friction angle φ gradually deepened with more I-AD circulations. After ten I-AD circulations, the deterioration of c and φ reached 48.35 and 9.61%, respectively. It is worth noting that as the cycle increase, the deterioration caused by a single cycle gradually becomes weaker. The DNi of c decreases from 21.72 to 4.104%, and the DNi of φ decreases from 3.36 to 0.336%. It could be argued that the significant physical and chemical deterioration effects of S-RMs were due to I-AD circulations. Of these, c and φ are significantly affected, and the changes show a rapid and substantial reduction trend. With the increase of the number of actions and the extension of the test time, the physical and chemical damage effects of the water-rock interaction to the rock decrease (Yan et al., 2020). Therefore, the cohesion is less affected and the change tends to be flat.
TABLE 5 | Cohesive deterioration analysis by I-AD circulations.
[image: Table 5]TABLE 6 | Internal friction angle deterioration analysis by immersion-air dry circulations.
[image: Table 6]After repeated immersion and air drying in nature, the rocks or soils will eventually be weathered and decomposed into mud or silt without cohesion (Price 1995; Marques et al., 2017; Okewale and Coop 2017). It can be seen from Eq. 5 that as the cycles increases, c eventually decreases to 0 kPa. Similarly, it can be seen from Eq. 6 as the cycles approach infinity, φ will approach 0.9032φ0. The strength parameter deterioration evolution equation revealed that S-RMs would decompose weathering into silt with an angle of repose of 0.9032φ0 after a certain number of I-AD circulations (Nuca et al., 2021).
CONCLUSION
A multiscale study was carried out on S-RMs after immersion-air dry circulations. Conventional triaxial test, immersion-air dry test, and SEM were used to analyze the physical characteristics, mechanical characteristics, meso-particle composition, and micro-pore structure of S-RMs. Moreover, the strength parameter deterioration evolution equation is established to facilitate practical engineering applications. The conclusions obtained are as follows:
(1) The strength of soil-rock mixtures is strongly associated with I-AD circulations, which caused the significant deterioration in the shear strength of S-RMs. Moreover, the maximum deviator stress decreased as the number of cycles increased.
(2) Due to the repeated immersion of S-RMs, water infiltration causes a significant amount of loss of fine grains in S-RMs. Therefore, I-AD circulations lead to changes in the grain composition of S-RMs, and with the increase of cycles, the characteristics grain size and the non-uniformity coefficient increase significantly. In addition, S-RMs shows significant discontinuity.
(3) Through the processing of SEM images, the micro-evolution law and pore characteristics of S-RMs after I-AD circulations are analyzed. As cycles increases, the number of microscopic pores and probability entropy increase. These findings suggest that the arrangement of the pores becomes more and more disorderly, and the orderliness is reduced.
(4) The evolution equation describing the strength parameters deterioration of S-RMs is established. Whereas, the principal theoretical implication of the evolution equation is that when the number of cycles approaches infinity, S-RMs will decompose weathering into silt with cohesion c = 0 kPa and angle of repose φ = 0.9032φ0.
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Tectonically deformed coals (TDCs) are of great importance to coalbed methane exploitation and coal mining safety. Compared to primary coals, reservoir properties of TDCs have been transformed greatly by tectonic stress. Here, the pore structure and mechanical properties of primary coal and brittle TDCs were obtained with atomic force microscopy and software. The results showed that tectonic stress generally promotes pore development and Young’s modulus of brittle TDCs. According to the variation in pore structure and Young’s modulus, two stages were identified: weak brittle deformation stage (primary coal–cataclastic coal–schistose coal–mortar coal) and strong brittle deformation stage (mortar coal–granulitic coal–flaky coal). The extent of tectonic impact varies greatly between these two stages. In weak brittle deformation stage, tectonic stress has little impact on coal pore structure. The mean pore number increases slowly, and the mean pore size decreases slowly. In this stage, half of the pore number increment is provided by macropores of 100–200 nm diameter. In strong brittle deformation stage, tectonic stress has a major impact on coal pore structure. The mean pore number increases quickly, and the mean pore size decreases quickly. Most of the pore number increment comes from mesopores of 10–50 nm diameter and macropores of 50–100 nm diameter. In addition, the Young’s modulus of primary coal and different brittle TDCs varies from 1.5 to 2.0 GPa. In weak brittle deformation stage, the Young’s modulus of different samples levels off. While in strong brittle deformation stage, the Young’s modulus increases gradually. Combined with former studies, it is inferred that tectonic stress can influence coal’s Young’s modulus by transforming its chemical structure.
Keywords: atomic force microscopy, tectonically deformed coal, brittle deformation, pore structure, mechanical properties
1 INTRODUCTION
Coal is an organic-rich sedimentary rock formed by plant debris under high temperature and high pressure. During the coalification process, coalbeds can be crushed or even pulverized by tectonic stress, producing tectonically deformed coals (TDCs) (Frodsham and Gayer 1999; Cao et al., 2003; Jiang et al., 2010; Ren et al., 2021). Affected by tectonism, TDCs differ greatly from primary coals in reservoir properties, including permeability, pore structure, and mechanical properties (Li 2013; Zhu 2014). It has been found that TDCs are the major cause of coal and gas outbursts, and are closely related to the production of coalbed methane (CBM) (Cao et al., 2003; Zhang 2014; Yao 2017; Cheng and Pan 2020). Therefore, it is of great importance to deepen the understanding of TDCs reservoir properties, namely the nanopore structure and mechanical properties.
Commonly-used methods to characterize nanopores include scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray computed tomography (CT), atomic force microscopy (AFM), high-pressure mercury injection (HPMI), low-temperature N2/CO2 adsorption (LTN2A/LTCO2A), synchrotron small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS). Among these methods, AFM has gained more attention in recent years because of its convenience (Zhu 2014; Pan et al., 2015a; Wang et al., 2017; Jiao et al., 2018; Liu et al., 2019; Zhao et al., 2019; Li et al., 2020). As an image analysis method, AFM is not confined to two-dimensional imaging. It provides high-resolution three-dimensional imaging without damaging samples. Besides, AFM allows quantitative analysis through image-processing software (Liu et al., 2019). However, previous AFM studies targeted mainly on coals of different maturity. Few AFM studies have concerned the nanopore structure in different TDCs.
Coal’s mechanical properties is another major concern because it is critical in controlling the stabilization of coal and the formation and extension of hydraulic fractures (Li et al., 2020). Traditionally, uniaxial or triaxial rock mechanics experiments were carried out to obtain macromechanical parameters. As it is difficult to obtain core from TDC, the method of secondary forming is often used for the preparation of TDC core sample (Cheng and Pan 2020). However, the preparation of TDC sample destroys the original sample and cannot restore the field conditions. In addition, there is no standard experimental procedure to prepare TDC sample, causing the results from different laboratories to be not comparable (Cheng and Pan 2020). Nanoindentation techniques have also been used to characterize mechanical properties of coal and shale (Kumar et al., 2012; Meng et al., 2020; Sun et al., 2020). However, nanoindentation is a destructive technique that provides micron scale—rather than nanometer scale—resolution (Eliyahu et al., 2015). Currently, AFM offers a more advanced method—Peakforce Quantitative Nanomechanical Mapping (PeakForce QNM), to investigate mechanical properties of coal or shale.
In this study, AFM is used to explore the nanopore structure and mechanical properties of primary coal and different TDCs. First, three-dimensional images of coal samples were captured in ScanAsyst mode. Next, these AFM images were processed with Nanoscope Analysis and Gwyddion software (RRID:SCR_015583) to obtain nanopore parameters such as the pore number and pore size. Then, we used PeakForce QNM mode to obtain the mechanical properties of the samples. Finally, tectonic stress impact on the nanopore structure and mechanical properties were discussed, improving our understanding of TDCs reservoir properties and promoting safe mining.
2 SAMPLES AND METHODS
2.1 Sample Preparation and Experiment Procedure
Various classification schemes of TDCs have been discussed in the long term (Li 2013; Yao 2017; Song et al., 2020b; Cheng and Pan 2020). Among them, the classification proposed by Ju et al. has been widely accepted (Song et al., 2013; Zhang 2014; Yu et al., 2017; Liu and Jiang 2019; Song et al., 2020a; Song et al., 2020b), where TDCs are classified into three series (brittle-, transitional-, ductile series) (Ju et al., 2004). Ju et al.’s classification scheme is also adopted here. Coal samples in this study were collected from Suxian mining area and Linhuan mining area, Huaibei coalfield, Anhui Province. The samples are primary coal and brittle TDCs. And the latter includes cataclastic coal, schistose coal, mortar coal, granulitic coal, and flaky coal. Coals’ vitrinite reflectance (Ro) values range from 0.93 to 1.22% (Table 1).
TABLE 1 | General information of coal samples.
[image: Table 1]Macrographs and micrographs of coal samples are presented in Figure 1. For primary coal, its original structure is unaltered. The coal band is clear, with few fractures developed (Figures 1A,B). For cataclastic coal, the original structure is relatively intact with several fractures developed (Figures 1C,D). For schistose coal, the coal body is plate-like, and the stratification is stable (Figure 1E). Two sets of parallel fractures can be seen in the micrograph (Figure 1F). For mortar coal, the coal body is broken, and the coal band can hardly be identified (Figure 1G). Fractures are densely developed, and the coal matrix is cut into grains of different sizes (Figure 1H). For granulitic coal, the coal body is pulverized into small grains and powder by intensive fractures, and grains are of similar size compared to mortar coal (Figures 1I,J). For flaky coal, the coal body is broken and sheet-like (Figure 1K). Smooth friction surfaces are widely developed. Several long tortuous fractures can be identified in the micrograph (Figure 1L).
[image: Figure 1]FIGURE 1 | The micro- and macrodeformation characteristics of coal samples. (A)–(B) sample WG-6, primary coal; (C)–(D) sample WG-4, cataclastic coal; (E)–(F) sample QYZ-70, schistose coal; (G)–(H) sample RL-2, motar coal; (I)–(J) sample QD-3, granulitic coal; (K)–(L) sample QYZ-86, flaky coal; (A),(C),(E),(G),(I),(K) photos of hand specimens; (B),(D),(F),(H),(J),(L) photos obtained under the reflected light of the optical microscope, ×50.
Coal samples need to be polished to a smooth surface because AFM has high requirement for sample roughness. As the TDC can be easily broken in the sample-preparation process, the following procedures were taken: 1) Samples were glued with resin and cut into small pieces of several millimeters; 2) Glued coal pieces were inset into epoxy resin in molds; 3) Samples were polished with sandpapers of different particle size; 4) Argon ion polishing (Leica EM TIC 3X, 4 kV, 30 min) was conducted to produce a smooth surface.
The AFM instrument used in this study is the Multimode 8 AFM from the Bruke Company, Germany. The maximum scan range is 125 × 125 × 5 μm. The resolution is 0.1 nm in the lateral direction and 0.01 nm in the vertical direction. ScanAsyst mode was adopted to obtain microtopography images while PeakForce QNM mode was used to analyze the mechanical properties of samples. A scanning range of 5 × 5 μm is taken in both modes.
2.2 Quantitative Evaluation of Pores
Gwyddion is a modular, multiplatform, open-source software for scanning probe microscopy data processing (NeČas and Klapetek 2012), which is used to calculate pore parameters here. The “Grain Analysis” module was used to mark and quantify grains on the surface. Pore parameters calculation can be realized by clicking the “Invert Height” function to invert pores to grains (Jiao et al., 2018; Zhao et al., 2019). There are several grain-related algorithms in Gwyddion, and the watershed algorithm was chosen in this study. The basic theory of the watershed algorithm is as follows: 1) The virtual water drop was placed at each point of the inverted surface; 2) The water drop followed the steepest descent path to minimize its potential energy and reached a local minimum; 3) The first two steps were repeated several times, and a system of lakes of different sizes filling the inverted surface depressions was obtained; 4) Then, the position, area and volume of each of the lakes could be identified (Figure 2). Ten topography images were analyzed to produce average pore parameters for each sample.
[image: Figure 2]FIGURE 2 | Pores marked by the watershed algorithm.
2.3 Quantitative Evaluation of Mechanical Properties
PeakForce QNM is an imaging mode that produces topography images and quantitative nanomechanical properties images at the same time. PeakForce QNM is based on force curves analysis. While the probe is scanning the sample surface, the deflection of the cantilever is measured to produce Force-Distance curves (Figure 3) (Li et al., 2017). These curves are then analyzed to obtain the properties of the sample (adhesion, modulus, deformation, and dissipation) (Bruker 2012). To obtain Young’s modulus, the retract curve is fit (the bold green line in Figure 3) using the Derjaguin–Muller–Toporov model (Bruker 2012):
[image: image]
[image: Figure 3]FIGURE 3 | Force curves and information that can be obtained from them (Bruker 2012).
Ftip–Fadh is the force on the cantilever relative to the adhesion force, R is the tip end radius, and d–d0 is the deformation of the sample. The result of the fit is the reduced modulus E*. If the Poisson’s ratio is known, the software can use that information to calculate the Young’s modulus of the sample (Es). This is related to the sample modulus by the equation:
[image: image]
νt and Et are Poisson’s ratio and Young’s modulus of the tip, respectively. νs and Es are Poisson’s ratio and Young’s modulus of the sample, respectively. We assume that the tip modulus Et is infinite. Therefore, the Young’s modulus of the sample can be calculated using the sample’s Poisson’s ratio. Here, we chose a Poisson’s ratio of 0.3 for organic matter (OM) in coals.
In PeakForce QNM mode, choosing a suitable probe is crucial for accurate measurement. As the reported Young’s modulus of OM in coals is under 10 GPa in most literature (Li et al., 2020; Meng et al., 2020; Sun et al., 2020), RTESPA-525 probe was selected in this study because it is suitable for samples with modulus between 1 and 20 GPa (Figure 4A). Probe calibration was conducted using a sapphire standard and a highly-ordered pyrolytic graphite standard (HOPG, 18 GPa). After the calibration, coal samples were scanned at a resolution of 256 × 256 pixels at 0.977 Hz. Data analysis was carried out using the “Roughness” module in Nanoscope Analysis software (Figures 4C,D). Five modulus images were analyzed to obtain the average Young’s modulus for each sample.
[image: Figure 4]FIGURE 4 | Microscope and AFM images in the same region of sample WG-6. (A) Scanning probe on the vitrinite; (B) AFM topography image; (C) AFM Young’s modulus image; (D) Histogram of Young’s modulus from the “Roughness” module.
3 RESULTS
3.1 Nanopore Structure of Primary Coal and Brittle Tectonically Deformed Coals
Figure 5 shows typical topography images of primary coal and different brittle TDCs. For primary coal, pores are ellipse or circle. Most pores are macropores >200 nm in diameter. Pores are unevenly distributed on the surface (Figure 5A). For cataclastic coal, the pore number increases slightly compared to primary coal (Figure 5B). For schistose coal, the pore number increases to a higher extent and mesopores can be seen (Figure 5C). For mortar coal, pores are densely developed. Macropores and mesopores <100 nm in diameter begin to increase (Figure 5D). For granulitic coal, intensive pores are arranged on the surface. Most pores’ diameter are under 100 nm (Figure 5E). For flaky coal, small mesopores are highly developed with few macropores interspersed (Figure 5F). In summary, the pore number increases gradually, and the mean pore size decreases with enhancing tectonic deformation. From primary coal to schistose coal, this trend is relatively mild. The changes of pore number and pore size become much more obvious since mortar coal.
[image: Figure 5]FIGURE 5 | Typical AFM topography images of coal samples. (A) sample WG-6, primary coal; (B) sample WG-4, cataclastic coal; (C) sample QYZ-70, schistose coal; (D) sample RL-2, motar coal; (E) sample QD-3, granulitic coal; (F) sample QYZ-86, flaky coal; The scanning range is 5 × 5 μm and the scanning lines are 512 × 512 in all images.
Nanopore parameters, including mean pore number, mean pore size, mean pore area and plane porosity, are listed in Table 2. It should be noted that the pore size here is equivalent disc diameter—the diameter of the disc with the same projected area as the pore. The mean pore number per image of coal samples ranges from 86 to 685. The mean pore size varies from 68.8 to 131.4 nm. And the plane porosity varies from 8.13 to 17.06%. It is clear that the mean pore number increases and the mean pore size decreases as the tectonic deformation deepens.
TABLE 2 | Nanopore structural parameters of coal samples.
[image: Table 2]3.2 Mechanical Properties of Primary Coal and Brittle Tectonically Deformed Coals
The topography images and Young’s modulus images of sample WG-4, RL-2 and QYZ-86 are shown in Figure 6. It can be seen that the Young’s modulus of coal matrix and pores are actually the same, indicating that the mechanical properties of vitrinite is homogeneous. Most of the Young’s modulus histograms obey a normal distribution. As a result, the mean (μ) of the normal distribution can be used to represent the Young’s modulus value per image (Figure 4D). Different samples generally have a Young’s modulus of 1.5–2 GPa. And the sectional analyses show that the modulus mode is not strongly affected by milling ridges and other topographic features, so the overall effect of topography on modulus values is relatively minor (Figures 6C,F,L) (Eliyahu et al., 2015; Liu 2019).
[image: Figure 6]FIGURE 6 | (A),(D),(G) Topography images of samples WG-4, RL-2 and QYZ-86, respectively; (B),(E),(H) Young’s modulus maps of samples WG-4, RL-2 and QYZ-86, respectively; (C),(F),(L) Sectional analyses along the white lines in topography images and Young’s modulus maps.
4 DISCUSSION
4.1 The Impact of Tectonic Stress on Brittle Tectonically Deformed Coals’ Pore Structure
Figure 7 shows the variation in the mean pore number and mean pore size in primary coal and different brittle TDCs. From primary coal to flaky coal, the pore number increases while the pore size decreases. The line graph can be distinctly divided into two stages of different gradients. From primary coal to mortar coal is the first stage, while from mortar coal to flaky coal is the second stage. Here, we name these two stages weak brittle deformation stage (WBDS) and strong brittle deformation stage (SBDS). In WBDS, the mean pore number per image increases from 86 to 245, while the mean pore size decreases from 131.4 to 107.7 nm. However, in SBDS, the mean pore number increases from 245 to 685, while the mean pore size decreases from 107.7 to 68.8 nm. The mean pore number and mean pore size in SBDS change at a higher rate, which indicates that tectonic stress has a more profound impact on pore structure in SBDS than that in WBDS.
[image: Figure 7]FIGURE 7 | Relationships between mean pore number, mean pore size and tectonic deformation degree. (A) Mean pore number of coal samples; (B) Mean pore size of coal samples.
To further explore the nanopore structure in primary coal and different brittle TDCs, we plotted the curves of the pore number of four pore-size intervals—10–50 nm, 50–100 nm, 100–200 nm and >200 nm (Figure 8). In WBDS, the pore number increases gradually. 49% of the pore number increment is provided by macropores of 100–200 nm diameter. The pore number of pores with 10–50 nm and 50–100 nm diameter increases slightly, while macropores of >200 nm diameter levels off. In SBDS, the pore number increases quickly. 68% of the pore number increment is provided by macropores of 50–100 nm diameter, and 24% of the pore number increment is provided by mesopores of 10–50 nm diameter. The pore number of 100–200 nm increases slightly, while pores >200 nm in diameter disappear. As shown in Figure 8, tectonic stress generally promotes pore development in brittle TDCs. And the extent of tectonic impact varies greatly among different brittle TDCs. In WBDS, tectonic stress mainly helps to increase macropores of 100–200 nm diameter. In SBDS, tectonic stress mainly helps to increase macropores of 50–100 nm and mesopores of 10–50 nm diameter.
[image: Figure 8]FIGURE 8 | Pore size distribution of coal samples from AFM.
Low-temperature N2 adsorption (LTN2A) has been widely used to characterize coal’s pore structure, and its reliable testing range is between 2 and 100 nm (Ju et al., 2005a; Ju et al., 2005b; Ju and Li 2009). The pore size identified from AFM in this study ranges from 10 nm to several hundred nanometers. Therefore, we calculated the total pore area of pores between 10 and 100 nm in diameter and compared the results with that of LTN2A in previous studies (Figure 9). Figure 9A shows that with increasing tectonic deformation, the total pore area increases accordingly. The graph shows a trend similar to that in Figure 7A. In WBDS, the total pore area increases from 0.0361 to 0.222 μm2. In SBDS, the total pore area increases rapidly from 0.222 to 1.66 μm2.
[image: Figure 9]FIGURE 9 | (A) Total pore surface area from AFM in this study; (B) Total Specific surface area from LTN2A in Ju et al.’s studies (Ju et al., 2005a; Ju et al., 2005b; Ju and Li 2009).
LTN2A results collected from Ju et al. are shown in Figure 9B. Samples in Ju et al.’s studies were collected from Huainan coalfield and Huaibei coalfield, Anhui Province, whose Ro, max ranges from 0.76 to 1.51% (Ju et al., 2005a; Ju et al., 2005b; Ju and Li 2009). These samples are in the same coal rank and deformation degree as ours, making the results of AFM and LTN2A comparable. From primary coal to mortar coal, the total pore area between 2 and 100 nm increases from 0.0383 m2/g to 0.224 m2/g, while the total pore area increases from 0.224 m2/g to 1.377 m2/g. The variation in the total pore area obtained by LTN2A can also be divided into two stages, indicating that brittle TDCs pore structure does not evolve linearly with tectonic deformation.
4.2 The Impact of Tectonic Stress on Brittle Tectonically Deformed Coals’ Mechanical Properties
Eliyahu et al. (2015) first utilized AFM to map mechanical properties of OM in shales. Since then, AFM has gained increasing attention in characterizing mechanical properties of rocks (Emmanuel et al., 2016; Li et al., 2017; Yang et al., 2017; Khatibi et al., 2018; Liu 2019; Li et al., 2020; Tan et al., 2021). Many of these studies have focused on the relationship between OM’s Young’s modulus and its maturity (Emmanuel et al., 2016; Khatibi et al., 2018; Liu 2019; Tan et al., 2021). However, the relationship between OM’s Young’s modulus and the deformation degree remains poorly understood. Here, we measured the mechanical properties of primary coal and brittle TDCs series, and the results are presented in Figure 10. The Young’s modulus of primary coal and different brittle TDCs varies from 1.5 to 2.0 GPa, which is similar to the Young’s modulus in Li et al.’s study (Li et al., 2020). Overall, the Young’s modulus increases with tectonic deformation degree except for sample QYZ-70. From primary coal to flack coal, the Young’s modulus increases by approximately 20%. In WBDS, the Young’s modulus of different samples levels off. In SBDS, the Young’s modulus increases gradually.
[image: Figure 10]FIGURE 10 | Young’s modulus of coal samples.
In previous studies concerning OM’s Young’s modulus and its maturity, it has been found that the OM’s Young’s modulus increases with increasing maturity (Emmanuel et al., 2016; Khatibi et al., 2018; Liu, 2019). Moreover, the OM’s Young’s modulus relates well with certain chemical structure indexes. For example, by utilizing atomic force microscopy-based spectroscopy (AFM-IR), Yang et al. (2017) found that macerals enriched in aromatic carbon and lean in aliphatic carbon have relatively high mechanical stiffness. Khatibi et al. (2018) found that OM’s Young’s modulus positively correlates with the D band position and G-D band separation. Liu (2019) found that there is a strong positive correlation between Young’s modulus and the carbon aromaticity (fa). Tan et al. (2021) also found that the increase in aromatic groups and the decrease in CH2/CH3 ration can be regarded as potential reasons for the rise in OM’s modulus. All of these results indicate that the evolution of OM’s chemical structure leads to a modulus change in the maturation process. As OM’s macromolecule arrangements gradually transform from chaotic and mixed layers to an ordered arrangement, the Young’s modulus increases (Khatibi et al., 2018; Tan et al., 2021).
It is generally considered that temperature plays a dominant role in the evolution of OM. However, tectonic stress can also have an impact on the macromolecular structure of coal (Cao et al., 2007). Some researchers have quantified the structural transitions triggered by tectonic stress. Combining Fourier transformation infrared microspectroscopy (FTIR) and X-ray diffraction (XRD), Cao et al. (2007) found that compared to non-deformed coals, deformed coals exhibit weaker aliphatic absorbance peak, stronger aromatic absorbance peak, smaller carbon atomic surface network distance (d002) and larger basic structural unit of coal (BSU) height (Lc) and width (La). Li (2013) found that shear stress can greatly increase the carbon aromaticity (fa) using nuclear magnetic resonance spectroscopy (NMR). Utilizing high-resolution transmission electron microscopy (HRTEM), Pan et al. (2015b) found that with increases in tectonic deformation, the coal fringe length increased and the fringe separation and fringe tortuosity decreased. Pan et al. (2017) also conducted Raman experiments using coals with different deformation degrees. The results showed that strong TDCs exhibit smaller full width at half maximum for the G-peak (fwhm-G) and smaller intensity ratio between the D and G-peaks (ID/IG), indicating that tectonic deformation can promote the ordering of coal molecular structure. Song et al. (2020a) found that compared to brittle deformation, ductile deformation can improve poorly ordered BSU to a more ordered BSU.
The above studies indicate that tectonic stress promotes BSU rearrangement and ordering in coal. Since geothermal metamorphism can increase the Young’s modulus of OM by transforming its chemical structure, it is reasonable to consider that tectonic stress has the potential to influence coal mechanical properties. The AFM results here partially confirm this hypothesis. In WBDS, the Young’s modulus level off because tectonic stress has little impact on OM’s chemical structure. Note that the average vitrinite reflectance of sample QYZ-70 is only 1.01. Hence, the lower Young’s modulus of sample QYZ-70 may be attributed to a low coal rank as well as a weak deformation degree. In SBDS, the Young’s modulus increases gradually because strong brittle deformation has a more significant impact on OM’s chemical structure. However, the overall increase in Young’s modulus here is 20%, indicating that coal’s macromolecular ordering improvement contributed by brittle deformation is relatively limited. This finding corresponds well with the results of Li (2013) and Song et al. (2020a).
5 CONCLUSION

1) AFM is an effective method for exploring coal reservoir properties. Combining AFM with Nanoscope Analysis and Gwyddion software, coal reservoir properties including pore number, pore size, and Young’s modulus, can be quantitively analyzed.
2) Tectonic stress generally promotes pore development and Young’s modulus of brittle TDCs. However, the extent of tectonic impact varies greatly among different brittle TDCs, and two deformation stages were identified accordingly: WBDS (primary coal–cataclastic coal–schistose coal–mortar coal) and SBDS (mortar coal–granulitic coal–flaky coal).
3) In WBDS, the mean pore number increases slowly, and the mean pore size decreases slowly. Tectonic stress mainly promotes macropores of 100–200 nm diameter in this stage. In SBDS, the mean pore number increases quickly, and the mean pore size decreases quickly. Most of the pore number increment comes from mesopores of 10–50 nm diameter and macropores of 50–100 nm diameter.
4) The Young’s modulus of primary coal and different brittle TDCs varies from 1.5 to 2.0 GPa. In WBDS, the Young’s modulus of different samples levels off. In SBDS, the Young’s modulus increases gradually. Combined with former studies, it is believed that tectonic stress has the potential to influence coal’s mechanical properties via transforming its chemical structure.
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As a reservoir reconstruction technology, hydraulic fracturing is a key method to improve the production of coalbed methane (CBM) wells. The CBM reservoir in eastern Yunnan, an important CBM exploration and development zone in China, is characterized by multiple thin coal seams. Compared to the fracturing of the single-layer coal seam, the combined seam fracturing technology is more difficult and complex. To study the fracture propagation characteristics and influencing factors of hydraulic fracturing in multiple coal seams, taking No. 9 and No. 13 coal seams as the research objects, the fracturing process was numerically simulated by using the finite element method and ANSYS software in this work. Based on the mathematical model of low permeable coal-rock mass, a two-dimensional hydraulic fracture model was established. In addition, the fracture geometries of combined seam fracturing were studied quantitatively. The results indicate that although No. 9 coal and No. 13 coal seams have similar rock mechanical properties, the propagation process and final geometry of a fracture are different. The reliability of the simulation results is verified by the comparison of experimental parameters and field investigation. The results prove the feasibility of combined seam fracturing in eastern Yunnan. The high Young’s modulus and thickness of the coal seam make the fracture geometry longer, but the fracture height is smaller. The low Young’s modulus, high Poisson’s ratio, and thickness of the No. 13 coal seam result in an increase in the length and height of the No. 9 coal seam. The increase in Young’s modulus of interlayer inhibits the propagation of fractures, while the high thickness and low Poisson’s ratio of interlayers facilitate the extension of the length and inhibit the extension of the height. This work provides a case reference for combined seam fracturing of coal reservoirs and has practical significance for the development of CBM characterized by multiple coal seams in eastern Yunnan.
Keywords: eastern Yunnan, multiple coal seams, combined seam fracturing, coalbed methane, numerical simulation
1 INTRODUCTION
The coal matrix permeability is low in China; thus, reservoir reconstruction is generally conducted to improve the performance of producing wells and increase recovery (Islam et al., 2009; Meng et al., 2011; Lekontsev and Sazhin, 2015; Li et al., 2020; Zhang et al., 2020). Hydraulic fracturing of CBM wells has been widely practiced as an effective method to increase the drainage efficiency of low-permeability, low-pressure, and low-saturated coal seams. McDaniel et al. (1990) were the first people to apply hydraulic fracturing to the stimulation work of CBM wells. The initiation and propagation of hydraulic fractures in coal seams are complicated, which limits efficient implementation of hydraulic fracturing (Wessling et al., 2008; Yang et al., 2015; Jun Lu et al., 2020). Scholars have conducted a lot of research on theories and techniques of hydraulic fracturing treatment. Warpinski and Teufel et al. (1987) revealed from field results that the in-situ stress and fluid pressure could influence the hydraulic fracturing procedure. The effects of elastic modulus, Poisson’s ratio, and in-situ stress on fracture geometry were studied by means of experiment and field investigation (Liang et al., 2017; Chen et al., 2019; Hu et al., 2020; Liu et al., 2020). For instance, Li et al. (2014) comprehensively studied the effect of the formation mechanical property (in-situ stress, elastic modulus, and permeability) differences between adjacent layers over hydraulic fracture propagation, and it turned out that the mechanical properties of strata have a great influence on the fracture extension; Yinlong Lu et al. (2020) investigated the influence of the intermediate principal stress on the mechanical properties of cubic coal and soft sandstone under two different true triaxial loading conditions and discussed the influence interval of the intermediate principal stress on the strength of sandstone and coal in detail. In addition, an experimental study was conducted to study liquid nitrogen-induced rock/coal failures under true triaxial stress conditions in order to investigate fracture propagation behaviors under in-situ geological conditions with liquid nitrogen injections. Many scholars have investigated the seismic response of naturally fractured coal to stress and hydraulic fracturing, with an emphasis on identifying the temporal and spatial behaviors of fractures using the active acoustic-monitoring technique (Qin et al., 2018; Zhang et al., 2018; Jiang et al., 2020; Cao et al., 2021; Li et al., 2021).
In recent years, scholars have done a lot of numerical simulation research on hydraulic fracture propagation of CBM reservoirs and made remarkable progress. Zhang et al. (2014) presented a two-phase, 3D flow, and hydraulic fracturing model of dual-porosity media based on the theories of oil–gas geology and mechanics of flow through porous media. Correspondingly, a finite difference numerical model has been developed and applied successfully to a CBM reservoir. Li and Xing et al. (2015) demonstrated that under a constant hydraulic pressure boundary, with higher values of permeability, porosity, Young’s modulus, and Poisson’s ratio, hydraulic fracturing initiates earlier. Jiang et al. (2016) developed a hydraulic fracture numerical simulation model to quantitatively study the effects of different geological and operational factors on the fracture propagation in CBM reservoirs. Based on the rock seepage-stress coupling effect, a three-dimensional hydraulic fracture model of multilayer-commingled fracturing in coal strata was established in combination with ABAQUS finite element software. The influence of geological factors and construction factors on the hydraulic fracture propagation in sandstone-coal interbedded reservoirs was investigated (Zhao et al., 2018). Moreover, laboratory experiments and numerical simulation methods were used to investigate the hydraulic fracture propagation law of coal in CBM reservoir with natural fractures. Through the combination of triaxial compression test and numerical simulation of coal and sandstone, the effects of different confining pressure and cleat direction on rock brittleness and fracture characteristics were analyzed (Zhang and Bian, 2015; Xie et al., 2019; Eremin, 2020; Ren et al., 2021; Zhao et al., 2021). However, investigation on the propagation of commingled crack in coal seams which are soft-hard interlaced strata is less studied and not well understood.
Generally, these relevant theories and techniques are mostly applied to the single coal seam or the thick coal seam fracturing treatment. In the eastern Yunnan province, an emerging area for coal measure gas recovery in China, the Permian formation is composed of typical superposed reservoirs with multiple thin coal seam zones (Li et al., 2015; Tang et al., 2016; Yang et al., 2018; Wang and Qin, 2019; Zhang et al., 2021). The characteristic of thin coals eam cannot provide resources guarantee for the development of CBM and increase fracturing costs. Several theoretical and experimental studies have been carried out in the past to investigate multiple reservoirs fracturing treatment and bring us a little inspiration. Nasedkina and Trufanov (2006) established a mathematical model of the process of hydrodynamic fracturing in a multi-layer coal seam based on the equation of continuity and Darcy’s law. Jia et al. (2016) suggested some effective stimulation techniques adapting to the superposed reservoirs of coal measures and further studied the mechanism on adaptable hydraulic fracturing of the superposed reservoirs associated with multiple thin coal seams. Ni et al. (2010) researched the key technology of combined seam fracturing and confirmed the practicality of the craft, reducing development costs and overcoming the limitations of geological conditions. The technology has been applied with some success. Multilayer-commingled fracturing is the vital step to achieve gas co-exploration in coal measures. However, the conditions the combined seam fracturing can be implemented was neither clear nor was the effect of the properties of the coal seam and the roof and floor on the propagation of hydraulic fractures.
In this work, a two-dimensional hydraulic fracture model of combined seam fracturing is established in combination with a cohesive element model based on previous studies, and the reliability of the model was verified. ANSYS software was used to quantitatively study combined seam fracturing fracture geometries in the coal seam of eastern Yunnan, China. In addition, influencing factors such as fracturing pressure, Young’s modulus, Poisson’s ratio, and thickness, which affect the characteristics of fracturing propagation were also investigated.
2 GEOLOGICAL SETTING
The study area is in the eastern Yunnan region, which is an important coal- and CBM-rich area in southwest China (Figure 1A). The period of the coal-bearing rock formation was in the late Permian. The coal measure strata have since experienced varying natures, directions, and intensities of different Yanshanian and Himalayan tectonic activities, causing strong deformation to the coal measure strata and extensive fault development, resulting in a complicated geological background. Faults are compressional, reach shear fracture pressure, and are steeply dipping, generally at an angle of 60–85° (Guoxi et al., 2020; Lan et al., 2020). The CBM block is located in the southeast wing of the Laochang anticline. It is a relatively gentle monoclinal structure. The stratum strikes NE, tends to SE, and there are few faults in the study area.
[image: Figure 1]FIGURE 1 | (A) Map showing location and structure outline of the study area in the eastern Yunnan province. (B) The lithology column of the coal measure strata of Well-1 in the study area.
The coal measure strata in the study area are the upper Permian Changxing and Longtan Formations, which are mainly composed of dark gray fine clastic rock, siltstone, sandy mudstone, and coal. The burial depth of the coal seams in the study area varies greatly. They are generally buried to a depth of 500–1,500 m and are generally less than 1,000 m. The coal seams are mainly distributed in the middle and upper part of the Longtan Formation and are mainly thin, medium, and thick coal, including 27–42 coal seams, with a total thickness of 41 m. The thickness of a single layer of coal is generally less than 5 m, with the characteristics of many thin coal seams (Ju et al., 2018; Yang et al., 2019; Chen et al., 2021). The gas content of the coal seam is 9.23–26.20 m3/t, with an average of 15.20 m3/t, and increases gradually with the increase of depth. The CBM reservoirs belong to a micro under-pressure reservoir. The main coal seams in the study area are No. 7 + 8, No. 9, No. 13, and No. 19 in the Longtan Formation (Figure 1B). In this paper, No. 9 and No. 13 coal reservoirs are taken as the research objects to carry out the numerical simulation analysis of combined seam fracturing.
3 MATHEMATICAL MODEL OF COAL-ROCK MASS
3.1 Hydraulic Pressure Model to Analyze the Fracturing Phenomena
The longitudinal mathematical model of the reservoir was established based on the KGD model (Geertsma and Clerk, 1969; Chen, 2012). We have assumed that the shape of the fracture is elliptical with a vertical profile and the width of the fracture is constant as shown in Figure 2. This model is based on several assumptions. The coal–rock material is an isotropic linear elastic material, the coal seam belongs to the same pressure system, and the middle rock stratum is an impermeable layer. The filtration loss of fracturing fluid along the fracture is zero. In the process of hydraulic fracturing, the liquid column pressure difference between the upper and lower fracturing layers is ignored. Moreover, the fluid filtration of the fracturing and the seepage and coupling effects of the fluid and coal matrices in the coal seam were not considered. For a Newtonian fluid, in order to simplify, we neglected the gravitational forces and assumed that the flow in the fracture is tangential. The tangential flow within the gap is governed by the lubrication equations (Batchelor, 1967) formulated from Poiseuille’s law. The hydraulic pressure equation in the fracture can be written as:
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and since it is generally considered that the fluid pressure on the fracture surface near the crack tip is not less than the closure pressure, we have
[image: image]
where p is the hydraulic pressure, ν is the fracturing fluid viscosity, q is the flow rate of a single wing, w is the fracture width, L is the fracture length, h is the fracture height, h0 is the maximum height, pc is the closure pressure, and x is the distance from any point to the wellbore on the fracture surface.
[image: Figure 2]FIGURE 2 | Illustration of fracture propagation during hydraulic fracturing.
3.2 Initiation and Propagation Criteria for the Cohesive Element
The cohesive zone model (CZM) is used to describe the separation of interfaces and fracture propagation. The separation mode of the interface is the normal separation. The cohesive zone material is shown in Figure 3, σ is the normal contact stress (tension), and [image: image] is the contact gap (Shet and Chandra, 2002; Tomar et al., 2004). When the stress reaches the maximum normal contact stress σmax, element damage occurs, and the stiffness gradually degrades until it is reduced to 0 (point A). Debonding is completed at point C when the normal contact stress σ reaches 0, and further separation occurs without any normal contact stress. After debonding has been initiated, it is assumed to be cumulative and any unloading and subsequent reloading occur in a linear elastic manner along the line OB at a more gradual slope. The equation for the curve OAC can be written as:
[image: image]
[image: Figure 3]FIGURE 3 | Normal contact stress and the contact gap curve for the cohesive zone material.
The debonding parameter is defined as:
[image: image]
with
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where P is the normal contact stress (tension), [image: image] is the normal contact stiffness, [image: image] is the contact gap, [image: image] is the contact gap at the maximum normal contact stress (tension), [image: image] is the contact gap at the completion of debonding, and [image: image] is the debonding parameter.
4 NUMERICAL SIMULATION MODEL AND PARAMETERS
The CBM reservoir simulated is in eastern Yunnan, China, with multiple thin coal seams. The objects of combined seam fracturing are the No. 9 and No. 13 coal seams that belong to the upper Permian Longtan formation of Well-1 (Figure 1B). The seams are favorable reservoirs because early exploration and the production test of the well showed potential for coalbed methane exploitation. Moreover, taking No. 9 and No. 13 coal seams as target reservoirs, the combined seam-fracturing project of Well-1 has been completed, which provides the verification conditions for this numerical simulation research. In addition, the two coal seams represent multiple coal seams, which also improves the effectiveness of numerical simulation results.
4.1 Numerical Model of Hydraulic Fracturing
The two-dimensional model is shown in Figure 4. Due to the symmetry of the problem, only one-half of the original model is studied. It is a rectangle with a length of 100 m and a height of 24 m. The directions of the X and Y axes represent the principal horizontal stress and vertical stress. The vertical depth of the No. 9 coal seam roof is -682.3 m, and the thickness is 4 m, and the depth of the No. 13 coal seam roof is -696.3 m and the thickness is 5 m. The roof and the floor are basically parallel to the coal seam with the top depths of -677.3 m and -701.3 m, respectively. Their thicknesses are approximately 5 m, and the thickness of the interlayer is 10 m. The fracture propagation path is located in the center of the coal seam. The length of the perforation is 1 m. The top and bottom of the model adopt the boundary conditions of the Y direction displacement, which means the relative displacements of vertical directions are zero. The right of the model adopts the boundary conditions of the X direction displacement to limit the horizontal displacement or deformation. The equivalent overburden pressure acts on the top of the model, considering the typical unit weight of the overlaying rock mass. Also, its value of 19 MPa is calculated according to the actual depth of the overlying formation and the average density of the stratum. The horizontal stress of 23 MPa is applied at the right boundary according to the formula (Zhang and Roegiers, 2010). In this research, the initial stress is set as the same value in order to study the effects of other parameters.
[image: Figure 4]FIGURE 4 | Two-dimensional hydraulic fracturing model.
4.2 Model Parameters
The basic mechanical parameters were measured from laboratory tests of real coal samples (Table 1). The injection rate and fracturing fluid viscosity are 7 m3/min and 5 mPa⋅s respectively, which were determined by field operation. The fracturing pressure varies from 10 to 25 MPa in 0.1 MPa increments. The different cases are studied by using material parameters for sensitivity analysis to evaluate their influences on the hydraulic fracture propagation. The typical values of Poisson’s ratio of coal range from 0.2 to 0.48 (Gercek, 2007), and in this article, Poisson’s ratio has been selected as 0.3, 0.4, and 0.5, which combined the categorization of Poisson’s ratio and lots of test results, and the Young’s modulus have been set at a range of 2–8 GPa (Özgen Karacan, 2009; Pan et al., 2013; Zhang et al., 2017). Similarly, the physical parameters of adjacent layers have been chosen based on the experiment and in-situ tests.
TABLE 1 | Basic parameters of the model.
[image: Table 1]5 SIMULATION RESULTS AND DISCUSSION
5.1 Characteristics of Hydraulic Fractures
The implementation of the combined seam fracturing depends on whether the fracture can initiate and extend. Fracturing pressure is applied to coal seams, starting from 10 MPa. As the pressure increases, the tensile stress generated by the fracturing fluid on the crack surface increases. When the stress is greater than the tensile strength of the coal seam, the coal seam begins to crack and the fracture extends. Figure 5A–C shows the fracture’s morphological characteristics and propagation process of No. 9 coal and No. 13 coal seams under different pressures. The geometry of the fracture is similar to that of an ellipse. The fracture height and length increase with the increase in the fluid pressure. However, the fracture’s opening exhibits a certain temporal order as the mechanical properties of different coal seams are different (Zhao et al., 2018), and the fracture initiation of No. 9 coal is earlier than No. 13 coal and the initial pressures are 13.31 and 13.89 MPa, respectively. It can be seen from Figure 5D that stress concentration distinctly occurs in the crack tip during the fracture initiation and extension. From Figure 6, it was found that at the leading edge of the crack tip, the component of the tensile stress gradually decreased as the distance from the tip gradually increased. As the distance increased, tensile stress completely disappeared and the stress returned to its original state and became compressive.
[image: Figure 5]FIGURE 5 | The combined seam fracturing simulation result and the stress contour plot. (A) The stress contour plot along the Y-axis under a pressure of 15 MPa. (B) The stress contour plot along the Y-axis direction under a pressure of 20 MPa. (C) The stress contour plot along Y-axis under a pressure of 25 MPa. (D) The first principal stress contour plot under a pressure of 25 MPa.
[image: Figure 6]FIGURE 6 | Y-direction tensile stress at the leading edge of the crack tip.
It was concluded that the fracture height of the No. 9 coal seam is higher than No. 13 coal seam, and the length of the fracture was reversed under the same pressure by simulating the fracture propagation of the No. 9 and No. 13 coal seams (Figure 7). When the fracturing pressure was 25 MPa, the fracture height was 3.81 and 3.70 m, and the fracture length was 93 and 101 m, respectively. Field investigation and engineering monitoring results of Well-1 showed the fracture height was 4.06 and 3.85 m, the fracture length was 89 and 98 m, the percentage errors of fracture height were 6.2 and 3.9%, and the percentage errors of fracture length were 4.5 and 3.1%. The small error shows that the simulation results are relatively authentic and can be further discussed. The mechanical properties and thickness of coal seams are the main influencing factors of the difference in fracture propagation between No. 9 coal and No. 13 coal seams. The detailed instructions will be explained later. On the whole, the simulation effect is reliable owing to the mechanical properties of coal seams, especially the tensile strength and Young’s modulus were similar. The reliability of the simulation results was verified by the comparison of experimental parameters and field investigation. In addition, the results prove the feasibility of combined seam fracturing of the No. 9 and No. 13 coal seams.
[image: Figure 7]FIGURE 7 | Relationship of fracturing pressure and fracture propagation. (A) Fracture height and (B) fracture length.
5.2 Parametric Study on Fracture Propagation
The coal measure strata in eastern Yunnan are mainly composed of dark-gray fine clastic rock, siltstone, sandy mudstone, and coal. The coal measure gas reservoir characterized by the interaction of multiple thin coal seams is obviously different from the conventional single-layer fracturing process. The influence of different parameters on hydraulic fracture geometry and the feasibility of combined seam fracturing can be studied by numerical simulation. Based on the numerical simulation model established in 4.1, the effect of multiple parameters including elasticity modulus, Poisson’s ratio, and thickness of fracture propagation was studied.
5.2.1 Young’s Modulus of the Coal Seam
To investigate the effects of Young’s modulus of the coal seam on the fracture extension, changing the Young’s modulus parameter of No. 13 coal seam and other parameters remain unaltered. The Young’s modulus of No. 13 coal seam was set to 2.0, 4.0, 6.0, and 8.0 GPa, respectively. The simulation results are shown in Figure 8. With an increase in the Young’s modulus of the No. 13 coal seam, the length and the height of the No. 9 coal seam decreased, while the fracture height of the No. 13 coal seam decreased and the length increased. The results also indicate that the slope of the increase in fracture length decrease as the pressure increases. It shows that in the later stage of fracturing, the ability to generate the fracture length is reduced. The high difference in Young’s modulus of the coal seams is not suitable for combined seam fracturing because the difference in the height is significant and leads to the height of one of the coal seams being much less than the thickness of the coal seam.
[image: Figure 8]FIGURE 8 | Fracture parameters under different Young’s modulus of the No. 13 coal seam. (A) The fracture height of the No. 9 coal seam. (B) The fracture length of the No. 9 coal seam. (C) The fracture height of the No. 13 coal seam. (D) The fracture length of the No. 13 coal seam.
5.2.2 Young’s Modulus of the Roof and Floor
The roof of the No. 9 coal seam and the floor of the No. 13 coal seam were sandy mudstone, and Young’s modulus was 16.135 GPa. Young’s modulus is set to 10, 12, 14, 16, and 18 GPa to investigate the influence of the roof and floor on the fracture’s propagation. As shown in Figure 9, regardless of the No. 9 or No. 13 coal seam, the fracture height and the fracture length all decrease with the increase in the Young’s modulus of the roof and floor. In other words, the roof and floor have large Young’s modulus, which will prevent the increase in fracture height. Also, lower modulus contrast between the coal seam and adjacent layers are more beneficial in forming a longer fracture in coal seams. The result is consistent with Li’s simulation (Li et al., 2014).
[image: Figure 9]FIGURE 9 | Fracture parameters under different Young’s modulus of the roof and floor. (A) The fracture height of the No. 9 coal seam. (B) The fracture length of the No. 9 coal seam. (C) The fracture height of the No. 13 coal seam. (D) The fracture length of the No. 13 coal seam.
5.2.3 Poisson’s Ratio of the Coal Seam
Poisson’s ratio for rocks lies within a narrow range. Poisson’s ratio of the No. 13 coal seam was set as 0.2, 0.3, 0.4, and 0.5 in this work. The numerical results are shown in Figure 10. With the increase of Poisson’s ratio of the No. 13 coal seam, the height and length of the No. 9 coal seam are all increased, the height and length of the No. 13 coal seam are decreased. The height and length are negatively correlated with Poisson’s ratio. In addition, Poisson’s ratio of the No. 13 coal seam also affects the height and length of the No. 9 coal seam during combined seam fracturing, and there was a positive correlation. These show that the larger the Poisson’s ratio of the coal seam the more unfavorable it is for the fracture to propagate, but on the contrary, it is conducive to fracture’s propagation in other coal seams in combined seam fracturing. The results also indicate that the length is more sensitive than the height of the fracture to the change in Poisson’s ratio. The height of the fracture varied less than 3% when the Poisson’s ratio increased by 0.1. Generally, the difference in Poisson’s ratio between two coal seams can be neglected in while choosing the fracturing method.
[image: Figure 10]FIGURE 10 | Fracture parameters under different Poisson’s ratio of the No. 13 coal seam. (A) The fracture height of the No. 9 coal seam. (B) The fracture length of the No. 9 coal seam. (C) The fracture height of the No. 13 coal seam. (D) The fracture length of the No. 13 coal seam.
5.2.4 Poisson’s Ratio of the Roof and Floor
Poisson’s ratio of a coal seam is greater than the adjacent layers (Hou et al., 2013). So, in this article, Poisson’s ratio of adjacent layers is set as 0.1, 0.2, 0.3, and 0.4. From Figure 11, as Poisson’s ratio increased, the length of the coal seams decreased slightly, while the height increased slightly. This can be ignored when compared with the effects of other parameters. As for Poisson’s ratio of the roof and floor, it should be noted that the effect of it on fracture extension can be ignored when compared with the effects of other parameters due to the limited range.
[image: Figure 11]FIGURE 11 | Fracture parameters under different Poisson’s ratio of the roof and floor (A) The fracture height of the No. 9 coal seam. (B) The fracture length of the No. 9 coal seam. (C) The fracture height of the No. 13 coal seam. (D) The fracture length of the No. 13 coal seam.
5.2.5 Thickness of the Coal Seam
The thickness of the coal seam is also one of the factors affecting the geometry of the fracture. In general, the thickness of the coal seam is within 10 m. Hence, the thickness of the No. 13 coal seam was set as 4, 6, 8, and 10 m. Figure 12 demonstrates the relationship between fracture propagation and thickness. On the one hand, an increase in the thickness of the No. 13 coal seam resulted in a decrease in the fracture height and an increase in the fracture length, which further confirmed the conclusions proposed by Li et al. (2014). On the other hand, the change of the thickness of the No. 13 coal seam also affected the fracture propagation of the No. 9 coal seam, and the height and length of the No. 9 coal seam showed increasing trends with an increase in thickness.
[image: Figure 12]FIGURE 12 | Fracture parameters under different thicknesses of No. 13 coal seam. (A) The fracture height of the No. 9 coal seam. (B) The fracture length of the No. 9 coal seam. (C) The fracture height of No. 13 coal seam. (D) The fracture length of the No. 13 coal seam.
Research proved that the main reason for the difference in fracture propagation between the No. 9 and No. 13 coal seams is that the thickness and Young’s modulus of the No. 9 coal seam are less than that of the No. 13 coal seam, which is conducive to the extension of the height, while the thickness and the Young’s modulus of the No. 13 coal seam are high, which inhibit the extension of the height but facilitate the extension of the length.
5.2.6 Thickness of the Interlayered Rock
Jia et al. (2016) proposed that the thickness of the interlayered rock is one of the main factors to control a large fracture network formation. The thickness was set as 5 m, 7.5 m, and 10 m to study the effect of interlayer thickness on fracture propagation, and the result is shown in Figure 13. The height of the fracture decreased when the thickness of the interlayer increased. It demonstrated that the smaller the thickness of the interlayered rock, the greater the probability that the fracture will penetrate the coal seam. In addition, the increase in thickness leads to an increase in the length of the fracture, which is due to the reduction in the interaction between the cracks.
[image: Figure 13]FIGURE 13 | Fracture parameters under different thicknesses of the interlayer (A) The fracture height of the No. 9 coal seam. (B) The fracture length of the No. 9 coal seam. (C) The fracture height of the No. 13 coal seam. (D) The fracture length of the No. 13 coal seam.
6 CONCLUSION
In this study, the two-dimensional hydraulic fracture model of combined seam fracturing in coal seams was established based on the cohesive element model. Then, the geometry of the combined seam fractures was studied by the finite element method. This article also analyzes the influence of different parameters on fracture propagation by means of numerical simulation. The result can be summarized as follows:
(1) The No. 9 and No. 13 coal seams have insignificant difference in the fracture geometries under the same fracturing pressure, and the initiation pressure was 13.31 MPa and 13.89 MPa, respectively. The fracture height of the No. 9 coal seam is higher. In contrast, the fracture length of the No. 13 coal seam is longer. The reliability of the simulation results was verified by the comparison of experimental parameters and field investigation. The feasibility of combined seam fracturing in eastern Yunnan was proved by numerical simulation results.
(2) The difference in mechanical properties between coal seams is one of the key factors for combined seam fracturing. Young’s modulus has a significant impact on hydraulic fracture propagation. The higher value of Young’s modulus is not conducive to the extension of the fracture height, but the length of the fracture increases when the value of the modulus increases. The significant difference in Young’s modulus between adjacent layers will inhibit the longitudinal propagation of fractures.
(3) The effect of Poisson’s ratio on the hydraulic fracture propagation is mainly reflected in the fracture length and has no significant effect on the fracture height, whether for the coal seam or adjacent layer. In a certain range, the value of Poisson’s ratio was positively correlated with the fracture length. However, due to the limited range of Poisson’s ratio, the effect of it on fracture extension can be ignored when compared with the effects of other parameters.
(4) In the process of combined seam fracturing, both coal seam thickness and interlayer thickness affect the hydraulic fracture propagation. In a certain range, the effect of coal seam thickness on fracture length shows a positive correlation. The regularity of the effect of coal seam thickness on fracture height was not significant. Moreover, a thick interlayer inhibited the extension of fracture height and promote the extension of fracture length.
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Geochemical properties of formation water reflect the sedimentary environments and the sealing conditions of the formation, which are of great significance for oil and gas exploration. In this research, the formation waters in the deep Permian Fengcheng Formation in the Mahu Depression were studied by analysis of chemical composition, stable isotopes, and the homogenization temperatures and salinities of fluid inclusions. The results show that the formation water is NaHCO3-type with high salinity, high HCO3-, low concentrations of Ca2+ and Mg2+ and high pH. The overall sealing of the formation is well maintained. Na2SO4-type water was found in some places with poor preservation of oil and gas. The fluid geochemistry and alkaline mineral distribution in the strata, which are dominated by deep fine-grain mixed deposits, indicate that the main body of the Fengcheng Formation was deposited in an alkaline lake sedimentary environment. The isotopic signatures are characterized by high δ13C, negative δ18O, and light strontium and heavy boron isotopes in the strata near the deep fault zone, which indicate that the Fengcheng formation may have been affected by deep hydrothermal fluids. From the first member to the third member of the formation, the salinity first increases and then decreases. This low-high-low trend corresponds to the initial stage of alkaline lake development followed by strong alkali formation and a final stage of water retreat. The coincidence between the spatial distribution of alkaline minerals, high-salinity formation water and source rocks indicates that the alkaline lake environment can form high-quality source rocks with good petroleum generation capacity.
Keywords: geochemical characteristics, fengcheng formation, mahu depression, sealing conditions, formation water
INTRODUCTION
Formation water is a geological fluid that exchanges material and energy with surrounding rocks and preserves much information about original sedimentary water. In petroleum reservoirs, formation water coexists with oil and gas in different phases. Formation water consequently can record the processes of formation, migration, accumulation, preservation, and alteration of petroleum. In fact, the type, salinity and ionic composition of formation water have been widely used to elucidate the source of formation water, the dynamic environment of water, the strength of water-rock interaction, and in the exploration of oil and gas reservoirs (Garven, 1989; Zhang et al., 2021). In essence, the composition of formation water is the result of the alteration and mixing effect of flow processes as well as water-rock interactions that occur during sedimentation and burial (Jin et al., 2006). Previous studies on formation water in sedimentary basins have focused on the origin of formation water through flowing and mixing, the mechanism of formation water concentration and desalination, and the origin of ions in formation water in the process of water-rock interaction (Meng et al., 2018). The chemical characteristics, dynamic field characteristics, and significance to petroleum exploration have been widely documented (Si, 2019; Lou et al., 2006; Lou et al., 2005; Lou et al., 2009). In particular, formation water can provide information about the conditions of petroleum generation and preservation in alkaline sedimentary environments, such as the Mahu Depression, which is an area of intense exploration for petroleum resources.
The Mahu Depression, also known as the Mahu Sag, is located in the northwest margin of the Junggar Basin in Xinjiang, northwestern China. The depression is separated from Mount Zaire and Mount Haraalt by the Wuxia and Kebai fault zones in the west and is bounded by the Zhongguai uplift in the southwest, the Xiayan uplift, Dabasong uplift and Yingxi Depression in the southeast, and an uplift in the north (Figure 1). The deep sediments of the Permian Fengcheng Formation in the Mahu Depression are important petroleum source rocks and shale oil targets (Kuang et al., 2012; Wang M et al., 2018; Zhang Y et al., 2018). The Junggar Basin experienced six tectonic stages, i.e., Carboniferous fault-depression, Early Permian fault-depression, Middle Permian-Triassic foreland basin, Jurassic extensional fault-depression and compression-torsion basin, Cretaceous-Paleogene intracontinental depression, and Neogene-Quaternary intracontinental foreland basin. At the end of the Early Permian uplift, an unconformity developed at the top of Fengcheng Formation, and the tectonic regime changed from extension to compression (He et al., 2018).
[image: Figure 1]FIGURE 1 | Geological map of the Mahu Depression and sample locations.
The Fengcheng Formation contacts conformably or unconformably at a low angle with the Lower Jiamuhe Formation, and can be subdivided into Member I (P1f1), Member II (P1f2), and Member III (P1f3) in an ascending order. Member I (P1f1) is interbedded with gray mudstone, sandy conglomerate and sandstone, Member II (P1f2) is volcanic basalt, and Member III (P1f3) is gray sandstone, pebbly sandstone, mudstone and siltstone. At present, the influence of the sedimentary environment on the source rocks of the Fengcheng Formation is still uncertain: in particular, the evidence that the Fengcheng Formation can form high-quality source rocks in an alkaline sedimentary environment is not adequate (Yang et al., 2014; Xia et al., 2017). The lithology of the Fengcheng Formation is complex, showing mixed sedimentary characteristics, including dolomite, clastic rock and volcanic rock (Feng et al., 2011; Zhi et al., 2016). There are different concepts about the genesis of dolomite in alkaline lake sedimentation and hydrothermal activities (Zeng et al., 2002; Xian et al., 2013; Qin et al., 2016). The deep lacustrine sedimentary rocks of the Fengcheng Formation are rich in many types of evaporitic minerals, including sodium borosilicate, calcium carbonate, bischofite, rock salt, anhydrite, natural alkali and sodalite (Mello and Maxwell, 1990; Jiang et al., 2012; Wang X et al., 2018).
Whether the stratigraphic sealing of the Mahu Sag is intact and whether a considerable amount of sedimentary water is preserved in the formation are of great significance for reconstructing the sedimentary environment and for oil and gas exploration. In this paper, by collecting core and formation water samples from typical wells of the Fengcheng Formation, and analyzing the ionic and isotopic composition, fluid inclusion properties, and geochemical characteristics, the factors influencing the composition of formation water in the Mahu Sag are systematically studied. The sedimentary environments of source rocks in the Fengcheng Formation are integrated with large-scale geological characteristics.
SAMPLES
A total of 27 core samples were collected from 8 wells (i.e., Feng 15, Fengnan 1, Fengnan 5, Feng 26, Feng 8, Fengnan 7, Xia 40 and Aike 1), including members Feng 1, Feng 2 and Feng 3 (Table 1). The sample locations are mainly to the east and southeast of the town of Wuerhe (Figure 1). The carbon, oxygen, and strontium isotopes were analyzed for carbonate samples such as dolomite or argillaceous dolomite, while boron was analyzed from well-developed dolomite and layered tuff samples. The samples for fluid inclusion analysis were obtained from carbonate and evaporitic minerals, which have a linear or zonal distribution in dolomite fractures, and calcite fillings and sodium borosilicate minerals.
TABLE 1 | Carbon, oxygen, strontium, and boron isotopic compositions of samples from the Permian Fengcheng Formation in the Mahu Depression. The paleosalinity index (Z) is defined in the text.
[image: Table 1]A large number of samples of formation water of the study area were collected from different horizons, including 6915 formation water samples obtained from different depths Formation. In total, the geochemistry of 6915 formation water samples was analyzed including 1,071 samples from the Fengcheng Formation, 400 samples from other Permian formations, and 5,444 samples from formations of other geological ages (Carboniferous, Triassic, Jurassic, Cretaceous, Eocene, and Neogene). Measurements of hydraulic head are available for 626 piezometric wells in the study area (Jian et al., 2020).
METHODS
Thin sections for all samples were used for petrological identification using a Zeiss optical microscope. In order to accurately distinguish dolomite from calcite under the microscope, all thin sections were stained with alizarin red.
The most uniform part of the fresh surface of each sample was used for elemental and isotopic analyses. Fresh sample powder was obtained from an area with a diameter of about 1 cm by using micro-drilling to avoid the interference of impurities and carbonate texture differences on the subsequent analyses. The powder was then ground in an iron mortar and an agate mortar successively until the particle diameter was less than 200 mesh. The ground powder was used for elemental and stable isotope analyses.
Whole rock carbon and oxygen isotopic compositions were determined in the State Key Laboratory of Oil and Gas Resources and Exploration, China University of Petroleum (Beijing). The analysis was carried out by using the McCrea orthophosphoric acid method. The sample was reacted with anhydrous phosphoric acid in a water bath at 25°C for 24 h. Isotope abundances were analyzed on a Finnigan-MAT 252 gas isotope mass spectrometer with analysis error of ±0.1‰ and reported relative to the VPDB standard. The working standard sample for the carbon and oxygen isotopes was calcium carbonate reference material (GBW04405 from PetroChina Exploration and Development Research Institute).
Boron isotopes were measured by ICP-MS on a PGS-Ⅱc0006 mass spectrometer in the Laboratory of Chengdu Univerisity of Technology (Chengdu, China).
Homogenization and freezing point temperature measurements of fluid inclusions were carried out in Zhejiang University, Hangzhou, China. The instrument used was LINKAM THMS600 cold and hot table no. 7035. The temperature and humidity in the laboratory were 25°C and 40%, respectively, and standard method EJ/T 1105-1999 was used for determination of mineral fluid inclusion temperature.
Formation water analyses were performed in the Research Institute of Experiment and Detection, Xinjiang Oilfield Company PetroChina, according to standard SY/T 5523-2016 (oilfield water analysis method). SO42- analysis was performed with a 7230G visible light spectrophotometer from Shanghai Precision Scientific Instrument Co., Ltd., with an analysis wavelength of 420 nm and measurement accuracy of ±1 nm. CO32-, HCO3- and pH were analyzed by chemical titration using a magnetic PHS-3E pH meter with resolution of 0.01 pH unit. Ca2+ and Mg2+ were analyzed by chemical titration. The sum of Na+ and K+ was calculated by chemical charge balance.
RESULTS
Carbon and Oxygen Isotopes
The δ13C (PDB) values of carbonate in the Fengcheng Formation range from –1.5 to 5.8‰, with an average value of 3.1‰ (Table 1). Previously, it was found that the δ13C (PDB) values of Carboniferous rocks range from –17.9 to 2.3‰, with an average of –7.6‰ (Cao et al., 2007). Compared with the Carboniferous, the Fengcheng Formation is enriched in heavier carbon, indicating that it is significantly affected by deep hydrothermal fluids (Zhi et al., 2016). The carbon in the Carboniferous carbonates is isotopically lighter, reflecting a strong influence by atmospheric water (Cao et al., 2007) (Figure 2). We used formula Z = 2.048 × (δ13C + 50) + 0.498 × (δ18O+ 50) (Keith and Weber, 1964) to calculate the paleosalinity index (Z-value) for fluid inclusions in calcite veins in the Fengcheng Formation. It is generally believed that Z > 120 is characteristic of marine carbonate and Z < 120 is characteristic of freshwater carbonate (Keith and Weber, 1964). The paleosalinity indexes for the Fengcheng Formation and Carboniferous are very different (Table 1). The Z-values of the Fengcheng Formation are all greater than 120, which indicates that the carbonate cements were formed in a high salinity marine sedimentary environment and were weakly affected by atmospheric water infiltration. The paleosalinity is highest in the second member of the Fengcheng Formation. The Z-value for Carboniferous carbonates is generally less than 120, which indicates that carbonate cements were formed in a freshwater diagenetic environment.
[image: Figure 2]FIGURE 2 | Carbon and oxygen isotope relationship (A) and Z-value ∼ carbon isotopic relationship (B) for the Permian Fengcheng Formation and Carboniferous strata in the Mahu Depression. Abbreviations: P1f1, P1f2, P13—Members I, II, and III of the Fengcheng Formation; C–Carboniferous. Data for Carboniferous rocks are from Cao et al. (2007).
In general, the δ13C and δ18O values increase as salinity increases, whereas δ18O decreases with increasing temperature; in addition, during diagenesis, fresh water leaching and biodegradation can result in lower δ13C and δ18O (Liu et al., 2006). Because the carbon isotope fractionation effect is relatively insensitive to temperature, the δ13C value of carbonate cements can be used as an indicator of the source of carbon in the fluids. During diagenesis, infiltration of atmospheric water along unconformities and phreatic seepage zones dissolves the underlying carbonates or replaces the carbonates formed in the early stage. In this process, a negative value of δ18O will be observed in the carbonate cement or filling, while the δ13C values can be traced to their original carbon source. Therefore, the lower values of δ18O and δ13C of secondary carbonates than those of primary minerals indicate that atmospheric fresh water was involved in diagenesis.
The oxygen isotopes are more sensitive to alteration processes than carbon isotopes and are easily affected by both the “age effect” and “diagenesis effect”. The δ18O is also affected by temperature. With the increase of burial depth and temperature, the isotopic fractionation of oxygen is more extensive, and the δ18O of calcite cement becomes more negative. The δ18O values of the Fengcheng Formation range from -11.866 to 2.494‰ (Table 1). The low δ18O value indicates that carbonate was formed in hydrothermal conditions (Zeng et al., 2002). At the same time, isotopic exchange between diagenetic fluid and atmospheric gases or fresh water cannot be ruled out, which would result in lower δ18O values. Although older carbonates have more time to exchange with atmosphere and free water, there is no significant difference in the carbon and oxygen isotope values among the first, second and third members.
Strontium Isotopes
The two major reservoirs for strontium in rocks are crust and mantle. The strontium input from crust via continental weathering has a higher ratio of 87Sr/86Sr, with an average value of 0.7119 (Palmer and Edmond, 1989). However, mantle-derived strontium, which is mainly derived from hydrothermal fluids at mid-ocean ridges, has a lower 87Sr/86Sr, with an average value of 0.7035 (Gieskes et al., 1986; Palmer and Edmond, 1989; Liu et al., 2017). Therefore, the 87Sr/86Sr can be used to trace the characteristics of fluids.
Table 1 shows that the 87Sr/86Sr of the Fengcheng Formation ranges from 0.705833 to 0.710084, which is between the values for crust and mantle, suggesting that the fluids might be affected by a combination of mantle and crustal sources. However, most samples have values of 87Sr/86Sr close to that of the mantle, which indicates that the fluid might have a deep hydrothermal fluid origin.
Boron Geochemistry
The Fengcheng Formation was deposited in a volcanic-alkaline lake evaporitic environment. Because boron is a reactive element, which often forms volatile, fusible and soluble complexes, it can migrate and accumulate during magmatism and is related to volcanic and hydrothermal activities (Wei et al., 2021). The abundance of boron in the upper crust is very low, so it is difficult to form boron-rich minerals. In tectonically active areas, boron is easily leached by hot water and migrates. Therefore, the source of boron-rich minerals is often related to hot springs or volcanism (Chang et al., 2016). Boron isotope composition (δ11B value) is usually determined by sample extraction, boron separation and purification, and computer determination. Boron extraction, separation and purification include:1. Decomposition of solid samples: Prior to the determination of B content and δ11B value, the solid sample needs to be dissolved into liquid, and after the decomposition of the sample, boron can be separated and extracted. According to the physical and chemical characteristics of the solid sample and the components to be extracted, different dissolution methods can be used:1) Acid dissolution; 2) hot water leaching method; 3) ashing method; 4) High temperature hydrolysis; 5) high temperature alkali fusion method.2. Boron separation and purification: after the solid liquefaction treatment, the matrix is very complex, and it must be partially purified to separate boron from other elements. The common methods for separation and purification of boron include:1) methyl borate distillation; 2) Chromatographic separation; 3) gas phase separation; 4) High temperature hydrolysis technology; 5) Ion exchange method and microsublimation technology.3. Determination of boron concentration: In nature, the content of B in various plastids is usually small, so boron is an element that is difficult to be accurately analyzed. Boron samples with different substance types and occurrence environments also have different requirements for analysis and testing methods. Common trace boron analysis methods include:1) Inductively coupled plasma emission spectrometry (ICP-OES); 2) Inductively coupled plasma mass spectrometry (ICP-MS); 3) spectrophotometry; 4) fluorescence spectrophotometry; 5) Titration; 6) Isotope dilution method.
The formation water in the Fengcheng Formation is rich in boron. In the northwestern margin of the Fengcheng area, the boron content ranges from 1.73 mg/L to 1,619.12 mg/L, with an average of 662.43 mg/L. The boron content of the Wuerhe area is 2.59 mg/L to 2,330.95 mg/L, with an average of 314.31 mg/L (Zhao et al., 2020), which is much higher than other areas in the basin. The δ11B values of the Fengcheng Formation range from 0.33 to 2.13‰, with an average value of 1.08‰ (Table 1).
Boron isotope fractionation during water-rock interactions makes boron a good tracer of the hydrological cycle. In general, the δ11B value of sedimentary rocks and magmatic rocks is about –40‰ ∼ +30‰, the δ11B value of continental crust is about –10 ± 2‰, and the δ11B value of sea water is a constant +39.5‰ (Xiao et al., 2012). The δ11B value of evaporate minerals varies greatly, and for non-marine evaporates δ11B ranges from –32‰ to +8‰ (Xiao et al., 2012). This suggests that boron in the Fengcheng Formation originated from a deep hydrothermal source.
Fluid Inclusions
The inclusions were selected from calcites and searlesites. Under the microscope, the searlesite is colorless and transparent, coexisting with carbonate minerals, the interference color is gray to hoary, its particle size is 0.4–2.8 mm, and crystals are wedge-shaped or plate-like. Inclusions in searlesite occur as dispersed masses and veinlets. The fluid inclusions were mainly selected from primary inclusions in mineral growth zones and secondary inclusions in long healed cracks, that is, fluid captured during fracture healing after mineral growth. The types of inclusions included liquid-rich two-phase oil inclusions and liquid-rich two-phase saline inclusions. The homogenization temperature of saline inclusions in the growth zone was 65–114°C. In the long healed cracks, there were four oil inclusions with homogenization temperatures of 45–85°C, with an average of 60°C, while the freezing point temperatures could not be measured. The homogenization temperatures of saline inclusions in long healed cracks had a range of 110–175°C (Table 2). The homogenization temperatures of inclusions in each member of the Fengcheng Formation vary widely. The homogenization temperatures of Member I of the Fengcheng Formation are mainly from 100 to 180°C. The homogenization temperatures of Member II are in the range of 40–200°C, with two peaks at 60–100°C and 140–180°C. The homogenization temperatures of Member III are mainly at 60-100°C and 160–180°C (Figure 3). The peak homogenization temperature of inclusions decreases gradually from Member I to Member III, indicating that the fluids may be related to hydrothermal activity in the Early Permian. In a simple brine system the salinity (wt% NaCl eq) can be obtained by referring to the salinity freezing temperature conversion table in the standard method for determination of homogenization temperature and salinity of sedimentary rock inclusions (oil and gas industry standard of the people’s Republic of China SY/T 6010-94). Salinities in the saline inclusions ranged from 0 to 23.2 wt%. The freezing points of fluid inclusions in the Fengcheng Formation range from -1.1 to −19.5°C, with an average value of −11.1°C. The freezing point of inclusions in Member I is less than −8°C, and the salinity is generally less than 12%, with highest frequency at 4–6% and 8–10%. The freezing point of inclusions in Member II has a wide range, but the temperature ranges from -19.2 to −19.6°C. Most salinity values are between 22 and 24%, with secondary peaks at 6–10% and 16–18%. The freezing point and salinity of Member III are second only to Member II. The freezing point of inclusions in Member III ranges from −14.2 to −19.2°C, and the frequency of salinity values peaks at 18–20%, followed by smaller peaks at 6–8% and 22–24% (Figure 3). From the perspective of stratigraphy, salinity first increases and then decreases, showing a trend of low (Member I), high (Member II), low (Member III). A previous study also found that Member II has fluid inclusions with the highest salinity (Wang et al., 2003).
TABLE 2 | Selected data for fluid inclusion analysis of the Fengcheng Formation. The complete dataset is provided in Supplementary Table S1.
[image: Table 2][image: Figure 3]FIGURE 3 | Frequency diagrams for (A) homogenization temperature and (B) salinity of inclusions in the Fengcheng Formation.
Geochemistry of Formation Water
All the formation water samples were collected from the wellhead or production pipeline. The water types and concentrations of major cations are listed in Table 3.
TABLE 3 | Geochemistry of formation water of representative samples from wells in the Fengcheng Formation. The sodium chloride coefficient is [Na+/Cl−], the desulfurization coefficient is 100*SO42-/Cl−, and the metamorphic coefficient is [(Cl−-Na+)/Mg2+]. Data for all samples are in Supplementary Table S2.
[image: Table 3]Overall, the formation water becomes more saline in the deeper and older horizons in the northwest margin of the Junggar basin, which indicates that the preservation conditions of deep formation water are better. The formation water of the Permian rocks is mainly NaHCO3-type and CaCl2-type, and the dissolved mineral content increases with depth. CaCl2-type formation water is more common in deeper rocks, which suggests that the strata are well sealed and the formation water is continuously concentrated. This occurs because with increasing salinity, Na+ in the water gradually exchanges with Ca2+ in the surrounding rock, which increases the Ca2+ in the solution and forms CaCl2-type water. This process is called albitization. The formation water of the Fengcheng Formation is mainly NaHCO3-type with high salinity, high HCO3− concentration, low Ca2+ concentration, low Mg2+ concentration and high pH, which is similar to the chemical composition of alkaline lake brine (Table 3). The salinity of formation water in the Fengcheng Formation is significantly higher than that of other Permian formations, with an average of 56.85 g/L, and nearly half of the samples are higher than that of modern seawater (35 g/L) (Figure 4). The correlation between salinity and Cl− content of formation water in the Fengcheng Formation, especially at high salinity, is relatively poor. With increasing salinity, Cl− concentration does not strongly increase, but HCO3− concentration increases significant (Table 3; Figure 5). This shows that the high salinity of formation water in the Fengcheng Formation is the result of abnormally high HCO3− concentrations.
[image: Figure 4]FIGURE 4 | Relationship between formation water mineralization degree and depth in (A) different horizons of the northwest margin of the Junggar Basin and (B) the Permian Fengcheng Formation. Abbreviations: C–Carboniferous, P–Permian, T–Triassic, J–Jurassic, K–Cretaceous, E–Eocene, N–Neogene.
[image: Figure 5]FIGURE 5 | Variation of (A) salinity, (B) Cl−, and (C) HCO3− with depth in the Fengcheng Formation.
DISCUSSION
High HCO3− Source of the Fengcheng Formation
High-salinity NaHCO3-type formation water is relatively rare in sedimentary basins. Some typical high-salinity NaHCO3-type formation waters occur in the Huanghua Depression and Dongying Depression, and they are believed to be related to CO2 from a mantle source or natural gas that migrated along large deep basement faults (Zhang Z et al., 2018). There are two deep source types for CO2, i.e., mantle-magmatic origin and metamorphic origin (Zhao L et al., 2017). The high concentration of CO2 in the deep layer results in increased concentrations of HCO3− and CO32- in the water. Subsequently, some of the CO32- combines with Ca2+ and Mg2+ in the water to precipitate CaCO3 and CaMg(CO3)2, which greatly reduces the concentration of Ca2+ and Mg2+ content in water and makes the Na+ and K+ content dominant. The concentration of HCO3− in the study area is highest near the fault zone. The characteristics of carbon and oxygen isotopes and strontium isotopes of fluid inclusions indicate that the fluids near the fault zone have deep hydrothermal sources, and that volcanism contributes significantly to the source of CO2. In addition, the boron concentration is abnormally high in the deep Permian and Carboniferous strata with high salinity. These sites are mainly distributed in the Wuerhe-Fengcheng area, so we speculate that these strata were affected by deep faults.
Another source of CO2 is petroleum generation. In the Cenozoic strata in the Bohai Sea Area, large-scale petroleum generation and expulsion caused CO2 gas to dissolve in water, which increases the concentration of HCO3− in aqueous solution and produces NaHCO3-type water with high salinity (Zhao Z et al., 2017). Consequently, it is possible that in the process of migration and accumulation of light oil and gas generated by high and overmature petroleum source rocks in the northwest margin of the Junggar basin, the associated CO2 entered into the formation water, and under certain conditions, high salinity NaHCO3 formation water was formed. However, for reservoirs with high salinity NaHCO3 formation water as bottom water, the density of crude oil is usually light (Chen et al., 2000). The petroleum-generating source rocks in the Fengcheng Formation in the Mahu Sag have mature organic matter, and a large amount of petroleum was generated and discharged, which may be another main reason for the high HCO3− content in the formation water.
Sealing of Deep Strata in the Fengcheng Formation
Previous studies have shown that, in general, reservoirs with greater degree of sealing have higher total salinity, Cl− content and K+ + Na+ content, and lower HCO3− content (Zhao et al., 2020). The sealing effect is judged to be better when the sodium chloride coefficient is less than 0.85, the desulfurization coefficient is closer to 0, and the metamorphic coefficient [(Cl-Na)/Mg] is large and positive. The data for these coefficients (Table 3) indicate that the sealing of the Fengcheng Formation in wells Baiquan 1, Fengnan 8, and Fengcheng 1 is relatively good.
The Permian strata in Junggar basin are very deeply buried (generally between 3,000 and 5,000 m), the formation is relatively closed, and the formation water salinity is high. The average formation water salinity of the Permian Fengcheng Formation in the Mahu area exceeds 50 g/L, and the formation water salinity is highest at depths of 4,424–4,437 m in well Mahu 16, with an average value of 241.87 g/L in this interval. In some areas, due to seepage of fresh water along the fault, formation water becomes less saline and changes to Na2SO4- type. The decrease of salinity and changes of water type in this area suggest that the preservation conditions of oil and gas have worsened, which could mean that the oil has been thickened. For example, in wells Ke 78 and Ke 79, the salinity of the Permian Fengcheng Formation water is 6.58 g/L (3,347–3,355 m) and 4.94 g/L (3,423–3,436 m), and the crude oil density is 0.9495 g/cm3 and 0.9362 g/cm3, respectively. Relatively shallow wells near the margin of basin are affected by meteoric water, and the conditions for oil and gas preservation are poor. For example, in well Baiwu 28 (1,410–1,448 m), the formation water salinity is only 5.90 g/L and the crude oil density is 0.9019 g/cm3. The mineralization of the high part of the structure is affected by the infiltration of atmospheric water, and the influence of meteoric water weakens at greater depths. The infiltration of atmospheric water leads to desalination of formation water, lower dissolved mineral content, oxidation and biodegradation of crude oil, and thickening of oil, which is not conducive to the accumulation and preservation of oil and gas. Heavy oil in the northwest margin of Junggar basin is mostly distributed at depths of less than 1,000 m (Figure 6), which is basically consistent with the distribution of formation water with low salinity and low chloride concentration.
[image: Figure 6]FIGURE 6 | Maps of dissolved mineral content. (A) Total dissolved minerals in the Permian system and (B) HCO3−concentration and (C) total dissolved minerals of the Fengcheng Formation in the northwestern margin of Junggar Basin.
On the map view, high salinity NaHCO3 water is dominant in the Baikouquan-Wuerhe-Fengcheng area around the Mahu Sag. The dissolved mineral content of formation water in these areas reaches 200 g/L and higher, and is mainly concentrated in the Fengcheng Formation (Figure 6). Due to the infiltration of meteoric water at the margin of the basin, the formation water types are mostly NaHCO3 or Na2SO4 with low salinity, whereas the other areas are mostly CaCl2 water, indicating that the overall condition of oil and gas preservation is good (Figure 5).
The overall hydrodynamic state of the Permian is overpressure. The hydraulic head gradually decreases from the Mahu Sag to the northwest margin. The hydraulic head gradient near Wuerhe in the north section is relatively high, and the hydrodynamic effect is relatively strong, which is not conducive to petroleum accumulation and preservation. The Baikouquan, Karamay and Che Guai areas are low pressure potential areas, and the gradient of hydraulic head becomes more gradual, which is favorable for oil and gas accumulation (Jian et al., 2020).
Sedimentary Environment and Significance of the Fengcheng Formation
The carbon, oxygen, strontium, and boron isotopes show that the Fengcheng Formation in the Mahu Depression may be affected by deep hydrothermal fluids. Previous studies suggested that the Fengcheng Formation was deposited in an alkaline lake characterized by a closed environment, dry climate, and intense evaporation (Zhang Y et al., 2018; Zhao et al., 2020). Both volcanism and petroleum generation and expulsion from source rocks can provide abundant CO2, which dissolves in the water and results in a high concentration of HCO3− and high pH and alkalinity. The areas of high salinity and HCO3− in formation water in the Fengcheng Formation are mainly in the southwestern slope area (Figure 6). Fluid inclusion salinity data also show that high salinities occur in wells Fengnan 7, Feng 26, Feng 5, and Aike1, and the distribution is generally consistent with the high salinity area. In addition, alkaline minerals in these areas are also prevalent. Therefore, the highest alkalinity in the study area appears to occur in the southwest slope of the Mahu Depression.
The evolution of alkaline lakes frequently includes a complete sequence: alkali-preparation, primary alkali, strong alkali formation, weak alkali formation and termination phase, and this evolutionary sequence is well recorded in the Fengcheng Formation (Zhang Z et al., 2018). The different geochemical characteristics of formation water in each member of the Fengcheng Formation can reflect its evolutionary stages. Data from the chemical analysis of formation water and fluid inclusion analysis show that the salinity is low in Member I, gradually increases in Member II, then decreases in Member III. Together with salinity, the Cl− concentration increases in Member II, and the HCO3− concentration is highest in Member III (Figure 5).
The mineralogy of the Fengcheng Formation also provides clues about the depositional environment. By using microscopic observation, we found abundant reedmergnerite (NaBSi3O8) and shortite (Na2Ca2(CO3)3), especially in Member II of the Fengcheng Formation. In recent years, some studies (Jagniecki et al., 2013; Guo et al., 2021) have suggested that the temperature of formation of shortite is greater than 52 ± 2°C, which cannot occur in a subaerial alkaline evaporative lake environment. Most of the shortite in the study area occurs in reticular veins. There are two possible scenarios for the formation of shortite: 1) the hydrothermal fluid from the deep crust mixes with the formation water enriched in CO32- and Ca2+, resulting in the precipitation of gaylussite in the fracture, which gradually dehydrates to form shortite as temperature and pressure increase along with burial; 2) a pulse of hydrothermal fluid releases pressure along a fault under intense tectonic and volcanic action, which makes the recently consolidated fine sediment rapidly burst into fragments. The mixing of the deep hydrothermal fluid and lake water at the bottom of the lake leads to changes in pressure and concentration. The first mineral to precipitate in the fissure network is gaylussite, and then the increase of formation temperature and pressure in the later deep burial process leads to the formation of shortite. This indicates that the occurrence in the study area of the hydrothermal sedimentary minerals reedmergnerite and shortite may be related to magmatic activity. This scenario is further supported by the location of reedmergnerite and shortite mostly in wells near faults and the occurrence of volcanic rocks in these drill cores (Figure 7).
[image: Figure 7]FIGURE 7 | Alkaline minerals of the Permian Fengcheng Formation, Mahu Depression. (A) Fengnan 1, P1f2, 4,192.65 m, cross-polarized light x10; (B) Fengnan7, P1f2, 4,595.3 m, plane-polarized light x5; (C) Feng 8, P1f2, 3,091.78 m, plane-polarized light x10; (D) Feng 8, P1f2, 3,091.78 m, cross-polarized light x10; (E) Fengnan 7, P1f2, 4,595.3 m, plane-polarized light x5; (F) Fengnan, P1f2, 4,595.3 m, cross-polarized light x5; (G) Aike1, P1f1, 5,666.4 m, plane-polarized light x5; (H) Aike 1, P1f1, 5,666.4 m, cross-polarized light x5; (I) Fengcheng 1, P1f1, 4,273.75 m, cross-polarized light. (Re: Reedmergnerite, No: Northupite, Se: Searlesite, Sh: Shortite, We: Wegscheiderite).
The alkaline minerals of the Fengcheng Formation mainly occur in the east and southeast of the Wuerhe area in the Mahu Depression. The highest concentrations of alkaline minerals are in Member II of the Fengcheng Formation. It can be inferred that Member I represents the initial stage of alkaline lake formation, corresponding to a high lake level and relatively low salinity. Member II represents the strong alkali forming stage, corresponding to falling lake levels. During this stage, the lake level dropped, salinity increased, and alkaline minerals were precipitated. Member III represents the expansion of the alkaline lake, corresponding to the early stage of lacustrine transgression, and both the salinity and the concentration of alkaline minerals decreased gradually. Therefore, Member II was deposited in the most alkaline stage of the lake’s evolution.
In map view, the area of greatest alkaline mineral deposition coincides with the area of highest formation water salinity, indicating that the alkaline lake was formed in a semi closed basin (Zhang Z et al., 2018). The distribution of alkaline lake source rocks in the Fengcheng Formation in the Mahu Sag is uniform, and the cumulative thickness is more than 200 m, which indicates a good potential for petroleum generation. The addition of exhalative hydrothermal solution and volcanic materials in the lake basin likely promoted the periodic growth of bacteria and algae. Petrographic examination performed in another study shows that laminate structures formed by microorganisms and layered algae are interbedded in striate form with inorganic minerals in the source rocks of Fengcheng Formation (Cao et al., 2019).
The alkaline lake source rocks have typical characteristics of high-quality source rocks. The Fengcheng Formation has high content of organic matter that is mainly Type Ⅰ-Ⅱ1 and sapropel type (Figure 8C). This type of organic matter is oil-generative, which is consistent with the greater quantity of oil than gas found in the study area. Organic geochemical analysis of Fengcheng Formation source rocks shows that the total organic carbon content is good to excellent (Figure 8A, Figure 8B), which, when combined with the oil-generative organic matter type, indicates a good oil generation potential. This is consistent with the discovery of large oil and gas reservoirs in the study area. Most of the analyzed samples have low maturity (Figure 8D), but the maturity of source rocks in the sag is relatively high. In general, the Fengcheng Formation source rocks have high total organic carbon concentrations, are mainly oil-generative, and within the sag area they are mature to highly mature. These properties indicate good petroleum generation potential and the potential for the formation of large oil and gas fields (Cao et al., 2015).
[image: Figure 8]FIGURE 8 | Organic geochemical profiles of source rocks in the Fengcheng Formation in the Mahu Sag (Cao et al., 2015. (A) TOC-depth profile of source rock of the Fengcheng Formation. (B) PG-depth profile of source rock of the Fengcheng Formation. (C) HI-depth profile of source rock of the Fengcheng Formation. (D) Tmax-depth profile of source rock of the Fengcheng Formation. (E) SI-depth profile of source rock of the Fengcheng Formation).
Hydrothermal activities increase the maturity of kerogen and result in an abnormal petroleum generation evolution curve and lengthening of the oil generation window. Early alkaline minerals promote the condensation dehydrogenation of kerogen and increase the yield of liquid petroleum (Wang et al., 2015). Alkaline minerals are lipophilic (Hu et al., 2015), and a large amount of crude oil accumulates to form overpressure, which can delay petroleum generation. In fact, due to the protection and inhibition of organic matter by environmental factors, the measured organic geochemical parameters of alkaline lacustrine source rocks are lower, so the actual petroleum generation potential of the Fengcheng Formation may be far better than that seen from geochemical indicators. This may also be the reason why the exploration results of Fengcheng Formation petroleum system are much better than the results of resource evaluation based on the indicators of source rocks.
CONCLUSION

(1) The Fengcheng formation is characterized by NaHCO3-type formation water with high salinity, high HCO3− concentration, low Ca2+ concentration, low Mg2+ concentration and high pH, indicating that the formation sealing is good. In the shallow wells near the edge of the basin in which meteoric water has infiltrated along the fault, the amount of dissolved minerals decreases and Na2SO4-type water evolves, so the oil and gas preservation conditions are relatively poor.
(2) The fluid geochemistry and distribution of alkaline minerals in the strata dominated by deep fine-grained mixed sediments, which indicates that the Fengcheng Formation was deposited in an alkaline lake environment. The isotopic compositions of carbon, oxygen, strontium and boron all indicate that the deposition of the Fengcheng Formation in the Mahu Sag may be affected by deep hydrothermal activity. The paleosalinity is low in Member I, high in Member II, and low in Member III, corresponding to the stages of initial alkaline lake development, high alkaline mineral concentrations, and decreasing alkalinity.
(3) The spatial coincidence of alkaline minerals, high salinity of formation water and source rocks indicates that the alkaline lake environment can form high-quality source rocks with good petroleum generation potential.
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Coal deformation is closely correlated with the distribution of organic maceral groups, however, molecular dynamics (MD) simulations of vitrinite nanoindentation have rarely been conducted. In this study, the vitrinite substrate for indentation was constructed utilizing polymer consistent force field (PCFF), and a spherical ghost indenter was used for loading. The results showed that: 1) In the indentation process, some of the vitrinite atoms overcame the energy barrier to move, with the most important deformation mechanism including the sliding, bending, and reorientation of vitrinite molecular chains, leading to the formation of a shearing transformation zone (STZ), which was also found to contain structural defects and stacking of aromatic structures. 2) The distribution of atomic displacements in the vitrinite substrate could be subdivided into distinct regions, with slippage at the region boundaries producing shear bands. 3) The surface morphology and mechanical properties obtained from the nanoindentation simulation were similar to experimental results from the literature, indicating that MD simulations are a powerful tool for studying coal nanoindentation. The results from this study increase the current scientific understanding of the mechanical properties of vitrinite by providing a new perspective that elucidates the nanoscale structural evolution occurring during the indentation process.
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1 INTRODUCTION
As a type of organic rock, coal is very sensitive to tectonic stress, and can easily be crushed into tectonically deformed coal (TDC) under the action of multiple tectonic movements (Cheng and Pan, 2020). Different stress-strain environments can lead to the formation of diverse types of TDCs, which can generally be divided into brittle, brittle-ductile, and ductile deformed sequences according to a structure-genetic classification scheme (Ju and Li, 2009). The various TDCs play different roles in both coalbed methane (CBM) exploration and production and coal and gas outburst. Areas with ductile deformed coals are more prone to gas outburst when developed, and CBM exploitation in such areas is therefore prohibited (Hou et al., 2012). On the other hand, development of brittle deformed coals results in higher gas permeability in favor of CBM exploitation but leads to a lower probability of coal and gas outburst (Jiang et al., 2010).
Coal, being mainly composed of different types of maceral groups, is a highly heterogeneous material at different length scales and cannot be treated as uniform (Sun et al., 2020a). Furthermore, its deformation behavior is believed to be influenced by the distribution of various maceral groups with different mechanical properties, as has been demonstrated in recent studies (Anmin Wang et al., 2020; Hou et al., 2020). The aforementioned studies on the properties of coal macerals utilized depth-sensing nanoindentation technology (DSNI), which allows the mechanical properties of coal maceral groups to be precisely measured (Kossovich et al., 2019; Anmin Wang et al., 2020; Hou et al., 2020). In contrast to traditional centimeter-scale tests of coal mechanical properties (for example, uniaxial compression, triaxial compression, and tension tests etc.), DSNI is a type of quantitative method for characterizing the nanoscale mechanical properties of substrate materials (Nili et al., 2013). So far, DSNI has already been applied for studying the mechanical properties of lots of materials, including composites, polymers, metals, and crystals (Sankaran et al., 2018; Yuemin Wang et al., 2020; Han et al., 2021; Isik et al., 2022). In recent years, this technology has received increased attention in coal research (Vranjes et al., 2018; Zhang et al., 2018; Sun et al., 2020a; Sun et al., 2020b; Kossovich et al., 2020).
At the small characteristic length scales of nanoindentation, the mechanical properties and deformation characteristics of substrate materials are normally related to the evolution of atomic structure. With the aid of spectral detection, the structural evolution of coal maceral molecules may be connected with their mechanical properties obtained from nanoindentation tests (Anmin Wang et al., 2020). It is believed that the condensation of aromatic structures and breaking of aliphatic structures are some of the main factors controlling the mechanical properties of coal macerals (Anmin Wang et al., 2020; Hou et al., 2020). In other words, mechanical properties of coal macerals are determined to some extent by the differences in inner molecular structure. Hence, the breakthroughs that have been made in micro-scale research regarding the relationships between the mechanical properties and molecular structure of coal macerals have provided a new perspective for evaluating the mechanisms behind the deformation of TDCs based on their heterogeneous maceral distribution.
From a practical point of view, it is difficult to study the indentation process and surface deformation mechanisms of the nanoscale contact area between indenter and substrate materials experimentally. To overcome this challenge, molecular dynamics (MD) simulations have emerged as a powerful tool to simulate nanoindentation in various materials, such as metals, carbonaceous materials, and polymeric materials (Peng et al., 2019; Pascazio et al., 2020; Luu et al., 2021). In the field of coal research, Meng et al. (2020), Meng et al. (2021) carried out MD simulations of coal matrix nanoindentation, which have significantly promoted the understanding of the nanoscale mechanical properties and failure mechanisms of coal. Using MD simulation methods, the interaction mechanism between the indenter and substrate at the nanoscale can be elucidated (Luu et al., 2021). Further, mechanical properties acquired from MD simulations of nanoindentation are often in excellent agreement with experimental results (Valencia et al., 2021; Zhou et al., 2021). Hence, a lot of useful information about the nanoscale deformation mechanism can be obtained from MD simulations of the indention process, including loading and unloading curves and the evolutionary characteristics of the atomic-scale structure.
To the best of our knowledge, there is a lack of research regarding MD simulations of nanoindentation on coal macerals to date. However, the construction methodology for molecular modeling of coal and maceral groups has been well established (Mathews and Chaffee, 2012), which makes the implementation of MD simulations of coal maceral nanoindentation possible. Further, using density gradient centrifugation or heavy-liquid separation methods, high-purity vitrinite can be separated from various coal maceral groups (Yu et al., 2017), and the molecular structures of coal or separated coal maceral groups can be determined using characterization methods such as FTIR, 13C NMR, HRTEM, and XPS (Liu et al., 2019). Finally, 3D molecular models can be constructed using the ACD/CNMR Predictor and Materials Studio software packages (Yu et al., 2017; Liu et al., 2019). Based on these kinds of molecular models (Yu et al., 2019), the present study uses MD simulations to explore the loading and unloading processes in the nanoindentation of vitrinite. The indentation substrate of coal vitrinite was constructed using existing molecular representations of vitrinite. The evolution of molecular configuration around the contact area was revealed and the hardness was calculated according to the simulation results. Furthermore, the influence of vitrinite molecular structures on the mechanical properties of the coal is discussed in-depth. The results from this study are expected to increase the current scientific understanding regarding the nanoindentation of coal maceral groups and the micro-deformation mechanisms of coal vitrinite.
2 SIMULATION METHODOLOGY
2.1 Simulation Model
2.1.1 Vitrinite Representation
The substrate material used for the nanoindentation MD simulations was coal vitrinite. To allow for comparison with the experimental results of Hou et al. (2020), vitrinite separated from medium-low rank coal (with a maximum reflectance of vitrinite, Ro, max, value of 0.9) in Yu et al. (2017) study was adopted, as it has the same coal rank as the samples used in the of Hou et al. (2020) study. The vitrinite was purified using the density gradient centrifugation method, and its molecular structure was characterized using 13C CP/MAS NMR, FTIR, and HRTEM techniques (Yu et al., 2017). Finally, Yu et al. (2017), Yu et al. (2019) acquired an optimized molecular representation of DV-8 coal vitrinite through conducting structural adjustments hundreds of times (Figure 1A).
[image: Figure 1]FIGURE 1 | Construction of layered vitrinite configuration using Materials Studio 8.0: (A) single vitrinite unit, (B) vitrinite configuration composed of 100 single units, (C) optimized vitrinite configuration with 30 Å vacuum space (atoms are shown colored by PCFF force field type). (D) Total energy of the vitrinite configuration during the optimization process.
2.1.2 Indentation Substrate
The indentation system was constructed using Materials Studio and the large-scale atomic/molecular massively parallel simulator (LAMMPS). The procedure was as follows: first, 100 vitrinite representations were inserted into a simulation box using the Amorphous Cell module in Materials Studio to build the initial substrate configuration (Figures 1A, B). Next, the coordinate data for the initial configuration composed of 41,400 atoms were transformed to import into LAMMPS. The initial molecular structure was optimized by adding external forces along the X- and Y-directions, until the density finally reached the target 1.24 g/cm3. In order to compress the initial structure, periodic boundary conditions were set in the X- and Y-directions, and a fixed boundary was set in the Z-direction. The isothermal-isobaric (NPT) ensemble was used to simulate the compression over a period of 50 ps. The external pressures in the X- and Y-directions were specified at 45 MPa using the Nose-Hoover pressure barostat, and the box length along the X- and Y- directions was allowed to change during the simulation. During the compression procedure, the system temperature was thermostatted to 300 K by explicitly rescaling the velocities of atoms.
The relaxation of the layered substrate was performed in the canonical (NVT) ensemble with a Nose-Hoover thermostat at 300 K over a period of 50 ps, at the end of which the total energy of the optimized molecular system reached a relatively stable value (Figure 1D). During the relaxation stage, reflect walls were added to the lower and upper boundaries along Z direction of simulation box to restrict the motion of atoms, which could ensure the constant density of substrate system. To provide enough free space for the movement of vitrinite molecules, 30 Å of vacuum space was added above the upper surface of the vitrinite configuration (Figure 1C).
2.2 Interaction Potentials
The polymer consistent force field (PCFF), one of the consistent family force field developed for synthetic polymers was used to define the atomic interactions in the vitrinite substrate. This force field is widely used for simulating organic polymers and is sufficiently accurate to describe the coal molecular system, which consists of C, H, O, N, and S atoms (Meng et al., 2020). In the PCFF force field, the total energy is composed of valence, cross, and nonbonded energies. The 6/9 Lennard-Jones (LJ) potential was selected to describe the pair interactions between vitrinite atoms, which may be expressed as follows (Sun, 1994):
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where EVDW is the nonbonded van der Waals interactions between atoms i and j, [image: image] is the equilibrium distance between atoms i and j, [image: image] is the coefficient of well-depth energy, rc is the global cutoff distance for LJ interactions, which was set to 10 Å in this study, rij is the instantaneous distance between atoms i and j, [image: image] and [image: image] refer to the equilibrium distances between atoms i and atoms j, respectively, and [image: image] and [image: image] refer to the well-depth energies of atoms i and j, respectively.
2.3 Implementation of the Indentation
A ghost spherical indenter with a radius of 15 Å was used in the simulations (Figure 2). The ghost indenter repels all atoms in the vitrinite substrate, and the repulsive force may be expressed as follows:
[image: image]
where K is the specified force constant (which was set to 10 in the simulations), r is the distance between vitrinite atoms and the center of the ghost indenter, and R is the radius of the ghost indenter (= 15 Å).
[image: Figure 2]FIGURE 2 | Layered structure of the vitrinite substrate, with the spherical ghost indenter located above.
The bottom layer, with a height of 10 Å, was fixed as a rigid body to avoid vertical translation of the vitrinite substrate (Figure 2). Atoms in the Newtonian layer were put into a microcanonical (NVE) ensemble, in which the particles are allowed to move freely as the ghost indenter is pushed into substrate. Atomic motion in the Newtonian layer strictly follows Newton’s laws of motion. The loading and unloading rate of the ghost indenter along the Z-direction was set to 200 m/s, and the whole indentation procedure lasted for 7,500 fs. The maximum indentation depth was set to 1.5 nm.
3 RESULTS AND DISCUSSION
3.1 Deformation of Vitrinite During Nanoindentation
The plastic deformation of metallic materials mainly occurs through the dislocation of crystalline structures, while that of amorphous materials such as vitrinite occurs via shear transformation, which refers to the rearrangement of a pack of atoms overcoming the energy barrier (Greer et al., 2013). The rearranged atoms usually normally have very large displacements compared to the surrounding atoms, and the local domain containing rearranged atoms called the shear transformation zone (STZ) (Hua et al., 2020).
The atomic local shear strain, [image: image], of each atom i was introduced to quantify the atomic shear deformation of the vitrinite substrate (Shimizu et al., 2007). Figure 3 shows the shear strain distributions of the vitrinite atoms at different indenter loading stages. The cross-sectional strain distributions reveal that, as the indentation depth increases, the shear strain of the substrate atoms under the ghost indenter rapidly increases, propagating from the contact region to the outside of the indenter. In addition, the overhead view of the vitrinite substrate indicates that the shear strain of atoms expands rapidly from the center to periphery as the indentation depth increases. The proliferation of the STZ is mainly concentrated directly below the ghost indenter, indicating that the shear strain spreads directly into the interior of the vitrinite substrate. Essentially, the proliferation of the STZ represents the spreading and rearrangement of vitrinite atoms, which allows the stress-strain energy produced from elastic loading to be released.
[image: Figure 3]FIGURE 3 | Shear strain distributions of vitrinite atoms during loading at times of (A) 0, (B) 1.5 ps, (C) 3.0 ps, (D) 4.5 ps, (E) 6.0 ps, and (F) 7.5 ps. For each sub-figure, the left- and right-hand images show the front cross-sectional and top views of the vitrinite substrate, respectively.
3.2 Motion of Vitrinite Atoms During Nanoindentation
To determine the motion of atoms in the vitrinite substrate, the atomic displacement vectors in a vertical slice with a width of 10 Å were calculated using the OVITO software package (Version 3.4.4) (Figure 4). The green arrows in Figure 4 show the directions of vitrinite atom motion, and the length of the green line represents the displacement of the atom. The results show that as the loading depth of the ghost indenter increases, the displacement vectors of vitrinite atoms around the indenter gradually lengthen under the effect of the repulsive forces between the substrate and the indenter (Figures 4A–D). Further, the magnitudes and directions of the displacement vectors vary with location. At region B, atoms directly below the ghost indenter move vertically downwards during the indentation process, which indicates that the substrate atoms in this region are mainly subjected to the force along the Z-direction (fZ). On the other hand, the substrate atoms at regions A and C move downwards at an angle to the vertical, indicating that the atoms in these regions are subjected to the forces along both the X- and Z-directions (fX and fZ). The displacements of atoms at region B are also much larger than those at A and C, which illustrates significant variation in the magnitudes of the forces acting on atoms at different locations.
[image: Figure 4]FIGURE 4 | (A) The selected 10 Å vitrinite slice prior to nanoindentation. Displacement vectors of atoms in the 10 Å vitrinite slice during nanoindentation at (B) 2.5 ps, (C) 5.0 ps, and (D) 7.5 ps. Zoomed-in view of the distributions of displacement vectors at regions (E) A, (F) B, and (G) C at 7.5 ps as marked in (D).
Given the variations in displacement seen in Figure 4, the local substrate atoms around ghost indenter can be roughly subdivided into six distinct regions (Figure 5), with the atoms in each region moving in more or less the same direction, but in a different direction to those in the other regions. Molecular chains or atoms of neighboring regions slip at the region boundary, leading to the formation of shear bands. Figure 5 shows that the displacement of vitrinite atoms in regions I, II, and III is generally much larger than that in other regions (Lin et al., 2021). This is likely due to the fact that, in the initial indentation stage, atoms in these regions are the first to be subjected to repulsive forces and start moving. These atoms then squeeze the ones in regions IV, V, and IV, causing those peripheral atoms to move in the following indentation stage. However, the directions of motion of the squeezed atoms diverge due to the heterogenous molecular structures and inner stress differentiation within the substrate, resulting in slippage at the region boundaries, viz. the shear bands.
[image: Figure 5]FIGURE 5 | (A) Displacement vectors of atoms in the 10 Å vitrinite slice at 7.5 ps as shown in Figure 4. (B) Zoomed-in view of the region highlighted by the blue square in (A), showing the distribution of six subdivided displacement regions. The red arrows represent the average displacement directions of the atoms in each region.
3.3 Comparison Between Coal Deformation and Nanoindentation
The response of coal molecular structures to tectonic stress-induced deformation, which is similar to the molecular variation during indenter loading process, has been well-researched (Cao et al., 2007; Pan et al., 2015; Song et al., 2018). In terms of the plastic deformation of coal induced by tectonic stress, the motion of molecular chains is the most significant deformation mechanism (Liu and Jiang, 2019), which also leads to the formation of STZs in TDCs. During the indentation process, the adjustment of molecular chains is another important deformation mechanism of the vitrinite substrate. At the initial loading stage, the emergence of the STZ in vitrinite substrate may be initiated in the “weak spots” (atoms with larger free volume) in the vitrinite substrate (Wang et al., 2010). Under the effect of shear stress, the STZ begins to propagate via the adjustment of vitrinite molecular chains. The motion of vitrinite atoms in distinct regions (Figure 5) indicated that the adjustment of molecular chains is due to factors such as sliding between aromatic layers, reorientation of aromatic lamella, and bending of aromatic chains (Figure 6), which is similar to the molecular variations seen for the plastic deformation of coal (Ju et al., 2014; Han et al., 2017).
[image: Figure 6]FIGURE 6 | Different adjustment behaviors of vitrinite molecular chains: (A) sliding between aromatic structure, (B) reorientation of aromatic lamella, (C) bending of aromatic chains.
Moreover, the development of structural defects, which mainly includes various types of point defects, is promoted in TDCs (Pan et al., 2017; Song et al., 2019). Similarly, for the indentation of vitrinite substrate, the STZ also appears be a kind of point defect, with a greater degree of structural disorder and a larger free volume (Greer et al., 2013). Apart from the development of defects, nanocrystallization also appears in the shear bands during nanoindentation (Kim et al., 2002), which is similar to the aromatization of ductile deformed coal (Hou et al., 2012). During the vitrinite indentation process, sliding between the aromatic layers can enhance the degree of stacking of the vitrinite molecular structures (Figure 6A); hence, it is evident that the atomic evolution of the vitrinite structure is consistent with that of TDCs.
3.4 Surface Morphology
A 10 Å slice extracted from the middle of the simulation box (as shown in Figure 4A) was used to identify the surface morphology of the vitrinite substrate (Figures 7A–C). Following penetration by the indenter, different substrates tend to show one of there will be two main modes of indentation behavior, either sink-in or pile-up modes (Hou et al., 2020) (as illustrated in Figures 7D,E). In this case, Figure 7 shows that the surface morphology of vitrinite atoms after penetration is inclined towards the sink-in mode, which is consistent with previous experiments (Hou et al., 2020). The surface morphology of substrate materials is actually determined by the density of substrate atoms (Hua et al., 2020), with a higher atomic density of substrate material likely to lead to greater atomic pile-up around the indenter. Vitrinite is of lower atomic density and has a loose molecular structure relative to metals and other materials. Consequently, there is enough free space for vitrinite atoms to move and for molecular chains to adjust, which leads to the sink-in type surface.
[image: Figure 7]FIGURE 7 | Surface morphologies of vitrinite substrate: (A–C) Variation of surface morphologies at different loading stages. Schematic images of (D) sink-in and (E) pile-up surface morphologies.
3.5 Mechanical Properties of Vitrinite Obtained From Nanoindentation Simulations
Figure 8 shows the mechanical properties of vitrinite obtained from the simulations. As the contact depth increases, the repulsive forces between the indenter and the vitrinite atoms are enhanced. In the loading process, the load-depth curve (Figure 8) is serrated, which may be due to the shear transformation of vitrinite substrate (Schuh and Nieh, 2003). Serrations on the load-depth curve correspond to sudden load drops of vitrinite indentation. For each serration, at the initial elastic loading stage, vitrinite atoms are not able to overcome the motion energy barrier; therefore, the loading force continues to increase. Once the generated strain energy crosses the energy barrier, a pile of atoms under the indenter is able to move freely, giving rise to the formation of the STZ. As the loading displacement is constant rate, the activation of shear transformation leads directly to a decreasing in the load drop, which corresponds to fluctuation in the load-depth curve. In the unloading process, a sudden drop of load appears at the initial unloading stage (Figure 8), which is caused by the high unloading velocity (Zhu and Fang, 2012). The repulsive force between the indenter and substrate atoms disappears once the distance between substrate atoms and the center of spherical indenter is larger than the indenter radius. Therefore, the unloading of indenter with high velocity directly leads to the separation between substrate atoms and indenter, which results in the sudden drop of load.
[image: Figure 8]FIGURE 8 | The relationship between the loading force and contact depth.
The hardness, H, which is a commonly-used parameter to characterize the resistant ability to allow hard objects press into (Zhu and Fang, 2012), is defined as the ratio of load force to the projected contact area when the indentation depth is maximum, as follows:
[image: image]
where F is the load of ghost indenter, and Ac is the projected contact area of the ghost indenter embedded into the substrate material. For a spherical ghost indenter, Ac is calculated as follows (Qiu et al., 2014):
[image: image]
where R is the radius of ghost indenter and h is the indentation depth. According to Eqs. 5, 6, the simulated hardness of coal vitrinite at indentation depth of 1.5 nm is calculated to be 1.31 GPa. Experiments have shown that the vitrinite hardness in coal with similar rank was in the range of 0.52–0.72 GPa (Hou et al., 2020), which is a little lower than the simulated value from the present study. For nano-scale simulations, the simulated hardness of vitrinite be influenced by factors such as the indentation size effects, temperature, indenter radius, and loading rate (Luu et al., 2021; Valencia et al., 2021). However, as there is basically no existing literature regarding the influence of the aforementioned factors on coal vitrinite hardness, it is hard to clarify exactly which of these factors led to the overestimation of the hardness in the current simulations. This issue will be examined in more detail in a future study.
4 CONCLUSION
In this study, the nanoindentation of vitrinite was simulated using a molecular dynamics (MD) approach. During the nanoindentation process, some of the vitrinite atoms overcome the energy barrier to produce a range of motion, including sliding, bending, and reorientation of vitrinite molecular chains, resulting in the formation of STZs. The formation of STZs is the most significant deformation mechanism of vitrinite substrate under the action of repulsive forces. From the distribution of atomic displacements in the vitrinite substrate, the presence of six subdivided regions was identified, with slippage at the region boundaries that can produce shear bands. In the shearing transformation zone, the molecular structural evolution is similar to the variations seen in TDC deformation, including formation structural defects and stacking of the aromatic structures. The surface morphology of the vitrinite substrate was found to be of the sink-in type, which is consistent with experimental results. In addition, the mechanical properties calculated from the nanoindentation simulations were also similar to experimental results. Hence, the MD simulation results from this paper help in understanding the atomic response to the vitrinite nanoindentation process and the deformation mechanism of the vitrinite substrate. The clarification of the nano-scale deformation mechanism of coal macerals obtained from this work provides valuable insight, with a sound theoretical basis, into coal deformation behavior under the influence of coal heterogeneity.
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Although the southern Qinshui Basin is the most successful area for coalbed methane (CBM) development in China, the production of CBM wells in different blocks in the area is significantly different. One of the key reasons is the difference in pore structure in various-ranked coal. In this study, No. 3 coal seam of Sihe and Zhaozhuang blocks in southern Qinshui Basin was selected as the research object to investigate the high rank coal pore fracture structure and its impact on reservoir characteristics. Mercury intrusion porosimetry (MIP), low-temperature liquid nitrogen adsorption (LTN2A), scanning electron microscopy (SEM), and isothermal adsorption tests were conducted. The results show that the Sihe No.3 coal seam was mainly composed of open cylindrical and flat pores with a high proportion of transition pores (10–100 nm), large specific surface area, good connectivity, strong adsorption capacity, high gas content, and reservoir energy. Zhaozhuang No.3 coal had high proportion of mesopores (100–1,000 nm), small specific surface area, poor pores connectivity, weak adsorption capacity, poor gas content, low reservoir energy, and critical desorption pressure. The proportion of cylindrical pores, parallel plate pores, and wedge-shaped pores closed at one end was high. The anomalies in pore morphology and pore structure characteristics of coal reservoir were the main factors that caused variation in gas production of No.3 coal seam in Sihe and Zhaozhuang blocks.
Keywords: southern Qinshui Basin, high rank coal, pore structure, pore type, reservoir characteristic
INTRODUCTION
Coalbed methane (CBM) is the typical natural gas stored in the pores of gas reservoirs. The pore-fracture system of coal is not only the storage site for CBM, but also the gas migration channel (Tang et al., 2015; Zhao et al., 2016; Lau et al., 2017). Therefore, the pore-fracture structure of coal has an important impact on the adsorption/desorption capacity of CBM, which directly determines the gas content and development potential of coal reservoir (Li et al., 2017; Mou et al., 2021).
Many test methods are used to study the pore-fracture development characteristics, such as mercury intrusion porosimetry (MIP) (Debelak and Schrodt, 1979; Okolo et al., 2015; Sun et al., 2017; Ju et al., 2018; Gao et al., 2018), low temperature N2/CO2 adsorption (LTN2/CO2A) (Clarkson and Bustin, 1999; Wang et al., 2020; Yan et al., 2020; Mou et al., 2021; Pan et al., 2019), synchrotron small-angle X-ray scattering (SAXS) (Bale and Schmidt, 1984; Shi et al., 2018), small-angle neutron scattering (SANS) (Mastalerz and Oppel, 2012), low field nuclear magnetic resonance (NMR) (Yao et al., 2010; Yao and Liu, 2012; Yao et al., 2014), atomic force microscope (AFM) (Pan et al., 2015), micro focus X-ray computed tomography (MFX-CT) (Mazumder et al., 2006), scanning electron microscope (SEM) (Klaver et al., 2012), transmission electron microscopy (TEM) (Song et al., 2019), and field emission-scanning electron microscopy (FE-SEM). Many scholars have studied the pore-fracture structure characteristics of coal and obtained significant achievements. The structural characteristics of mesoporous fractures in high rank coal in Qinshui Basin were analyzed by low field NMR, CT reconstruction analysis, and SEM (Song et al., 2018).
Based on the analysis of the characteristics of pore-fracture in coal, the control mechanism of pore structure on CBM adsorption and desorption were discussed (Zhang et al., 2005; Meng et al., 2015; Ma et al., 2018; Xu et al., 2020). The influence of pores on CBM production was studied and discussed by conducting CBM production tests combined with the pore structure characterization of tectonic coal (Jiang et al., 2016).
The Sihe block and Zhaozhuang block of Jincheng mining area are located in the southeast Qinshui Basin, situated approximately 60 km apart. They have the same geological evolution history, simple structural development, and similar underground hydrogeological conditions (Lu et al., 2012; Shi et al., 2017; Xu et al., 2019). The coal seams of interest are No. 3 of Shanxi formation, and No. 9 and No. 15 of Taiyuan formation. The thickness of No. 3 coal in Sihe block is within the range of 3.4–8.7 m, with an average thickness of 6.2 m. While the thickness in Zhaozhuang block is within the range of 1.1–6.6 m, with an average thickness of 4.7 m., the No. 3 coal seam is anthracite and most of the burial depth is no more than 800 m. There is little difference in multiple geological factors. The CBM development technology and process are similar, but the gas production is significantly different. Taking the vertical well of No. 3 coal as an example, the average production of a single well in Sihe block is more than 1,500 m³/d, while the well in Zhaozhuang block is less than 300 m³/d.
Many factors affect the productivity of CBM wells which could be summarized into three categories: geological conditions (Zhang et al., 2017; Ni et al., 2016), reservoir conditions (Guo et al., 2018; Zhao et al., 2017), and engineering conditions (Jia et al., 2017; Wang et al., 2019). Geological conditions include geological evolution history, structural characteristics, burial depth, and hydrogeological characteristics (Song et al., 2005; Qin et al., 2008; Li et al., 2010; Zhao et al., 2012; Sun et al., 2014; Wang et al., 2014; Ji et al., 2018; Wang et al., 2018). Reservoir conditions include gas content, coal thickness, permeability, and coal mass structure characteristics (Zuo et al., 2011; Kang et al., 2017; Xu et al., 2019). Engineering conditions include drilling, cementing, fracturing, and drainage. Therefore, when the geological and engineering conditions are basically the same, the reservoir conditions may be the direct factor causing the difference in CBM production from the gas wells in the Sihe and Zhaozhuang blocks.
Micro-pores are the main storage sites of CBM and macro fractures are the migration channels. Micro fractures are the bridge between the micro-pores and the macro fractures (Fu et al., 2001). Therefore, the pore-fracture structure is the innate factor determining the reservoir conditions. In order to reveal the difference of reservoir conditions between Sihe and Zhaozhuang blocks, we used No. 3 coal seam as the research interest. Based on the micro scale development characteristics of pore fracture structure, the deep control mechanism of coal reservoir characteristics is analyzed which will provide guidance for CBM development in the southern Qinshui Basin.
SAMPLES AND EXPERIMENT METHODS
Experimental Samples
The samples used in this study were collected from No.3 coal seam of Sihe (SH) and Zhaozhuang (ZZ) blocks which are located in the southeast Qinshui Basin, China, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Location of the research area in Qinshui Basin, China.
Using SDLA618 proximate analyzer and referring to the China National Standards GB/T 212-2008 (Proximate analysis of coal), 100 g of air-dried base coal sample less than 0.2 mm (80 mesh) was used for proximate analysis. At the same time, the maximum vitrinite reflectivity (Ro, max) of samples was measured according to China National Standards GB/T 6948-2008 (Method of determining microscopically the reflectance of vitrinite in coal). The experimental results are listed in Table 1.
TABLE 1 | No.3 coal industry analysis results.
[image: Table 1]Experimental Work
Mercury Intrusion Porosimetry
Mercury intrusion porosimetry (MIP) uses external pressure to make mercury overcome surface tension into pores to measure the porosity of porous media. Analysis of mercury intrusion was carried out by Autopore Ⅳ 9505, which was an automatic mercury intrusion instrument produced by American Michael Instrument Company. Following China National Standards GB/T 21650.1-2008 (Pore size distribution and porosity of solid materials by mercury porosimetry and gas adsorption—Part 1: Mercury porosimetry), samples with diameter of 2.5 cm and length of 2.2 cm were dried at 110°C for 4 h. The dried and degassed samples were used in the MIP test within the pressure up to 120 MPa.
Low Temperature Nitrogen Adsorption-Desorption
ASAP2020 automatic specific surface area (SSA) and porosity analyzer produced by American Michael Instrument Company was used in the experiment. The pore size analysis is within 0.35–500 nm (nitrogen adsorption). The isothermal adsorption/desorption line is obtained according to the isothermal adsorption principle of “static volumetric method”. Referring to Chinese Petroleum Industry Standard SY/T 6154-1995 (Determination of specific surface and pore size distribution of rocks—Static adsorption capacity method), the coal samples were pulverized to the particle size of 0.28–0.45 mm (40–60 mesh), where each sub-sample was 5–10 g. Before the test, samples were treated for 8 h at the temperature of 105°C to remove residual gases and moisture. The adsorption experiment was conducted after locating the samples into the analyzer and setting the testing pressure. SSA, pore diameter, and pore volume (PV) were automatically calculated through pre-selected models, including Brunauer–Emmett–Teller (BET) and Barret-Joyner-Halenda (BJH) (Brunauer et al., 1938; Li X et al., 2018; Zhang et al., 2021).
Scanning Electron Microscope
Using an EVO MA15 SEM produced by Carl Zeiss of Germany, 3 nm, 4 nm, 10 nm, and 20 nm microscopic image observation can be achieved under SE high vacuum mode, BSE variable pressure mode, 3 kV high vacuum mode, and 1 kV high vacuum mode, respectively. The magnification ranges from 5-1000000 times. The maximum sample height is 145 mm and the maximum sample diameter is 250 mm. Referring to Chinese Petroleum Industry Standard SY/T 5162-2014 (Analytical method of rock sample by SEM), and the pore-fracture characteristics were observed under SEM. The sub-samples with the size smaller than 1 cm × 1 cm × 1 cm were considered appropriate for testing. After polishing a smooth and flat surface, samples were fixed on the sample holders and sprayed with conductive film. Then, the samples were placed on the SEM stage and pore -fractures were observed under different magnifications.
Isotherm Adsorption Experiment
Following the China National Standards GB/T 474-2008 (Method for preparation of coal sample), the sub-samples were pulverized to the particle size between 60 and 80 mesh to perform methane adsorption isotherm experiments by using the Isotherm Adsorption/Desorption System ISO-300 (TerraTek Company, Inc., Utah, USA). The system working pressure and temperature could reach as high as 34.5 MPa and 100°C, respectively. For each sample, according to the China National Standards GB/T 19560-2008 (Experimental method of high-pressure isothermal adsorption to coal), 200 g of pulverized samples were prepared. Then, the samples were placed into the sample cell. The air-dried basis and dry ash-free basis of the samples were carried out. Isothermal adsorption characteristics of No. 3 coal in SH and ZZ blocks were tested under the same range of temperature and pressure. The experimental temperature was 20°C and the pressure range was 0–9 MPa.
RESULTS AND ANALYSIS
Mercury Intrusion Porosimetry Test Results
Two coal samples from the SH and ZZ blocks were selected for the MIP test. Before the test, porosity, permeability, and other parameters of the samples were measured. The basic sample parameters are listed in Table 2. The porosity and horizontal permeability from SH are higher than those from ZZ.
TABLE 2 | Basic parameters of No.3 coal sample.
[image: Table 2]The results of the MIP experiment are presented in Figure 2. The total mercury intake in the SH and ZZ blocks is not high, which reflects that micro/transition pores have developed in the blocks (Li CH et al., 2018). However, there are also obvious differences in mercury injection and ejection curves in the blocks.
[image: Figure 2]FIGURE 2 | Mercury saturation and capillary pressure curve of No. 3 coal seam.
The total mercury injection in SH is less than that in ZZ. Mercury injection and ejection curves in ZZ almost coincide when the pressure exceeds 10 MPa, while the curves in SH almost coincide until the pressure exceeds 30 MPa. The proportion of micro/transition pores in S is higher.
The hysteresis loop between advance and retreat mercury curves in SH is generally wide, and the hysteresis loop in ZZ is narrow. The large area of the hysteresis loop indicates that the samples are mainly dominated by the open pores with good connectivity. While the hysteresis loop is narrow, there are more semi-closed pores in the sample, and the connectivity of pores is poor, which are not relatively conducive to gas desorption, diffusion, and migration. For lower pressures, the mercury injection rate in SH samples is significantly greater than that in the ZZ samples, which further proves that the pore connectivity in SH sample is good.
Currently, two recommendation methods are often used to characterize pore size classification. One is provided by IUPAC, based on which the pore size distribution is characterized by micropores with the pore size less than 2 nm, mesopores with the pore size between 2 and 50 nm, and macropores with the pore size greater than 50 nm (International Union of Pure and Applied Chemistry, 1972). The other widely used classification is provided by Hodot in 1966, pore sizes are classified into micropores (<10 nm), transition pores (10–100 nm), mesopores (100–1,000 nm), and macropores (>1,000 nm) (Hodot, 1966). Based on the MIP data, the pore throat radius types and distribution characteristics of samples in two blocks are further analyzed, as presented in Figure 3.
[image: Figure 3]FIGURE 3 | Mercury intrusion pore size distribution of No.3 coal.
According to the Hodot classification scheme, micropores are gas adsorption sites, transition pores are gas diffusion space, mesopores constitute the space for slow gas seepage, and macropores are a strong gas seepage space. Micropores and transition pores are the main spaces for CBM adsorption and diffusion, while mesopores and macropores are the main channels for CBM seepage and migration.
It can be further concluded from Figure 3 that the largest proportion of pores in SH and ZZ are transition pores, followed by micropores and macropores. However, the proportion of transition pores in the SH sample is high, while the proportion of macropores in ZZ sample is relatively higher. Due to the poor pore connectivity of the ZZ samples, the original porosity and permeability in the ZZ sample are presented in Table 2 are generally lower than those in SH.
Low Temperature Nitrogen Adsorption-Desorption Test Results
MIP uses external force to inject mercury into pores to measure porosity. Therefore, MIP is more accurate for the measurement of macropores and the accuracy becomes less reliable for the measurement of nanopores. The nanopores are inaccessible by mercury, where mercury is only accessible for the pores with the size lager than 3 nm (Clarkson C.R.,2013). Under higher pressures, many pores will deform or collapse, resulting in deviation from the theoretical values and errors happen in the test results.
The LTN2A test has a relatively higher reliability in the measurement of nanopores. Therefore, it is necessary to comprehensively obtain the pore structure characteristics with the combination of the LTN2A method.
Pore Distribution Characteristics
According to the Hodot classification scheme, the pore distribution characteristics in the SH and ZZ blocks tested by the LTN2A method are listed in Table 3. The results show that the SSA (BET) in SH coal is obviously larger than that in ZZ. The pore size distribution characteristics of the two blocks are presented in Figure 4.
TABLE 3 | Porosity test results of No.3 coal seam.
[image: Table 3][image: Figure 4]FIGURE 4 | Pore size distribution of coal sample testing by LPN2A.
Pore diameter in SH is ‘centralized’ distribution, where most of them are transition pores (10–100 nm), accounting for about 60%, and the number of mesopores and micropores are relatively smaller. The pore diameter in the ZZ coal is dominated by transition pores and the mesopores are larger than 100 nm. The sum of the two accounts for more than 80%, while the proportion of micropores is less. Therefore, larger pore size is the main reason that the SSA in ZZ is much smaller than that in SH.
Pore Type Analysis
Based on the adsorption and coagulation theory, the separation of adsorption and desorption curves often occurs in the LTN2A, thus forming the adsorption loop. The size and morphology of the coal pores are different, resulting in great differences in the shape of LTN2A curves. Therefore, the shape of LTN2 adsorption loop could reflect certain pore structure characteristics (Li et al., 2003; Song et al., 2013; Zou et al., 2013). According to previous research results on adsorption-desorption curves (Yan and Zhang, 1979; Chen and Tang, 2001; Yao et al., 2006), combined with de Boer’s classification method of hysteresis loop shape (Boer J et al., 1964), the pore types are mainly classified into five categories (Chen and Tang, 2001): 1) cylindrical pores closed at one end, 2) cylindrical pores open at both ends, 3) parallel plate pores and wedge-shaped pores closed at one end, 4) parallel plate pores open at four sides, and 5) narrow-necked bottle pores. The adsorption and desorption curves of the pores from categories 1 and 3 overlap, which will not produce adsorption loops. The desorption curves of the pores from categories 2 and 4 are separated from the adsorption curves to form an adsorption loop. The pores from category 5 produce an adsorption loop, where there is a sharply declining inflection point in the loop. While open pores are conductive to gas desorption and diffusion, closed pores are not.
The LTN2A experimental results in the SH and ZZ blocks are presented in Figure 5. In the figure, P is the nitrogen partial pressure and P0 is the nitrogen saturated vapor pressure at the temperature of liquid nitrogen. There is an obvious hysteresis loop between the adsorption and desorption curve in SH coal sample. In the adsorption process, when the relative pressure is less than 0.1, the adsorption curve increases rapidly with the pressure increase. This is due to the nitrogen molecules filling in ultra-micropores and the monolayer adsorption process on the larger pore wall (Lin et al., 2016). Then, the curve rises gently and the adsorption curve does not begin to rise significantly until the relative pressure is greater than 0.9. This indicates that some cylindrical pores with one end closed or parallel-plate pores and wedge-shaped pores with one closed end are distributed. The distance between the adsorption and desorption curves is large, indicating that the pores in SH coal are mainly cylindrical small pores at both ends or parallel plate pores with four sides open. The change in desorption curve is very smooth. At higher relative pressures, the amount of desorbed gas decreases slowly, which means that the diameter of open pores is small. When the relative pressure drops to about 0.5, the desorption curve suddenly falls, which may be caused by the sudden evaporation and release of liquid nitrogen in the “ink bottle” pores. According to Kelvin equation (Eq. 1), the diameter of the “ink bottle” neck is calculated to be less than 3 nm. Therefore, the pore system in SH coal is complex. The pore morphology is mainly categories 2 and 4, and a small amount of categories 1 and 3, where the diameter of the pores is basically small.
[image: image]
Where, P/P0 is the relative pressure; γ is the liquid nitrogen surface tension, 8.85 × 10−3 N/m; Vm is the molar volume of liquid nitrogen, 34.65 × 10−4 m3; R denotes the general gas constant, 8.315 J/(K mol); r is the maximum pore radius of capillary condensation, nm; T is the temperature, 77.3 K; and φ denotes the contact angle equal to 0°.
[image: Figure 5]FIGURE 5 | Low temperature nitrogen adsorption-desorption curves.
ZZ coal also has an adsorption loop but the distance between the adsorption and desorption curves is close. The two curves almost coincide at a relative higher pressure, indicating that the cylindrical pores, parallel plate pores, or wedge-shaped pores closed at one end, account for a relatively high proportion. The adsorption curve rises steadily for the low pressures, indicating that the diameter of open pores is small. When the relative pressure is higher than 0.8, the adsorption curve increases obviously. When the relative pressure exceeds 0.9, the adsorption capacity increases sharply, and significant capillary condensation occurs, meaning the pore diameter is large. During desorption, as long as the pressure decreases slightly, the desorption capacity increases sharply and the capillary evaporation is obvious. This further indicates the existence of open cylindrical pores and flat pores with larger diameter. Subsequently, as the pressure drops, the desorption capacity also decreases slowly. When the relative pressure drops to 0.5, the desorption capacity suddenly falls, showing that a certain degree of “ink bottle” pores are also developed. Therefore, the pore system in ZZ coal is complex too. Although most of them are still open cylindrical and flat pores with large diameter, the proportion of cylindrical pores, parallel plate pores or wedge-shaped pores closed at one end is also high. A small number of impermeable bottle pores are developed.
Based on the above analysis, although the main pore types in the SH and ZZ coal are open cylindrical and flat pores, the open pore diameter in ZZ is generally large, and the proportion of cylindrical, parallel plate, or wedge-shaped pore closed at one end is significantly higher than that in SH. This leads to poor pore connectivity, which is not advantageous to the CBM desorption. This is also the main reason why the maximum adsorption volume in SH coal is 2.8–4.1 cm3/g, while that in ZZ coal is only 0.45–2.1 cm3/g. Results are basically consistent with the MIP test conclusion.
Scanning Electron Microscope Observation
In order to further investigate the differences of micro fractures and pores in SH and ZZ coal, samples were cut into 5 mm × 5 mm×5 mm size by wire cutting machine. Then, EVO MA15 SEM was used to observe the characteristics and connectivity of the pores and micro fissures. The scanning observation results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Pore-fracture system development of coal seam by SEM observation.
Two obvious micro fractures are observed in SH coal, and the fractures are relatively straight with good connectivity between pores and fractures. However, the larger pores with diameter of 1 μm or more were less developed and distributed relatively sparsely. No obvious fractures were observed in the ZZ coal. There are many large pores with a pore diameter greater than 1 μm, but the connectivity between the macropores is poor. The scanning observation results further verified the analytical conclusions of MIP and LTN2A experiments.
DISCUSSION
Correlations Between Pore Structures and Isothermal Adsorption Characteristics
Isothermal adsorption experiments were carried out on the air-dried and dry ash-free SH and ZZ coal samples. The testing temperature was 20°C and the pressure range was within 0–9 MPa. The experimental results are presented in Figure 7. The methane adsorption amount of coal samples gradually increases with the increase of pressure which follows the Langmuir equation. Equation 2 is used to calculate the critical desorption pressure of the coal seam and the relevant adsorption parameters are listed in Table 4.
[image: image]
Where, Pcd is the critical desorption pressure, MPa;VA is the actual gas content,m3/t; pL is the Langmuir pressure, MPa; and VL is the Langmuir volume, m3/t.
[image: Figure 7]FIGURE 7 | Isothermal adsorption curves of NO.3 coal seam.
TABLE 4 | Isothermal adsorption parameters of No.3 coal seam.
[image: Table 4]The results show that the Langmuir volume of SH coal is significantly higher than that of ZZ coal. This indicates that the adsorption capacity of the SH coal is much larger, which is closely related to the large number of transition pores (10–100 nm) and micropores (<10 nm) distributed in SH coal. The smaller the pore, the larger the SSA, and the stronger the adsorption capacity (Ju et al., 2018). The coal seam has higher gas content and larger stored resources. The actual measured data also verify this. The SH No. 3 coal seam has a large amount of CBM resources which provides an energy basis for the long-term high production of CBM wells.
The Langmuir pressure of SH coal is also significantly higher than that of ZZ coal. The Langmuir pressure determines the isothermal adsorption curve slope of the low-pressure section and reflects the difficulty of gas adsorbing. The higher the Langmuir pressure, the easier the desorption of adsorbed gas in the coal seam. It takes more time to reach the gas production peak but the production capacity is relatively stable and lasts for a longer time. The smaller the Langmuir pressure, the easier the adsorption. In addition, the desorption efficiency for lower pressures is high. The coal reservoir has higher initial gas production but the continuous gas production time is relatively short.
The slope of isothermal adsorption curves of SH coal for lower pressures is significantly lower than that of ZZ coal, indicating that desorption rate is higher for SH coal. This is related to the pore type and good pore connectivity dominated by cylindrical pores open at both ends, or the parallel plate pores open at four sides. The slope of isothermal adsorption curves of ZZ coal is steep and the desorption of CBM is difficult, mainly because the proportion of cylindrical pores, parallel plate pores, or wedge-shaped pores closed at one end is high, which is not good for the desorption of CBM.
The relationship between the Langmuir volume (VL), SSA, and PV corresponding to different pore types in coal are shown in Figures 8, 9. Micropores in SH and ZZ coal have the most direct impact on VL. The greater the proportion of micropores in SSA and PV, the higher the VL. Therefore, the critical desorption pressure of ZZ coal is significantly lower than that of SH coal. In the initial stage of CBM well production, ZZ coal will achieve higher production in shorter time when the bottom-hole pressure drops below the critical desorption pressure, but the life of CBM wells is short. In the early production stage of SH coal, the gas desorbs slowly. However, due to its high critical desorption pressure, CBM wells can achieve long-term high production and life.
[image: Figure 8]FIGURE 8 | Relationships between SSA and VL of different pore size.
[image: Figure 9]FIGURE 9 | Relationships between PV and VL of different pore size.
Correlations Between Pore Structures and Gas Content Distribution Characteristics
Referring to the China National Standards GB/T 19559-2008 (Method of determining coalbed gas content), through the ground coring test of CBM wells, the gas content in two blocks were obtained by interpolation method, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Gas content of No.3 Coal Seam. (A) shie block. (B) Zhaozhuang block.
The results of gas content measurements from CBM wells show that the gas content of SH coal is 8–26 m³/t, and the gas content in the larger area is concentrated at 16–26 m³/t. The gas content of ZZ coal is 2–16 m³/t, and more than half of the area is 6–14 m³/t. The gas content in most areas of SH No. 3 coal seam is significantly higher than that of ZZ No. 3 coal seam. The main reason is that the proportion of transition pores (10–100 nm) is higher, the SSA is larger, the adsorption capacity of coal is stronger, and the gas content is higher in SH coal pore structure.
Correlations Between Pore Structures and Reservoir Pressure
The results of injection/fall off well test show that the reservoir pressure in both the Sihe and Zhaozhuang blocks is low, usually below 4 MPa, as listed in Table 5. The reservoir pressure gradient is also small, which is less than the hydrostatic pressure gradient. Both blocks belong to under-pressure reservoir. The SH reservoir pressure gradient is concentrated within the range of 0.3–0.5 MPa/hm, and the ZZ reservoir pressure gradient is concentrated within the range of 0.2–0.3 MPa/hm, as presented in Figure 11. SH No. 3 coal seam has a higher proportion of transition pores (10–100 nm), better connectivity, larger amount of CBM adsorption capacity, and therefore has relatively higher reservoir energy.
TABLE 5 | Reservoir pressure data of No.3 coal seam.
[image: Table 5][image: Figure 11]FIGURE 11 | Distribution of reservoir pressure gradient in No. 3 coal seam.
In summary, it is the differences in pore types and structural characteristics of coal reservoirs that lead to different adsorption and desorption capacities, resulting in great desorption difficulty in ZZ coal, low critical desorption pressure, small gas content and reservoir pressure gradient, weak reservoir energy, and short duration of gas production. In addition, the connectivity between pores is poor, which makes it difficult for the adsorbed gas far from the wellbore to desorb and migrate to the wellbore, and the life of CBM wells is short. On the contrary, SH coal has less difficulty in gas desorption, larger critical desorption pressure, higher gas content and reservoir pressure gradient, larger reservoir energy, and better pore connectivity. This could contribute to continuous desorption of gas far-field to migrate to the wellbore. Moreover, the high production duration and the life of CBM wells are longer. The wells in the SH block have higher production efficiency.
Regarding the pore structure and morphological characteristics of SH and ZZ coal, some scholars (Gao et al., 2017) had carried out corresponding research and discussed the difference in reservoir nitrogen adsorption. However, the difference in methane adsorption was not investigated. This study not only analyzed the difference in methane adsorption but also further discussed the impact of pore characteristics on key reservoir parameters, such as gas content and reservoir pressure. In essence, it revealed the underlying reasons for the significant difference in productivity of CBM wells in the two blocks.
CONCLUSIONS

1) SH coal has a high proportion of transition pores (10–100 nm), and the pore morphology is mainly open cylindrical pores and flat pores, with large SSA and good pore connectivity. The transition pores (10–100 nm) and mesopores (100–1,000 nm) are dominant in ZZ coal, with larger pore diameter and smaller SSA. The proportion of cylindrical, parallel plate and wedge-shaped pore closed at one end is high, and the pore connectivity is poor.
2) Micropores have a significant impact on the adsorption and desorption capacity of the reservoir. The larger the proportion of micropores, the higher the Langmuir volume (VL). The VL and Langmuir pressure (PL) of SH coal are significantly greater than those of ZZ coal. Moreover, the reservoir has a stronger adsorption energy, lower desorption difficulty, and higher critical desorption pressure.
3) The differences in pore types and structural characteristics have a significant impact on coal reservoir characteristics which affect the gas production efficiency of CBM wells. SH coal has more transition pores, stronger adsorption capacity, higher desorption rate, larger gas content, higher reservoir pressure, stronger formation energy, better pore connectivity, and higher gas production potential. ZZ coal has weaker adsorption capacity, lower formation energy, lower desorption rate, poorer pore connectivity, lower desorption rate in a large area, and poorer gas production capacity of CBM wells.
4) In the future for CBM development, different development technologies and processes should be selected according to the differences in reservoir characteristics in Qinshui Basin. For the reservoir similar to the ZZ block, the large-volume fracturing technology of horizontal well can be selected to connect the original pores and fractures to the maximum extent and increase pressure relief desorption area, so as to obtain ideal productivity. For the reservoir similar to SH block, different development technologies and processes can be flexibly selected according to topographical and geological conditions and investment.
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Microbially enhanced coalbed methane (MECBM) has important theoretical and practical significance for reforming coal reservoir structure, alleviating greenhouse effects and energy crises and developing new sources of clean energy. In this study, No. 3 coal seams in Qinshui Basin were taken as research objects to analyze the pore structure characteristics after microbial treatment by means of low-temperature nitrogen adsorption (LTNA), mercury porosimetry (MP), and isothermal adsorption/desorption experiments. The results showed that after bioconversion, the specific surface area and pore volume increased from 1.79 m2/g and 0.0018 cm3/g to 4.01 m2/g and 0.0051 cm3/g respectively under liquid nitrogen testing; however, the specific surface area was reduced from 5.398 m2/g to 5.246 m2/g and the pore volume was increased from 0.053 cm3/g to 0.0626 cm3/g under MP. The fractal dimension based on the LTNA data indicated that the fractal dimension of micropores and minipores was increased from 2.73 to 2.60 to 2.89 and 2.81, however the fractal dimension of meso-macropores was decreased from 2.90 to 2.85. The volatile matter and fixed carbon were both reduced from 6.68% to 78.63%–5.09% to 75.63%, and the Langmuir volume and Langmuir pressure were increased from 34.84 cm3/g and 2.73 MPa to 36.34 cm3/g and 3.28 MPa, respectively. This result indicated that microorganism participated in the degradation of coal reservoir and promoted the production of methane gas, the meso-macropores were more obviously modified by microorganism, so that the pore diameter stabilized, the pores became smoother, the specific surface area decreased, and the pore volume increased. These are more beneficial to the adsorption and production of coalbed methane (CBM) after microbial treatment.
Keywords: microbially enhanced coalbed methane (MECBM), pore structure, fractal theory, coalbed methane, qinshui basin
INTRODUCTION
Coal, as an important energy resource, has been widely used since the industrial revolution. Approximately 71.4% of global fossil fuel reserves are in the form of coal (Faison, 1991; Park and Liang, 2016). However, a series of severe environmental problems have resulted, such as global climate change, extreme weather and land desertification. These problems have seriously affected and restricted the sustainable development of humankind with the development and utilization of coal resources (Fakoussa and Hofrichter, 1999; Formolo et al., 2008; Byamba-Ochir et al., 2017; Su et al., 2021). Exploitation and utilization of coalbed methane (CBM) is of great significance to alleviate these problems. CBM is developed by way of two processes: thermogenic gasification and biogenetic gasification, so it is possible to obtain CBM in artificial conditions through microbial degradation (Fakoussa and Hofrichter, 1999; Park and Liang, 2016). Microbially enhanced coalbed methane (MECBM) has important theoretical and practical significance for reforming coal reservoir structure, alleviating greenhouse effect and energy crises and developing new sources of clean energy (Zhang et al., 2017; Lu et al., 2020; Hou et al., 2021). Meanwhile, the permeability of coal reservoir can be improved by using MECBM. This technique is believed to be related to low metamorphic coal, which is more conducive to microbial degradation (Harris et al., 2008; Robbins et al., 2016; Lu et al., 2020), but the bituminous-coal contents in some countries (such as the United States, Russia, and China) exceed 50% (Mcglade and Ekins, 2015; Lu et al., 2020). Especially in China, commercial CBM gas fields are mainly concentrated in anthracite coal mining areas. Therefore, MECBM research should not only focus on lignite, and but also highly metamorphosed bituminous coal, or even anthracite (Lu et al., 2020), many scholars have investigated this topic (Faiz and Hendry, 2006; Formolo et al., 2008; Boris et al., 2012; Bao et al., 2020; Zhao et al., 2020; Ashley et al., 2021; Guo et al., 2021). As a porous medium, the pores of coal are the main accumulation space and migration channels of CBM, and the pore structure not only affects the state of occurrence, adsorption/desorption, diffusion, seepage flow, gas content, but also restricts the ability to exploit CBM (Hudot, 1966; Clarkson et al., 2011; Moore, 2012; Gao et al., 2017; Chen et al., 2018), making it necessary to study the modification of coal pore structures by microorganisms.
MATERIALS AND METHODS
Coal Samples
The No. 3 coal seams of Early Permian Shanxi formation in Sihe mine, in the southern Qinshui basin of China were taken as research objects to study the pore structure characteristics after microbial treatment. These are typical primary mineable coal beds found in northern China. The study area lies in the southeast of Shanxi Province and forms a part to the western margin of North China Platform. The average thickness of No. 3 coal seam is about 6 m and Ro, Max. is 2.54%. The research area is a focus of CBM research in China, and is the earliest and most successful commercialization area of the CBM industry in China. To maintain the contact between the coal and microorganisms as much as possible, while avoiding the channels becoming blocked by pulverized coal, the particle size of the granular coal specimens was about 20 × 20 mm and a coal sample of 18 kg was loaded into each experimental device. Proximate analysis, low-temperature nitrogen adsorption (LTNA), mercury porosimetry (MP) and isothermal adsorption measurements, and field emission scanning electron microscopy (FESEM) were applied to pre-test/post-test samples. Two sets of experimental devices were designed (Figure 1). The test data are summarized in Table 1.
[image: Figure 1]FIGURE 1 | Experimental devices used to test MECBM.
TABLE 1 | Coal sample data.
[image: Table 1]Experimental Procedure
The MECBM treatments were performed using specially designed apparatus (Figure 1). The flora and experimental water were taken from CBM wells in the Sihe mine. The floras were cultured in the laboratory. To ensure the enrichment of methanogens in water samples, fluorescence observation and counting were performed before the experiment under a fluorescence microscope with 420 nm incident light. Preparation of 10 L of substrate was carried out, and the components mainly included glucose, peptone, sodium chloride, beef extract, l-cysteine hydrochloride, resazurin, sodium bicarbonate, and sodium sulfide. The experiment lasted for 47 days (until 72 h no gas production was noted). Two experimental devices produced 10,449 and 11,120 ml of gas respectively, of which the methane content was 4,013 and 4,583 ml.
Test Methods
An Automatic Proximate Analysis Instrument was used to perform proximate analysis (the moisture, ash, and volatile and fixed carbon contents) experiments, as per ISO 17246-2010. A Micromeritics ASAP-2020 automated surface area analyzer (United States) was adopted to perform the low-temperature nitrogen adsorption/desorption experiments, as per the ISO 15901.2-2006 test method over a pore diameter analysis range of 0.35–300 nm. An Automated Isothermal Gas Adsorption/Desorption Experiment System TerraTek ISO-300 (United States) was used to conduct the isothermal adsorption/desorption experiments, as per Chinese National Standard GB/T 19560-2008. All the above tests were completed at the State Key Laboratory of Coal and Coalbed Methane Co-Extraction in China. A Micromeritics Autopore IV 9500 Instrument (United States) was used to perform mercury porosimetry experiments, according to the ISO 15901-1-2005 test method, the particle size of the coal sample used was 4.75–3.35 mm over a pore-diameter analysis range of 7.5 nm–360 μm. The pore characteristics of coal and methanobacteria were observed under FEI Quanta 250 FEG (United States) field emission scanning electron microscopy (these two tests were conducted at Henan Polytechnic University in China).
RESULTS AND DISCUSSION
Pore Properties
In this study, the following Xoдot criteria developed in the former USSR were adopted: the pores in a coal specimen were divided into: micropores (<10 nm), minipores (10–100 nm), mesopores (100–1,000 nm), and macropores (>1,000 nm) (Hudot, 1966; Cheng et al., 2021).
From the distribution of specific surface area (Figure 2), the specific surface area of coal samples comprised mostly micropores and minipores. The specific surface area of micropores and minipores of coal samples increased from 93.6% to 97.8% and 96.5% after bioconversion under LTNA test conditions, and the specific surface of micropores and micropores of coal samples decreased from 99.7 % to 99.5% under mercury injection test conditions. From Figures 3, 4A,4B, the specific surface area of micropores of coal samples was found to increase significantly after bioconversion, while that of the minipores increased slightly, and the overall specific surface area increased from 1.79 to 4.01 m2/g on average after LTNA testing; however, the overall specific surface area decreased slightly, from 5.398 to 5.246 m2/g under mercury injection test conditions.
[image: Figure 2]FIGURE 2 | Percentage of specific surface area and pore volume in each pore size interval (left panel: LTNA; right panel: MP). S1∼S3 and V1∼V3 are specific surface area ratios and the pore volume ratios of micropores, minipores, and meso-macropores, respectively.
[image: Figure 3]FIGURE 3 | Specific surface area and pore volume distribution characteristics based on pore distribution change according to LTNA measurements for (A) (C) (E) and MP measurements for (B) (D) (F); the left ordinate is the incremental pore area (m2/g) and the right ordinate denotes the incremental pore volume cm3/g).
[image: Figure 4]FIGURE 4 | The changes in specific surface area and pore volume based on pore size change [(A,C): LTNA; (B,D): MP].
Different from the specific surface area, the contribution of pore volume arose mainly from minipores, mesopores, and macropores (Figure 3), the contribution of meso-macropores increased from 72.4 % to 76.7% and 73.1% after bioconversion under MP test conditions (Figure 2). The contribution of micropores to the pore volume increased from 4.34 % to 18.0% and 12.98% under the LTNA test, although the contribution of micropores to the increase in pore volume after the experiment was large, the proportion of micropores to the increase in the pore volume remained small. As can be seen from Figures 4C,D, the pore volume of coal samples increased from 0.0018 cm3/g (LTNA) and 0.0530 cm3/g (MP) before testing to 0.0051 cm3/g (LTNA) and 0.0626 cm3/g (MP) after testing in LTNA and MP conditions, respectively (Table 1).
The differences in the data of specific surface area and pore volume between the LTNA and MP tests methods are mainly based on two reasons: one is that MP focuses on macropores and mesopores, while LTNA is more advantageous for micropores and minipores; the other is that according to the experimental results, microbial modification of mesopores is greater, which reduces the specific surface area of mesopores and increases the pore volume.
Surface Fractal Dimension
The pore structure of coal has strong heterogeneity and anisotropy, with fractal characteristics (Zhang et al., 2017), therefore, the fractal dimension is often used to quantify and characterize the pore structure in coal reservoirs (Wang et al., 2021). In this study, the Frenkel-Halsey-Hill (FHH) fractal model was used to estimate the fractal dimension from the LTNA data. The FHH equation can be expressed as (Lowell et al., 2004; Zhang et al., 2014):
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where [image: image] is the sorption capacity; [image: image] denotes the volume of monolayer coverage; D is the fractal dimension; A represents the pre-exponential factor, which is dependent on D; P0 is the saturated vapor pressure; C is a constant.
According to Eq. 1, there must be a linear relationship between ln V and ln (ln (P0/P)) when the pores have fractal characteristics. As can be seen from Figure 5, the bilogarithmic coordinates show a significant linear relationship, indicating that the pores of coal samples can be characterized by fractal theory. It is noteworthy that there are two different formulae available for calculating D with A based on the different situations: Eq. 2,3 (Pfeifer and Avnir, 1984; Avnir and Jaroniec, 1989; Ismail and Pfeifer, 1994; Yao et al., 2008; Dou et al., 2021). Eq. 2 is applicable to the membrane/gas interface controlled by van der Waals force, and Eq. 3 is applicable to the interface controlled by liquid–gas tension. In this study, many of these D values are less than 2 as calculated using Eq. 2, which is unrealistic, so D is calculated using Eq. 3 (Table 2).
[image: Figure 5]FIGURE 5 | Relationship between ln V and ln (ln (P0/P)) based on LTNA.
TABLE 2 | Fractal dimension calculations based on the FHH model.
[image: Table 2]To study the effect of microbial action on pore structure of coal, the data are divided into three regions to calculate the fractal dimension, d ≤ 10 nm, 10 nm < d < 100 nm, d ≥ 100 nm. The fractal results showed that when d ≤ 10 nm, the fractal dimension of coal after microbial treatment was increased from 2.73 to 2.89, when 10 nm < d < 100 nm, the fractal dimension D was increased from 2.60 to 2.81, however, when d ≥ 100 nm, the fractal dimension D was reduced from 2.90 to 2.85, The results indicated that the surface irregularities of mesopores and macropores decreased, the pores became smoother and the pore volume decreased after the bioconversion (Figure 6). This finding was consistent with the aforementioned research (the pore structure evolution model is shown in Figure 7).
[image: Figure 6]FIGURE 6 | SEM image of spherical microbial attachment to the coal after microbial treatment.
[image: Figure 7]FIGURE 7 | A conceptual pore structure evolution model with microbial treatment. (A) Pore structure before microbial treatment. (B) Pore structure after microbial treatment.
Proximate Analysis and Adsorption Characteristics
From the perspective of industrial analysis (Table 1), compared with pre-test values, the moisture content, ash yield, and clay content of coal samples increased from 2.99%, 13.13 % and 4.13%–5.53%, 15.65 % and 7.37%, respectively, while the volatile matter and fixed carbon contents reduced from 6.68%, 78.63 %–5.09% and 75.63%, respectively. This showed that microorganisms participated in the degradation of coal reservoir and promoted the generation of methane gas.
The curves of the methane adsorption on samples can be drawn according to the Langmuir model Eq. 4:
[image: image]
where V is the adsorption volume, VL denotes the Langmuir volume, [image: image] is the equilibrium pressure, PL is the Langmuir pressure (Zhang et al., 2017; Chen et al., 2018). It can be concluded from Figure 8 that the Langmuir volume was increased after bioconversion, from 34.84 to 36.34 cm3/g (mean average), and the Langmuir pressure was increased from 2.73 to 3.28 MPa (mean average) after bioconversion based on the isothermal methane adsorption experimental data (Table 1). This result showed that transformation of coal by microorganisms is more beneficial to the adsorption and production of CBM.
[image: Figure 8]FIGURE 8 | Curves of methane isothermal adsorption on samples.
CONCLUSION
In this study, No. 3 coal seams in Qinshui Basin were taken as the research objects to observe the pore structure characteristics after microbial treatment, and the following conclusions can be drawn.
The contribution of micropores and minipores to the specific surface area of coal samples reached more than 93%, and the contribution was further increased after microbial treatment. After bioconversion, the specific surface area increased from 1.79 to 4.01 m2/g under LTNA test conditions, while the specific surface area decreased from 5.398 to 5.246 m2/g under MP test conditions. The fractal dimension of micropores and minipores increased from 2.73 and 2.60 to 2.89 and 2.81, respectively, but the fractal dimension of meso-macropores decreased from 2.90 to 2.85.
The pore volume of coal samples arose mainly from minipores, mesopores, and macropores, and the contribution of minipores, mesopores, and macropores to the increase in the pore volume was more than 70%. The pore volume of coal samples increased from 0.0018 cm3/g to 0.0530 cm3/g to 0.0051 cm3/g to 0.0626 cm3/g after testing under LTNA and MP test conditions, respectively.
The volatile matter and fixed carbon were both reduced from 6.68 % to 78.63% to 5.09 % to 75.63%, and the Langmuir volume and Langmuir pressure increased from 34.84 cm3/g and 2.73 MPa to 36.34 cm3/g and 3.28 MPa, respectively.
The results demonstrated that microorganism participated in the degradation of coal reservoir and promoted the production of methane gas. The meso-macropores were more obviously modified by the microorganisms, so that the pore diameter stabilized, the pores became smoother, the specific surface area decreased, and the pore volume increased. After microbial treatment, the coal body was more conducive to the adsorption of methane gas. The increase of Langmuir pressure was more conducive to the subsequent production of CBM.
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Shale gas reservoir has become a crucial resource for the past decade to sustain growing energy needs while reducing the carbon intensity of energy systems relative to other fossil fuels. However, these reservoirs are geologically complex in their chemical composition and dominance of nano-scale pores, resulting in limited predictability of their effective storage capacity. To predict gas storage and estimate volumetric gas-in-place, in-situ gas properties need to be defined. However, only a few direct experimental measurements on in-situ gas properties are available in the literature, and the interactions between gas and the surrounding surface area of the medium remain poorly understood. In this study, gas invasion experiments were conducted in conjunction with 3D X-ray micro-CT imaging on three different shales, i.e., Bakken, Haynesville and Marcellus. Results show evidence of increased storage capacity in all cases, with different degrees of gas densification across the three shale specimens. The average of measured in-situ xenon density within the Bakken, Haynesville and Marcellus shale samples were found to be 171.53 kg/m3, 326.05 kg/m3 and 947 kg/m3, respectively. These measured densities are higher than their corresponding theoretical free gas density, though lower than the xenon density at boiling point, indicating that current practices of estimating adsorbed gas and gas in place, using boiling point liquid density, may be overestimated. The xenon densification factor in the Marcellus sample was found to be 7.4, indicating the most significant degree of localized densification. This densification factor drops to 2.6, and to 1.4, in the Haynesville and the Bakken sample, respectively. Characterization of shale composition and pore structure are presented, in order to assess the shale properties controlling in-situ gas density and storage capacity. Results indicate that the observed degree of gas densification in shales can be attributed to surface area and pore size. The findings in this work provide valuable reference for simulation to much more accurately predict gas storage in shales. More importantly, the contribution of this work lay a foundation to evaluate excess storage capacity of various gases in ranging tight formations.
Keywords: unconventional reservoirs, shale, storage capacity, gas density, x-ray CT
INTRODUCTION
Gas production from a shale reservoir depends on gas in place (GIP), its storage capacity and transport behavior. However, the mechanisms of gas storage and transport in shale systems are still poorly understood. Unlike conventional reservoirs in which gas is stored primarily as “free” gas in pores, a considerable proportion of gas in shales is stored in the form of “sorbed” gas. Adsorption results in a high-density phase and thus increases the storage capacity of shale as compared to a conventional rock with equivalent pore volume (Gasparik et al., 2014). In addition to adsorption, other mechanisms are believed to contribute to the storage of gas in shales. Barsotti et al. (2018) claim that stronger adhesive forces in smaller pores (e.g., mesopores) would lead to more fluid molecules to attract each other and form multiple molecular layers of the adsorbed phase. As pressure increases, this multilayer adsorbed film becomes unstable and starts to collapse until a new condensed phase nucleates and propagates in nanopores (Agrawal et al., 2017; Barsotti et al., 2016; Coasne et al., 2009; Thommes, 2010). This process is known as capillary condensation or pore condensation, which represents a phenomenon whereby gas condenses to a liquid-like phase in nanopores due to fluid–wall interactions (Thommes, 2010). Some studies consider capillary condensation as a special case of adsorption (Chakraborty et al., 2020; Thommes and Cychosz, 2014). Moreover, Luo et al. (2016) investigated storage behaviors in mesoporous controlled pore diameter glasses (CPG), and found that confined fluid properties are altered toward the properties of supercritical fluids at subcritical conditions. They refer to this phenomenon as induced-supercriticality. While these mechanisms have been widely studied, there is a dearth of studies that provide sufficient evidence of what mechanism(s) is/are responsible for altering gas storage in shales. It is a difficult task to experimentally differentiate these mechanisms controlling gas storage capacity in shales. However, it is worthwhile to further examine this scientific question in search for more accurate gas storage prediction. For this reason, this study aims to shed light on how in-situ gas property changes within different shales, and what shale properties control it.
The use of advanced high-resolution scanning (e.g., scanning electron microscopy (SEM)) have revealed that the complexity of nano-scale pore systems is tightly related to their mineralogical constituents (Chalmers et al., 2012). It is now widely accepted that gas storage in shale is dominated by the organic porosity (Curtis et al., 2012; Eberle et al., 2016; Jarvie, 2012; King et al., 2015). This conclusion is inferred from the positive linear correlation of gas sorption capacity in shales with Total Organic Carbon (TOC) (Eberle et al., 2016; Ross and Bustin, 2009). On the other hand, many studies focus on the effect of pore structural properties on gas storage in shales (Chalmers and Bustin, 2008; Gasparik et al., 2014; Kang et al., 2011). Shale matrix exhibits a wide distribution of micropores (less than 2 nm) and mesopores (2–50 nm) in organic matter and clay minerals (Kuila and Prasad, 2013). The structure of these nanopores have attracted more attention because they tend to be stronger indicators of excess storage capacity (Kuila and Prasad, 2013; Liu et al., 2018; Zhang, 2018). For example, clay minerals may provide considerable storage capacity in shales due to their high internal surface area (or micropore volume) (Wang et al., 2016). In addition to surface area, confinement in nanopores has significantly impacts on the thermodynamic properties, phase equilibrium, and phase behavior of the fluid (Nojabaei et al., 2013; Singh et al., 2009; Ting et al., 2015; Travalloni et al., 2014; Zarragoicoechea and Kuz, 2004), therefore affecting gas storage capacity. These studies imply that excess gas storage in shales is mainly controlled by pore structural properties (Ambrose et al., 2012; Didar and Akkutlu, 2013; Pitakbunkate et al., 2016; Perez and Devegowda, 2017). However, it is still not clear if gas storage capacity is caused by chemical effects of mineralogical constituents or the presence of nanopores. The relationship between gas storage and compositional constituents and pore structure were not well identified in previous studies.
There is no doubt that gas storage in shales is a complex multi-parameter process, and reliable experimental data are needed in order to quantify it and correlate it with individual parameters (Gasparik et al., 2014). Unfortunately, the majority of experimental studies to characterize storage capacity used either indirect measurements on shales or nanoporous surrogates (Barsotti et al., 2018; Gasparik et al., 2012; Luo et al., 2016, 2019; Morishige and Nakamura, 2004). Only a few experimental studies available in the literature directly measured gas densities in natural shales. For example, small-angle neutron scattering (SANS) is a reliable technique to measure gas densities in shales (Eberle et al., 2016; Stefanopoulos et al., 2017; Zhang, 2018). However, the main drawback of small angle scattering techniques is that they are essentially indirect methods and mathematical models have to be applied to describe the experimental scattering curves. X-ray micro-CT is one of the only ways of visualizing and quantifying in-situ gas storage within a rock. The use of X-ray micro-CT and samples saturated with radio-opaque agents to determine the spatial distribution of gas storage in shale is not novel today. This technique was first used by Watson and Mudra (1994) to quantitatively determine xenon storage distribution in Devonian shales. They reported that high gas storage regions are associated with clay and pyrite. However, it is difficult to conclusively prove this correlation because the typical resolution of a micro-CT scanner (i.e., 20 µm-2 mm) is far larger than the size of mineral grains and discernible compositional features. More recently, to remedy this resolution limitation of micro-CT scanners, some studies attempted to combine micro-CT with other material characterization techniques, thereby facilitating the connection established between storage capacity and shale properties (Aljamaan et al., 2017; Vega et al., 2015). However, previous studies using micro-CT to quantify gas storage capacity ignore the fact that X-ray CT images are a function of material density and composition. To fill this gap, Chakraborty et al. (2022) proposed a practical approach to directly measure in-situ fluid density in shales while decoupling the overlapping effects of density and composition.
In this study, our aim is to determine which shale properties tend to be responsible for gas densification and storage capacity. We employed the approach from Chakraborty et al. (2022) to characterize gas density in shales as an expression of gas in place, or measure of storage capacity. We performed micro-CT to directly measure in-situ gas density in Bakken, Haynesville and Marcellus shale samples. We demonstrated different degrees of gas densification across Bakken, Haynesville and Marcellus shales. To our knowledge, no prior study has provided such explicit comparison of in-situ gas densities across different shales, which allows one to readily compare gas storage capacity in relation to varying shale properties. To explore which shale properties control gas densification, shale compositional and structural properties that are independently measured are presented. It is worthy to note that most phase-behavior studies on the effect of shale properties are simulations of multi-component gases. Our data is quite revealing in how it is suggesting that phase behavior of single-component systems might be affected by pore-confinement.
MATERIALS AND METHODS
Three cylindrical core plugs from Bakken, Haynesville and Marcellus formations were used in this study. Table 1 lists the physical properties of the Bakken, Haynesville and Marcellus samples. Sample porosities were measured using helium porosimetry, while permeability ranges were provided by the sponsors of the different cores. Xenon gas (purity>99.5%) as a high-contrast agent was chosen to enhance image contrast.
TABLE 1 | Physical properties of shale core plugs used in this study.
[image: Table 1]Currently, the vast majority of studies have reported that organic content or total organic carbon (TOC) is responsible for high adsorption capacity in shales (Chalmers and Bustin, 2008; Kang et al., 2011; Merkel et al., 2016; Stra̧poć et al., 2010). Besides TOC, adsorption capacity of clay is also found to be very high (Busch et al., 2008; Heller and Zoback, 2014). Therefore, mineralogy and organic content are believed to be indicators of storage capacity. On the other hand, some authors attribute the variation of storage capacity to organic porosity, surface area and pore size (Kang et al., 2011; Rexer et al., 2014; Wang et al., 2016). In order to explore which shale properties control gas densification, compositional and pore structural properties for Bakken, Haynesville and Marcellus shales are carefully characterized.
Compositional analysis includes organic content measurement and mineralogy assessment. X-ray Diffraction (XRD) was employed to identify mineralogical composition, and TOC was measured on a Shimadzu TOC analyzer. Sample porosities were measured using helium porosimetry. Nitrogen low-pressure surface adsorption (LPSA) measurements were carried out in order to measure surface area and pore size distribution. The Brunauer–Emmett–Teller (BET) model is used to estimate surface area from adsorption data. The Barrett–Joyner–Halenda (BJH) is a popular method to obtain pore size distribution and average pore width (Aljamaan et al., 2017; Alnoaimi et al., 2016; Kuila and Prasad, 2013). This method assumes cylindrical pore geometry with a pore diameter larger than 5 nm. While for a diameter less than 10 nm, the pore size will be underestimated. Although this method is imperfect, the main purpose of this study is to assess the comparison of the pore size for Bakken, Haynesville and Marcellus shales, thereby correlating them with different degrees of gas densification.
The experimental method used in this study is a gas injection experiment in conjunction with micro-CT imaging. The experimental setup is depicted in Figure 1. The pressure vessel had one port of entry which was connected to a pressure transducer and a ball valve. The tested cylindrical core plug was placed vertically in a custom-made aluminum pressure vessel, so as to provide sufficient mechanical strength and minimize beam-hardening artifacts (Akin and Kovscek, 2014). The pressure vessel contained two hollow rubber ring-shaped spacers, separated by the tested core plug. The intent behind these spacers was to create a substantial volume within the CT scanner’s field of view (FOV), thereby observing probe gas in free space and capturing its CT numbers for analysis.
[image: Figure 1]FIGURE 1 | Schematic of the experimental setup for gas invasion experiment in conjunction with micro-CT imaging (left) and the actual experimental setup (right). The dashed box indicates the approximate position that is imaged.
The gas injection experiments were performed on the Bakken, Haynesville and Marcellus shale plugs at room temperature (approximately [image: image]). Prior to every test, each shale plug was cleaned and dried in a vacuum oven at [image: image] for 24 h, and the entire system was leak-tested. After the core plug and hollow spacers were mounted in the pressure vessel, vacuum was applied to the entire system for 24 h to evacuate air from the sample and the annular space. The entire system was then moved into the X-ray CT scanner and an X-ray image of the sample was collected (hereafter referred to as the “dry image”). Next, xenon gas was injected as a single pulse at 400 psi, approximately, and the ball valve was then shut. This made the inside of the vessel a closed system wherein gas from the annular space flowed into the sample pore space until the pore and annular pressure reached equilibrium. After the system reached its final equilibrium state, a CT image of the assembly was collected once (referred to as the “equilibrium image”). The equilibrium state was confirmed by the annular pressure fall-off history which showed stable pressure readings for an extended period of time. The final equilibrium pressures for the Bakken, Haynesville and Marcellus samples were 310 psi, 300 psi and 303 psi, respectively. It was observed that time to pressure-stabilization for the Bakken, Haynesville and Marcellus samples were about 30 min, 4 days and 7–10 days, respectively. All CT images were collected using GE Phoenix V Tome-X L-300 industrial CT scanner. The applied-voltage and current were 200 keV and 95 mA, respectively. Each scan duration was about 1.5 h. Voxel resolutions for the Bakken, Haynesville and Marcellus samples were 19, 19 and 13 µm, respectively. No confining pressure was applied in order to maximize overall X-ray signal-to-noise ratio. Reconstruction of the tomographic data was done using GE DatOS software, and all post-processing was carried out using Avizo 9.3 and MATLAB.
DIRECT MEASURE OF IN-SITU XENON DENSITY IN SHALES USING X-RAY MICRO-CT IMAGING
The advantage of X-ray CT is the ability to provide three-dimensional (3D) images in a non-destructive way. It can offer fine spatial resolution for a material’s interior, and is adaptable to many types of experimental procedures. The CT images are 3D maps of the X-ray attenuation values (or CT numbers), which are inherently a function of material density and atomic number. Since shale pore sizes are far below the typical resolution of a micro-CT scanner (between 20 μm and 2 mm), it is not possible to segment pore structure and/or minerals composition. Instead, subtraction image technique is used to quantify in-situ fluid density within shales. Following the work published from Chakraborty et al. (2022), in-situ fluid density can be computed from X-ray CT images as follows,
[image: image]
where, [image: image] is the in-situ fluid density of each voxel in the rock matrix at saturated conditions, [image: image] is the measured CT number of each voxel of the rock matrix at saturated conditions, [image: image] is the measured CT number at the corresponding voxel location at dry conditions. [image: image] can be computed from image subtraction of spatially registered images (i.e., spatially correspondent voxels). [image: image] is the fluid effective atomic number calculated and, [image: image] and [image: image] are related to the spectrum of the X-ray source and are unique to the X-ray imaging equipment and imaging conditions, and are largely a function of the source voltage. Details of the acquisition of [image: image] and [image: image] and the derivation of in-situ fluid density can be found in Chakraborty et al. (2022). [image: image] is the independently measured porosity of each voxel in the rock matrix. The expression for calculating porosity map is as follows,
[image: image]
where, [image: image] is the independent measured sample porosity from helium porosimetry, [image: image] is the average of CT numbers of the rock matrix resulting from the dry image, [image: image] is the threshold of the CT number of the rock matrix in the dry image. Note that all voxels with CT number of 0 are marked in the subtraction image, and then the lowest CT number at the same voxel location of the dry image is determined to be the threshold (i.e., [image: image]).
Figure 2 shows vertical cross-sectional CT images of the Bakken, Haynesville and Marcellus shale samples at dry and equilibrium conditions. The subvolumes of the three shale samples are digitally extracted (i.e., orange cuboid) for analysis. In dry images, the dark regions of the sample indicate materials with low density (e.g., organic content) or low porosity regions (e.g., micro fractures), while the bright regions indicate high-density materials (e.g., minerals). The relative brightness of the equilibrium image indicates the presence of xenon in the sample. After image registration is done, the subtraction between equilibrium and dry images is carried out in order to highlight the porosity and cancel the unchanged non-porous solids. The brightness of a subtraction image (not shown) is a function of the xenon density/concentration occupying the pore space of the sample at any given voxel location. Subtraction images are then used to calculate xenon density.
[image: Figure 2]FIGURE 2 | CT images of the Bakken (Top), Haynesville (Middle) and Marcellus (Bottom) shale samples. Left to right: Two-dimensional longitudinal cross-sections of the shale sample at dry conditions (before xenon injection); same cross-section at equilibrium conditions; and the indication of digitally extracted sub-volumes for further analysis.
After obtained the CT image dataset, porosity map can be calculated based on Eq. 2. Figure 3 reports the porosity distributions for the analyzed Bakken, Haynesville and Marcellus samples. The dashed vertical line indicates average porosity. It can be seen that the average porosity for the Bakken, Haynesville and Marcellus samples are 8.5, 9.03 and 7% respectively, indicating that the difference of porosity between these samples is quite small. The matrix of these three samples are relatively homogeneous, as evidenced by CT images. Eq. 2 provides a practical approach to approximate independent 3D porosity maps, thereby isolating the signal from CT attenuations that can be attributed to fluid density. Because of this, these porosity distributions should be viewed statistically, and the mean and mode of these distributions are way more important than any single point.
[image: Figure 3]FIGURE 3 | Porosity distribution for each sub-volume of the (A) Bakken, (B) Haynesville and (C) Marcellus shale sample.
Eq. 1 can then be used to calculate in-situ xenon density within shales. Figure 4 shows a comparison of in-situ xenon density distributions and 3D density maps for the Bakken, Haynesville and Marcellus samples. samples. At similar equilibrium conditions, the measured average in-situ xenon density within the Bakken, Haynesville and Marcellus samples are found to be 171.53 kg/m3, 326.05 kg/m3 and 947 kg/m3, respectively. This indicates that the Marcellus sample has the highest storage capacity, while the Bakken sample has the lowest storage capacity. The dash-dotted vertical line indicates the theoretical xenon gas density at 300 psi and [image: image], while the dashed vertical line indicates the theoretical liquid xenon density at boiling point. It is observed that almost all measured average densities are higher than the theoretical free gas density, while they are all much lower than the xenon density at boiling point (i.e., 3100 kg/m3) obtained from NIST database. The Bakken, Haynesville and Marcellus samples show the significant densification of 40, 160 and 640%, respectively. This result offers a reference for gas storage prediction, and allows one to readily compare the in-situ xenon gas density distributions across the three different natural shales.
[image: Figure 4]FIGURE 4 | In-situ xenon density distributions (left) and corresponding 3D spatial density maps (right) for the Bakken, Haynesville and Marcellus shale samples.
Currently, accurate adsorption measurements require knowledge of either density or volume of adsorbed phase. A common approach is to approximate the adsorbed gas density as the liquid phase density of the gas. The finding of this study raises an important question as to whether the use of liquid phase density leads to a overestimation of adsorbed gas content and gas in place (Perez and Devegowda, 2017).
By having the porosity distributions and the corresponding in-situ xenon density distributions, it would be reasonable to wonder how in-situ xenon density is affected by porosity. The cross-plots of in-situ xenon density against porosity for the Bakken, Haynesville and Marcellus samples are reported in Figure 5. The overall trend of the data indicates that higher density corresponds to lower porosity, and likely smaller pores. This agrees with the literature results, which reveals that gas densification is pore size-dependent (Didar and Akkutlu, 2013; Gallego et al., 2011; Pitakbunkate et al., 2016). Note that the theoretical free gas density is different for the Haynesville because of the different final equilibrium pressure.
[image: Figure 5]FIGURE 5 | Cross-plot of computed in-situ xenon density against the corresponding porosity for the (A) Bakken, (B) Haynesville and (C) Marcellus shale samples.
To present this gas densification phenomenon more intuitively, we define the term densification factor as follows,
[image: image]
where [image: image] is the measured gas density and [image: image] is the theoretical free gas density at corresponding experimental conditions.
Figure 6 summarizes the results of the experiments on Bakken, Haynesville and Marcellus samples. The xenon relative critical properties (i.e., [image: image], [image: image], [image: image]) at equilibrium conditions are also provided for reference. The xenon densification factor in the Marcellus sample is found to be 7.4, the most significant degree of localized densification among the three samples. In the Haynesville sample, densification factor drops by almost a factor of three to 2.6, and in the Bakken sample densification factor drops further by nearly a factor of two to 1.4, indicating significantly reduced uptake of gas. In addition, [image: image] represents the proximity of the measured fluid density to its critical density. This ratio measured in the Bakken and Haynesville sample are 0.16 and 0.3 respectively, indicating that xenon is more likely gas phase in these two samples. In contrast, this ratio is 0.86 in the Marcellus sample, indicating that xenon gas in the Marcellus sample is altered toward to a near critical state, even though it is at sub-critical conditions.
[image: Figure 6]FIGURE 6 | Summary of the gas invasion experiments on the Bakken, Haynesville and Marcellus samples.
SHALE PROPERTIES CONTROL ON GAS DENSIFICATION
All measured sample compositional and structural properties are reported in Table 2. The three shale samples used in this work are same as the samples in Chakraborty et al. (2020). It can be seen that the clay content in the Bakken, Haynesville and Marcellus samples are 23.1, 54.5 and 38.9% respectively, indicating that all of the samples are clay rich. The organic content in the Haynesville and Marcellus samples are 3.8 and 5.6%. In contrast, the Bakken sample has almost no organic content. Moreover, the Marcellus sample has a high quartz content. Quartz minerals are generally known to have low adsorption capacities (Ross and Bustin, 2009), whereas the most significant degree of xenon densification appears in the Marcellus sample. This indicates that quartz has almost no effect on xenon densification. For pore structure, the three samples have similar porosity. The Bakken sample has a very low specific surface area of only 3 m2/g. The Haynesville sample has a higher surface area of 10 m2/g, and the Marcellus has the highest surface area of 27 m2/g. In addition to the mean pore width provided in Table 2, Chakraborty et al. (2020) reported that the measured proportion of meso and small macropores (<100 nm) relative to total pore space was less than 0.1% in the Bakken, 37% in the Haynesville and 46% in the Marcellus. This offers the assessment of pore size for the three shale samples.
TABLE 2 | Comparison of compositional and pore structural properties for the Bakken, Haynesville and Marcellus shale samples (Chakraborty et al., 2020)
[image: Table 2]All the characterized shale properties for the Bakken, Haynesville and Marcellus samples are presented as axes of the radar chart shown in Figure 7. The maximum and minimum values are best-approximation limits obtained from the literature. Warmer colors indicate higher gas densification–thus the Marcellus with the highest gas uptake is shown in red and the Bakken with the least uptake is shown in blue. It can be observed that gas densification increases with surface area and decreasing mean pore size, indicating that the degree of gas densification can be attributed to surface area and pore size. This result agrees with previous studies (Gallego et al., 2011; Li et al., 2020; Luo et al., 2016). Larger surface area can provide higher availability for gas molecules to adsorb, while smaller pores have stronger pore wall-molecules forces. It was also found that the porosity of the three shale samples had little relevance in densification due to the small dataset. Overall, no clear correlation between compositional properties and gas densification was found except for carbonate percentage. However, the carbonate data is skewed by the fact that there is very little in the Marcellus. This observation may suggest that the densification observed in our experiment is influenced by multiple parameters other than only shale compositional properties. While the dataset in this study is small due to the availability of materials and experimental cost, the result still offers a qualitative insight into the shale properties affecting gas densification, and consequently influencing gas storage behavior in shales.
[image: Figure 7]FIGURE 7 | Radar chart of all characterized shale properties for the Bakken, Haynesville and Marcellus samples and their relationship to gas densification.
CONCLUSION
In this work, we directly measure in-situ xenon density within Bakken, Haynesville and Marcellus shales through quantification of 3D X-ray attenuation dataset. For the first time, different degrees of gas densification have been observed experimentally and documented for a group of shale samples with varying properties carefully characterized. Results show that the in-situ xenon density within the Bakken, Haynesville and Marcellus samples are 171.53 kg/m3, 326.05 kg/m3 and 947 kg/m3, respectively. These measured in-siu xenon densities are higher than their corresponding theoretical free gas density (∼127 kg/m3) and much lower than the liquid density at boiling point (3100 kg/m3). The highest xenon densification factor is found to be 7.4 in the Marcellus sample, indicating the most significant degree of localized densification. This densification factor drops to 2.6, and to 1.4, in the Haynesville and the Bakken sample, respectively. In addition, by comparing the final experimental conditions of the three samples, it is observed that xenon gas properties are quite far from critical properties in the Bakken and Haynesville samples. In contrast, xenon gas in the Marcellus sample is altered toward to a near critical state, even though it is at sub-critical pressure and temperature conditions. The shale compositional and structural properties for the three shale samples are presented in order to explore their relationship with densification. Results show that densification increases with surface area and decreasing pore size, indicating that the observed degree of gas densification in shales can be attributed to pore structural properties. This work offers a way to quantify densification over a range of porosity and surface area, at relatively low TOC.
The comparison of in-situ xenon density across the three shale samples lays a foundation to evaluate extra storage capacity for various gases in ranging tight formations. The observation in the experiment is a good first step in guiding which model is appropriate to predict gas storage for a specific shale rock. More importantly, this work offers valuable experimental data that are rarely available in the literature, thereby providing reference for simulation to much more accurately approximate in-situ gas densities and predict gas storage. In future research, the study of simulation for the observation in our experiment will be explored. Bridging simulation and our experiment will provide valuable insight into the mechanisms of gas storage and transport within shales. It is also expected that a quantitative correlation for densification as a function of pore-size distribution or gas type (gas molecule size) can be established.
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In order to study the change of pore structure and adsorption characteristics of coking coal after the high-temperature and high-pressure adsorption test, the coking coal from the Liulin coalmine was selected for the research. Both the mercury injection experiments were carried out on the raw coal and the coal after the isothermal adsorption experiment processing with a pressure of 11 MPa and temperature ranging from 30 to 90°C. The results show that the pressure is beneficial to gas adsorption, while the temperature has a restraining effect on the gas adsorption of coking coal, and there is a good negative exponential relationship between the adsorption capacity and temperature. The hysteresis loop of that after the high-temperature and high-pressure isothermal adsorption test is smaller than that of raw coal, and the connectivity of pores becomes worse. In the process of the mercury injection experiment, the hysteresis loop of coking coal after the high-temperature and high-pressure adsorption experiment is smaller than that of raw coal. This demonstrates that the open pores decrease and the semi-closed pores increase, and then the connectivity of the pores becomes worse, which is not conducive to the gas flow when the coking is subjected to high-temperature and high-pressure action. After the high-temperature and high-pressure adsorption experiment, the volume of macropores, visible pores, and crannies of the coking coal decreases, and the volume of micropores and minipores increases. However, the total pore volume reduced overall. Under the same pressure, with the increase in temperature, the volume of macropores, visible pores, and crannies increases, while the volume of micropores and minipores decreases, and the total pore volume increases. After the high-temperature and high-pressure adsorption experiment, the proportion of micropores and minipores increases, and the specific surface area also increases. Under the same pressure, the surface areas of micropores and minipores decrease and the total specific surface area also decreases with the increase in temperature.
Keywords: high temperature and high pressure, pore structure, adsorption characteristics, coking coal, deep mining area
INTRODUCTION
The development and utilization of coking coal play a vital role in the development of China’s steel industry, and coking coal is an indispensable resource for China’s economic construction (Liu, 2014). With the depletion of shallow coking coal resources, many coal mines have shifted to deep mining (Peng, 2008; Xu, 2020). With the extension of the depth, coking coal mining has highlighted the problems of high ground temperature and high gas pressure, which pose a great threat to the safe and effective mining of deep resources (Feng, 2018). The influence of temperature and pressure on gas adsorption characteristics of coal has been studied at different degrees, and significant research results have been obtained (Levy et al., 1997; Liang, 2000; Hu et al., 2002; Zhao et al., 2012). Hou Cheng et al. believe that the process of gas adsorption by coal under high temperature and high pressure can still be accurately described by the Langmuir adsorption equation, and the adsorption amount increases with increasing adsorption pressure. Moreover, by increasing the temperature of coal under the same pressure condition, the gas adsorption capacity of all coal samples shows a significant decrease (Zhong, 2001; Cui et al., 2003a; Cui et al., 2003b; Hou et al., 2019). For gas, high temperature and high pressure are the oxymorons, and how their combined effect will affect the adsorption and storage of coal seam gas, the adsorption characteristics and storage properties of deep coal seam gas, and how the change has not been agreed upon and still need further study (Zhong et al., 2002b; Zhang et al., 2005; Liu, 2011).
The pore structure of coal directly affects the gas adsorption and desorption characteristics of coal (Crosdale et al., 2008; Zhang, 2008; Qu, 2011; Zhao et al., 2018). As the main site of gas deposition, the pore structure of coal has an influence on gas adsorption mainly depending on the micropore content (Zhang et al., 2005; Gu et al., 2017), and in the meantime, pore morphology affects gas transportation and diffusion (Chen et al., 2012; Qi et al., 2017; Gao et al., 2019). In the study of microporous fractures in coal using low-temperature nitrogen isothermal adsorption, Chen Ping et al. classified microporous pores in coal into three major categories: open permeable pores, a section of closed impermeable pores, and fine-necked bottlenecked pores, based on their permeability properties (Chen and Tang, 2001). In the study of adsorption properties of gas-fertilized coal in the Xinji mine, Zhong Lingwen et al. found that the adsorption capacity of coal for gas was positively correlated with total pore volume, total pore-specific surface area, and micropore-specific surface area, while in the study of Huating coal, it was found that the adsorption capacity was not significantly related to total pore volume but only has a positive correlation with the micropore volume (Zhong et al., 2002a). Liu Aihua and Fu Xuehai et al. conducted pore testing experiments on high-grade coal by the mercury-pressure method and concluded through experimental analysis that high-grade coal has small porosity and abundant “ink bottle”-type pores, which reduce the pore connectivity of the coal; however, the large number of developed micropores greatly improves the adsorption capacity of the coal and is beneficial for gas deposition (Xu et al., 2016). Wang Lingling and Huo Xiaoxiao et al. found that the external conditions of high temperature and high pressure could change the pores of coal; the specific surface area of coal increased, the cumulative pore volume decreased, and the proportion of visible pores and crannies increased (Qi et al., 2017; Wang et al., 2018).
In conclusion, the pore structure directly affects the gas adsorption–desorption characteristics of coal. With the increase of temperature and pressure, while entering deep mining, few people consider the influence of temperature and pressure on pore structure. Under the high temperature and pressure, what will happen to the pore structure of coal and how the change of pore structure will affect the gas adsorption? Therefore, it is necessary to study the influence of high-temperature and high-pressure environment on the pore structure of coking coal.
MATERIALS AND METHODS
In order to study the gas adsorption characteristics of coking coal under a high-temperature and high-pressure environment, soft and hard coals in Liulin Coalmine, Shanxi Province, were selected in the experiment. In order to facilitate subsequent experimental analysis, the soft and hard coal samples were numbered as “LR” and “LY” successively. The experimental coal samples were coking coal with a particle size of 3–6 mm. Before the isothermal adsorption experiment, the experimental coal samples were dried in a drying oven (105°C) for more than 2 h stored in a drying dish and cooled to room temperature. The Hsorb-2600 high-temperature and high-pressure gas adsorption apparatus (as shown in Figure 1) was used to conduct methane adsorption experiments on soft and hard coals of the Liulin coal mine under high temperature and high pressure under the conditions of maximum adsorption equilibrium pressure of 11 MPa and temperature of 30, 50, 70, and 90°C. According to Langmuir’s monolayer adsorption principle, the methane adsorption capacity of coal was measured by the high-pressure volumetric method. The Langmuir formula is σ = abp/(1+bp), where a is the adsorption constant, cm3/g; b is the adsorption constant, MPa−1. The physical significance of the adsorption constant a means at a given temperature, the coal adsorption the gas to achieve the maximum adsorption capacity, also known as saturated adsorption capacity. The value reflects the adsorption capacity of coal to gas (Wang et al., 2012; Hou et al., 2020a, 2020b).
[image: Figure 1]FIGURE 1 | Hsorb-2600 high-temperature and high-pressure gas adsorbent instrument.
There are many pore testing methods for coal (Fredrich et al., 1995; Yao et al., 2009), and in this study, the mercury injection method was used to analyze the difference in pore structure between soft and hard coals of the Liulin coalmine in Shanxi Province before and after high-temperature and high-pressure adsorption experiments. For the convenience of experimental analysis, experimental coal samples are numbered as shown in Table 1.
TABLE 1 | Serial number of coal samples.
[image: Table 1]The instrument for the experiment is the AUTO PORE9500 mercury injection instrument (as shown in Figure 2). The instrument is usually operated in a pressure range of 0–228 MPa (33,000 psia) and an aperture measurement range of 5.5 nm–360 μm. The instrument utilizes mercury to measure the pore structure of coal and force mercury into coal samples by external pressure. The required pressure should overcome the capillary force of mercury flowing out of coal pores. The instrument can automatically control the pressure of the mercury inlet and outlet pressure with recording data. According to the Washburn equation, a series of pore characteristic parameters such as pore volume distribution, pore area distribution, porosity, and mercury injection and ejection curve can be obtained to characterize the pore size and pore volume of samples (Wang et al., 2014). There are many pore structure classification methods for coals (Qi, 2013), of which the B.B. XouoT decimal classification is the most widely used in China’s coal industry (Yu, 1992). The Dubinin, IUPAC, H. Gan, and other classification methods are more commonly used in coal physics and coal chemistry (Thommes et al., 2015). In order to study the storage and flow of gas in coal seam, according to B.B. XouoT’s classification method (Yu, 1992), the pores in coal were divided into micropores (D < 10 nm), minipores (10 nm < D < 102 nm), mesopores (102 nm < D < 103nm), macropores (103 nm < D < 105 nm), and visible pores and crannies (D > 105 nm), and the letter D stands for diameter.
[image: Figure 2]FIGURE 2 | Mercury porosimeter.
RESULTS AND DISCUSSION
High-Temperature and High-Pressure Response Characteristics of Coking Coal Gas Adsorption
Influence of Temperature on Gas Adsorption Characteristics of Coking Coal
Under the conditions of maximum adsorption equilibrium pressure of 11 MPa and temperature of 30, 50, 70, and 90°C, the influence of temperature single factor on gas adsorption characteristics of coking coal was studied. According to the isothermal adsorption experiment, the variation trend of methane adsorption capacity of coal samples at different temperatures was successively obtained (as shown in Figure 3).
[image: Figure 3]FIGURE 3 | Adsorption isotherms of Liulin coal samples at different temperatures. (A) Soft coal adsorption isotherm (B) Hard coal adsorption isotherm.
It can be seen from Figure 3 that under the same pressure condition, with the increase in temperature, the gas adsorption capacity of coking coal shows a downward trend. This is because the adsorption of coal to gas belongs to physical adsorption, and adsorption is an exothermic process (Wang et al., 2012). So, with the rise in temperature, the gas molecules move more violently, and the time they stay on the coal surface becomes shorter. Finally, it is easier to reach equilibrium within the specified time, which causes the limit gas adsorption amount of coal to decrease (Liang, 2000; Li et al., 2021). Figure 4 shows the limited adsorption capacity of soft coal and hard coal at different temperatures under 11 MPa pressure. The adsorption capacity does not decrease linearly with the increase in temperature. In order to intuitively represent the relationship between adsorption capacity and temperature, Origin Software was used to carry out optimal fitting for adsorption capacity and temperature, as shown in Figure 4. According to the relationship between saturated adsorption capacity and temperature, it can be seen that they conform to the exponential relationship. The regression equation between adsorption quantity Q and temperature T was established by fitting using Origin Software and a good fitting result was obtained (Table 2).
[image: Figure 4]FIGURE 4 | Fitting diagram of the relationship between temperature and saturated adsorption capacity under the same pressure (11 MPa). (A) Soft coal (B) Hard coal.
TABLE 2 | Fitting results of coal sample adsorption capacity and temperature at 11 MPa equilibrium pressure.
[image: Table 2]It can be seen from Figure 4 and Table 2 that the adsorption capacity and temperature have a good negative relationship with the increase in temperature. Meanwhile, with the increase in temperature, the adsorption capacity of hard coal in the same mining area decreases less compared to that of soft coal.
Influence of Pressure on Gas Adsorption Characteristics of Coking Coal
With the increase in burial depth, the gas pressure of the coal seam increases in a hydrostatic gradient, and the amount of gas absorbed in the coal reservoir increases. The gas pressure of the coal seam is an important factor affecting the adsorption characteristics of coal. Under the conditions of maximum adsorption equilibrium pressure of 11 MPa and temperature of 30, 50, 70, and 90°C, the influence of pressure single factor on the adsorption characteristics of coking coal gas was studied.
As shown in Figure 3, in certain temperature cases, the adsorption quantity of coalbed methane increases with the increase of pressure, which can be roughly divided into three stages: rapid increase, slow increase, and balance. The reason for the difference between the growth of gas adsorption volume of coal samples in different pressure ranges is that at the initial stage of the isothermal adsorption experiment, there are a lot of adsorption vacancies on the surface of coal, and the probability of gas molecules hitting the pore surface of coal increases, which manifested as the faster adsorption rate. With the increase of gas pressure, the surface of coal is covered more and more with gas molecules, and the density of gas molecules arranged on the pore surface of coal increases; thus, the adsorption amount increases. In addition, the adsorption vacancy decreases and the adsorption rate decreases. When the pore surface that can pass through gas molecules is gradually and fully covered by gas molecules, the adsorption amount does not increase with the increase of pressure, and the adsorption reaches equilibrium (Li et al., 2021).
At different temperatures, with the increase of pressure, the increase of the gas adsorption capacity of each coal sample is slightly different. Under the conditions of 30 and 50°C, the adsorption capacity of each coal sample increases rapidly almost linearly with the increase of pressure in the range of 0–3 MPa. In the range of 3–7 MPa, the adsorption capacity increases with the increase of pressure, but the adsorption rate slows down. After 7 MPa, the adsorption amount shows a variety of changes with the pressure, and the adsorption amount of the soft coal increases slowly and gradually becomes flat with the increase of the pressure. On the other side, for hard coal, under the pressure of more than 10 MPa, with the increase of pressure, the adsorption capacity tends to decrease. Under the condition of 70°C, the adsorption capacity of each coal sample increases rapidly almost linearly with the increase of pressure in the range of 0–4 MPa. In the range of 4–8 MPa, the adsorption capacity increases with the increase of pressure; on the contrary, the adsorption rate slows down. After 8 MPa, the adsorption amount shows a variety of changes with pressure. The adsorption amount of soft coal increases slowly and gradually becomes flat with the increase of pressure. For the hard coal, after exposure to 10 MPa pressure, the adsorption capacity tends to decrease with the increase of pressure. Under the temperature of 90°C, the adsorption capacity of each coal sample increases rapidly almost linearly with the increase of pressure in the range of 0–4 MPa. After 4 MPa, the adsorption isotherm curve increases slowly and will flatten out gradually with the increase of pressure. Under the same pressure, the adsorption capacity of soft coal is greater than that of hard coal.
Effect of High Temperature and High Pressure on Pore Structure
Difference Analysis of Mercury in and out Curves Before and After High-Temperature and High-Pressure Experiment
According to the connectivity of pores in coal, the morphology of pores in coal is divided into open pores (with hysteresis loops), semi-closed pores (with almost no hysteresis loops), and narrow-necked pores (“sudden drop”–type hysteresis loops). The spatial distribution of pores in coal reflects the pore connectivity, and the open pores are most conducive to the migration of coalbed methane due to the large distribution of macropores and crannies. In the case of closed pores and semi-closed pores, the pores are mainly micropores, and the pore channels are not smooth, which complicates the migration of CBM.
According to the experimental results, the mercury injection and ejection curves of all coal samples were drawn, as shown in Figure 5. The differences in pore morphology of coal samples before and after the high-temperature and high-pressure adsorption experiment were studied according to the injection and ejection curves of mercury.
[image: Figure 5]FIGURE 5 | Mercury in ejection curves before and after high-temperature and high-pressure adsorption test. (A) Soft coal (B) Hard coal.
From Figure 5, it can be seen that the mercury intrusion curves of both soft and hard coal have the hysteresis loop in the entire pressure range when before or after the high-temperature and high-pressure adsorption experiment, which indicates that there are many open pores in coal samples from the Liulin mining area, and there may be semi-closed pores. Comparing the mercury injection and ejection curves before and after the high-temperature and high-pressure adsorption experiment, it was found that the mercury injection and ejection hysteresis loops of the coal samples after the high-temperature and high-pressure adsorption experiment were smaller than those of the raw coal, indicating that after exposure to high-temperature and high-pressure, the open pores in the coal samples decreased, the semi-closed pores increased, and the connectivity of coals deteriorates, which is not conducive to the flow of gas. Under the same pressure, the hysteresis loop increases gradually, and the connectivity of coal samples is better with the increase in temperature. The total mercury input of Liulin soft coal after the high-temperature and high-pressure experiment is less than that of raw coal. Under the same pressure, with the increase in temperature, the total mercury input increases. The total mercury injection volume of hard coal after the high-temperature and high-pressure experiment is smaller than that of raw coal, and under the same pressure, with the increase in temperature, the total mercury injection volume rises. Comparing the soft and hard coal (both are raw coals) in the Liulin mining area, it is found that there is little difference in the amount of mercury injected between them, but there are differences in morphology. The mercury hysteresis loop of soft coal is smaller than that of hard coal, and the semi-closed pores in soft coal are more than those in hard coal.
Difference in Pore Volume Before and After High-Temperature and High-Pressure Experiments
According to the mercury injection experimental data of soft and hard coal samples of coking coal in the Liulin Mining area before and after the high-temperature and high-pressure experiments, the cumulative pore volume and incremental pore volume distribution of various coal samples are shown in Figures 6, 7 and Table 3.
[image: Figure 6]FIGURE 6 | Pore volume vs pore size of Liulin mine soft coal after high-temperature and high-pressure adsorption test. (A) Cumulative pore volume of soft coal (B) Incremental pore volume of soft coal.
[image: Figure 7]FIGURE 7 | Pore volume vs pore size of Liulin mine hard coal after high-temperature and high-pressure adsorption test. (A) Cumulative pore volume of hard coal (B) Incremental pore volume of hard coal.
TABLE 3 | Pore volume distribution of coal samples with the mercury intrusion method.
[image: Table 3]It can be seen from Figures 6 and 7 that the total pore volume of coal samples is smaller than that of raw coal after the high-temperature and high-pressure experiment, which is mainly manifested by the decrease of macropores and visible pores volumes in coal samples. The volume of micropores and minipores increases slightly, and the total volume of pores increases with the increase in temperature. This is because under high temperature and high pressure, the macropores, visible pores, and crannies are destroyed, and their volumes decrease. The pores become compact as a whole, and the volume of micropores increases, while the total pore volume decreases. When the temperature rises, the coal body absorbs heat, the coal matrix contracts, the pore structure expands, the semi-closed pore becomes an open pore, the volume of micropore and minipore increases, and the total pore volume increases with the rising temperature. According to Table 3, it can be seen that the visible pores and crannies in coal are the main contributors to total pore volume, and the contributions of the micropore and minipore are smaller. Whether concerning the raw coal or the coals after the high-temperature and high-pressure adsorption experiment, both visible pores and crannies are the largest contributors to pore volume. The visible pores and crannies account for more than 60% of the total pore volume in the Liulin mining area, followed by minipore, and the proportion of mesopores and macropores is less. By comparing soft coal and hard coal, we can find that the proportion of micropores and minipores in soft coal is larger than that in hard coal. Nevertheless, the ratio of micropores, visible pores, and crannies in hard coal is greater than that of soft coal. Micropores and minipores are the main places of adsorption behavior. Because the soft coal contains more micropores, the adsorption capacity of soft coal is greater than that of hard coal in the Liulin mining area.
The Difference in Surface Area of Coal Before and After High-Temperature and High-Pressure Experiments
The accumulative pore area and incremental pore area distribution of soft and hard coal in the Liulin mining area before and after high-temperature and high-pressure experiments were measured by the mercury injection method, as shown in Figures 8 and 9. Table 4 reflects the changes in specific surface area of coal before and after high-temperature and high-pressure experiments.
[image: Figure 8]FIGURE 8 | Pore area vs pore size of Liulin mine soft coal after high-temperature and high-pressure adsorption test. (A) Cumulative pore area of soft coal (B) Incremental pore area of soft coal.
[image: Figure 9]FIGURE 9 | Pore area vs pore size of Liulin mine hard coal after high-temperature and high-pressure adsorption test. (A) Cumulative pore area of hard coal (B) Incremental pore area of hard coal.
TABLE 4 | Pore area distribution of coal samples with the mercury intrusion method.
[image: Table 4]It can be seen from the aforementioned fact that the surface area of micropores and minipores reaches 98% of the total area, which is the main contributor to the specific surface area of pores, while the visible pores and crannies nearly have little contribution, and the surface area of macropores and mesopores is very small. Compared with raw coal, the pore surface area after the high-temperature and high-pressure experiment increases, that is, because the pore structure of the coal is destroyed, the pore size tends to be smaller, and the number of micropores and minipores in the coal increases, so the specific surface area also increases. Under the same pressure, with the increase in temperature, the specific surface area of the same coal sample showed a decreasing trend. In the experimental range of the pore size test, the pore size of coal samples showed peaks in the micropores ranging from 6 to 10 nm, indicating that the micropores are the main contributors to the total specific pore area of coal samples.
CONCLUSION
In this study, the coking coal in the Liulin mining area was taken as the research object to analyze the pore structure characteristics of coal before and after the high-temperature and high-pressure adsorption experiment. The following conclusions were obtained:
(1) The pressure is beneficial to gas adsorption, while the temperature has a restraining effect on the gas adsorption of coking coal, and there is a good negative exponential relationship between the adsorption capacity and the temperature of coking coal. At the same temperature, the gas adsorption capacity of soft coal is greater than that of hard coal. When the temperature increases, the reduction of the adsorption capacity of hard coal is less than that of soft coal in the same coalmine. Under the highest equilibrium pressure of 11 MPa, the isothermal adsorption curve of coal samples for methane in the Liulin coalmine still conforms to the Langmuir adsorption curve.
(2) Both before and after the high-temperature and high-pressure adsorption experiment of coking coals in the Liulin coalmine, there exists a hysteresis loop in the whole pressure interval, indicating that there are many open holes in the pores and perhaps semi-closed holes exist. In the process of the mercury injection experiment, the hysteresis loop of coking coal after the high-temperature and high-pressure adsorption experiment is smaller than that of raw coal. This demonstrates that the open pores decrease and the semi-closed pores increase, and then the connectivity of the pores becomes worse, which is not conducive to the gas flow when the coking coals are subjected to high-temperature and high-pressure action.
(3) After the high-temperature and high-pressure adsorption experiment, the volume of macropores, visible pores, and crannies of the coking coal decreases when measured by the mercury intrusion method, and the volume of micropores and minipores increases. However, the total pore volume reduced overall. Under the same pressure, with the increase in temperature, the volume of macropores, visible pores, and crannies increases, while the volume of micropores and minipores decreases, and the total pore volume increases overall.
(4) After the high-temperature and high-pressure adsorption experiment, the proportion of micropores and minipores of coking coal increases, and the specific surface area also increases. There exist plenty of micropores and minipores in soft coal, and the adsorption capacity of soft coal is greater than that of hard coal. Under the same pressure, the surface area of micropores and minipores decreases, and the total specific surface area also decreases with the increase in temperature.
(5) The visible pores and crannies are the main contributors to the total pore volume of coal, and they are the largest components of pore volume either in raw coal or in coal samples after high-temperature and high-pressure adsorption experiments. The micropores and minipores are the main contributors to the specific surface area of pores, and conversely, the contribution to pore volume is minimal.
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Structural deformation has a very important effect on the particle size and adsorption/desorption properties of coal, which is widely distributed in China, but there are few studies in this area. The effects of particle size and internal structure on the pores and adsorption properties of deformed coal were studied, and the influence of structural deformation was analyzed. Eight undeformed and deformed coal samples were progressively crushed from 0.12 to 0.15 mm (100–120 mesh), 0.18–0.25 mm (60–80 mesh), and 0.42–0.84 mm (20–40 mesh), and subsequently, adsorption/desorption characteristics of CO2 and CH4 and pore structure analyses were performed on all the grain size fractions. The coal size fraction has a slightly smaller influence on CO2 adsorption than on CH4 adsorption. Deformation can promote gas desorption, which increases as the deformation increases. Moreover, deformation can reduce the effect of granularity and internal structure on gas adsorption capacities. The 60–80 mesh is suggested to be the optimal size for deformed coal to achieve the ideal adsorption/desorption effect without eliminating the influence of structural deformation. However, below 100–120 mesh is recommended to reduce the impact of structural deformation on data processing and analysis when the sample contains both deformed and undeformed coals.
Keywords: deformed coal, particle size, internal structure, microstructure, adsorption/desorption characteristics
1 INTRODUCTION
Coal is a complex polymeric material with a complex pore structure. Most scholars consider that coalbed methane (CBM) in coal seams mainly exists in an adsorbed state (Cao and Zhang, 2003a, Cao et al., 2003b; Busch et al., 2003; Ju and Li, 2009). Therefore, the coal adsorption property is an important index of the release of coal seam gas. Studies on coal adsorb ability have been extremely significant in the development of CBM and for predictions of the gas content (Gayer and Harris, 1996; Cui et al., 2005; Islam and Hayashi, 2008). The main factors that are currently considered to affect coal adsorption are the composition, mineral content, temperature, pressure, metamorphic degree, and structural deformation (Crosdale and Beamish, 1993; Busch et al., 2003; Qu, 2011; Zou and Rezaee, 2016; Li et al., 2019a; Li et al., 2019b). Many scholars have reported that the coal adsorption capacity increases with the metamorphic degree for Ro, max < 4.0% (Yao and Liu, 2007; Jiang et al., 2010). Zhong et al. found that the coal adsorption capacity for methane decreased as the temperature increased, and this change was more marked at higher pressures (Zhong et al., 2002). Hou et al. characterized the pore structure of coals with different particle sizes that formed under structural deformation and reported that structural deformation increases the abundance of accessible mesopores and causes micropore collapse Hou et al. (2017). Pan et al. studied the effects of temperature and pressure on the adsorption capacity of deformed coal, which was found to decrease as the temperature increased and was significantly higher for ductile deformed coal than for weak brittle deformed coal Pan et al. (2012). Qu et al. found that the adsorption capacity of deformed coal increased significantly with deformation because of the deformation-induced formation of a complex pore system Qu, (2011); (Zhu et al., 2018, 2020).
Many studies have been conducted on the effect of sample size on the adsorption/desorption properties of coal (Zhang et al., 2009; Sun et al., 2012; Han et al., 2013; Jia et al., 2013; Marcin et al., 2016; Mastalerz et al., 2017). For example, through CH4 adsorption experiments with different particle sizes, Sun et al. reported that the smaller the particle size is, the larger the specific surface area and adsorption capacity (Zhang et al., 2009); Sun et al. (2012). Jia et al. conducted CH4 adsorption/desorption experiments on coal with different particle sizes (0.2–0-0.5 mm, 0.5–1-1 and 1.3 mm) and believed that within a certain time range, the particle size of coal is inversely proportional to the total gas desorption Jia et al. (2013). However, one of the most common problems associated with adsorption/desorption property studies on coal samples is the particle size of samples chosen for the experiments. In the vast majority of laboratory sorption experiments, the samples are crushed and sieved to a given fraction before the experiment starts, which influences the experimental data and analysis. Regarding coals, the fraction that passed through a 60 mesh (0.25–0.2 mm) sieve has been preferred, but other analytical size fractions have also been used, including but not limited to 4 mesh (<4.78 mm), 7 mesh (<2.83 mm) (Furmann et al., 2016), 16 mesh (<1.18 mm) (Swanson et al., 2015), 100 mesh (<0.125 mm) and 200 mesh (<0.074 mm) (Cao et al., 2015; Wang and Ju, 2015; Marcin et al., 2016). Mastalerz et al. studied N2 and CO2 adsorption in coal and shale for different particle sizes [chunks (∼7 mm) to 4 mesh (<4.78 mm), 7 mesh (<2.83 mm), 18 mesh (<1 mm), 30 mesh (0.595 mm), 60 mesh (<0.250 mm), 200 mesh (<0.074 mm), and 230 mesh (<0.063 mm)] and determined that the most suitable particle sizes for adsorption analysis were the 60-mesh fraction for coal and 200 mesh fractions for shales (Mastalerz et al., 2017).
Complex tectonic movement has produced widely developed deformed coals in most coal-bearing basins in China (Cao and Zhang, 2003a, Cao et al., 2003b; Ju et al., 2005a). Deformation crushes coal and affects its pore structure and macromolecular structure, which in turn affects adsorption and desorption in this material (Domazetis and Raoarun, 2008; Chen et al., 2011; Mathews et al., 2011; Castro and Lobodin, 2012; Cai et al., 2013; Li et al., 2014). However, relatively few studies have been performed on the adsorption performance of deformed coal of different particle sizes. When the adsorption performance and pore structure of deformed coal are studied, the selection of sample size fractions will affect the results. If the coal samples collected contain deformed coal and undeformed coal, then the sample size should be selected to be the most appropriate during the experiment because the influence of structural deformation on the particle size and pore structure of coal cannot be ignored. Therefore, in this paper, we collected samples of brittle and ductile deformed coal to perform a comparative analysis using undeformed coal as a reference. We conducted experiments on the isothermal adsorption of CH4 and CO2 in coal of different particle sizes to investigate the effect of deformation and particle size and internal structure on the coal adsorption performance. The suitable experimental size range of deformed coal is also discussed.
2 SAMPLES AND METHODS
2.1 Geological Settings and Samples
All coal samples were collected from the Permo-Carboniferous coalbed in the Huainan-Huaibei coalfield, which was strongly affected by Mesozoic tectonic deformation (Figure 1). The coal seams are distributed mainly in the graben part, especially in the syncline part. A series of multiple synclines and anticlines are distributed in this area with a NNW-NE strike. The structural deformation remarkably destroyed the structure of coal seams, resulting in the widespread development of brittle and ductile deformed coal in this area (Ju et al., 2005a; Li et al., 2012).
[image: Figure 1]FIGURE 1 | The samples distribution plot (after Ju et al., 2005a; Li et al., 2012).
Deformed coal is formed under one or more periods of tectonic stress. The original structure is deformed (crushed, folded, etc.) or undergoes superimposed damage in different degrees of stress, and even the internal chemical composition and structure are changed (Ju et al., 2004). Deformed coal can be divided into three types, namely, brittle deformation, ductile deformation and brittle-ductile transition, according to the structural composition and mechanical properties (Hou et al., 1995; Guo, 2001; Jiang and Ju, 2004; Ju et al., 2004, 2005a, 2009). The brittle deformation series shows the development of one or more groups of joints or fractures. Strong brittle deformation leads to dislocation of the coal particles cut by joints and cracks and is even rounded to form a clastic structure. A ductile deformation series is formed under certain strata temperature and pressure conditions, and the coal seam is ductile deformed under extrusion or shear stress, forming various ductile structures such as folds and flowing deformation (Cao et al., 2003b; Jiang and Ju, 2004; Ju et al., 2004, 2005a, 2009; Wang et al., 2009; Qu et al., 2012). Brittle-ductile deformation is a transition type between brittle deformation and ductile deformation.
Eight coal samples in this paper were evaluated according to the above classification. Six deformed coal samples were collected from the Xinzhuangzi, Linhuan and Haizi coal mines. Additionally, to serve as a reference for the deformed coals, we obtained two undeformed coal samples from the Zhangbei coal mine that were almost unaffected by structural deformation (Figure 1). The characteristics of coal hand specimens with different deformation degrees are quite obvious and are described in detail in Table 1. All the samples were labeled by the coal type: the undeformed coal samples were labeled P01 and P02; the brittle deformed coal samples were labeled B01, B02, and B03; and the ductile deformed coal samples were labeled D01, D02, and D03 (Table 1).
TABLE 1 | Coal sample characteristics.
[image: Table 1]2.2 Experimental Methods
The metamorphic grade, proximate analysis and component composition after purification of all coal samples were analyzed before the experiment (Table 2). The table shows that the coal samples are mainly of low or medium ash, with an ash yield between 8.93 and 44.31%, volatile matter (V) content ranging from 10.04 to 34.99%, moisture content varying from 0.79 to 1.84%, and fixed carbon content ranging from 36.35 to 79.05%.
TABLE 2 | Properties of coal samples.
[image: Table 2]According to the different specific gravity values of each component, the vitrinite of the coal sample was separated and purified by hand picking and then density gradient centrifugation (Dyrkacz and Horwitz, 1982; Gilfillan et al., 1999; Ju et al., 2005b; Wang et al., 2005) to reduce the influence of coal components on the adsorption/desorption performance. Before the adsorption/desorption test, all deformed coal samples were crushed and sieved to 20–40 mesh and then treated with vitrinite centrifugation based on hand-picked vitrinite. We used benzene and carbon tetrachloride (CCl4), which are volatile and have no effect on the coal structure, to refine the amount of vitrinite up to 80%–99% (Li et al., 2010, 2014). Please refer to previous articles for specific methods (Dyrkacz and Horwitz, 1982; Ju et al., 2005b; Li et al., 2010, 2014).
Vitrinite accounts for between 81.90 and 96.30% of the samples, the inertinite content ranges from 1.60 to 12.52% and almost no liptinite is present. The mineral content ranges from 0.19 to 2.56%. As seen from Table 2, except for sample P01 (81.9%), the vitrinite content of all the other samples is above 85%, and the mineral content is below 3%. Therefore, these processes will increase the vitrinite content and minimize the effects of maceral composition on the pore structure.
2.2.1 Scanning Electron Microscopy Observation
Scanning electron microscopy (SEM) can help us better understand the microstructure on small particle coal surfaces and analyze the fracture forms and internal structure of coal. SEM measurements were performed at Henan Polytechnic University. Coal samples collected were observed by SEM (JSM 6390/LV) with an acceleration voltage of 0.5–30 kV and 150–3000× magnification.
2.2.2 Adsorption Method
Before the adsorption experiments were performed, the eight samples were prepared by crushing and sieving the coal into three size ranges [0.12–0.15 mm (100–120 mesh), 0.18–0.25 mm (60–80 mesh), and 0.42–0.84 mm (20–40 mesh)], followed by outgassing at 298 K for 24 h in a vacuum oven. This procedure was used to completely remove any adsorbed gas from the coal matrix. The coal samples were aerated with high-purity CH4 (99.9%) and high-purity CO2 (99.9%) under humidity/temperature balance conditions (0.93%/30°C). Isothermal adsorption experiments were performed using an IS-300 automatic isothermal adsorption instrument. The pressure ranges used to measure gas adsorption were 0.5–12 MPa for CH4 and 0.5–5 MPa for CO2. The adsorption capacity was determined at various pressures, and the adsorption equilibrium time was 24 h.
2.2.3 Calculation of Langmuir Isotherms
Adsorb ability is a natural property of porous materials, including coal. The solid surface of coal and a gas form a system, and the phenomenon of gas components accumulating at the two-phase interface is called adsorption. The return of adsorbed gas molecules to the gas phase is called desorption. Coal adsorption is currently considered to involve mostly physical adsorption, as represented by the Langmuir adsorption model (Laxminarayana and Crosdale, 1999; Yu et al., 2004; Moore, 2012).
The Langmuir model is often referred to as monolayer adsorption theory, where the governing formula is simple and practical and has been widely used to describe gas adsorption in coal and other adsorbents. Most of the instruments used to measure isothermal adsorption in coal are designed in accordance with this theory. The Langmuir parametric formula is given as follows:
[image: image]
where P is the pressure of sorbate gas (MPa); V is the adsorption capacity under pressure P (m3/t); VL is the Langmuir volume (m3/t); and PL is the Langmuir pressure (MPa).
Defining A = 1/VL and B=PL/VL, formula (1) can be written in terms of A, which is a function of P/V and P:
[image: image]
Formula (2) can be used to create scatter plots of the measured pressure and adsorption data at different equilibrium pressures with P as the abscissa and P/V as the ordinate. The regression formula and correlation coefficient of these scatter plots can be obtained by using the least squares method, where the slope of the straight line is A and the intercept is B. In this study, the slope and intercept were used to calculate the Langmuir volume and the Langmuir pressure as follows:
[image: image]
The isothermal adsorption/desorption curve was plotted using the adsorption capacity and pressure for different equilibrium pressures.
3 RESULTS
3.1 Particle Characteristics of Coal From SEM Imaging
The grain fragments of undeformed coal, brittle deformed coal and ductile deformed coal were observed by SEM (Figure 2). The undeformed coal (Figures 2A–D) grains are intact, the bedding is well preserved, and fractures are hardly observed. The pore distribution can be seen on the particle surface (red circle). In the brittle deformed coal (Figures 2E–J), fractures are developed, and particles are layered (Figures 2E–H). Smaller particles are sometimes observed agglomerating in fractures. Complete particles can be partially cut or fully penetrated by fractures, but the particles are still connected without further crushing. Due to fracture development, pores inside the particle are connected with surface pores (Figures 2I,J). Wrinkles can also be seen on the particles of the ductile deformed coal, and flake particles can sometimes be observed (Figures 2K–P). Most of the ductile deformed coal particles are formed by agglomeration of small particles (Figures 2K–N), with a large number of pores, fractures and high connectivity, indicating that ductile deformation has caused the granulation of coal and destroyed its internal structure.
[image: Figure 2]FIGURE 2 | SEM of images of (A–D) undeformed coal, (E–J) brittle deformed coal and (K–P) ductile deformed coal.
3.2 Adsorption Characteristics of Coal With Different Deformation Degrees
Adsorption data for the 8 samples were obtained from the abovementioned gas adsorption experiment, that is, adsorption of CH4 and CO2 for coal size fractions of 0.12–0.15 mm, 0.18–0.25 and 0.42–0.84 mm. The results (on an air-dried basis) are presented in Figure 3.
[image: Figure 3]FIGURE 3 | CH4 and CO2 adsorption isotherms for coal samples with different size fractions.
CH4 adsorption: The CH4 adsorption results are shown in the three left-hand-side images of Figure 3, indicating that the adsorption capacity is lowest for undeformed coal and highest for high metamorphic grade and strong ductile deformed coal. The adsorption capacity of coal samples typically increases with the metamorphic grade (Yao and Liu, 2007; Zhang et al., 2009; Cai et al., 2013); however, Figure 3 shows that the adsorption capacity of P02 (Ro,max = 1.29%) is always lower than that of P01 (Ro,max = 0.97%) and two of the brittle deformed coals (B01 and B02). The adsorption capacity increases with the metamorphic grade when the samples are classified as brittle and ductile deformed coal. The adsorption isotherms of brittle deformed sample B03 (Ro,max = 1.31%) and ductile deformed sample D03 (Ro,max = 1.93%) lie above those of B01 and B02 (Ro,max = 1.08 and 1.11%, respectively) and D01 and D02 (Ro,max = 1.57 and 1.63%, respectively). In addition, the fixed carbon content values of the samples of brittle deformed coal B01–03 and D01 are all between 60 and 62%, but their adsorption capacities vary greatly. The vitrinite content is lower in sample D03, which has the highest adsorption capacity (Figure 3 and Table 2). The influence of carbon and vitrinite on the gas adsorption capacity of coal is affected by structural deformation according to Figure 3 and Table 2. Figure 3 also shows that the adsorption capacities of the three brittle deformed coals (B01–03) are larger than those of the high-rank weak ductile deformed coals (D01–D02) but smaller than that of the high-rank strong ductile deformed coal (D03). Thus, the deformation degree also affects the adsorption capacity.
CO2 adsorption: The three images on the right-hand side of Figure 3 show coal adsorption of CO2, which is known to be much greater than that of CH4 (Busch et al., 2003; Li et al., 2010; Han et al., 2013; Mustafa et al., 2020). Undeformed coal has the lowest adsorption capacity, whereas high metamorphic grade and strong ductile deformed coal have the highest adsorption capacity; the same general trends are observed for the CH4 adsorption isotherms, although the details are different. The low adsorption capacities of the two high-rank weak ductile deformed coals for the 0.18–0.25 mm size fraction, samples D01 (Ro,max = 1.56%) and D02 (Ro,max = 1.63%), are even lower than that of sample P01 (Ro,max = 0.97%), which has the lowest rank of the 8 samples (Figure 3). Thus, the adsorption capacity is also affected by the size fraction. Detailed results will be presented later.
The average Langmuir volumes for samples of the same type and size are plotted in Figure 4. Irrespective of the particle size and coal type, the Langmuir volume for CO2 adsorption is always larger than that for CH4 adsorption. For the same coal type, the sample with a 0.18–0.25 mm particle size has a larger Langmuir volume than the other particle size samples (0.12–0.15 and 0.42–0.84 mm). Figure 4 also shows that the ductile deformed coal has the largest Langmuir volume of all the coal samples.
[image: Figure 4]FIGURE 4 | Langmuir volume of undeformed coal and deformed coal samples with different size fractions.
The adsorption capacities decrease in the following order: strong ductile deformed coal > brittle deformed coal > weak ductile deformed coal > undeformed coal. Figure 3 shows that the adsorption capacities of the three types of coal samples depend on the coal type, metamorphic grade, deformation process, adsorbed gas and size fraction.
3.3 Adsorption Characteristics of Coal With Different Particle Sizes
Undeformed coal (Figure 5): For CH4 adsorption, the sample with the largest particles (0.42–0.84 mm) has a smaller adsorption capacity than those with other particle sizes (0.18–0.25 and 0.12–0.15 mm); that is, the adsorption capacities increase as the size fraction decreases. The coal samples with three particle sizes have similar CO2 adsorption capacities in P01. The CO2 adsorption isotherms of the 0.18–0.25 and 0.42–0.84 mm samples are similar in P02 and smaller than that of the smallest particle (0.12–0.15 mm) sample.
[image: Figure 5]FIGURE 5 | Adsorption isotherms of undeformed coal samples, brittle and ductile deformed coal samples with different size fractions.
Brittle deformed coal (Figure 5): The CH4 adsorption capacity of the 0.42–0.84 mm sample is always the smallest among the three particle size samples. The adsorption isotherms of the 0.18–0.25 mm coal sample are close for the 0.12–0.15 mm samples (B01 and B02), whereas that of B03 is slightly higher. The CO2 adsorption isotherms for samples B01 and B03 with different size fractions of coal overlap; that is, there is little change in the adsorption capacity as the size fraction increases. However, the adsorption capacity slightly decreases as the size fraction decreases in sample B2.
Ductile deformed coal (Figure 5): The CH4 adsorption curves of samples of 0.42–0.84 mm are basically at the lowest level, which are greatly different from the adsorption curves of samples of 0.18–0.25 and 0.12–0.15 mm. The adsorption curve of the 0.18–0.25 mm sample is basically greater than or similar to that of the 0.12–0.15 mm sample. The stronger the deformation is, the closer the adsorption curves of the two particle sizes are, indicating that the deformation increases the number of pores and adsorption sites of the samples to some extent, decreasing the influence of particle size on adsorption. The CO2 adsorption isotherms of the three size fractions are similar, which means that the coal size fraction has little effect on the CO2 adsorption capacity of brittle deformed coal.
Figure 5 also show that the coal adsorption capacity is much higher for CO2 than for CH4 at the same pressure. The coal size fraction affects the adsorption capacity for CH4 for all 8 samples; that is, the adsorption capacity increases as the size fraction decreases from 0.42–0.84 to 0.18–0.25 mm. However, no obvious rule was found for the change in adsorption capacity from the 0.18–0.25 to 0.12–0.15 mm samples. The coal size fraction has a slightly smaller influence on CO2 adsorption than on CH4 adsorption. Moreover, deformation appears to reduce the effect of particle size on the adsorption capacity, especially in ductile deformed coal.
3.4 Desorption Characteristics of Deformed Coal Samples With Different Particle Sizes
CH4 and CO2 desorption isotherms were routinely measured after conducting the adsorption experiments (Figures 6, 7). All previous adsorption/desorption studies have shown that the desorption isotherm generally lies above the adsorption isotherm (Han et al., 2013; Romanov et al., 2013; Shi et al., 2020). This hysteresis effect indicates that the sorbent/sorbate system is in a metastable state and that decreasing the pressure does not readily release the gas to an extent corresponding to the thermodynamic equilibrium value (Busch et al., 2003). Figures 6, 7 show hysteresis curves of various shapes for CH4 and CO2 for the deformed sample set with different size fractions.
[image: Figure 6]FIGURE 6 | CH4 adsorption/desorption isotherms of coal samples with different size fractions.
[image: Figure 7]FIGURE 7 | CO2 adsorption/desorption isotherms of coal samples with different size fractions.
For CH4 (Figure 6), the 0.18–0.25 mm deformed coal samples exhibit the smallest deviations between the adsorption/desorption curves (little hysteresis), and all the samples release CH4 in the first desorption step. However, the 0.42–0.84 mm deformed coal samples, with the exception of D03, exhibit strong hysteresis, and mass balance shows a slight increase in the excess sorption. Andreas et al. explained this effect in terms of small inaccuracies in the experimental values, but changes in the coal volume from compressibility or swelling are also a possible cause (Busch et al., 2003). Thus, small deformed coal particles can release CH4 more easily than correspondingly larger particles. The desorption capacity of large coal particles increases under deformation.
For CO2 (Figure 7), the deformed coal samples of all size fractions exhibit similarly strong hysteresis, especially sample D01, whereas sample D03 exhibits the least hysteresis. There is a small increase in the excess sorption in the first desorption step for all the samples. No change is observed in the desorption isotherms of the two undeformed coal samples with different size fractions when metamorphism increases. The hysteresis of the brittle and ductile deformed coals decreases as the deformation increases; that is, deformation promotes CO2 desorption. For the same size fraction, there is stronger hysteresis for CO2 than CH4. The size fraction of the deformed coal samples clearly has no effect on the CO2 desorption capacity, and CH4 is more easily released than CO2 in samples with the same size fraction. Furthermore, the higher desorption capacity of CH4 relative to CO2 decreases under deformation. That is, the effect of the size fraction on the gas desorption capacity of deformed coal is weakened by deformation.
3.5 Pore Size Distribution of Deformed Coal Samples With Different Particle Sizes
We compared the size distribution and parameters of coal pores for samples with different particle sizes, as obtained from a low-pressure CO2 experiment. Table 3 shows the pore structure parameters of coal with different size fractions, and Figure 8 show the pore size distribution (PSD) of undeformed coal and deformed coal with different size fractions.
TABLE 3 | Pore structure parameters obtained from CO2 adsorption experiments on coal with different size fractions.
[image: Table 3][image: Figure 8]FIGURE 8 | PSD of undeformed and deformed coal with different size fractions.
Figure 8 shows the PSD of undeformed coal for three size fractions. As the particle size decreases, the pore diameter decreases, and the specific surface area of the pores increases. The PSD of deformed coal for three size fractions can be described as follows (Figure 8): for weak brittle deformed coal (B1 and B2), as the particle size decreases, the pore specific surface area increases. However, in strong brittle deformed coal (B3), decreasing the particle size from 0.42–0.84 to 0.18–0.25 mm reduces the pore size and increases the pore specific surface area. Further decreases in the particle size (from 0.18–0.25 to 0.12–0.15 mm) do not affect the pores, and the pore specific surface area begins to decrease. In ductile deformed coal, similar changes are observed under weak deformation (D1 and D2) and strong brittle deformation. Under strong ductile deformation (D3), as the particle size decreases, the pore specific surface area increases.
The PSD characteristics showed good consistency with the adsorption capacity. When the adsorption gas is CH4, irrespective of the coal type, the largest sample size (0.42–0.84 mm) has the minimum pore specific surface area and adsorption/desorption volume (Table 3; Figure 5). Opposite trends are observed for the adsorption/desorption volume and the specific surface area for the other particle sizes (0.18–0.25 and 0.12–0.15 mm); that is, smaller particles lead to a smaller pore diameter and adsorption/desorption volume and a larger specific surface area. The smaller influence of the grain size on CO2 adsorption than on CH4 adsorption results from better penetration of the multisize pore structure of coal by CO2 (Mastalerz et al., 2017), with CO2 being smaller than CH4 (kinetic diameters of CO2 and CH4 are 0.33 and 0.38 nm, respectively), and the influence of particle size on large pores is much stronger.
4 DISCUSSION
As the grain size of undeformed coal decreases, the abundance of 0.5–0.6 nm pores increase. However, a new pore size is added (<0.5 nm) when the grain size is 0.12–0.15 mm, and the pore sizes of other sizes are basically unchanged (Figures 9, 10). Except for the D3 sample always having pores <0.5 nm, the other deformed coal samples obviously have new pores (<0.5 nm and 1.0–1.5 nm pores) as grinding proceeds. Therefore, the smaller the particle size is, the larger the pore volume in deformed coal samples. Pores <0.5 nm are developed in D3 samples regardless of particle size, while pores <0.5 nm appear in other samples only when the particle size reaches 0.12–0.15 mm. Figure 11 shows the changes in pore structure with grain size and deformation degree. As the particle size of undeformed coal decreases, the abundance of pores larger than 30 nm increases, and that of 2–30 nm pores decrease (Jia et al., 2013; Mastalerz et al., 2017). However, the content of pores of different sizes was reported to increase in deformed coal as the particle size decreased (Fan et al., 2013; Li, et al., 2014; Wang et al., 2021). Thus, strong structural deformation can replace grinding action to impart coal with smaller pores and more pore types with different pore sizes (Figure 11).
[image: Figure 9]FIGURE 9 | Horizontal and stacked bar charts of undeformed coal and brittle deformed coal showing changes in the specific volume of micropore size ranges.
[image: Figure 10]FIGURE 10 | Horizontal and stacked bar charts of ductile deformed coal showing changes in the specific volume of micropore size ranges.
[image: Figure 11]FIGURE 11 | Schematic drawings of pore structure changes of coal with grain size and deformation degree (Part of data support from Jia et al., 2013; Mastalerz et al., 2017).
If the sample collected includes deformed coal, the grain refinement caused by structural deformation must be considered in the sample preparation process. According to our experimental data, considering that the adsorption/desorption effects of the 0.12–0.15 and 0.18–0.25 mm samples are similar, the particle size of 0.12–0.15 mm can ensure that all deformed coal samples have more diverse pore sizes and reduce the influence of structural deformation on particle size (Figure 11). Therefore, if the adsorption/desorption characteristics of coal are studied from the perspective of structural deformation, it is recommended that the samples be crushed to 0.18–0.25 mm (60–80 mesh) to achieve the ideal adsorption/desorption effect without eliminating the influence of structural deformation. If the influence of structural deformation is not taken into account but the sample contains deformed coal (due to the extensive development of deformed coal in China), it is recommended that the sample be crushed below 0.12–0.15 mm (100–120 mesh) to reduce the impact of structural deformation on data processing and analysis (Figure 11).
The results and discussion above show that coal with different deformations exhibits significantly different adsorption/desorption curves and pore structure characteristics for the same particle size. However, for the same deformation type, the adsorption/desorption curves and pore structure characteristics of samples with different particle sizes can be similar. Thus, deformation has a stronger influence on the adsorption/desorption performance and internal structure of coal than granularity. The stronger the deformation is, the smaller the impact of the particle size on the adsorption/desorption properties of coal. This result is obtained because deformation changes both the internal structure and the macromolecular structure of coal (Qu, 2011; Li et al., 2013, 2017; Ju et al., 2018; Yang et al., 2020). Coal adsorption/desorption is closely related to coal pores, and the adsorption capacity is positively correlated with the total pore volume and the total pore specific surface area (Yao and Liu, 2007; Hou et al., 2017; Mastalerz et al., 2017; Pan et al., 2019). Structural deformation and sample granularity affect these parameters because the coal particle size is reduced by mechanical friction during deformation. The undeformed coal particles are intact, a few pores on the surface are connected to the outside, and the internal pores are still closed. However, the deformed coal particles are formed by agglomeration of smaller particles with more fractures distributed and more pores connected to the outside (Figure 12). The pore volume and the specific surface area vary with the coal particle size, which changes the total number of adsorption sites. Studies have shown that structural deformation can decrease the number of side chain functional groups of coal macromolecular structures while increasing the content of benzene ring structures and aromatic lamellar structures. Both the benzene ring structure and the lamellar gap can increase the gas adsorption/desorption potential and the gas adsorption capacity (Cao et al., 2003b; Ju and Li, 2009; Zhou 2010; Li et al., 2014; Yang et al., 2020). Therefore, structural deformation can also change the adsorption/desorption properties of coal via the macromolecular structure, which does not only depend on simple granularity factors.
[image: Figure 12]FIGURE 12 | Schematic diagram of characteristics of undeformed and deformed coal particles.
5 CONCLUSION

1) Structural deformation has a great effect on the coal particles and internal structure, causes the granulation of coal and destroys its internal structure. The deformed coal particles and internal structure are formed by agglomeration of smaller particles with more fractures distributed and more pores connected to the outside. This means that deformed coal can provide more adsorption sites and adsorption space.
2) The adsorption capacity is always larger and faster for CO2 than for CH4 under the same pressure in deformed and undeformed coal. The adsorption capacities for CH4 and CO2 decrease in the following order: strong ductile deformed coal > brittle deformed coal > weak ductile deformed coal > undeformed coal.
3) A larger influence of the grain size and internal structure is observed on the adsorption/desorption of CH4 than that of CO2. Deformation affects the adsorption/desorption performance and the coal pore structure more strongly than granularity. The stronger the deformation is, the smaller the effect of the particle size and internal structure on coal adsorption/desorption. This relationship indicates that strong structural deformation can replace grinding action to impart coal with smaller pores and more pore types with different pore sizes.
4) The optimal size and internal structure during the adsorption experiment of deformed coal has been established, which can produce good-quality adsorption data of deformed coal for comparison with results from different studies. Our results demonstrate that the 0.18–0.25 mm (60–80 mesh) fraction for coal appears to be optimal and the most practical size range and internal structure for performing adsorption analysis if it is necessary to consider the influence of structural deformation. If the influence of structural deformation is not considered but the sample contains deformed coal (due to the extensive development of deformed coal in China), it is recommended that the sample be crushed below a smaller granularity (0.12–0.15 mm) to reduce the impact of structural deformation on data processing and analysis.
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Permeability evolution in coal reservoirs during CO2-enhanced coalbed methane (ECBM) production is strongly influenced by swelling/shrinkage effects related to sorption and desorption of CO2 and CH4, respectively. Recent research has demonstrated fully coupled stress–strain–sorption–diffusion behavior in small samples of cleat-free coal matrix material exposed to a sorbing gas. However, it is unclear how such effects influence permeability evolution at the scale of a cleated coal seam and whether a simple fracture permeability model, such as the Walsh elastic asperity loading model, is appropriate. In this study, we performed steady-state permeability measurements, to CH4 and CO2, on a cylindrical sample of highly volatile bituminous coal (25 mm in diameter) with a clearly visible cleat system, under (near) fixed volume versus fixed stress conditions. To isolate the effect of sorption on permeability evolution, helium (non-sorbing gas) was used as a control fluid. All flow-through tests reported here were conducted under conditions of single-phase flow at 40°C, at applied Terzaghi effective confining pressures of 14–41 MPa. Permeability evolution versus effective stress data were obtained under both fixed volume and fixed stress boundary conditions, showing an exponential correlation. Importantly, permeability ([image: image]) obtained at similar Terzaghi effective confining pressures showed [image: image] > [image: image] >> [image: image], while [image: image]-values measured in the fixed volume condition were higher than those in the fixed stress case. The results show that permeability to CH4 and CO2, under in situ conditions where free swelling of rock is not possible, is strongly influenced by the coupled effects of 1) self-stress generated by constrained swelling, 2) the change in effective stress coefficient upon sorption, 3) sorption-induced closure of transport paths independently of poroelastic effect, and 4) heterogeneous gas penetration and equilibration, dependent on diffusion. Our results also show that the Walsh permeability model offers a promising basis for relating permeability evolution to in situ stress evolution, using appropriate parameter values corrected for the effects of stress–strain–sorption.
Keywords: adsorption-induced swelling, swelling stress, Walsh effective stress, transport paths, diffusion and equilibrium, CO2-ECBM
INTRODUCTION
Subsurface coal seams typically consist of nanoporous coal matrix material, within which gas adsorption/desorption and diffusion mainly occur, cut by a multiscale network of joints or cleats that act as the main transport paths for gas flow (e.g., Levine, 1996; Laubach et al., 1998; Moore, 2012). Coal seam permeability is widely accepted as the most important factor for assessing the economic feasibility of (CO2) enhanced coalbed methane (ECBM) recovery, playing a significant role in ECBM recovery and reservoir modeling (e.g., Moore, 2012). At fixed gas or fluid pressure, fracture or cleat permeability of coal samples is strongly sensitive to the Terzaghi effective normal stress (confining pressure) or (Terzaghi) effective stress, i.e., the difference between confining pressure (Pc) and pore fluid pressure (Pf) acting on the sample, decreasing rapidly with increasing Terzaghi effective stress at a rate that depends on initial permeability and the stresses employed (e.g., Somerton et al., 1975; Durucan and Edwards, 1986; Chen et al., 2011; Gensterblum et al., 2014). At the same time, adsorption or desorption of CH4/CO2 by coal matrix material due to an increase or decrease in gas/fluid pressure at constant effective stress can cause swelling or shrinkage by several percent (e.g., Levine, 1996; Karacan, 2007; Day et al., 2012; Hol and Spiers, 2012; Liu et al., 2016), also affecting strongly the evolution of fracture permeability in coal seams. Many field pilots and laboratory experiments investigating ECBM production have further demonstrated that the net swelling of coal caused by CH4 displacement by injected CO2 causes an increase in the mean stress under confined subsurface conditions, simply closing transport paths and reducing coal seam permeability (van Bergen et al., 2006; Pini et al., 2009; Fujioka et al., 2010; Kiyama et al., 2011). Much attention has therefore been paid to understanding how these effects interact and how the permeability of coal samples develops during sorption of gases, such as N2, CH4, and CO2 (e.g., Palmer, 2009; Liu et al., 2011a; Liu et al., 2011b; Pan and Connell, 2012; Zhou et al., 2013; Shi et al., 2018). The main findings from experiments and models may be summarized as follows.
First, sorption-induced swelling or desorption-induced shrinkage occurring under fixed volume boundary conditions causes the changes in stress state, involving (poro)elastic or plastic deformation or even failure (Espinoza et al., 2014; Espinoza et al., 2015; Espinoza et al., 2016). This can accordingly lead to a change in permeability (Wang et al., 2013; Espinoza et al., 2015; Zhu et al., 2018).
Second, sorption-induced swelling behavior may change the mechanical properties of coal. These effects include 1) a change in elastic compressibility or bulk modulus upon microcracking caused by diffusion-controlled heterogeneous sorption (Gensterblum et al., 2014; Hol et al., 2014; Hol et al., 2012b; Karacan, 2003; Liu et al., 2017; Wu et al., 2011) and 2) an apparent change in Biot effective stress coefficient caused by competition between the change in compressibility and adsorption-induced swelling (Liu and Harpalani, 2014; Sang et al., 2017). Note here that the apparent Biot effective stress coefficient upon adsorption of CH4 or CO2 may be greater than 1.
Third, diffusion-controlled sorption processes can cause permeability evolution even at a fixed effective stress (Chen et al., 2011; Liu et al., 2011c; Chen et al., 2012; Peng et al., 2014; Zang and Wang, 2017; Wang et al., 2021). This can be related to the changes in the degree of sorption as equilibrium is approached (Chen et al., 2011; Liu et al., 2011c; Chen et al., 2012; Peng et al., 2014; Liu et al., 2017), or to changes in transport paths (Brown and Scholz, 1985, 1986; Zimmerman et al., 1992) that may in turn be caused by changes in fracture surface roughness, contact area, and aperture during sorption (Hol et al., 2014; Wang et al., 2017).
Fourth, experiments and thermodynamics have demonstrated the applied stress could reduce adsorption capacity for CO2 and CH4 by 5–50% (Pone et al., 2009; Hol et al., 2011; Hol et al., 2012a; Liu et al., 2016), thus changing sorption-induced swelling strain (Pan and Connell, 2007; Vandamme et al., 2010). This suggests that a fully coupled stress–strain–sorption process occurring in subsurface coal, which also has an impact on diffusion of gas/fluid molecules in the nanoporous coal matrix (Liu et al., 2017), has to be considered.
However, it remains unclear how the coupled stress–strain–sorption effects influence coal seam permeability via the likely mechanisms described above in the first to the third case, particularly under subsurface confined boundary conditions. In this study, we attempt to determine how the coupled stress–strain–sorption behavior occurring at in situ subsurface boundary conditions, where swelling is constrained by the surrounding rock mass, influences permeability evolution and whether this permeability evolution can be adequately quantified in the simple elastic asperity loading model for crack closure developed by Walsh (1981). To achieve this, flow-through tests were performed on a cored bituminous coal sample to measure permeability evolution during flow-through of helium, CH4, and CO2, under both fixed volume and fixed stress boundary conditions. The influence of effective normal stresses on permeability was compared with the Walsh permeability model. On this basis, we discuss the likely mechanisms and effects of stress–strain–sorption on the Walsh effective stress coefficient for permeability and on the internal structure of the transport paths carrying gas/fluid flow. Finally, the implications of our findings for (CO2) ECBM recovery are discussed.
EXPERIMENTAL ASPECTS
We performed measurements of permeability to CH4 and CO2, under either (near) fixed volume or fixed stress boundary conditions. The tests were performed on a cylindrical sample of highly volatile bituminous coal (25 mm in diameter) with a clearly visible cleat system (see Figure 1), using the steady-state flow method. Helium (non-sorbing gas) was used as a control fluid, in an attempt to isolate the effect of sorption on permeability evolution. All measurements were conducted under conditions of single-phase flow at 40°C, using the purpose-designed apparatus shown in Figure 2.
[image: Figure 1]FIGURE 1 | Photograph of the sample taken after the permeability experiment, consisting of (A,C) view of two flat ends and (B) rolled-out image of the full outer surface of the cylindrical sample (sample height = 46 mm, circumference = 79 mm). The initial fractures visible on the sample surface were filled with glue (white and yellow in color) to avoid failure of the sample upon employing the confining pressures. Fractures without glue may be formed during the permeability experiment. Note that mechanical failure of the sample was not observed.
[image: Figure 2]FIGURE 2 | Schematic illustration of the complete experimental setup. The cylindrical sample, sleeved by a PEEK jacket, is located inside the cylindrical steel pressure vessel. The vessel, wrapped in two electrical heaters at 42.0 ± 0.1°C, is connected to two ISCO 65D syringe pumps used for permeability measurements to CH4/CO2/He. Note that a thin water layer between the PEEK sleeve and the steel vessel supports a confining pressure. The valve F is used for controlling boundary conditions employed to the sample. The confining pressure applied to the sample is measured by the pressure transducer and is controlled by a hand pump. The pressure difference between two ISCO pumps is measured by a differential pressure transducer (DPT). The temperature of the ISCO pumps is controlled at 42.0 ± 0.1°C by using Lauda silicone oil bath. An internally heated foam–polystyrene box is constructed around the syringe pumps, hand pump, oil bath, and permeability vessel to control the air temperature around the full setup at 38.2 ± 0.2°C.
Sample Preparation and Treatment
The sample material used consisted of highly volatile bituminous coal collected from Brzeszcze 364, Poland. The Brezeszcze coal has a vitrinite reflectance of 0.77 ± 0.05% and contains 74.1% carbon, 5.3% hydrogen, 1.4% nitrogen, 0.7% sulfur, and 18.5% oxygen (Hol et al., 2011). Specifically, the Brezeszcze coal contains 2.9% moisture content and 5.2% ash content. We prepared a single cylindrical sample of the Brezeszcze coal measuring 25 mm in diameter by 45.84 mm in length, cored normal to bedding (see Figure 1). Note that the sample contains a visible multiscale network of cleats. The mass and the bulk volume of the sample, measured before the permeability test, were 28.02 g and 22.49 ml, respectively. Taking 1.45 g/ml as the matrix/grain density of the Brezeszcze coal (Hol and Spiers, 2012), calculation of the initial porosity of the sample used in this study yields ∼14%.
After evacuation, the sample was pre-treated with CH4 to allow equilibration under fixed volume boundary conditions, employing 10 MPa fluid pressure and an initial confining pressure of 11 MPa. This took around 5 days and produced a maximum self-swelling stress of 30.7 MPa. The sample was then evacuated for several days for gas desorption and was then kept in a vacuum oven for a month before starting the experiment. Note that microfractures might be formed during this treatment, speeding up gas diffusion and adsorption equilibration during the experiment (Hol et al., 2012a).
Apparatus
The apparatus used in the present experiment (Figure 2) consisted of a stainless steel pressure vessel, housing the jacketed sample and wrapped in two temperature-controlled electrical heaters maintained at 42.0 ± 0.1°C. The ends of the sample were fully attached to the closure nuts of the steel vessel, sealed using O-rings against the inner PEEK jacket. The two closure nuts and the sample assembled inside the jacket were fixed to the steel vessel using screws, sealed using O-rings against the inner vessel wall, i.e., the sample was subjected to a fixed displacement in the axial direction. The jacketed sample was pressurized externally (radially compressed) as Pc, via a thin water layer (<100 μm) inside the vessel, using water as a confining fluid, driven by a hand volumetric pump and measured by an independent pressure transducer. The high pressure valve F (Figure 2) is used for achieving constant volume (close) or fixed stress (open) boundary conditions. Gas was introduced into the sample via a high pressure line passing through the closure nut of the steel vessel. The gas flow-through was controlled by two independent ISCO 65D volumetric (syringe) pumps (cf. Hol and Spiers, 2012). Both ISCO pumps were operated in constant pressure mode in the present experiments, allowing the upstream and downstream pressures (Pu and Pd) and mean pore fluid pressure ([image: image]) to be controlled within ±0.049 MPa. The volume changes over time measured by ISCO pumps were taken as a measure of flow rate through the sample. A Lauda oil bath maintained at 42.0 ± 0.1°C was used to control the temperature of the ISCO pumps and gases flowing through the sample. A foam–polystyrene box was also constructed around the pressure vessel, syringe pumps, and oil bath to control the air temperature around the setup at 38.2 ± 0.2°C, using an internal lamp, fan, and CAL 9900 PID-controller (cf. Hol and Spiers, 2012). The temperature was measured at the locations shown in Figure 2 (Tpt) using PT-100 sensors with a resolution of 0.01°C. This all ensured the permeability tests were performed at ∼40°C. Note that, at employed boundary conditions, the term “(Terzaghi) effective stress” used in this study refers to Terzaghi effective confining pressure or Terzaghi effective normal stress, calculated as [image: image].
Experimental Procedures
We performed one multi-stage experiment on the single cylindrical sample (Figure 1) at a constant temperature of 40°C. We measured permeability of the sample to helium, CH4, and CO2 under fixed volume versus stress boundary conditions, using the steady-state method, employing Terzaghi effective stresses of 14–41 MPa. The following stages were conducted using helium, CH4, helium, CO2, and again helium (Stages I–V), in that order, as summarized in Table 1.
TABLE 1 | Experimental lists indicating the working fluid, boundary conditions, mean pore fluid pressure (Pc) employed in the flow-through tests, pressure difference between upstream and downstream (Pu–Pd), and confining pressure (Pc) employed at fixed stress for each stage.
[image: Table 1]Stages I, III, V
Helium permeability. We measured helium permeability of the sample under the fixed stress boundary condition only because helium, as a non-sorbing gas, cannot induce coal swelling. In these stages, helium was first introduced into the sample at a given pore pressure and confining pressure. After stabilization, the flow-through test was then performed by increasing the upstream pressure by 0.4 MPa. The mean helium pressure employed in these stages was 3.2, 5.2, 7.2, and 9.2 MPa, respectively. At each mean fluid pressure, the confining pressure was stepped up (and down) in the range of 18–38 MPa, in an attempt to determine the effect of confining pressure on permeability and whether such effect is reversible. As a result, we obtained permeability of the sample to helium at Terzaghi effective stresses of 13–35 MPa for Stages I, III, V. Note that helium behaves as a supercritical fluid at PT conditions employed in this study.
Stage II
CH4 permeability. We measured the CH4 permeability of the sample under both fixed volume and fixed stress boundary conditions. The confining pressure was first applied, followed by closure of the valve F (see Figure 2). The initial confining pressure before the introduction of CH4 under the fixed volume boundary condition was 25.4 MPa. CH4 was then injected into the sample, and the pore pressure was controlled at 10 MPa using the downstream pump. Note that the Pc–Pf–T conditions thus achieved were similar to those at a burial depth of 1 km. After the introduction of CH4, the confining pressure measured by the pressure transducer instantaneously increased due to poroelastic effects, followed by a gradual increase that reflected sorption-induced swelling. The confining pressure was finally increased to 38.8 MPa after 171 h. During the sorption-induced swelling process, the CH4 uptake (mmol/g) was obtained from the volume change in the downstream pump, and permeability at given confining pressures was measured through flow-through tests performed by increasing the upstream pressure by 0.4 MPa. Note that each permeability test lasted for 20–40 min, and during such short intervals, the change in the total mass of two ISCO pumps was negligible. As equilibrium was approached with CH4 at a pore fluid pressure of 10 MPa under the fixed volume boundary condition, we performed the permeability tests under the fixed stress boundary condition (i.e., the valve F was maintained open and the confining pressure was adjusted to remain constant using the hand pump), following similar procedures described in Stage I. By comparison, the mean fluid pressures of 10.2, 8.2, 6.2, and 3.2 MPa, and Terzaghi effective stresses of 14–34 MPa, were employed, respectively. Note that we waited several to tens of hours for re-equilibration after a change in either pore pressure or confining pressure, prior to each flow-through test performed under the fixed stress boundary condition.
Stage IV
CO2 permeability. Following similar procedures as described in Stage II, we measured permeability of the sample to CO2 under both the fixed volume and fixed stress boundary conditions. Under the fixed volume boundary condition, CO2 was injected into the sample, using the downstream pump, at an initial confining pressure of ∼25 MPa. Note that we could not measure CO2 uptake properly during the injection because it is quite difficult to eliminate poroelastic effects, particularly when CO2 pressure and confining pressure cannot be maintained constant. After CO2 pressure stabilization at 10 MPa, we performed the flow-through test continuously, employing a pressure difference of ∼2 MPa between upstream and downstream, achieved by increasing the upstream pressure. Note that this process was unlike the flow-through tests performed at intervals during CH4 sorption, employing a pressure difference of ∼0.4 MPa. The near equilibration took around ∼44 h, and the confining pressure increased to 52 MPa. Also note that the steady-state method cannot properly give the adsorption capacity for CO2 during the flow-through test in the permeability range of 10−18–10−19 m2. Following the similar procedures performed for CH4 and helium under the fixed stress condition, we performed the permeability tests at mean fluid pressures of 11, 13, 15 MPa, employing Terzaghi effective stresses of 14–29 MPa. The pressure difference between upstream and downstream was maintained at ∼2 MPa during all flow-through tests using CO2. Note that CO2 behaves as a supercritical fluid at the conditions employed, so that the effects of phase change can be eliminated.
Note that, before each stage, the sample was evacuated for several days, using a vacuum pump, in an attempt to fully remove the residual gas from the sample used in the previous stage.
Data Acquisition and Processing
The system temperature, confining pressure signals were recorded using a computer equipped with LabView-based software, at a sampling rate of 0.2 Hz. Pump pressure and volume signals were recorded using ISCO 65D panel software at a sampling rate of 0.2 Hz. Note that the data obtained were processed by removing data intervals corresponding to pump re-stroking or other maintenance, correcting for both volume and time offsets accordingly.
Considering the evacuation process performed prior to the flow-through tests and the PT conditions employed in the present study, we focused on single-phase flow and neglected the influence of gas slippage (Klinkenberg) on permeability evolution (e.g., Peach, 1991). The obtained data were accordingly used to calculate the apparent Darcy permeability ([image: image]) of the sample to helium, CH4, and CO2, corrected for the compressibility of the gas or supercritical fluid, using the following equation (e.g., Tanikawa and Shimamoto, 2009):
[image: image]
where [image: image] (m3 s−1) represents the fluid flux traversing the sample, in which [image: image] and [image: image] are fluid fluxes measured at specific times from the volume change of the upstream and downstream pump, respectively, versus time data using a moving average method, followed by linear regression over intervals up to 40 min; [image: image] is the dynamic viscosity of the fluid (Pa s), whose values for the fluids used at the employed PT conditions in this study were obtained from the open source of National Institute of Standards and Technology (NIST), i.e., https://webbook.nist.gov/chemistry/fluid/; A (m2) and L (m) represent the cross-sectional area and length of the sample, respectively; and Pu and Pd are the pump pressures (Pa) measured upstream and downstream, respectively. The pressure difference between upstream and downstream (i.e., Pu–Pd) was verified by the measurements of a differential pressure transducer. Note that, in this study, we determined the error bar of the permeability data points by using the absolute error method, obtained from the permeability values calculated from [image: image] and [image: image]. Also note that no or little leakage of the pumps was found to be negligible compared to the fluid flux traversing the sample.
RESULTS
Permeability of the sample to helium, CH4, and CO2 as a function of Terzaghi effective stress under the fixed stress boundary condition was obtained. Permeability evolution associated with development of the confining pressure was also obtained for the fixed volume boundary condition performed on CH4 and CO2. All data files obtained from the experiment can be found via the link https://public.yoda.uu.nl/geo/UU01/XOJCFK.html, and key data are illustrated in Figures 3–5.
[image: Figure 3]FIGURE 3 | Permeability of the sample to helium against Terzaghi effective stress performed under the fixed stress boundary condition at (A) Stage I, (B) Stage III, and (C) Stage V.
Broadly speaking, the permeability of the coal sample measured at the Terzaghi effective stresses employed in this study (in the range of 14–41 MPa) lied in the range of 10−19–10−17 m2, showing the order of permeability measured was helium > CH4 > CO2 at similar Terzaghi effective stresses. The permeability versus Terzaghi effective stress yielded a clear non-linear correlation, and the permeability reduced ∼1-2 orders with increasing Terzaghi effective stress from 14 to 41 MPa. Note here that we, after the experiment, observed some new small visible fractures formed on the surface of the sample, but no mechanical failure (see Figure 1).
Helium Permeability
Permeability measured for helium at a fixed stress boundary condition, illustrated in Figure 3, yielded a function of Terzaghi effective stress, showing a near reversible process at Stages I and III, but clear hysteresis at Stage V. It is also found in Figure 3 that the permeability obtained before and after CH4 flow-through tests (Stages I, III), and after CO2 flow-through tests, shows different values even at similar Terzaghi effective stresses, yielding an order of Stage I > Stage III > Stage V. Specifically, at Stage I, the permeability was 6.5 × 10−17 m2 at a Terzaghi effective stress of 15 MPa and reduced to 6.5 × 10−18 m2 at 35 MPa (Figure 3A). The permeability measured at Stage III was a little smaller than that measured at Stage I (Figure 3B). However, by comparison with the permeability obtained at Stages I and III, it reduced a factor of 3–6 at similar Terzaghi effective stresses, after CO2 flow-through tests, and behaved more sensitive to the change of Terzaghi effective stress. This indicates a permanent effect of CO2 introduction on permeability evolution. In particular, the permeability measured at Stage V was 3 × 10−17 m2 at 15 MPa and reduced to 9.5 × 10−19 m2 at 35 MPa (Figure 3C).
CH4 Permeability
The development of confining pressure and permeability of the sample associated with adsorption amounts during CH4 flow-through tests performed under the fixed volume boundary condition is illustrated in Figure 4A. It is clearly seen that the confining pressure showed fast increase from 25.4 to ∼28 MPa within 1 h, followed by slow evolution up to 38.6 MPa until ∼170 h with CH4 uptake of ∼0.11 mmol/g. The former may be dominated by an instant poroelastic effect and the latter by time-dependent sorption-induced swelling. In the meanwhile, the permeability reduced from 2.4 × 10−17 m2 measured at a Terzaghi effective stress of ∼19 MPa to 5 × 10−18 m2 measured at ∼28 MPa Terzaghi effective stress. The permeability of the sample measured under the fixed stress condition is shown in Figure 4B, as a function of Terzaghi effective stress. The permeability reduced from 3 × 10−17 m2 measured at 14 MPa Terzaghi effective stress to 2.5 × 10−18 m2 at 34 MPa, which are smaller, by a factor of 2, than those measured for helium at Stage I. This may suggest the effect of CH4 sorption on permeability. Also note that permeability versus Terzaghi effective stress plotted in Figure 4B showed little hysteresis, probably because the coal sample has been pre-treated with CH4.
[image: Figure 4]FIGURE 4 | Development of CH4 permeability, the confining pressure, and CH4 uptake against time obtained under the fixed volume boundary condition, illustrated in (A,B) showing development of CH4 permeability as a function of Terzaghi effective stress performed under the fixed stress boundary condition.
CO2 Permeability
The development of confining pressure and permeability of the sample during CO2 flow-through tests performed under the fixed volume boundary condition is plotted versus time in Figure 5A. The confining pressure showed fast increase from 24 to ∼34 MPa in an hour, followed by a gradual change up to 52 MPa until ∼44 h since first CO2 introduction. This indicates the combined effects of poroelastic and sorption-induced swelling. Meanwhile, the permeability reduced from 2.7 × 10−18 m2 obtained at a Terzaghi effective stress of ∼14 MPa to 1.8 × 10−19 m2 at ∼52 MPa Terzaghi effective stress, which, in magnitude, are an order lower than those for CH4 measured at similar Terzaghi effective stresses. Recall that we did not obtain the CO2 uptake data in this flow-through test. The permeability of the sample measured under the fixed stress condition, plotted in Figure 5B against Terzaghi effective stress, showed that the permeability reduced from 2.6 × 10−18 m2 measured at 14 MPa Terzaghi effective stress to 4 × 10−19 m2 at 29 MPa. These also, in magnitude, are an order lower than those for CH4 measured at similar Terzaghi effective stresses. Such a large difference in permeability may suggest, compared to CH4, CO2 has a faster sorption process, higher sorption-induced swelling, and a stronger sorption effect on permeability, which is consistent with the findings widely reported in the literature (e.g., Gensterblum et al., 2014). Also note that permeability versus Terzaghi effective stress plotted in Figure 5B showed hysteresis, suggesting a permanent change in transport paths of the sample.
[image: Figure 5]FIGURE 5 | Development of CO2 permeability and the confining pressure versus time obtained under the fixed volume boundary condition, illustrated in (A,B) showing development of CO2 permeability versus Terzaghi effective stress performed under the fixed stress boundary condition. Note that the scattered permeability data points shown in (A) reflect the noise caused by data processing via moving average at low permeability (<10−18 m2) using the steady-state method.
Effect of Boundary Condition on Permeability: Fixed Volume Versus Fixed Stress
Permeability of the sample to CH4 and CO2 performed under fixed volume versus fixed stress boundary conditions, employing the same pore fluid pressure, is plotted against Terzaghi effective stress in Figure 6. It is clear that permeability, even at similar Terzaghi effective stresses, measured under the fixed volume boundary condition is higher than that measured, at equilibration, under the fixed stress boundary condition, reflecting the effect of boundary condition on permeability. Interestingly, the lower the Terzaghi effective stress occurring at the initial sorption process under the fixed volume boundary condition, the higher the difference in permeability upon such effects. This may suggest the effect of boundary condition could be related to the degree of sorption equilibration, depending on diffusion. Particularly, for CH4 shown in Figure 6A, permeability reduced by a factor up to ∼2 at 18.4 MPa, while for CO2 shown in Figure 6B, permeability reduced by an order at 25 MPa. This again reflects CO2 has a stronger sorption effect on permeability evolution.
[image: Figure 6]FIGURE 6 | Permeability to CH4 shown in (A) and to CO2 shown in (B), performed under the fixed volume versus the fixed stress boundary condition, employing the same pore fluid pressure, plotted against Terzaghi effective stress. The black and red dots represent the data points measured under the fixed volume and fixed stress boundary conditions, respectively.
DISCUSSION
The flow-through experiment performed in this study demonstrated the permeability reduced exponentially with increasing effective stress, regardless of the fluids used as well as the boundary conditions employed. This suggests the permeability is stress-dependent. Importantly, our results also showed that, at similar Terzaghi effective stresses, the permeability of the sample to CO2 is an order lower than that to CH4, and the permeability to CH4 is also 2–3 times lower than that to helium. This is in good agreement with experimental observations reported in the literature (e.g., Gensterblum et al., 2014). Moreover, our results shown in Figure 6 demonstrated the effect of boundary condition on permeability. This all suggests sorption effects on permeability evolution, independently of poroelastic effects. Interestingly, the differences in helium permeability obtained in Stages I, III, and V suggest a permanent effect of sorption on permeability. It is difficult to distinguish, directly from the experiments, whether this permanent effect is caused by the change of effective stress or by adsorption, especially for the fixed volume boundary condition. Instead, we attempt to use a simple fracture permeability model proposed by Walsh (1981) for an elastic asperity loading framework (i.e., reversible deformation), to distinguish any permanent effects on permeability caused by diffusion-controlled adsorption/desorption. In the following, we will first investigate whether the Walsh permeability model can describe the direct effect of effective normal stress on permeability observed in this study. Subsequently, we will discuss the effects of sorption process on permeability and, finally, the implications of our findings for CO2-ECBM recovery.
Experimental Data Versus the Walsh Permeability Model: Effect of Normal Stress
Our results shown in Figure 3, Figure 4B, and Figure 5B demonstrate that the permeability of the coal sample containing visible fractures exponentially reduced with increasing Terzaghi effective stress. This is in good agreement with stress-dependent permeability of coal samples (Somerton et al., 1975; Durucan and Edwards, 1986; Gensterblum et al., 2014; Chen et al., 2011). We here quantitatively determine the direct correlation between permeability and effective stress, using the Walsh permeability model, in an attempt to capture the direct effect of effective normal stress on fracture permeability. Recall that the Walsh permeability model was constructed for describing the fracture permeability change between two roughness surfaces, with respect to the change in the applied effective stress, which considered the effect of elastic fracture asperity contacts on fracture permeability ([image: image]). The model can be expressed as (Walsh, 1981)
[image: image]
Here, [image: image] reflects the physical properties of fracture, where h (m) represents the root mean square value of the height distribution of the fracture surface and D0 (m) represents the mean fracture aperture at the reference effective stress [image: image] and permeability [image: image], and b (MPa−1) is assumed to be a constant for the Hertzian contact, representing that the contact area increases linearly with the effective stress. Assuming the asperity area is far smaller than the surface area, i.e., the ratio of the asperity area over the surface area [image: image], Eq. 2 approximately reduces to
[image: image]
This simplification, in turn, is exactly in the same format as the cubic model using the exponential function expressing the correlation between the effective stress and the joint closure (cf. Cook, 1992). In addition, the effective stress is given by Walsh as [image: image], where [image: image] is identified as the “Walsh effective stress coefficient” in this study. [image: image] are the compressibility of the matrix and fracture, respectively. Note that the Walsh effective stress is assumed to exhibit the same deformation of the fracture as that acted by both the confining and fluid pressures. If [image: image], s reduces to 1, equivalent to the Terzaghi effective stress, while if [image: image], s reduces to 0.
We here focus on the permeability data obtained under the fixed stress boundary condition in which the coal sample was equilibrated with the gas/fluid at given Pc–Pf–T conditions. We further assumed that 1) the fracture contacts and roughness, i.e., the values of s, a, and b in Eq. 2, remained constant during the flow-through tests performed at each experimental stage (Stages I–V, see Table 1), while the values may be different between stages, implying permanent changes in coal structures and flow paths, and 2) the permeability development shown in Figure 3, Figure 4B, and Figure 5B for each stage is only dependent on the change in Walsh effective stress. Following the least square method and using the Walsh permeability model presented in Eq. 2, we obtained the parameters s, a, and b for each stage, as listed in Table 2. On this basis, the permeability data obtained for each stage are plotted in Figure 7, as a function of the Walsh effective stress. Note that the values of [image: image] and [image: image] used in each stage are also listed in Table 2. It is clearly seen from Figure 7 that the Walsh permeability model provides accurate descriptions of the permeability change caused by the change in effective normal stress (R2 ≥ 0.97), no matter which gases/fluids were used. Importantly, the parameter values listed in Table 2 lie in a reasonable range, properly reflecting the physical properties of the fracture, though the Walsh effective stress coefficient (s) obtained for CH4 is more than unity. Although the value larger than 1 is inconsistent with the definition of the Walsh effective stress coefficient ([image: image]), it is also reported elsewhere that the Biot effective stress coefficient may be higher than 1 for deformation of sorbing media, probably due to sorption-induced swelling (Liu and Harpalani, 2014; Sang et al., 2017). This will be further discussed in Effects of Sorption-Induced Swelling on Walsh Effective Stress Coefficient.
TABLE 2 | List of the values of [image: image] and [image: image] used for each stage and parameter values obtained from the best fitting of Eq. 2 to the permeability data shown in Figure 7.
[image: Table 2][image: Figure 7]FIGURE 7 | Permeability measured at all stages performed under the fixed stress boundary condition, plotted in logarithms, as a function of the Walsh effective stress. Note that s is the Walsh effective stress coefficient, and the lines represent the best fittings of Eq. 2 to the data points. The values of [image: image] and [image: image] used for each stage and the parameter values obtained are listed in Table 2.
Following the above assumptions, the difference in these parameter values obtained from helium permeability data measured at different stages may imply the permanent changes in fracture structure and transport paths upon the sorption effects. Note that the permeability to helium measured at Stage V was most sensitive to the Walsh effective stress. This can be explained by the highest b value obtained at Stage V, as it means the contact areas of the fracture, after CO2 adsorption, would increase the most, i.e., the aperture spacing would reduce the most, at given changes in the Walsh effective stress. This all indicates that the Walsh permeability model can well describe stress-dependent permeability of coal with respect to sorbing gases, given proper parameter values reflecting the sorption effects on fracture properties.
Effects of Stress–Strain–Sorption on Permeability Evolution
Apart from the stress-dependent permeability, Figure 7 also clearly indicates that permeability of the sample measured at similar Walsh effective stresses lies in the following order: [image: image] for helium measured in Stages I and III > [image: image] >> [image: image]. This demonstrates the effects of sorption process on permeability. In this section, we first crudely investigate whether the largest difference in permeability observed between Stages I and IV can be explained by the change in contact areas of the fracture. We then attempt to explain the changes in Walsh effective stress coefficient observed between stages. Finally, we discuss the effects of sorption equilibration degree on permeability evolution under the fixed volume boundary condition.
Effective Permeability: Effect of Stress–Strain–Sorption Behavior on Fracture Contacts
Recall that the Walsh permeability model was used to determine how permeability changes with respect to the change in effective stress. This means that the large reduction in permeability upon CO2 adsorption observed at similar Walsh effective stresses cannot be explained by the changes in parameter values listed in Table 2. In an attempt to gain insights into such sorption-induced permeability changes, we introduce the effective permeability [image: image] of the fracture roughness illustrated in Figure 8A (Walsh, 1981). Walsh (1981), analog to the heat flow, proposed [image: image] that has permeability [image: image] of the smooth fracture containing the circular cylindrical asperities with the contact area ratio [image: image], given as
[image: image]
[image: Figure 8]FIGURE 8 | A conceptual fracture model shown in (A) illustrating the effect of asperity contacts on fracture permeability, including (B) the effect of contact area ratio (α) on permeability development when the fracture contains the circular cylindrical asperities only (i.e., f = 1) and (C) the effect of shape factor f for ellipse contacts on permeability development at a constant contact area ratio of α = 0.2. Note that the starting permeability is 4 × 10−19 m2 that was measured at Stage I for helium at 19 MPa Walsh effective stress (s = 0.98).
Zimmerman et al. (1992) modified the above relation for the ellipse contacts by introducing the shape factor f, as
[image: image]
where [image: image] and c is defined as the ratio of the minor to the major axis. It is clearly seen that Eq. 4 will reduce to Eq. 3, if f = 1.
Crude analysis performed using Eqs 3, 4 suggests the combined changes in contact area ratio and contact shape could reduce permeability from 4 × 10−17 to 4 × 10−18 or even lower (see Figures 8B,C), which is in good agreement with the change observed in Figure 7. This means the large reduction in permeability upon CO2 adsorption may be explained by the changes in contact area and contact shape. Similar changes that occurred in the fracture structure caused by sorption-induced heterogeneous swelling are also reported by Wu et al. (2011). Such changes can be caused by the coupled stress–strain–sorption behavior of coal upon adsorption of CH4 and CO2 (Liu et al., 2016). Liu et al. (2016) constructed a thermodynamic model for describing adsorbed concentration of any sorbing gas/fluid by the coal matrix subjected to the applied stress states. The model demonstrates the higher the applied stress, the lower the adsorbed concentration. Considering the fracture structure illustrated in Figure 8A, the asperity solid contact with high normal stress would adsorb little CH4 or CO2 accompanied by little sorption-induced swelling, while the free surfaces of the aperture having low normal stress would adsorb more CH4 or CO2, accompanied by large swelling. Such heterogeneous deformation occurring at fracture surfaces upon adsorption would lead to an increase in [image: image] and a reduction in [image: image], accordingly reducing permeability. Note that such effects should be reversible, supported by the fact that the helium permeability measured after the sorption process is much higher than [image: image] and [image: image] measured at similar Walsh effective stresses. However, the difference in helium permeability obtained before and after CH4 and CO2 adsorption suggests a permanent change occurring on fracture surfaces. Such permanent changes may be caused by the heterogeneous deformation–induced microcracking mechanism during the coupled stress–strain–sorption process (Hol et al., 2012b). This is also consistent with the hysteresis observed in plots for permeability versus Terzaghi effective stress shown in Figures 4B, 5B. In addition, such permanent changes in fracture structure that occurred during the stress–strain–sorption process could be one of the mechanisms responsible for the change in parameters of s, a, and b (see Table 2). In addition, the chemical interaction between coal and supercritical CO2 may also have some influence on the permanent changes of fracture structure and accordingly on the permanent changes in permeability (Zhang et al., 2013; Chen et al., 2017).
To quantitatively evaluate the role of such permanent changes occurring on fracture surfaces in controlling permeability, we introduce a ratio [image: image] expressing the relative change in permeability with respect to the helium permeability measured before the sorption process, defined as
[image: image]
where [image: image] represents the change in helium permeability measured at similar Walsh effective stresses before and after the sorption process and the term ([image: image]) represents the difference between permeability to helium measured after the sorption process and to the sorbing gas measured at a similar Walsh effective stress. It suggests such sorption-induced permanent changes dominated the permeability evolution if [image: image]; otherwise, the sorption-induced reversible changes dominated. [image: image] for CH4 and CO2 obtained from Figure 7 using Eq. 5 is plotted against Walsh effective stress in Figure 9, reflecting the combined effects of reversible and permanent processes on sorption-induced permeability evolution. Particularly, CH4 adsorption–induced changes that occurred on fracture surfaces were dominated by the reversible stress–strain–sorption effect, while CO2 adsorption–induced changes were dominated by the permanent effect under conditions employed in this study (Walsh effective stress >22 MPa). Note this permanent change upon supercritical CO2 may also be related to chemical extraction effects (Zhang et al., 2013; Chen et al., 2017).
[image: Figure 9]FIGURE 9 | [image: image] for CH4 and CO2 obtained from Figure 7 using Eq. 5, plotted as a function of Walsh effective stress, illustrating that sorption-induced reversible effect dominated the changes occurring on fracture surfaces upon CH4 adsorption, while the sorption-induced permanent effect dominated upon CO2 adsorption when the Walsh effective stress is higher than 22 MPa.
Effects of Sorption-Induced Swelling on Walsh Effective Stress Coefficient
Figure 7 and Table 2 indicate that s experienced an increase from 0.98 to 1.19 upon CH4 sorption, followed by a significant reduction to ∼0.3 upon CO2 sorption. To explain such changes, we introduce a revised Walsh effective stress coefficient ([image: image]). Liu and Harpalani (2014) and Sang et al. (2017) revised the Biot effective stress coefficient by introducing an additional term considering the effect of sorption-induced swelling. By analogy with the expression given by them, the Walsh effective stress coefficient might be revised in a simple form as
[image: image]
where [image: image] represents adsorption-induced volumetric swelling strain, which is a function of σ–P–T (cf. Liu et al., 2016), and K represents the bulk modulus of the sample, while Ka represents the apparent bulk modulus measured using sorbing gas depending on [image: image] (cf. Hol et al., 2011; Hol et al., 2014). It is clear that the change in [image: image] should be determined by the competition between the change in compressibility [image: image] and the term [image: image], and it can be greater than 1.
Returning now to our data, the increase of [image: image] to 1.19 upon CH4 adsorption suggests sorption-induced swelling dominated over the change in [image: image]. Note that [image: image] obtained from helium permeability data measured after CH4 adsorption reduced from 0.98 to 0.72. This suggests the value for [image: image] also increased upon CH4 adsorption/desorption. It is reasonable that such a change in [image: image] may be attributed to the formation of microfractures during the sorption process (Walsh, 1965; Zimmerman, 1985). Considering the coal sample was pre-treated with CH4 to the confining pressure of 30.7 MPa, compared to heterogeneous swelling effects, the sorption-induced swelling stress up to 38.8 MPa upon CH4 adsorption under the fixed volume boundary condition may dominate. Note that the change in [image: image] upon CH4 desorption and evacuation cannot be completely eliminated (Espinoza et al., 2015). By contrast, [image: image] suggests, upon CO2 adsorption, the change in [image: image] dominates. Assuming similar values of [image: image] obtained for CH4 and CO2, the change in [image: image] caused by CO2 adsorption–induced swelling is much larger. In other words, after CO2 adsorption, the compressibility of coal matrix is much closer to fracture compressibility. This is consistent with the fact that the swelling stress caused by CO2 adsorption–induced swelling under the fixed volume boundary condition was ∼52 MPa, which is much higher than that caused by CH4 adsorption. This is also supported by Hol et al. (2012b) who observed the formation of new microfractures of the Brezeszcze coal matrix during the first exposure to CO2 under unconfined boundary conditions. In addition, [image: image] obtained from helium flow-through tests performed at Stage V was still 0.31, suggesting a permanent change in coal structure upon CO2 sorption. This is also in good agreement with the larger hysteresis behavior of permeability versus Terzaghi effective stress observed for CO2, as well as the mechanisms discussed in Effective Permeability: Effect of Stress–Strain–Sorption Behavior on Fracture Contacts that sorption-induced permanent changes dominated at the Walsh effective stresses employed in this study for CO2.
Now, we discuss the term [image: image]. Our previous studies on the Brezeszcze coal showed the volumetric swelling strain ([image: image]), at equilibrium, was 1.29–1.39% due to CH4 adsorption at a confining pressure of 11 MPa and 10 MPa CH4 pressure (Liu et al., 2016) and was 1.83% to CO2 adsorption at a confining pressure of 16 and 15 MPa CO2 pressure (Hol et al., 2012), respectively. Combining the values of [image: image] and [image: image] obtained for CH4 and CO2, together with the term [image: image], it remains acceptable that, upon adsorption of CH4 or CO2, the ratio of [image: image] might be ∼10 at the conditions employed in this study (Hol et al., 2011; Hol et al., 2014).
Effect of Sorption Equilibration Degree on Permeability
Permeability against Terzaghi effective stress shown in Figure 6 suggests an apparent effect of boundary condition on permeability at similar Terzaghi effective stresses. Corrected for such effect on parameters s, a, and b (see Table 3), permeability plotted in Figure 10 as a function of Walsh effective stress demonstrates the similar results that permeability measured under the fixed volume boundary condition is higher than that measured at similar Walsh effective stresses under the fixed stress boundary condition that was equilibrated with CH4/CO2 and that the largest difference occurred at the initial sorption process. This suggests that gradual, diffusion-controlled equilibration also plays a role in changing the fracture structure through the mechanism discussed in Effective Permeability: Effect of Stress–Strain–Sorption Behavior on Fracture Contacts, as illustrated in Figure 8 (Liu et al., 2017; Wang et al., 2021). This is also supported by the evidence that CH4 uptake by the Brezeszcze coal obtained from this study performed under the fixed volume boundary condition was 0.11 mmol/g, which is ∼7 times lower than that obtained, at equilibrium, from our previous study performed, at similar Pc–Pf–T conditions, under the fixed stress boundary condition (Liu et al., 2016). In addition, this mechanism, together with the mechanisms discussed in Effects of Sorption-Induced Swelling on Walsh Effective Stress Coefficient, could also explain why the values for the Walsh effective stress coefficient obtained under the fixed volume boundary condition are higher than those obtained under the fixed stress boundary condition. Similarly, Liu and co-authors (Liu et al., 2011c; Peng et al., 2014) proposed that diffusion-controlled time-dependent sorption-induced swelling as a mechanism caused permeability of coal to CO2 and CH4 showing a “V” shape with increasing pore fluid pressure at a fixed confining pressure that was observed by Wang et al. (2011).
TABLE 3 | List of the values of [image: image] and [image: image] used for fitting and parameter values obtained from the best fitting of Eq. 2 to the permeability data shown in Figure 10.
[image: Table 3][image: Figure 10]FIGURE 10 | Permeability data obtained from Figure 6, plotted in logarithms, as a function of the Walsh effective stress. Circle points represent all permeability data for CH4 shown in Figure 6A, while triangle points represent selected data for CO2 shown in Figure 6B. Solid and hollow represent the fixed volume and fixed stress boundary conditions, respectively. s is the Walsh effective stress coefficient, and the lines represent the best fittings of Eq. 2 to the data points. The values of [image: image] and [image: image] used for fitting and the parameter values obtained are listed in Table 3.
Implications for ECBM and Reservoir Modeling
The results obtained from our flow-through experiment, performed at 40°C under the fixed volume boundary condition, employing an initial confining pressure of ∼25 MPa and 10 MPa pore fluid pressure, imply that injecting CO2 into coal seams at a burial depth of ∼1 km with initial permeability in the order of 10−17 would result in a dramatical reduction in permeability by ∼2 orders, accompanied by permanent changes occurring in transport paths. This, together with our results obtained under the fixed stress boundary condition, further demonstrates that permeability evolution of coal seam during CO2-ECBM recovery operating at in situ conditions could be strongly influenced by the fully coupled stress–strain–sorption–diffusion effects, involving 1) self-stress generated by time-dependent adsorption-induced swelling or desorption-induced shrinkage plus instant poroelastic effects, 2) the change in (Walsh) effective stress coefficient upon sorption-induced swelling, 3) sorption-induced closure of transport paths independently of poroelastic effect, and 4) diffusion-controlled heterogeneous gas penetration and equilibration. This may offer a new basis to enhance coal seam permeability by controlling those mechanisms.
Regarding reservoir modeling, our analysis suggests the Walsh permeability model offers a promising basis for relating permeability evolution to the change of in situ stress, regardless of boundary conditions, using appropriate parameter values corrected for the effects of stress–strain–sorption. The parameter values can be obtained from the lab experiments, but it remains unclear whether those values can be extrapolated to the field predictions. Importantly, our results strongly suggest monitoring evolution of in situ stresses during CO2-ECBM recovery may offer the most promising basis for predicting reservoir permeability evolution.
CONCLUSION
In this study, we investigated the coupled stress–strain–sorption effects on coal permeability evolution under the fixed volume versus the fixed stress boundary conditions, by performing flow-through tests on a cylindrical bituminous coal sample with respect to helium, CH4, and CO2, employing PT conditions equivalent to a burial depth of ∼1 km. Using the framework of the elastic asperity loading model developed by Walsh as a reference model, we determined the specific mechanisms responsible for permeability evolution upon sorption process, both qualitatively and quantitatively. The main findings are summarized as follows:
1) The Brezeszcze coal sample used in this study shows helium permeability, at a constant Terzaghi effective stress of 15 MPa, which decreases from 6.5 × 10−17 m2 measured before CH4 introduction, to 5.5 × 10−17 m2 after CH4 sorption, and to 1.7-3×10−17 m2 after CO2 sorption, demonstrating a permanent change upon sorption.
2) Regardless of the boundary conditions employed and the fluids used in this study, the permeability of the coal sample decreased exponentially with increasing Terzaghi effective stress, in a manner that can be described by the Walsh permeability model. This finding offers a promising basis for predicting permeability evolution with respect to in situ stress changes, i.e., using the Walsh permeability model with appropriate parameter values corrected for the stress–strain–sorption effects.
3) Permeability obtained at similar Walsh effective stresses showed [image: image] > [image: image] >> [image: image], no matter whether performed under the fixed stress or the fixed volume boundary condition. This demonstrates that CO2 exerts the strongest sorption effects on permeability evolution.
4) Permeability measured under the fixed volume boundary condition, particularly at the initial sorption process, was higher than that measured at equilibration under the fixed stress boundary condition, even at similar Walsh effective stresses. This apparent effect indicates diffusion-controlled equilibration also plays a considerable role in permeability evolution occurring at a constant Walsh effective stress.
5) Permeability evolution of coal seams with respect to CH4 or CO2 at in situ PT and boundary conditions can be expected to be strongly influenced by the coupled effects of a) self-stress development induced by sorption-induced swelling, b) the change in (Walsh) effective stress coefficient upon sorption-induced swelling, c) sorption-induced closure of transport paths independently of poroelastic effects, and d) heterogeneous gas penetration and equilibration, caused by slow diffusion.
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The Changning area, located in the south of the Sichuan Basin, has obtained commercial shale gas from the Silurian Longmaxi Formation, which is characterized by rich organic matter, large hydrocarbon generation, and high gas content. A series of studies have been carried out on the shale of the Wufeng Longmaxi Formation in the Changning area, including mineral petrological characteristics, shale reservoir characteristics, and accumulation characteristics. Although there are studies on the gas-bearing characteristics of the Wufeng Formation-Longmaxi Formation shale in the Changning area, the research is not systematic. In this work, based on isothermal adsorption experiments, field desorption experiments, and well log interpretation, the gas-bearing characteristics of the Longmaxi Formation shale in the Changning area were studied in detail. The results showed that the average of saturated-adsorbed methane gas volume of the Longmaxi Formation is 1 m3/t, which demonstrated that the Longmaxi shale reservoirs had strong adsorption capacity. The total gas content of section Long11-1, Long11-2, Long11-3, and Long11-4 is greater than 2 m3/t, which were the prolific shale gas layers. The Long12 sub-member has the lowest total gas content, ranging from 0.34 m3/t to 3.84 m3/t, with an average of 1.59 m3/t. The free gas content of the Longmaxi Formation in the Changning area was slightly smaller than the adsorbed gas content and it shows increasing trend from the bottom to top, while the adsorbed gas content shows an opposite trend. With the top of Long11-3 as the circumscription, the adsorbed gas accounts for the main part of shale gas in the lower part and the free gas shale in the upper part.
Keywords: gas-bearing, Longmaxi Formation, shale gas, Changning area, Southern Sichuan Basin
INTRODUCTION
There are rich shale gas resources in China, of which the Sichuan Basin is the leading edge of shale gas exploration and development (Zou et al., 2016). The Changning area, located in the south Sichuan Basin, has obtained commercial shale gas in the Silurian Longmaxi Formation. Gas bearing is an important parameter for the evaluation of shale reservoirs, and it is also the ultimate indicator for determining whether shale gas has commercial exploitation potential (Zou et al., 2016). The empirical data from the North American commercial shale gas production show that the lower limit of shale gas content in favorable shale gas-producing areas is 2 m3/t, and the gas content is affected by factors such as organic carbon content, maturity, and mineral composition (Bowker, 2007; Hicky and Henk, 2007; Mastalerz et al., 2010; Li et al., 2020). The total shale gas content, mostly measured by field desorption experiment, consists of three parts: desorption gas, loss gas, and residual gas. Desorption gas and residual gas are measured, and loss gas is calculated by the regression of desorption rate. At present, the USBM (United States Bureau of Mine) method, polynomial method, Smith–Williams method, descending curve method, Amoco method, and other desorption data processing methods have been developed (Wei et al., 2015). In this study, the widely used the USBM method is adopted. The total gas content of shale is composed of free gas content and adsorbed gas content (Hill et al., 2000). The free gas content is the shale gas content are in the shale microcracks and macropores in the free state, and the adsorbed gas content is the shale gas content exists on the surface of mineral particles or organic matter (Xiong et al., 2012). However, the specific content of the free gas and adsorbed gas cannot be directly measured through experiments. There are three methods to quantify the free gas and adsorbed gas content in the shale reservoir, which include logging interpretation (Tang et al., 2014), nuclear magnetic resonance technology (Li et al., 2018), and isothermal adsorption (Zhang et al., 2017). Log interpretation and isothermal adsorption can obtain continuous free gas and adsorbed gas results, which are widely used in production. In order to avoid the influence of other factors on the results in this calculation, the original calculation equation is corrected according to the previous research results (Tang et al., 2014; Gou et al., 2019).
A series of studies have been carried out on the reservoir characteristics of the Longmaxi Formation shale in the Changning area (Wang et al., 2012). However, few systematic researches on the gas-bearing characteristics of shale in the Changning area has been carried out. The studies on gas content of the Longmaxi shale of Changning mainly focused on the characteristics of isothermal adsorption and field desorption of the total gas content and its influencing factors but few studies on the characteristics of free gas and adsorbed gas and their influencing factors (Yan et al., 2013; Luo et al., 2019). Therefore, this study analyzes the isothermal adsorption characteristics, total gas content characteristics, free and adsorbed gas characteristics, and control factors of the Longmaxi Formation shale in the Changning area.
GEOLOGIC SETTING
The Changning area is located in the southern Sichuan Basin, which is located at the junction of the three provinces of Yunnan, Guizhou, and Sichuan (Figure 1). The Changning area is one of the most favorable exploration areas of shale gas in the Sichuan Basin.
[image: Figure 1]FIGURE 1 | The location of the study area and stratigraphic column of the Longmaxi Formation of the X11 Well (Chen et al., 2019).
The Sichuan Basin is a superimposed basin formed through a long process of geological evolution (Cheng et al., 2021). The late Ordovician to early Silurian was an important transition period for deposition and tectonic evolution of the Yangtze Block. As an important part of the Upper Yangtze Platform, the Sichuan Basin has undergone huge changes in its sedimentary environment (Chen et al., 2019). The southeastern edge of the Sichuan Basin was uplifted by tectonic activity, which changed the sedimentary environment in the southeast to make it transforming, from open to restricted, forming a set of thick organic-rich shale (Wang et al., 2012). During the Wufeng and the early Longmaxi period, the study area was in a stable sea basin with high sea level. Due to the large areas of the ocean floor deprived of oxygen, organic matter and biogenic silica were effectively preserved, which resulted in a set of organic-rich shale with abundant graptolites sedimented in the area (Wang et al., 2017). The Longmaxi shale in the Changning area has a great hydrocarbon generation ability and high TOC(Wang et al., 2012). The type of organic matter is mainly type I kerogen and the maturity (Ro) of organic matter is over 2%, which shows that the shale is over-mature.
The Longmaxi Formation is a conformable contact with the underlying Guanyinqiao section and the overlying Shiniulan Formation. The lithology of Longmaxi Formation is generally a combination of carbonaceous shale and silty shale. The Longmaxi Formation (S1L) is divided into two sections, namely the Long 1 Member (S1L1) and the Long 2 Member (S1L2). The lithology of the Long 1 Member is carbonaceous shale, which is rich in organic matter and the Long 2 Member is mainly silty shale. The Long 1 Member can be further subdivided into the Long 11 submember (S1L11) and the Long 12 submember (S1L12). In between, the Long 11 submember with the more organic matter can be divided into 4 small layers: section Long11-1(S1L11-1), Long11-2 (S1L11-2), Long11-3 (S1L11-3), and Long11-4 (S1L11-4) (Figure 1).
MATERIALS AND METHODS
Isothermal Adsorption Experiment
The shale isothermal adsorption curve could describe the ability of shale to adsorb gas. The amount of shale adsorbed gas under constant temperature is a function of pressure. The adsorption law and capacity of shale follow the isothermal adsorption relationship of Langmuir (1916):
[image: image]
where VE represents the volume of adsorbed gas per unit volume of the reservoir under pressure p, in m3/t; VL is the Langmuir volume, which represents the maximum amount of adsorbed gas in the reservoir, in m3/t; p is the gas pressure in MPa; pL is the Langmuir pressure in MPa. Langmuir pressure and Langmuir volume indicate the maximum adsorption capacity and difficulty of shale adsorption gas, respectively (Zhang, et al., 2014). The maximum adsorption gas volume tested in the experiment is taken as VL, and the pressure corresponding to the maximum adsorption gas volume of the 1/2 is taken as pL (Chen et al., 2015).
The experimental samples for this study were taken from well X9 in the south of the Changning area. The strata are Shiniulan Formation and Longmaxi Formation, with a total of 8 samples (Table 1). Before the experiments, the samples need to be dried and pulverized to 180–425 μm particles for the isothermal adsorption experiments. The experimental steps are as follows: 1) Put the shale particles of 180–425 µm into the sample tank, check the air tightness and measure the free space volume of the experimental system, and measure continuously until the error is less than 5%; 2) Close the sample tank after vacuuming, fill the reference cylinder with methane gas at a certain pressure. After the pressure is stabilized, open the valve of the sample cylinder to allow the two cylinders to connect. After the pressure is balanced, record the equilibrium pressure; 3) Close the sample cylinder and continue to fill the reference cylinder with gas. The abovementioned equilibrium process is repeated until the test of all pressure points is completed. According to the measured equilibrium pressure p at each pressure point and the corresponding adsorption amount V0, a shale isothermal adsorption curve can be drawn.
TABLE 1 | The samples of isothermal adsorption in well X9.
[image: Table 1]Field Desorption Experiments
The field desorption experiment is a direct method for measuring the shale gas content (Jarvie et al., 2007). A total of 163 samples were obtained from 4 shale gas wells in X13, X15, X16, and X17 in the Changning area (Table 2). The four wells are drilled in different locations of the Changning area. Sampling from these wells for the field desorption experiments could provide more comprehensive analysis of the gas content characteristics in the Changning area. After the cores were out of the wellbore, 30 cm shale was selected to remove mud and debris, weighed and placed in a closed metal analysis tank, and the time of drilling formations, time of starting drilling, time of reaching the wellhead, and time of tank closure were recorded. The desorption temperature of the first 3 h is mud circulation temperature. After 3 h, the desorption is performed under the formation temperature conditions. The ambient temperature and atmospheric pressure data are recorded, and the data of the gas content with time is collected. The desorption is continuously stopped until the analysis rate is less than 5 cm3/day.
TABLE 2 | The samples of field desorption experiments in the Changning area.
[image: Table 2]According to the gas state equation, the volume was converted to a temperature of 0°C and a pressure of 101.325 kPa to obtain the desorbed gas content. Residual gas is the volume of gas released by pulverization after the natural desorption of shale is terminated. The loss gas volume was calculated using the USBM (United States Bureau of Mine) method. The initial desorption gas volume is proportional to the square root of time (Bertard et al., 1970). The cumulative desorption gas volume under standard conditions is taken as the ordinate, and the square root of time is plotted on the abscissa. In the square root diagram of the desorbed gas, volume and time, the absolute value of the intercept between the inverse extension line and the ordinate axis is the loss gas volume. Therefore, the total desorption gas content is
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where Qd is the total desorption gas content, m3/t; Q0 is the loss gas content, m3/t; t is the loss time, min; t0 is measured loss time, min; and b is the slope obtained by linear regression of some initial desorption data.
Free Gas and Adsorbed Gas Calculation
Processing and analyzing the logging data of 7 wells (X9, X11, X12, X13, X15, X16, and X17) in the study area were carried out to accurately obtain shale porosity and oil saturation, gas saturation, and other parameters. These parameters are used to calculate the free gas content, adsorbed gas, and total gas content. Langmuir pressure and Langmuir volume of the shale were obtained through isothermal adsorption experiments. For shale samples with different temperatures, pressures, and TOC, it is necessary to conduct logging correction for each parameter (Tang et al., 2014). Langmuir volume and Langmuir pressure for correction are
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where Vlt is the Langmuir volume adjusted for reservoir temperature, m3/t; Plt is the temperature corrected Langmuir pressure of reservoir, MPa; T is the reservoir temperature, °C; Ti is the test temperature of isothermal adsorption, °C; Vl is the Langmuir volume of the test sample, m3/t; and Pl is the Langmuir pressure of the tested sample, MPa. The reservoir temperature can be obtained through the depth and geothermal gradient, the geothermal gradient is 2°C/100 m.
TOC for correction is
[image: image]
where Vlc——the Langmuir volume adjusted for reservoir temperature and TOC,m3/t; TOCiso—— the TOC of the isothermal adsorption experiment sample; TOClg—— the TOC calculated by logging.
After correction and combined with Eq. 1, the adsorption gas volume of shale is
[image: image]
where p is the reservoir pressure, MPa.
Free gas is the gas in the pore of shale, which can be calculated by the volume model and then subtracted the volume occupied by the adsorbed gas (Ambrose et al., 2012; Li et al., 2012). Therefore, the actual volume of free gas is
[image: image]
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where Gf is the free gas content, cm3/g; ϕ is the porosity of rock, expressed as percentage; Sw is the saturation of water, expressed as percentage; SO is the saturation of oil, expressed as percentage; ρb is the visual density of rock, g/cm3; Bg is the gas formation volume factor; [image: image] is the apparent molecular weight of natural gas, g/mol, and methane is 16; ρs is the density of adsorbed methane, g/cm3, ρs = 0.3750–0.4233, and generally 0.37 is taken for shale reservoir.
RESULTS
Characteristics of Isothermal Adsorption
Adsorption is one of the important mechanisms of shale gas occurrence. In Barnett shale, Lewis shale, and Antrim shale, the volume of adsorbed gas accounts for 20–85% of the total shale gas reserves (Curtis, 2002).
The isothermal adsorption curve of well X9 samples shows that the saturated adsorption gas volume of the Shiniulan Formation is about 0.45 m3/t, and the saturated adsorption gas volume of the Longmaxi Formation is between 0.75 m3/t and 1.2 m3/t, with an average value of 1 m3/t (Figure 2). The volume of the saturated adsorbed gas in the Longmaxi Formation was significantly higher than that in the Shiniulan Formation. The saturated adsorption gas volume of sample 1-4BM, 1-11BM, and 1-23BM is about 0.75 m3/t, 0.92 m3/t, and 1.2 m3/t (Figure 2), respectively. Evidently, the overall volume of the saturated adsorbed gas in the Longmaxi Formation gradually increased from shallow to deep. The overall volume of the saturated adsorbed gas in the Longmaxi Formation shale is relatively high, and the shale reservoir has a strong adsorption capacity. The saturated adsorbed gas of S1L12 is smaller than the saturated adsorbed gas of S1L11.
[image: Figure 2]FIGURE 2 | The isothermal adsorption curve. (A) 1-1BM, 2,565.21 m–2,561.28 m, well X9; (B) 1-4BM, 3,036.75 m–3,036.85 m, well X9; (C) 1-8BM, 3,057.47 m–3,057.53 m, well X9; (D) 1-23BM, 3,156.44 m–3,156.5 m, well X9. The curve showing the data (circle), Langmuir fit (blue line), Upper 95% Conf. Interval (red line) and Lower 95% Conf. Interval (green line).
Characteristics of Total Gas Content
The total gas content of the Longmaxi Formation is between 0.34 m3/t and 10.31 m3/t, with an average of 2.64 m3/t (Table 3). The total gas content of S1L11-2 is the highest, with an average value of 3.61 m3/t, while the average total gas content of S1L12 is the lowest, which is 1.59 m3/t. The total gas content of S1L11-1, S1L11-2, S1L11-3, and S1L11-4 is greater than 2 m3/t. The total gas content of S1L11-1 is collectively more than 2 m3/t, which is the dominant layer of commercial mining. The total gas content of S1L12 is greater than 2 m3/t, accounting for only 25%. Accordingly, the portion of the Longmaxi Formation with a total gas content of more than 2 m3/t tends to decrease from the bottom to the top. The total gas content has a consistent change trend with the loss gas, desorbed gas, and residual gas, and generally shows a gradual decrease from the bottom to the top (Figure 3).
TABLE 3 | The total gas content of field desorption in the Longmaxi Formation.
[image: Table 3][image: Figure 3]FIGURE 3 | The total gas content, residual gas content, desorbed gas content, and lost gas content of the Longmaxi Formation in X15 well, see Figure 1 for the well location.
Characteristics of Free Gas and Adsorbed Gas
Methane is produced by organic matter through biological or thermal genesis, and is stored in the matrix pores, natural fractures, and some organic nanopores of shale as free gas; or gets adsorbed on mineral particles, organic matter surfaces, and some smaller pores surfaces (Yan et al., 2013). The characteristics of free gas and adsorbed gas have a significant impact on the shale gas production that affects the implementation of fracturing and acidification.
The free gas content of the Longmaxi Formation shale in the Changning area is generally slightly less than the adsorbed gas content. The free gas contents range from 0 to 8 m3/t, with an average value of 1.46 m3/t. The adsorbed gas contents are between 0 and 4.92 m3/t, with an average value of 1.52 m3/t (Table 4).
TABLE 4 | The free gas and adsorbed gas content in the Longmaxi Formation shale in the Changning area.
[image: Table 4]There are differences in the free gas and adsorbed gas content in each layer of the Longmaxi Formation. Among them, the free gas in S1L11-1 accounted for 39% of the total gas content, and the adsorbed gas accounted for 61%. At the top of S1L12, the free gas accounts for 51% of the total gas content, and the adsorption gas accounts for 49% of the total gas content. The free gas content in the total gas content in the vertical direction increased from bottom to top, while the adsorbed gas content showed a decreasing trend. It is remarkable that with the top of S1L11-3 as the circumscription, the adsorbed gas accounts for the main part of the shale gas in the lower part, and the free gas shale gas in the upper part. (Figure 4). This phenomenon may be related to the increase in the silty sandy content from the bottom to the top of the Longmaxi Formation. The silty sandy content at the top is higher, and it results in a looser rock structure and a larger pore diameter, which provides more space for free gas. The organic matter content and the degree of thermal evolution at the bottom of the Longmaxi Formation are higher. The organic matter pores and organic matter formed during thermal evolution both provide a specific surface area for the adsorbed gas.
[image: Figure 4]FIGURE 4 | The free gas and adsorbed gas content of the Longmaxi Formation in X10 well.
DISCUSSIONS
Relationship Between Lithofacies and Gas Content
Affected by the data limitations and characterization methods, there are many types of shale lithofacies classifications criteria in sedimentology (Loucks and Ruppel, 2007; Hickey and Henk, 2007; Hammes et al., 2011; Abouelresh and Slatt, 2012; Hemmesch et al., 2014; Wang, et al., 2016). This study classified the lithofacies of the Longmaxi Formation shale in the Changning area based on the mineral composition. Projecting the sample points on the lithofacies ternary diagram, there are 8 types of lithofacies which include mixed siliceous shale (S-1), calcareous siliceous shale (S-2), argillaceous siliceous shale (S-3), mixed shale (M-2), siliceous-argillaceous mixed shale (M-3), siliceous-calcareous mixed shale (M-4), calcareous argillaceous shale (CM-2), and siliceous argillaceous shale (CM-3) in the Longmaxi Formation (Figure 5).
[image: Figure 5]FIGURE 5 | Lithofacies ternary diagram of the Longmaxi shale in the Changning area. S-1 is mixed siliceous shale, S-2 is calcareous siliceous shale, S-3 is argillaceous siliceous shale; M-1 is argillaceous-calcarous mixed shale, M-2 is mixed shale, M-3 is siliceous-argillaceous mixed shale, M-4 is siliceous-calcareous mixed shale; CM-1 is mixed argillaceous shale, CM-2 is calcareous argillaceous shale, CM-3 is siliceous argillaceous shale; C-1 is mixed calcareous shale, C-2 is siliceous calcareous shale, and C-3 is argillaceous calcareous shale.
The total gas content of each lithofacies is counted to study the control effect of the relative gas content of the rocks. Since the siliceous argillaceous shale, calcareous argillaceous shale, and mixed shale all have only one sample point, the maximum, minimum, and average values of the total gas content are not enough to reflect the true total gas content, and consequently, the geological significance of the data has not been counted.
In the other five lithofacies, the total gas content of the mixed siliceous shale (S-1) and argillaceous siliceous shale (S-3) is larger. The total gas content of the mixed siliceous shale ranges from 1.37 m3/t to 7.75 m3/t, with an average total gas content of 3.8 m3/t; the total gas content of the argillaceous siliceous shale is between 0.68 m3/t and 10.31 m3/t, the average is 2.89 m3/t (Figure 6). The superiority of these two types of lithofacies is mainly related to the mineral composition of the shale. The mixed siliceous shale and argillaceous siliceous shale are rich in quartz, and a large number of scholars have confirmed that the quartz in the lower part of the Longmaxi Formation mainly comes from siliceous radiolarians, which is a biological cause (Zhang et al., 2016; Guo et al., 2020). Research on the genesis of quartz in the shale gas reservoirs in Canada found that the higher the content of biological quartz, the higher the content of TOC, and the higher corresponding gas content (Ross and Bustin, 2007) (Figure 8). In addition, during the diagenesis of shale, the underground pressure acts on the rock, and quartz, as a brittle mineral in the rock, will be broken by the compaction to form microfractures, which provides more storage space for the free shale gas.
[image: Figure 6]FIGURE 6 | The total gas content of different shale lithofacies of the Longmaxi Formation in the Changning area.
Relationship Between TOC and Gas Content
The organic matter in shale is the material source of shale gas, and the organic matter content greatly affects the gas content (Hicky and Henk, 2007; Bowker, 2007 (Mastalerz et al., 2010). Early research has proved that the total gas content increases with the increase of organic carbon. The study of the Devonian-Mississippi of New Albany shale gas reservoirs in the Illinois Basin shows that the total gas content of shales increases with the increase of TOC content (Bowker, 2007; Mastalerz et al., 2010).
The Longmaxi Formation shale in the Changning area has good hydrocarbon generation ability, high organic carbon content (TOC), and the type of organic matter is mainly type I kerogen. The organic carbon content of the Longmaxi Formation has a tendency to decrease from the bottom to the top (Figure 3). By linearly fitting the Longmaxi Formation organic carbon content and the total gas content data in the Changning area, it was found that the total gas content has a positive correlation with the organic carbon content. The square of correlation coefficient (R2) is 0.8216, and the correlation is extremely strong, which proves that the organic carbon content is an important factor for controlling the total gas content (Figure 7).
[image: Figure 7]FIGURE 7 | Relationship between the TOC and the total gas contents of the Longmaxi Formation shale in the Changning area.
The organic matter content influences both the free gas and adsorbed gas content. There is usually high porosity and gas saturation in the high TOC shale, which increases the storage space of the free gas (Wang et al., 2013). Siliceous organisms have a great contribution to the paleoproductivity of shale, and are an important source of siliceous minerals in the Longmaxi shale (Liu et al., 2019). The prosperity of siliceous organisms makes the paleoproductivity favorable for the enrichment of organic matter. Therefore, TOC and siliceous minerals are often positively correlated. The fracture of siliceous minerals could provide a large amount of free gas storage space, thereby increasing the free gas content. In addition, TOC also has a direct effect on the adsorbed gas content. In shale with high TOC, the organic matter pores in organic matter are well developed, which provide adsorption space and larger specific surface area for the shale gas (Jarvie et al., 2007; Ross and Bustin, 2008). Organic matter can also be used as an adsorbent to adsorb gas, so it is conducive to the enrichment of the adsorbed gas. Some research results show that type I organic matter in the Longmaxi Formation shale has stronger adsorption capacity than clay minerals (Yan et al., 2013). In addition, the surface of the organic matter is lipophilic, so it has strong adsorption for gaseous hydrocarbons, and the content of the adsorbed gas also increases.
Relationship Between Mineral Composition and Gas Content
Previous studies have shown that mineral composition has a certain effect on the total gas content (Nie and Zhang, 2012; Luo et al., 2019). The Longmaxi Formation shale in the Changning area is mainly composed of quartz, feldspar, clay minerals, carbonate minerals, and pyrite. The composition and structure of minerals affect the structural characteristics of pores, which affects the shale adsorption capacity, and then its gas content will change. The Longmaxi shale in the Changning area is rich in quartz, and the total gas content of the shale increases with the increase of the quartz content (Figure 8A). Quartz is mostly biogenic in the Longmaxi shale, which has a positive correlation with the TOC, and at the same time, the organic carbon controls the total shale gas content to a large extent. Therefore, a positive correlation has been established between the quartz and total gas content (Zhang et al., 2016). In addition, when the overlying pressure on the formation is greater than the compressive strength of the rock, the brittle mineral such as quartz will break up and form microcracks which provide space for the free gas. Some scholars believe that quartz has a strong pressure resistance and can form a rigid grid, which is conducive to pore preservation (Luo et al., 2019).
[image: Figure 8]FIGURE 8 | Relationship between the minerals and the total gas contents of the Longmaxi Formation shale in the Changning area. (A) Relationship between the quartz and the total gas contents; (B) Relationship between the clay minerals and the total gas contents; (C) Relationship between the pyrite and the total gas contents; (D) Relationship between the carbonate minerals and the total gas contents.
Unlike quartz, the total gas content decreases with increasing clay mineral content (Figure 8B). Clay minerals have a layered structure, and the interlayers provide space for the adsorption of shale gas. In theory, the total gas content should increase with the increase of clay mineral content, but in fact the opposite is true. Some scholars believe that the reason for this is that the presence of water occupies the surface adsorption sites of the hydrophilic clay minerals, which greatly reduces the amount of adsorbed methane gas (Ross and Bustin, 2008). And studies have proven that the water content reduces methane adsorption in the Midland Valley oil shale (Merkel et al., 2015; Merkel et al., 2016). On the other hand, clay minerals will increase in volume after absorbing and expanding, which will block the existing pores in the rock and reduce the free gas content.
Pyrite is common in the Longmaxi shale in the Changning area, and the total shale gas content increases with the increase of pyrite content (Figure 8C). Some scholars have shown that iron in pyrite plays an important role in organic matter deposition, and a high iron content is conducive to organic matter enrichment (Nie and Zhang, 2012). In the deep-water environment where shale was originally deposited, marine life is highly productive, which enables a large amount of organic carbon to be transported and produces a high-intensity sulfate-reducing environment. S2- in pore water combines with iron to form pyrite and is buried accompanied by organic matter, the development of this type of primary pyrite represents that the reducing environment is conducive to the enrichment and preservation of organic matter (Luo et al., 2019).
The carbonate content of the Longmaxi shale in the Changning area is relatively low, the dolomite content is between 0.7 and 11.5%, with an average content of 10.8%; the calcite content ranges from 4.4 to 38.8%, with an average content of 3%. The carbonate mineral content in the shale sample is mostly concentrated at 5–17%. At this time, the carbonate mineral content is relatively low and the total gas content has no significant correlation with the carbonate mineral content. When the carbonate mineral content is between 17 and 45%, there is a weak negative correlation between the total gas content and carbonate minerals (Figure 8D). This indicates that when the carbonate mineral content is higher, the total gas content will decrease, which may be due to the calcite cementation that will block some pores and microfractures, and then reduce the free space of the shale gas.
CONCLUSION
This work performed the gas-bearing characteristics of the Longmaxi shale in the Changning area by means of the isothermal adsorption experiments, field desorption experiments, and well log interpretation. Afterward, the effect of factors such as lithofacies, TOC, and mineral composition on the gas content is discussed. The following conclusions could be drawn:
1) In the Changning area, the Longmaxi shale has good adsorption capacity, and the adsorption capacity decreases from the bottom to the top in the vertical direction.
2) Vertically, the total gas content decreases from the bottom to the top, which is a consistent trend with the loss gas, desorbed gas, and residual gas. In terms of the gas content indicator, S1L11-1, S1L11-2, and S1L11-3 of S1L11 are the most economically beneficial layers in the Longmaxi Formation, as the total gas contents of them are much higher than the commercial mining standard of 2 m3/t.
3) The free gas content in the vertical direction increased from the bottom to the top, while the adsorbed gas content decreased, as the adsorption capacity of the Longmaxi shale decreases from the bottom to the top. With the top of S1L11-3 as the circumscription, the adsorbed gas accounts for the main part of the shale gas in the lower part, and the free gas shale gas in the upper part.
4) There is a strong positive correlation between the total gas content and organic carbon content, the gas content of the Longmaxi Formation shale in the Changning area is dominated by TOC, which have a positive effect on the enrichment of free gas and adsorbed gas.
5) The lithofacies of shale is also an important influencing factor in the gas content of the Longmaxi shale in the Changning area. The mixed siliceous shale and argillaceous siliceous shale of which quartz is a major mineral of shale have higher gas content, and are dominant gas-bearing shale lithofacies.
6) In addition, mineral composition also has a certain effect on the total gas content of shale. Quartz and pyrite have a positive effect on higher gas content, while clay minerals and more carbonate minerals have a negative effect on it (Li et al., 2012).
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Gas adsorption and desorption capacities and ad-/desorption hysteresis in coal are important for carbon capture and storage (CCS) and coalbed methane (CBM) development. To investigate the impact of fractal features on gas adsorption and desorption capacities and ad-/desorption hysteresis in coals, five coal samples were collected and carried out methane (CH4) and CO2 isothermal ad-/desorption experiments. Small angle X-ray scattering (SAXS) was applied to characterize the fractal features of the coal pore structure. The results show that five coal samples show surface fractal features, represented by surface fractal dimension (Ds). The adsorption and desorption capacities of CO2 are stronger than those of CH4. In the adsorption stage, Ds and Langmuir adsorption volume (VL-ad) show a positive relationship for CH4 and CO2, due to the van der Waals force and available adsorption sites. In the desorption stage, Ds and Langmuir desorption volume (VL-de) show a positive relationship for CH4 and CO2, because most adsorbed gas molecules can desorb and diffuse out of the pores when gas pressure decreases. No obvious correlation was found between Ds and Langmuir adsorption pressure (PL-ad) as well as between Ds and Langmuir desorption pressure (PL-de) for CO2 and CH4. An improved hysteresis index (IHI) was adopted to characterize the degree of gas ad-/desorption hysteresis. The IHI values of CO2 vary from 12.2 to 35.2%, and those of CH4 vary from 8.9 to 50.3%. The curves of Ds vs. IHI for CO2 and CH4 are like an irreversible “V” shape, which yields to be further studied. This work further extends SAXS application in exploring the impact of coal pore structure on gas adsorption related phenomena, which is beneficial for CCS technology and CBM development.
Keywords: SAXS, fractal, adsorption, desorption, hysteresis, coal
INTRODUCTION
In the context of carbon emission peaks and carbon neutral in China, carbon capture and storage (CCS) has become a research hotspot (Budinis et al., 2018; Fan et al., 2018). International Energy Agency (IEA) pointed out that if the warming rate by the end of this century is about to achieve 1.75°C, the CCS technology needs to contribute 32% of CO2 emission reduction (IEA, 2017). Coalbed methane (CBM) is a typically geological gas mainly consisting of methane (CH4), which contains huge energy and thus serves as an emerging energy resource (Wang et al., 2014; Zhang et al., 2016). In 2020, CBM production is 58.2 × 108 cubic meters, which is of great significance to ensure energy security and reduce foreign dependence on natural gas (Xu et al., 2021). Gas in coal has three occurrence states: dissolution state, adsorption state, and free state, respectively, and the majority of gases are in the adsorption state (Cui et al., 2004). Ad-/desorption isotherms can quantitatively reflect the gas adsorption and desorption capacities in coal; meanwhile, it has been observed that it exists a positive difference between the ad-/desorption isotherms for CH4 and CO2, which is termed as adsorption–desorption hysteresis (Wang G. et al., 2016), sorption hysteresis (Ekundayo and Rezaee, 2019; He et al., 2020), desorption hysteresis (Ma et al., 2012), and degree of irreversibility (Zhang and Liu, 2017) and so on in different literature. In this work, the authors adopted the term—ad-/desorption hysteresis—to describe this difference for the sake of unification. For CCS technology, coal reservoirs have been proven to be a viable CSS geological body, with a CO2 storage ability of 12 Gt (Liu et al., 2005). As is well known, CO2 adsorption and desorption features are closely related to the amount and stability of CO2 storage (Sun et al., 2018). Similarly, in CBM industry, CH4 adsorption and desorption properties directly affect CBM production, the larger the amount of CH4 that can be desorbed is, the higher the recovery rate is, whereas the ad-/desorption hysteresis can hinder the recovery rate (Ma et al., 2012).
The pore structure is one of the key factors affecting gas adsorption, desorption, and ad-/desorption hysteresis in coal (Tan et al., 2018; Yin et al., 2019; Zhou et al., 2020) because the pore structure is where the gas is adsorbed and desorbed. Fractal dimension is a parameter that can comprehensively reflect the features of coal pore structure (Liu and Nie, 2016). In recent years, some scholars just tentatively began to adopt fractal theory to explore the intrinsic mechanism of gas adsorption-related phenomena. Li et al. (2015) stated that based on the fractal dimension tested by N2 adsorption, the CH4 adsorption capacity enhances with surface fractal dimension increasing but weakens with pore fractal dimension increasing. However, similarly based on the N2 adsorption method, Sun et al. (2015) drew a conclusion that is not fully consistent with Li et al. (2015), reporting that the CH4 adsorption capacity increases with the increase of surface fractal dimension, but there is no obvious relationship between CH4 adsorption capacity and pore fractal dimension. Niu et al. (2019) applied three different measurement methods, including N2 adsorption, SAXS, and scanning electron microscopy to research the effect of fractal dimension on CH4 adsorption behavior, and found that Langmuir adsorption pressure shows a negative relationship with fractal dimension. He et al. (2020) applied CO2 and N2 adsorption methods to calculate the fractal dimension and analyzed the relevancy between the fractal dimension and methane sorption hysteresis in coal, and found that there is a potential positive correlation between the methane sorption hysteresis and the coal heterogeneity. In summary, even though if any, research on the combination of fractal and gas adsorption related phenomena remains to be scarce and unsystematic; meanwhile, the characterization of fractal dimension in previous studies mainly relies on traditional gas adsorption methods.
As a non-destructive testing technology, synchrotron radiation Small Angle X-Ray Scattering (SAXS) has been extensively applied to measure the pore structure of multiporous materials (Mares et al., 2009; Syed et al., 2018); it can concurrently measure both open and closed pores in its testing scope (Pan et al., 2016; Zhao et al., 2019). As a relatively novel and innovative method for pore structure measurement, SAXS application has gradually extended to the field of coal fractal feature characterization. Zhao and Peng, (2017) used SAXS to test the fractal of six coal samples with different ranks, and found that coal samples show surface fractal at the region of low q value and pore fractal at the region of high q value. Song et al. (2014) found that the surface fractal dimension of coal tested by SAXS increases with the increase in deformation extent. Nie et al. (2021) found that when gas adsorption occurs in coal, the transformation of the coal pore structure can be characterized by fractal dimension tested by SAXS. Xie et al. (2019) conducted SAXS fractal experiments on bituminous coal and stated that the bituminous coal shows surface fractal features throughout the carbonization process. Wang et al. (2021) conducted SAXS fractal experiments on anthracite coal and demonstrated that with the development of carbonization, the fractal feature of the coal pore structure varies between pore fractal and surface fractal. However, research on the correlation between the fractal dimension on the basis of SAXS fractal theory and gas adsorption related phenomena in coal is relatively scarce. Accordingly, it is greatly necessary to enhance and expand the application of SAXS fractal theory to the investigation of gas adsorption and desorption and ad-/desorption hysteresis in coal.
In this work, five coal samples were performed on SAXS experiments and adsorption and desorption isothermal experiments. Their surface fractal dimensions were calculated based on the SAXS fractal theory, their adsorption and desorption capacities were quantified by Langmuir constants, the degrees of their ad-/desorption hysteresis were quantified by a hysteresis index, and the impact of coal fractal features on gas adsorption and desorption capacities and ad-/desorption hysteresis was investigated.
EXPERIMENTAL SETUP
Sampling and Sample Preparation
In this work, five experimental samples were collected from five different mines. Sampling sites and properties of coal samples were listed in Table 1. The mean maximum vitrinite reflectance (Ro,max) is from 0.68 to 4.33%, covering low-rank, middle-rank, and high-rank coals. The moisture content (M) ranges from 0.58 to 1.60%, the volatile content (V) ranges from 9.51 to 32.83%, the fixed carbon content (Fc) ranges from 51.87 to 76.79%, and the ash content (A) ranges from 8.71 to 20.84%. The mineral content of sample #2 (17.5%) is the highest and that of sample #5 (1.5%) is the lowest, the vitrinite group content of sample #5 (91.0%) is the highest and that of sample #1 (36.4%) is the lowest, and the exinite contents of samples #3, #4 and #5 are 0.
TABLE 1 | Sampling sites and properties of samples.
[image: Table 1]For SAXS experiments, the first step is to process samples into round slices with a thickness of 0.5 mm and a diameter of 9.5 mm, as shown in Figure 1, and then a sample chamber, which was specifically covered by Kapton film, was used to contain the processed samples for the following experiment.
[image: Figure 1]FIGURE 1 | Coal slices processed for SAXS experiments.
For gas isothermal ad-/desorption measurements, samples were pulverized into 60–80 meshes (180–250 μm), and about 10 g of pulverized samples was selected to be degassed at 30°C for 24 h and heated 1 h to fully remove the moisture inside samples.
Synchrotron SAXS Experiments
Beijing Synchrotron Radiation Facilities (BSRF) were applied to conduct SAXS experiments in this work. The authors have described the parameters of BSRF in detail in our previous research (Zhao et al., 2014).
For SAXS experiments, the chamber loaded with samples was placed on the sample table, 1,650 mm far away from the detector, and then the SAXS device was started to record the photodiode readings and collect SAXS images; this process lasted for about 5 s. And then the FIT2D software was applied to convert the SAXS images into one-dimensional scattering data (Hammersley et al., 1996). The authors have given the details of SAXS image processing in the FIT2D software in our previous research (Zhao et al., 2019).
Gas Isothermal Ad-/Desorption Experiments
An H-Sorb sorption device (Sun et al., 2020) was used for CO2 and CH4 adsorption and desorption experiments. The processed samples were first loaded into an adsorption tank and evacuated, and the remaining volume of the adsorption tank was measured. Then, a certain volume of gas was charged into the adsorption tank or discharged from the adsorption tank until the pressure in each section reached an equilibrium state. At this moment, part of gas was adsorbed, and part of gas was still in the remaining volume in the free state. The volume of gas charged was known, and the free volume after deducting the remaining volume was the adsorption volume in samples. Repeat the above procedures to obtain the adsorption volume in each pressure section. The adsorption isotherms were obtained when the gas was charged into the adsorption tank from low pressure to high pressure, and the desorption isotherms were obtained when the gas was discharged out of the adsorption tank from high pressure to low pressure.
RESULTS AND DISCUSSION
Fractal Characterization by SAXS
Wijnen et al. (1991) have ever found that the power-law formula can well express the SAXS intensity of a fractal object,
[image: image]
where α varies from 0 to 4, serving as the fractal parameter.
The fractal features of the coal pore structure are defined as surface fractal and pore fractal based on the SAXS fractal theory, which are represented by Ds and Dp, respectively. If α is between 3 and 4, the pore structure is of surface fractal feature, and the value of Ds is Ds = 6‐α. If α is between 0 and 3, the pore structure is of pore fractal feature, and the value of Dp is Dp = α (Reich et al., 1992).
Figure 2 shows the fractal curves of five coal samples. The fractal dimensions were obtained by making a tangent to the lnI(q)—lnq curves within linear ranges. The results show that the α values range between 3 and 4, indicating that all samples show surface fractal features. The Ds values vary from 2.34 to 2.93 with sample #4 being of the highest Ds value and sample #1 being of the lowest Ds value, as listed in Table 2.
[image: Figure 2]FIGURE 2 | Fractal curves. (A) Sample #1, (B) Sample #2, (C) Sample #3, (D) Sample #4, and (E) Sample #5.
TABLE 2 | Results of the pore structure properties of coal samples based on SAXS.
[image: Table 2]Determination of Langmuir Constants
In this work, the adsorption isotherms are determined by the classic Langmuir formula (Langmuir, 1918) and the desorption isotherms are determined by the modified Langmuir formula (Ma et al., 2011) since it exists residual adsorption volume under a lack pressure between adsorption and desorption isotherms, which is to say that the gas volume is not zero when the pressure decreases to zero in the desorption stage. Eqs 2, 3 represent these two models, respectively,
[image: image]
[image: image]
where P stands for the equilibrium gas pressure in the adsorption or desorption stage, MPa; V is the adsorbed gas volume when the gas pressure reaches P, ml/g; VL-ad and VL-de are the Langmuir adsorption and desorption volumes, which is equal to the maximum monolayer adsorption and desorption values of gas, ml/g; PL-ad and PL-de are the Langmuir adsorption and desorption pressures, the pressure when the adsorbed gas volume is half of VL-ad and VL-de, MPa; and M is the residual adsorption volume under a lack pressure, ml/g.
Figure 3 shows the adsorption and desorption isotherms of CO2 and CH4. Tables 3, 4 show the Langmuir constants of CO2 and CH4, respectively.
[image: Figure 3]FIGURE 3 | Adsorption and desorption isotherms of CO2 and CH4. (A-B) Sample #1, (C-D) Sample #2, (E-F) Sample #3, (G-H) Sample #4, and (I-J) Sample #5.
TABLE 3 | Langmuir constants of CO2.
[image: Table 3]TABLE 4 | Langmuir constants of CH4.
[image: Table 4]As is widely known, the Langmuir volume and Langmuir pressure have a significant impact on gas adsorption and desorption performance. The higher VL-ad is, the stronger the gas adsorption capacity is, the higher PL-ad is, the harder the gas is adsorbed to the coal pore surface; similarly, the higher VL-de is, the stronger the gas desorption capacity is, the higher PL-de is, the harder the gas is desorbed to the coal pore surface (Niu et al., 2019). It can be seen from Tables 3, 4 that for the same sample, the VL-ad and VL-de values of CO2 are greater than those of CH4, demonstrating that the adsorption and desorption capacities of CO2 are stronger than those of CH4, which is in line with previous studies (Sander et al., 2016; Zhang et al., 2018). This is attributed to the fact that CO2 owns a smaller kinetic diameter than CH4 does (CO2: 0.33 nm versus CH4: 0.38 nm); therefore, CO2 is much easier to diffuse into pores with smaller size (Hou et al., 2020), and the affinity of coal matrix to CO2 is stronger than that of coal matrix to CH4. Similarly, for the same sample, the PL-ad value of CH4 is greater than that of CO2, indicating that CH4 is harder to be adsorbed on the coal pore surface than CO2; nevertheless, there is no obvious rule concerning the PL-de values.
Impact of Ds on Adsorption and Desorption Capacities
Figure 4 shows Ds vs. Langmuir constants curves. It can be seen from Figure 4A, in the CO2 adsorption stage, VL-ad increases with Ds increasing, demonstrating that the larger Ds is, the stronger the CO2 adsorption capacity is. Figure 4E shows that in the CH4 adsorption stage, Ds and VL-ad show a positive relationship. VL-ad increases with Ds increasing, demonstrating that the larger Ds is, the stronger the CH4 adsorption capacity is, which is consistent with studies by Niu et al. (2019) using SAXS and Li et al. (2015) using N2 adsorption.
[image: Figure 4]FIGURE 4 | Relationship between Ds and Langmuir constants. (A) Ds vs. VL-ad for CO2, (B) Ds vs. PL-ad for CO2, (C) Ds vs. VL-de for CO2, (D) Ds vs. PL-de for CO2, (E) Ds vs. VL-ad for CH4, (F) Ds vs. PL-ad for CH4, (G) Ds vs. VL-de for CH4, and (H) Ds vs. PL-de for CH4.
The gas adsorption in coal includes monolayer adsorption and multilayer adsorption (Yang and Liu, 2019). In the monolayer adsorption stage, there are two main factors affecting the gas adsorption volume, one is the van der Waals force existing between the pore surface and the gas molecules and the other is the number of adsorption sites available on the pore surface. Ds can represent the strength of the van der Waals force (Chen et al., 2017). The van der Waals force is an indicator of the mutual attraction strength between molecules.
In the adsorption process, gas molecules can diffuse into the pores with a size larger than or equal to the average free path of gas molecules under the effect of gas pressure. The coal matrix can be regarded as organic solids composed of carbon atoms, the gas molecules entered the pore structure can be attracted by the carbon atoms on the pore surface, this is where the van der Waals force works, thereby the gas molecules can earn a tendency to move toward the pore surface. This tendency grants the carbon atoms on the pore surface extra energy—the surface free energy (He et al., 1996). The carbon atoms on the pore surface are always trying to absorb other substances around them to reduce their surface free energy. Hence, the stronger the van der Waals force is, the stronger the gas adsorption performance is. Meanwhile, Ds can also represent the roughness and irregularity of the pore surface (Yao et al., 2008; Niu et al., 2019). The higher Ds value indicates the rougher pore surface, at which more sites are available for gas adsorption (Wang Y. et al., 2016), further enhancing the gas adsorption capacities. Hence, the fact that Ds and VL-ad show a positive relationship can be explained from the perspectives of the pore surface roughness and the van der Waals force.
However, with the increase of relative pressure, the monolayer adsorption transits to the multilayer adsorption. During the multilayer adsorption stage, more adsorption layers are established, and the adsorbent interface becomes smooth. At this time, the effect of the capillary condensation, which can be represented by Dp, accounts for a leading position (Qi et al., 2002). Unfortunately, SAXS failed to test the pore fractal in this study, leading to counting for the gas amount of multilayer adsorption mainly affected by the pore fractal when we discuss the impact of Ds on the gas adsorption capacities. However, according to Wang (2015), the Langmuir model is based on the hypothesis of monolayer adsorption and its good application in actual projects illustrates that the monolayer adsorption takes up a leading proportion. Besides, since the gas pressure during the adsorption and desorption at normal temperature is much higher than the gas pressure range applicable to the multilayer adsorption, the multilayer adsorption is generally considered to be rather weak. Therefore, although the gas amount of multilayer adsorption is counted into the total gas adsorption amount, it doesn’t actually affect the discussion of the impact of Ds on the gas adsorption capacities.
As shown in Figures 4C, G, VL-de for CO2 and VL-de for CH4 exhibit an increasing trend with the increase of Ds. It can be explained by the fact that VL-ad shows a positive relationship with VL-de, as demonstrated by Figure 5. And as discussed above, larger Ds values represent the rougher pore surface providing more available adsorption sites and stronger van der Waal force reinforcing the mutual attraction strength between the gas molecules and pore surface, which enhances the total adsorption volume in the adsorption stage. On the contrary, in the desorption stage, the van der Waals force plays a role in restricting gas molecules to escape from the pore surface; besides, rougher pore surface produces stronger friction resistance hindering the desorbed gas molecules to diffuse out of the pore structure. However, the restricted effects caused by these two factors are limited, most adsorbed gas molecules still can desorb and diffuse out of the pores when the gas pressure decreases. Therefore, the fact that VL-ad shows a positive relationship with VL-de is reasonable; meanwhile, Figures 4A, E show Ds shows a positive relationship with VL-ad, so it is no wonder that VL-de increases with Ds increasing.
[image: Figure 5]FIGURE 5 | Relationship between VL-ad and VL-de. (A) CO2, and (B) CH4.
However, no correlation was found between Ds and PL-ad as well as between Ds and PL-de according to the fluctuation presented in Figures 4B, D, F, H.
Determination of Ad-/Desorption Hysteresis and Impact of Ds on Ad-/Desorption Hysteresis
Scholars in different fields, such as soil, rock, and high-molecular polymer, have ever proposed various hysteresis indexes for evaluating ad-/desorption hysteresis phenomenon based on the Freundlich index, the equilibrium concentration of solid phase, slope (Ran et al., 2003; Wu and Sun, 2010; Ding and Rice, 2011); however, they are not quite applicable to gas adsorption and desorption in coal (Wang G. et al., 2016). Wang et al. (2014) put forward an improved hysteresis index (IHI) based on the area formed by ad-/desorption isotherms, which has been proved to be effective in quantitatively characterizing the degree of gas ad-/desorption hysteresis in coal (Wang G. et al., 2016; Sun et al., 2020). Hence, IHI was adopted in this work, as shown by Eqs 4–9,
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where Aad and Ade stand for the zones below the adsorption and desorption isotherms; Pf stands for the final equilibrium pressure, MPa; Ahy represents the measured hysteresis area; and Ahf and Asf represent the hysteresis area and the adsorption area in the fully irreversible case, respectively.
Figure 6 shows the IHI calculation of CO2 and CH4, and the results are listed in Table 5.
[image: Figure 6]FIGURE 6 | IHI calculation. (A), (C), (E), (G), and (I) represent CO2 IHI calculation; (B), (D), (F), (H), and (J) represent CH4 IHI calculation.
TABLE 5 | IHI Results.
[image: Table 5]Jessen et al. (2008) have demonstrated that desorption isotherms depend on the initial pressure at the beginning of depressurization; therefore, when the final equilibrium pressure set in Eqs 5–7 varies, ad-/desorption hysteresis varies as well. To avoid the possible error caused by the difference of the final equilibrium pressure of every sample, the final equilibrium pressures of CO2 and CH4 were uniformly set to 3.5 and 8 MPa for IHI calculation in this work. It should be noted that desorption points at 0 MPa were not measured in this work; to enable the adsorption and desorption isotherms to form a closed interval with the y axis and the vertical axis passed through (Pf, 0), the desorption isotherms were extended to the (0, M) point according to Eq. 3. Since the proposed IHI is calculated based on the area instead of a single point, a slight change at the end of desorption isotherms cannot significantly affect the calculation results of the IHI value; thus, the process of desorption isotherm extension is theoretically acceptable.
Figure 7 shows the relationship between Ds and IHI. It can be seen that for CO2, IHI fluctuates with Ds changing. It first increases from 18.0 to 32.6% when Ds increases from 2.34 to 2.66, and then decreases to 14.5%, followed with a slight bounce to 16.1%, and finally drops to 12.2%. For CH4, IHI rises to the maximum value of 50.3% when Ds increases from 2.34 to 2.66, and keeps falling when Ds varies between 2.66 and 2.93. In general, the curves of Ds vs. IHI for CO2 and CH4 are like an irreversible “V” shape.
[image: Figure 7]FIGURE 7 | Ds vs. IHI curves.
As mentioned in Determination of Langmuir Constants, coal physical properties that can be directly reflected by Ds are the van der Waals force and the pore surface irregularity. Zhang et al. (2005) have reported that the adsorbed gas molecules on the pore surface of coal require a certain amount of energy to offset the van der Waals force so that they can escape from the pore surface; therefore, the desorption process will lag behind adsorption to varying degrees. According to the viewpoint by Zhang et al. (2005), the stronger the van der Walls force is, the more obvious the ad-/desorption hysteresis is. Besides, Seri-Levy and Avnir (1993) have studied the effect of the heterogeneity of the pore surface on CH4 ad-/desorption hysteresis. He demonstrated that the pore surface heterogeneity is sufficient to induce an ad-/desorption hysteresis loop and the degree of ad-/desorption hysteresis increases with the pore surface heterogeneity increasing. According to the statements by Zhang et al. (2005) and Seri-Levy and Avnir (1993), Ds and IHI are also more likely to present a positive relationship, but in this work, they present an irreversible “V-like” shape, primarily caused by that the ad-/desorption hysteresis in the sample with the Ds value 2.66 is rather dramatical, but the intrinsic mechanism of the irreversible “V-like” shape is hard to be explained by the existing theories and yields to be further investigated.
CONCLUSION
Fractal features of five coals were characterized by SAXS, the classic Langmuir model and the improved Langmuir model were adopted to characterize the gas adsorption and desorption capacities, and IHI was adopted to characterize the degree of gas ad-/desorption hysteresis. The evidence leads to the following conclusions:
1) Different samples show different surface fractal features with Ds values varying from 2.34 to 2.93.
2) The VL-ad and VL-de values of CO2 are greater than those of CH4, demonstrating that the adsorption and desorption capacities of CO2 are stronger than those of CH4. The PL-ad values of CH4 are greater than those of CO2, demonstrating that CH4 is harder to be adsorbed on the coal pore surface than CO2.
3) In the adsorption stage, Ds and VL-ad show a positive relationship for CH4 and CO2, which is attributed to the van der Waals force and available adsorption sites. In the desorption stage, Ds and VL-de show a positive relationship for CH4 and CO2 because most adsorbed gas molecules can desorb and diffuse out of the pores when the gas pressure decreases. No correlation was found between Ds and PL-ad as well as between Ds and PL-de on a basis of SAXS fractal theory.
4) The curves of Ds vs. IHI for CO2 and CH4 are like an irreversible “V” shape, primarily caused by the fact that the ad-/desorption hysteresis in the sample with the Ds value 2.66 is rather dramatical, but the intrinsic mechanism yields to be further studied.
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Samples

FM-1

FM-2

FM-3

FM-4

WYM-1

WYM-2

WYM-3

WYM-4

Pore size
range/nm

d,:50 < D < 100nm
510 <D <50 nm
dy: 20 <D< 10nm
0,036 <D <2nm
0450 < D < 100 nm
0,110 <D <50nm
0520 <D< 10nm
0,036 <D <2nm
d,:50 < D' 100 nm
0,110 <D <50nm
05120 <D< 10nm
di:036 <D< 2nm
d,:50 < D' 100 nm
0210 <D <50nm
d5:20 <D< 10nm
036 <D<2nm
d,:50 < D < 100 nm
d5: 10 <D < 50 nm
d5:20 <D< 10nm
4,036 <D<2nm
0,50 < D < 100nm
d5: 10 < D < 50 nm
dy:20 <D< 10nm
036 <D<2nm
0 <D< 100nm
d5: 10 < D < 50 nm
dy: 20 <D< 10nm
0,036 <D<2nm
450 < D < 100nm
210 < D < 50 nm
d3:20<D<10nm
d,:036 <D< 2nm

Linear fitting
equation of
different pore
size ranges
¥1 = -0.32010x + 0.68886
Y2 0.43897x + 0.27857
¥a = -0.40370x + 0.34029
Ya = ~0.50938x - 0.22317
Y1 = -0.27060x + 0.45899

Yo 0.41415x - 0.11743
¥a = ~0.39167x - 0.0576

ya = -0.60568x - 0.35424
y1 = -0.29191x + 0.23884
y2 = -0.42989x - 0.30718
ya = -0.34735x - 0.18618
ya = -0.46881x - 0.54440

y1 = -0.31099x + 0.36943
y2 = -0.42309x - 0.06534

¥a = ~0.30789 + 0.10766
Ya = ~0.60487x — 0.60106
Y1 = -0.16686x + 151961
Y2 = -0.17527x + 1.48121
¥a = ~0.21962x + 1.45890
Ya = ~0.74360x - 0.65738
1 = ~0.05553x + 2.98304
Y2 = ~0.05220x + 2.98757
¥a = ~0.07699x + 2.97704
Y4 = ~0.81863x - 0.60850
Y1 = -0.06110x + 2.53070
Y2 = ~0.05007x + 2.56499
Ya -0.07220x + 2.55594
Ya 0.71189x - 0.59541
n -0.06050x + 2.11190
Y2 = ~0.04400x + 2.16366
¥a = ~0.05375x + 216730

-0.68075x - 0.71269

Ya

0.99428
0.99993
0.99910
0.97982
0.95094
0.99933
0.99736
0.97944
0.96903
0.99950
0.99921
0.95978
0.98968
0.99888
0.99823
0.98261
0.99793
0.99984
0.98052
0.97826
0.99668
0.99931
0.93734
0.98706
0.99927
0.99928
0.93780
0.98079
0.99885
0.99802
0.91785
0.96877

-0.32910
-0.43897
-0.40370
-0.50938
-0.27060
-0.41415
-0.39167
-0.60568
-0.29191
-0.42989
-0.34735
-0.46881
-0.31099
-0.42309
-0.30789
-0.60487
-0.16656
-0.17527
-0.21952
-0.74360
-0.05553
-0.05220
-0.07699
-0.81863
-0.06110
-0.05007
-0.07220
-0.71189
-0.06050
-0.04400
-0.05375
-0.68075

2.6709
2.561083
2.59630
2.50938
2.72940
2.58585
2.60833
2.60568
2.70809
257011
2.65265
2.46881
2.68901
257691
269211
2.60487
2.83344
2.82473
2.78048
2.74360
2.94447
2.94780
2.92301
2.81863
2.93890
2.94903
2.92780
2.71189
2.93950
2.95600
2.94625
2.68075





OPS/images/feart-10-841353/feart-10-841353-t003.jpg
Samples

FM-1
FM-2
FM-3
FM-4.
WYM-1
WYM-2
WYM-3
WYM-4

1HI/%

12.26
14.94
1057
16.03
7.88
25.15
17.21
897

Fitted by adsorption curve

Fitted by desorption curve

Ad-Vi/(em®/g)

21.76860
18.83818
18.30641
13.67975
32.68145
28.08395
30.49931
30.89937

Ad-P/MPa

254118
2.56577
2.51023
2.35614
3.50960
3.53190
3.08137
3.49308

R?

0.999
0.999
0.999
0.999
0.999
0.999
0.999
0.999

De-Vi/(cm®/g)

20.15591
17.13470
17.12955
12.92639
31.33895
2556124
28.16734
20.37618

De-P./MPa

1.75027
1.60560
1.84066
1.63699
2.94440
2.02856
2.05590
2.80624

R?

0.990
0.986
0.989
0.989
0.999
0.998
0.998
0.997

Ad-V, and
De-V, relative
error/%

7.41
9.04
6.43
5.51
an
8.98
7.65
4.93

Me/% 30°C

201
239
2.57
4.33
3.36
4.68
3.46
4.25

Note: Langmuir volume fitted by adsorption curve (Ad-\.); Langmuir pressure fitted by adsorption curve (Ad-P,); Langmuir volume fitted by desorption curve (De-V,); Langmuir pressure
fitted by desorption curve (De-P,).
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Project

The
results of
PV/
(cm®/g)

The
results of

pore
SSA/

(mP/g)

Samples Test by LTNA Test by

Macropores  Mesopores  Micropores =P CA Super

50-100 nm 10-50 nm 2-10nm  Micropores
<2nm
FM-1 00087 00012 00015 0.00782
FM-2 0.0038 00022 00018 001282
FM-3 0.0020 0.0026 0.0020 0.01159
FM-4 0.0027 00050 0.0030 0.01401
WYM-1 0.0036 00015 0.0091 0.05012
WYM-2 0.0044 00032 00148 0.04929
WYM3 0.0062 00078 00149 0.05156
WYM-4 00037 00086 00222 005551
FM-1 0.015 0.697 1.445 61.401
FM-2 0019 0730 1814 69.559
FM-3 0021 0670 2017 70219
FM-4 0.029 1.078 2.923 79.084
WYM-1 0.057 0.258 5.637 175.247
WYM-2 0.082 0.738 7.282 179.609
WYM-3 0.010 0.426 9.613 186.482
WYM-4 0153 0699 14.484 253113

TPV or
TSSA

0.01422
0.02062
0.01909
0.02471
0.06432
0.07169
0.08046
0.09001
63.458
72122
72927
83.114
181.199
187.711
196.531
268.449

PV or SSA ratio (%)

Macropores
50-100 nm

26.02
18.43
15.19
10.93
5.60
6.14
7.1
an
0.02
0.08
0.03
0.03
0.03
0.04
0.01
0.06

Mesopores
10-50 nm

8.44
10.67
13.62
20.23
2.33
4.46
9.69
9.55
0.94
1.01
092
1.30
0.14
0.39
022
0.26

Micropores
2-10nm

10.55
8.73
10.48
12.14
14.15
20.64
18.52
24.66
228
2.52
2.77
3.52
311
3.88
4.89
5.40

Super
micropores
<2 nm

54.99
62.17
60.71
56.70
77.92
68.75
64.08
61.67
96.76
96.45
96.29
95.15
96.72
95.68
94.89
94.29
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Samples

FM-1

FM-2
FM-3
FM-4
WYM-1

WYM-2
WYM-3
WYM-4

Note: M., is the moisture content, % A is the ash content, %: V..., is the volatile content, %: FC,, is the fixed carbon content, %.

Coal
structure

Original structure
coal

Fragmented coal
Fiax seed coal
Mylonitized coal
Original structure
coal

Fragmented coal
Fiax seed coal
Mylonitized coal

Deformation
series

0sc

WBDC
SBDC
SDDC
0osc

WBDC
SBDC
SDDC

Luster

Semibright

Semidim
Semidim
Dim
Bright

Semibright
Semidim
Dim

Ro,max

(%)

114

116
114
1.15
3.38

341
339
344

Mag
(%)

1.42

144
1.21
1.06
294

293
267
253

(%)
10.10

870
865
8.77
841

841
8.36
857

(%)
11.03

10.52
10.79
10.21
5.50

5.49
5.63
5.71

(%)
7065

69.99
7052
7032
83.15

83.17
83.22
83.19
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Diffusion coefficients Configuration
(10" m?/s)

CO, Vitrinite+5 CO,
Vitrinite+10 CO,
Vitrinite+22 CO,

CH, Vitrinite+5 CH,
Vitrinite+10 CH,
Vitrinite+17 CH,

N, Vitrinite+1 N
Vitrinite+3 N
Vitrinite+7 N

Note: the values are from the reference Saghafi et al. (2007).

853
7.45
6.54
347
3.16
237
6.49
5.34
332

14.37
1224
9.35
9.34
7.49
572
37.34
1385
1017

79.56
7243
27.83
3845
34.71
16.23
86.45
8473
4237

Experiment results

77.3

36.3*

Relative error

0.029
0.063
0.640
0.059
0.049
0277
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Study

Ciembroniewicz and Marecka
(1993)
Clarkson and Bustin (1999)

Cui et al. (2004)
Shi and Durucan. (2003)

Busch et al. (2004)

Siemons et al. (2017)
Pone et al. (2009)
Pan et al. (2010)
Charriére et al. (2010)
Svébova et al. (2012)
Jian et . (2012)
Zhao et al. (2016b)
Song et al. (2018)

Liu et al. (2019)

Note: LDF, linear driving force model: SDC, self-diffusion coefficient: TDC, transport diffusion coefficient.

Model

Linear approx. of unipore
Unipore, bidisperse

Modified bidisperse
Modified bidisperse

Modified bidisperse
Two exponentials, unipore

Two exponentials
Unipore-like model

Bidisperse (with adjusted f term)
Linear approx. of unipore

LDF single parameter
Unipore-like. model

MD, Wiser model

MD, Coal vitrnite model

MD, mid-rank coal vitrinite
macromolecules

Effect of increasing pressure

Increase
Increase

Decrease
Decrease

Only the micro-term decreases

Decrease for "siow” term at

elevated pressures

Slow term decreases

Decrease

CH, increase. CO, no change
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Decrease
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SDC  Decrease

TDC  Increase and then
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Increase and then decrease

Experiment conditions

15 and 35°C 0-65 kPa

0 and 30°C 0-127 kPa and
0-5MPa

30°C, 0-7 MPa

37°C, 42 MPa
45C

0-6 MPa, 45C

20°C, 3.1 MPa

26°C, 0-4 MPa

10°C and 60°C, 0.1 and 5 MPa
45 and 55°C, 0.1-0.8 MPa
0-4.68 MPa

298-333 K, 0-3.5 MPa
398-368 K, 0.5-5.0 MPa

318-398 K, 1-5 MPa
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Stage Formation Samples  Depth  TOC (%) Major element (wt, %)

(m) Si0, ALO; KO Na0 Fe,05 Mg0 MnO TiO, CaO P,0s

We-1 well
Longmaxi formation c1-01 1202.3 349 7351 1001 272 081 3.01 133 009 0.8 162 015
Rhuddanian c1-02 1203.4 511 7291 938 265 063 275 1.22 012 075 18 0.1
c1-03 1204.6 4.28 7069 1017 3.06 1.36 1.66 215 013 081 096 0.12
c1-04 1205.7 5.02 7163 935 233 088 177 21 006 071 213 012
Hirantian c1-05 1206.5 4.89 7654 631 134 071 3.24 0.47 0.11 038 103 013
c1-06 1206.9 296 7433 7.53 199 044 265 1.32 006 051 102 013
c1-07 1207.4 309 76.09 7.06 1.54 113 245 0.95 004 047 068 0.13
c1-08 1208.7 293 7403 821 188 066 2.56 0.81 007 061 143 010
c1-09 1209.1 1.44 7856  6.44 111 1.36 233 076 004 043 133 0.1

GYQ formation c1-10 1210.0 1.04 83.19 432 1.16 1.01 1.98 0.64 003 017 1.09 008

cl-11 1210.1 0.77 80.11 4.43 1.64 1.05 1.75 0.44 002 021 110 007

Waufeng formation cl-12 1210.2 1.08 7989 565 173 035 2.04 1.01 004 034 132 006

c1-13 12104 245 7735 577 066 085 1.89 0.65 004 032 141 0.10

Late Katian c1-14 1210.7 177 7612 851 164 049 435 137 002 059 111 009
cl1-15 1211.5 1.69 7946 533 077 088 211 1.32 003 031 1.03 008

cl1-16 12121 1.74 7789 887 165 091 1.75 266 003 063 159 008
c1-17 12126 155 7968 604 078 079 199 074 006 035 201 008
cl1-18 12133 172 80.13  6.21 0.65 1.10 217 056 005 037 149 009
c1-19 1213.7 233 78.66 7.35 133 087 2.88 085 004 053 111 0.06
©1-20 12142 221 7919 747 155 051 284 166 004 051 110 007
cl-21 12148 1.30 7644 894 156 122 304 135 003 065 133 008
c1-22 1215.2 177 7428 975 152 077 298 215 004 077 127 012
¢1-20 12158 221 7543 908 144 103 2833 277 003 068 079 0.3

Shaba section
Longmaxi formation ~ SB-01 8.89 338 6664 1307 212 114 553 188 006 093 245 0.5
Rhuddanian 8B-02 8.24 497 6278 1413 301 1.36 4.64 228 005 102 219 020
$B-03 7.93 304 6838 1244 331 1.19 3.38 138 008 088 207 010
S$B-04 7.75 4.56 69.13 1012 133 1.22 4.98 196 006 071 244 010
SB-05 7.37 6.01 6627 11.01 157 115 465 183 007 077 261 0.13
Himantian SB-06 T2 5.96 6477 1022 175 1.09 6.02 205 007 072 222 008
8B-07 6.94 321 7065 945 233 1.08 244 198 007 063 203 007
S$B-08 6.43 3.78 7305 879 1.87 112 235 1.24 008 055 333 0.10
GYQ formation SB-09 6.02 1.46 7351 712 298 145 215 198 007 041 215 0.08
SB-10 5.94 043 7277 843 265 1.33 1.98 221 006 052 335 0.10
‘Wufeng formation SB-11 5.88 4.11 6556 1029 211 1.09 3.65 168 004 073 336 0.14
SB-12 5.64 391 7111 1102 333 074 3.33 1.87 007 079 118 0.1
Late Katian SB-13 5.58 417 6589 1339 275 112 3.29 222 008 096 302 008
SB-14 429 532 6159 1514 1.96 1.33 4.98 3.25 021 109 112 006
SB-15 3.63 324 6896 1211 333 099 3.65 201 005 085 1.08 005
SB-16 3.47 4.12 7223 1019 204 1.03 233 199 007 o071 164 006
SB-17 3.01 3.18 6898 11.32 196 1.62 3.46 1.94 006 081 169  0.06
SB-18 2.69 335 7066 967 202 044 3.96 1.65 003 063 232 006
SB-19 2.28 4.89 6513 1384 289 1.44 421 212 004 101 178  0.09
$B-20 1.88 217 6756 1324 198 238 4.07 178 012 115 161 0.09
SB-21 1.64 268 6236 17.30 135 104 621 298 022 121 114 010
SB-22 1.02 0.26 6239 17.28 4.83 117 5.08 256 008 118 151 0.07
$B-23 076 170 7534 894 203 066 339 121 010 057 25 0.2

SB-24 0.15 0.15 6240 17.30 4.80 117 533 256  0.11 122 150 007
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Tectonic settings La Ce SREE La/Yb Lay/Yby SLREE/SHREE Eu/Eu*

From Bhatia and Crook (1986)

Passive margin 39 85 210 159 10.8 85 056

Active continental margin 37 78 186 125 85 9.1 0.60

Continental island arc 27 + 145 59+82 146 + 20 11.0£36 7525 7.7 £17 0.79 + 0.13

Oceanic island arc 817 19+37 58 + 10 4213 2809 3809 1.04 £0.11
We-1 well

Rhuddanian 46.73 89.85 197.17 15.93 10.76 9.96 0.65

Himantian 33.47 66.39 137.23 18.43 12.45 12.10 0.65

late Katian 3823 60.55 132.77 22.11 14.94 12.05 [eig]
Shaba section

Rhuddanian 46.20 8854 21229 15.84 10.70 9.44 057

Himantian 46.71 93.78 223.76 14.85 10.03 8.98 054

Late Katian 42 56 83130 205.00 13.75 929 878 054
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Parameter

Injection pressure (p,y, MPa)
Drainage pressure (O, kPa)
Iniial water saturation (s.,0)
Initial temperatures (T, K)

Basic value

10

20

06
298.156

Variation

06,08, 1.0,1.2
16, 18, 20, 22
05,06,07,08
278.15, 288.15, 298.15, 308.15
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Initial CH, pressure (0o, MPa)
Young’s modlus of coal seam (E, MPa)
Young's modulus of skeleton (€, MPa)
Poisson’s ratio of coal (1)

Langmuir constant of CH; (a5, m® kg™")
Langmuir constant of CH, (b4, MPa™")
Langmuir constant of CO; (@s, m* kg™")
Langmuir constant of CO, (b, MPa™")
Dynamic viscosity of CHa (g1, 10°pa's)
Dynamic viscosity of CO (g2, 10°pa s)
Dynamic viscosity of water (., 10°pa s)
Coal density (pe, kg M)

Kiinkenberg factor (0/MPa)

Value

080
3,500
8,469

0.30

0.0323
048
0.0517
0.7246

1.03

1.38

1.01
1,380

0.62

Remark

Field data
Experiments

Fan et dl. (2019a)
Experiments
Experiments
Experiments
Experiments
Experiments

Fan et al. (2019a)
Fan et al. (20192)
Fan et al. (2019a)
Fang et al. (20190)
Experiments

Parameter

Initial temperature in coal seam (T, K)
Gas mole constant (R, Jmol~"K™")
Matrix initial porosity (gmo)

Initial porosity of fracture (pr)

Initial permeability (ko, m?)

Adsorption time of CH (r4, d)
Adsorption time of CO; (rz, d)

Initial water saturation (5,,0)

Ireducible water saturation (s,..)

Residual gas saturation (s;)

Endpoint relative permeability of water (kuo)
Endpoint relative permeabiity of gas (kgo)

Value

298.15
8.314
0.04
0.018
256 x 10717
434
434
06
0.42
0.15
1.0
0756

Remark

Field data
Fang et al. (2019b)
Experiments
Experiments
Experiments

Fan et . (2019b)
Fan et al. (2019b)
Fan et al. (2019)
Fan et al. (2019)
Fan et . (2019b)
Fan et al. (2019)
Fan et . (2016)
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Sample number Romax/% Proximate analysis/% Coal composition/%

Meq Ag Vaar FCq v 1 E
MEG 054 556 10.18 37.49 56.17 58.11 4054 1.35
BD 076 2.96 691 3651 50.10 56.95 3245 10.60
22G 1.28 050 16.00 26.30 6191 64.29 35.06 065
Xz 1.88 0.82 24.20 29.80 5322 82.30 17.40 030
GH 2.30 0.99 10.16 11.15 79.82 75.41 24.59 X
SH 318 1.60 37.63 13.10 54.20 7758 22.42 \

Mag, moisture content on an air-dried basis; A, ash yield on a dry basis; Ve, volatile matter yield on a dry, ash-free basis; FC fixed carbon content on adry basis; V, vitrinite; |, inertinite; E,
axinite.
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Coal Total  Distribution of pore ratio surface area at each aperture stage  The proportion of pore surface area in each aperture stage (%)
sample  pore (m?/g)
number  area

Micropore  Minipore  Mesopore Macropore Visible Micropore ipore  Mesopore Macropore Visible

pore pore
and cranny and cranny
LR 5.1765 3.3037 1.8020 0.0595 0.0094 0.0019 63.82 34.81 115 0.18 0.04
LR1 7.7817 5.0052 2.7252 0.0439 0.0062 0.0012 64.32 36.02 0.67 0.08 0.01
LR2 7.2694 4.6728 2.5421 0.0467 0.0065 0.0013 64.28 34.97 0.64 0.09 0.02
LR3 6.7015 4.2978 2.3395 0.0558 0.0067 0.0017 64.13 3491 0.83 0.10 0.08
LR4 6.1037 3.9066 2.1259 0.0615 0.0079 0.0018 64.00 34.83 1.01 0.13 0.08
Ly 4.4078 2.8056 1.6229 0.0692 0.0084 0.0017 63.65 34.55 167 0.19 0.04
LY1 7.1868 4.8017 2.5096 0.0678 0.0066 0.0011 64.03 34.92 0.94 0.09 0.02
Ly2 6.7734 4.3336 2.3626 0.0684 0.0075 0.0013 63.98 34.88 1.01 0.1 0.02
LY3 6.2834 4.0094 2.1816 0.0829 0.0079 0.0016 63.81 3472 1.31 0.13 0.08

L4 5.3295 3.3944 1.8467 0.0787 0.0080 0.0017 63.69 34.65 1.48 0.16 0.08





OPS/images/feart-10-755690/feart-10-755690-g001.gif





OPS/images/feart-10-755690/crossmark.jpg
©

|





OPS/images/feart-09-774501/feart-09-774501-t001.jpg
Well

Feng 15
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Fengnan 1
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Feng 5
Feng 5
Feng 26
Feng 26
Feng 8
Feng 8
Feng 8
Feng 8
Fengnan 7
Fengnan 7
Fengnan 7
Xia 40

Xia 40

Xia 40
Aike 1

Member

Pif?

Pifs®

Pify!

Depth/m

2,999.99
3,149.79
3,220.6
3,464.3
4,125.2
4,192.65
4,237.7
4,251.83
4,327.4
4,338.0
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4,041.3
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22711
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Lithology
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argilaceous dolomite
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dolomite

dolomite

dolomite
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halite
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sedimentary tuff
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sity mudstone

8'3C (%) 8'°0 (%0)

2.366 -11.672
4813
1.821
5.001 -5.847
5.764 2197
5.532 -4.017

3.630 -5.781

2.163 -3.287

4.503
4.605
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6.307
5.114
5.124
2.492
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2.086
2.318
2.056
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0.352
2138

"B

(%)
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213

0.33
0.43

*7Sr/%sr
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0.708574
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0.706710
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Sample number

1-1BM
1-4BM
1-8BM
1-11BM
1-14BM
1-17B8M
1-20BM
1-23BM

Depth (m)

2,565.21-2,561.28
3,036.75-3,036.85
3,067.47-3,057.53
3,074.42-3,074.47
3,092.76-3,092.81
3,109.96-3,110.02
3,128.17-3,128.22
3,166.44-3,156.50

Formation

Shiniulan
siL?
SiL?
siL?
siL?
SiLi®
SiL?
SiLy!

TOC (%)

0.14
0.61
1.05
1.08
1.12
1.09
1.04
1.67
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Coal

sample
number

LR
LR1
LR2
LR3
LR4
LY
LY1
Ly2
LY3
LY4

Total
pore

volume

0.0760
0.0576
0.0620
0.0644
0.0680
0.0758
0.0549
0.0610
0.0837
0.0681

The pore volume distribution at each aperture stage (cm®/g)

The ratio of pore volume in each aperture stage (%)

Micropore

0.0056
0.0065
0.0061
0.0059
0.0058
0.0048
0.0055
0.0052
0.0051
0.0050

0.0095
0.0104
0.0102
0.0098
0.0097
0.0079
0.0089
0.0087
0.0085
0.0081

0.0041
0.0066
0.0059
0.0049
0.0034
0.0035
0.0054
0.0056
0.0052
0.0040

Minipore ~ Mesopore ~Macropore

0.0056
0.0031
0.0038
0.0042
0.0047
0.0072
0.0032
0.0041
0.0051
0.0059

ible
pore

and cranny

00512
00310
0.0360
0.0396
0.0444
0.0524
0.0319
0.0375
0.0398
00451

Micropore

7.37
11.28
9.84
9.16
853
6.29
10.02
8.52
801
7.34

12.49
18.06
16.46
1621
14.26
10.37
16.21
14.26
1334
11.89

5.40
11.45
9.51
7.61
501
467
9.84
9.02
8.16
5.88

Minipore  Mesopore ~Macropore

7.37
5.39
6.13
6.69
6.91
9.48
5.83
6.72
8.01
8.66

Visible
pore
and cranny

67.37
53.82
58.06
61.43
65.29
69.19
58.10
61.48
62.48
66.23
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Fitted equation Q= a + bexp(-k*T)

LR
LY

46729 + 14.2354%exp (-0.01917) R? = 09854
1.9302 + 12.4697*exp (-0.01287) R? = 0.9999
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Coal sample  Coal sample Experimental objective Sampling position
number type

LY Hard coal Pore structure of coal before the high-temperature and high-  The north-south return air contact lane of the lower coal group of Liuin
pressure adsorption experiment Xingwu coal mine is 50 m away from the south retur air
LY1 Pore structure analysis after the adsorption experiment at
pressure 11 MPa and temperature 30'C
Lv2 Pore structure analysis after the adsorption experiment at
pressure 11 MPa and temperature 50°C
LY3 Pore structure analysis after the adsorption experiment at
pressure 11 MPa and temperature 70'C
Lv4 Pore structure analysis after the adsorption experiment at
pressure 11 MPa and temperature 90°C
LR Soft coal Pore structure of coal before the high-temperature and high-
pressure adsorption experiment
LR1 Pore structure analysis after the adsorption experiment at
pressure 11 MPa and temperature 30°C
LR2 Pore structure analysis after the adsorption experiment at
pressure 11 MPa and temperature 50°C
LR3 Pore structure analysis after the adsorption experiment at
pressure 11 MPa and temperature 70'C
LR4 Pore structure analysis after the adsorption experiment at

pressure 11 MPa and temperature 90'C
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PO1
P02
BO1
B0O2
BO3
Do1
D02
D03

0.42-0.84 (mm) 0.18-0.25 (mm) 0.12-0.15 (mm)

v s w v s w v s w
(ce/g) (m?/g) (nm) (cc/g) (m?/g) (nm) (cc/g) (m?/g) (nm)
0015 36.89 0.82 0019 51.71 055 0026 7874 050
0017 45.80 082 0022 60.25 052 0034 101.51 050
0012 32.44 082 0028 71.08 0.80 0031 92.60 050
0023 62.97 08 0037 99.71 062 0040 12247 050
0010 26.76 0.80 0028 80.69 052 0027 7675 062
0011 25.26 082 0019 51.35 0.82 0018 4827 052
0016 41.10 082 0220 59.71 052 0025 7326 050
0.051 152.76 050 0040 1304 050 0.060 196.0 0.48
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Sample No Ro, max (%) Proximate analysis (air-dried basis, wt%) Maceral analysis after purification (%)

M A \4 FC Vitrinite Inertinite Liptinite Mineral
PO1 097 1.70 13.82 34.99 49.50 81.90 10.09 543 2.57
P02 1.28 0.93 4431 18.42 36.35 90.24 8.79 7 0.97
BO1 1.08 1.33 8.93 28.29 6145 95.29 252 # 219
B0O2 1.1 1.84 10.41 27.64 60.12 86.09 12.62 & 1.39
BO3 1.31 0.83 9.83 26.60 6275 92.34 473 037 256
DO1 1.56 079 11.54 25.33 62.35 96.10 1.60 040 1.90
D02 1.63 0.93 16.57 21.67 61.94 96.30 1.97 / 1.72
D03 1.93 1.64 9.27 10.04 79.06 89.83 9.22 0.75 0.19

M is the moisture content, A is the ash content. V is the volatile matter content. and FC is the fixed carbon.
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Deformation series

Undeformed
coal

Deformed coal  Brittle
deformation

Ductile
deformation

Sample
No

POt
P02

BO1
B02
B0O3

Dos1
D02
D03

Deformation
degree

Weak
Weak
Strong

Weak
Weak
Strong

Characteristics of macroscopic
hand-formed specimens

The undeformed can be observed. The coal is hard and difficult to separate by hand

Brittle deformed coal usually has multdirectional or unidirectional fractures, and the
undeformed can be observed. The coal is hard and not easly broken

The undeformed is damaged, and the coalbedding has amost disappeared. The coal has
subangular or subround particles and develops small fractures i different directions. The coal
has a low strength and can be powderized by hand

Wrinkle and mylonitic structure can be observed in the coal. The coal petrographic composition
is not easly discriminated. The coal is soft and can be easiy pinched into fragments

The coal petrographic composition is strongly wrinkled and forms iregular crumb structures
that cannot be discriminated. The coal can be turned into fine grains or powder by hand
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Well

Fengcheng

Baiquan 1

Wu 35

Fengnan 8

Baiquan 5

Mahuts

Fengnand
Wud0
Wu351
Feng2
Bai73
Ked11
Mahu?
Keg21

Bals
Baiwu3
197
Bas
Kes11

Ke201
Janw2?
Baid57
a0
Bai261
w42

561

Member

Pt

Pt

Pt

Pt

Pt

Pif

Pt

Pt

Pif

Pt

Pt

Pif

Pt
Pt
Pif
Pif
Pif
Pif
Pt
Pt
Pt
Pif
Pif
Pif
Pif
Pt
Pt
Pif
Pif
Pt
Pt
Pt
Pt
Pt
Pif

Depthvm

3.960.00~
3,976.00
4,206.00~
423200
472400~
473400
483900~
4,850.00
4,096.00~
4,108.00
3.400.00~
3.428.00
4.256.00~
4,286.00
425600~
428600
3.966.00~
3,971.00
3.966.00~
397100
3.962.00~
397200
3,962.00~
397200
46364648
3.208-8224
3,144-3,156
3,600-3604
3710-8726
3,849-3888
4,012-4030
3464-3476
3206-3220
3,284-3346
3,154-3,180
2,660-2675
3,022-8032
3,791-3823
4,323.5-4,334
4,143-4,158
3,270-3288
29495-2.956
48314886
3,150-3,168
2,898-2916
4,148-4,160
2,662-2678

Water

NaHCO,
NaHCOy
NaHCO;.
NaHOO;
NaHCO;
NaHOO;
NaHCO,
NaHCO,
NaHCO;
NaHCO,
NaHCOs
NaHCO,

CaCl,
CaCl,
CaClz
Cac2
MgOR2
[
cac2
CaCe2
Cac2
cac2
cac2
Na2S04
cac2
CaCLz
CaCe2
Cace2
Cace2
cac2
Na2S04
Na2S04
Na2S04
Na2S04
Mo

Water
level

PH

20
o7
89

100
85
98
22
02
20
88
92
24
60
70
65
65
70

70
10

70
60
60
60
85
20

86

24204
11583
25602
231
3790
6162
6436
6559
4501
55,750
64234

000
000
000
000
000
000
000
000
000

72814

132,00
2100
000
000
000
000

84.00
6381
a97.12
000

36186
6000

HCOs/
mg/L

20573
26107
26264
2,140
7496
5708
13611
13,208
13,408
11872
36,047
17253

381936
878638
219123
8206
67427
110871
269354
255967
118218
12255
146.44
130583
61276
1,164.48
151647
1885.52
43934
84355
585
25274
84147
184.28
42714

cr/
mg/L

62172
22,059
o111
118755
13,493
5676
24,795
24790
0,405
33543
20052
28520

9019607
48216.08
3520781
3527574
30399.88
30674.47
2334999
2250894
23633.14
1899863
1843656
13916.87
15758.08
13375.98
12024.48
1169650
10742.26
10413.79
7227
490654
520344
433838
212009

802/
mg/L

3478
3269
8390
837

2,601

1118
157
1741
1168
501
o

82396
2673
194.26
57445

1059.38

6521
39675

109807

1545.08

1007.52
86333

1952.98
44038
37864
50952
146,52

1077.31
7947

1,071
60588
166.25
87088
74898

ca

Mg

0

102

a2

3

o

0

25049.60
5711.40
198224
4,800.60
616.83
1,418.23
571894
280228
297579
519955
555108
48591
424029
1,208.36
3,569.04
3,608.99
182364
212238
228
507.08
3264
6533
49298

Mg*
Mg/

728

735

0
0

000
1883.72
189.80
24306
40.10
12280
.16
000
8973
000
861
44,08
4580
36.49
000
000
2431
000
0
000
1349
3306
000

K'sNa®
g

70,154
s1922
85801
as275
12885
9025

25051
25110
ar.126
20316
7545
7469

3160407
24628.40
21127.34
1736178
19699.50
18487.72
972049
1287816
1293313
744188
6066.71

986424
571228
784852
452065
423223
557589
4869.10

5,160

3.367.89
337663
316365
137517

Sodium
chloride
coefficient

235
08
086
09
154
101
101
002
090
260
262
235

054
0787
098
0759
0999
093
064
08
084
060
0507
100
056
091
0s8
056
080
o2
1101
1.06
1.00
113
100

Desulfurization
coefficient

017

-009

-008

024

-007

005

005

-005

004

002

-0

017

-001
-001
-001
002
004
000
002
-005
007
006
005
016
008
-0
004
-001
-on
-004
017
014
-0
025
055

Metamorphic
coefficient

4,266.14

4253

035
044

163950

4.266.14

1252
7419
7370

26684
90.17

36678

11925
25445
9104

21934
151.48

21252

185.42
S

Total
dissolved
solids/
mg/L

200110
17618
20129
2ua251
7%
21910
71508
71599
o238
81490
196806
188640

161493.06
8515077
50797.07
58505.66
52152.83
5187422
4191687
a1847.07
41767.89
33432.00
3117051
26907.99
26503.19
24007.47
22140.16
20621.09
19547.08
18692.10
13978
1013720
950318
892530
501174
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Well Member Depth/ Mineral Mineral Inclusion Size/ Homogenization Freezing

m type texture type um temperature/'C temperature/
‘c
Fengcheng1 Py 3,970.50 caldite growth zone A 13 65 -40
Fengcheng Pify 4,208.26 searlesite growth zone A 4 10 -6.2
Fengcheng1 Py, 3,805.52 searlesite growth zone A 12 14 -192
Fengcheng Pify 3,743.60 searlesite long healed A i 110 -16.8
orack
Fengcheng1 Pyfy 4,208.35 caldite long healed A 6 170 -36
orack
Fengcheng1 Pify 4,208.35 searlesite growth zone A 6 100 -149
Fengnan2 Pifs 4,226.62 searlesite growth zone A 7 106 -192
Fengnan2 Pify 4,226.62 searlesite long healed 8 6 52 -
crack
Fengnan2 Pify 4,226.62 caldite long healed A 6 168 -48
crack
Fengnan5 Pif 4,130.20 searlesite growth zone A 8 106 =191
Fengnan5 Pif, 4,130.20 searlesite growth zone A 12 100 -16.6
Fengnan5 Pif 4,130.20 searlesite growth zone A 10 100 -16.8

Note: A is liquid-rich gas-liquid two-phase saline inclusions, B is liquid-rich two-phase oil inclusions.
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Formation

SiLs?
SiLi'-4
SiLi'-3
SiL'-2
Sily'-1
SiL

Free gas content (m%/t)

Adsorbed gas content (m/t)

Minimum
0
0
0
0.21

043
0

Maximum

452
5.36
6.56
5.97
8
8

Average

1.27
21
2.49
207
2.29
1.46

Minimum

0
043
11
17
1.83
0

Maximum

282
3.06
3.98
3.65
492
492

Average

12
191
2.75
27
3.55
152
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Formation Total gas content (m*/t)

Minimum Maximum Average <2mt ratio >2 m/t ratio (%)
SiLi? 034 384 1.59 75% 2
SiLy'-4 097 10.31 323 53% a7
SiLi'-3 162 477 3.17 22% 78
SiLi'-2 175 9 361 12% 88
SiLy -1 225 404 295 0 100

SiL 0.34 10.31 2.64 52% 48
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Well Formation Number of samples

X13 SiLy? 27
siL' 31
X15 Sil? 19
Siky' 21
X16 Sil? 9
Siky! 23
X17 SiL? 5

SiLy! 28
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Sample ID

GS
SGT

TS
7B
ZC

NY

Pore volume (mm*/g)

Porosity (%)

LPNA

10.096
13.776
9.927
6.869
5.156
7.846
10.936
7.489

SAXS

17.587
22,654
19.043
13.865
9.996
16.086
25.334
23.015

Open

57.41
60.81
52.13
49.54
51.58
48.78
4317
32.54

Closed

4259
39.19
47.87
50.46
4842
51.22
56.83
67.46
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Sample ID Romaxl%) Pore volume(mm®/g)

GS 0.44 17.587
SGT 0.62 22.654
XzY 0.81 19.043
TS 2 13.865
7B 1.33 9.996
Z2C 172 16.086
YW 2.07 26.334

NY 425 23.0156





OPS/images/feart-10-834979/feart-10-834979-g006.gif





OPS/images/feart-10-842275/feart-10-842275-t004.jpg
sample

SH-01
SH-02
ZZ-01

2Z-02

Note: V, = Langmuir volume; P, = Langmuir pressure; Vs

sample types

air-dried basis
dlry ash-free basis
air-dried basis
dhry ash-free basis
air-dried basis
dry ash-free basis
air-dried basis
dry ash-free basis

Vi (em*g™)

4167
4871
44.08
51.08
33.40
38.36
3273
37.80

P, (MPa)

294
2.94
322
322
1.56
1.56
1.53
1563

critical desorption pressure.

Va (m¥t)

20.90
24.55
22.40
2554
15.04
17.30
13.74
16.33

Pcd (MPa)

2,958
2.987
3.327
3.220
1.278
1.282
1.107
1.164
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Sample ID GS SGT xzy TS zB zc Yw NY

Mass(g) 0.0627 0.0714 0.0822 0.0831 0.0858 0.0872 0.0935 0.10862
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samples ~ SSA(m%g)  PV(cm%g)  Average Pore PV (cm¥g) SSA (/m/g)
diameter (nm)

<10 nm 10-100 nm >100 nm <10 nm 10-100 nm >100 nm
SH-01 4.0226 0.002866 18.6358 0.000224 0.001793 0.000851 0.361 0.234 0.022
SH-02 6.3530 0.003745 12.7819 0.000750 0.002204 0.000790 0.833 0319 0021
ZZ-01 0.3034 0.000623 16.6472 0.000093 0.000293 0.000238 0.104 0.042 0.006
77-02 0.9653 0.003021 23.1727 0.000291 0.001591 0.001140 0.286 0.209 0028

soecific surface area (BET); PV = pore volume (BJH).
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Sample ID Ultimate analyses(%) True density (g/cm’)
Caat  Haar  Odar  Naar  Staar

GS 7419 544 1745 126 1.66 1.37
SGT 7925 437 1463 1.07 068 1.4
XzY 8356 465 1036 097 046 1.38
TS 8539 487 794 132 048 1.34
2B 8621 412 688 145 134 1.32
2C 8762 403 637 147 051 1.38
YW 89.83 392 469 1.18 038 1.44
NY 9125 266 364 118 127 1.61

daf. dry ash-free basis: O content is calculated by difference.
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sample length (cm) diameter (cm) porosity (%) horizontal permeability (md)

SH-01 2287 2470 39 0.0307
SH-02 2169 2.469 6.5 0.2690
77-01 2.236 2.466 36 0.0220

7Z2-02 2.165 2.468 33 0.0235
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Sample ID ‘Sample location Coal seam Ro,max (%) Proximate analyses(%) Coal rank

No. Mag Voar A FCas

cs Gushan o# 0.44 .87 4056 0,00 4716 Lignite

saT Shigetai 3# 062 022 3665 6.25 5355 Bituminous C
v Xinzhouyao 11 081 156 3454 777 5035 Bituminous C
TS Tangshan o# 112 1.6 32.83 8.57 60.34 Bituminous B
2 Znengbang 11 133 098 2701 633 67.66 Bituminous B
7c Znangoun 3¢ 172 102 1836 9.4 7306 Bituminous A
W Yowu 3# 207 054 1336 935 7807 Bituminous A
NY Nanyang 3¢ 425 123 963 1143 7893 Anthracite

Romas, mean maximum vitrinite reflectance; d, dy bass; ad, air-cry basis; daf, ofy ash-free basis; Mag, moisture on air-ry basis; Ve volatie matter on ary ash-free basis; A, ash on dry
basis: FC., fomd carbon on air-cry basi.
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Locations Mad (%) Ad (%)

SH 2.08 9.10
241 8.68
z 1.36 8.16
1.02 9.28

Vdaf (%)

5.83
7.36
10.26
9.86

FCad (%)

83.00
81.63
80.28
79.85

Ro, max

(%)

331
3.61
274
265

Note: Mad = moisture; Ad = ash; Vidaf = volatie matter; FCad = fixed carbon; Ro,max =

Maximum vitrinite reflectivity.
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Fold cores

Fold limbs

Reverse

faults

Strike-slip

faults

Normal
faults

Thin-bedded shale sections (the lower member of the Wufeng
Formation and the lower member of

the Longmaxi Formation)

Crumpled, mylonitized, fractured-crumpled, scaly, and porphyric structure
showing complex folding deformation. Shale deformation structures can
display two zoning pattems: vertical zoning patten (to the direction away from
the main slip surfaces, shale transited from crumpled, mylonitized, and scaly
structure to porphyritic and cataclastic structure), horizontal zoning pattern
(from axial surfaces to the outside, shale graciually changes from crumpled,
fractured-crumpled, and scaly structure to flaky and then platy structure)
Platy and flaky structure with bedding-parallel fractures and
compressive-shear fractures oblique to bedding planes

Mainly develop crumpled, scaly, and flaky structure; partially develop
porphyrtic structure near the fault planes of high-angle reverse faults.
Bedding-paraliel and crumpled cleavages are well developed. As the distance
from fault planes increases, shale generally transits from ductile and
brittle-ductile transitional deformation to brittle deformation and the intensity of
biittle deformation gradually decreases

Cataclastic structure with tectonic fractures perpendicular to or high-angle
obiique to bedding planes. Influences on shale deformation are relatively
limited, and shale rapidly changes from cataclastic structure near the fault
planes into primary structures in two walls of strike-slip falts

Cataclastic structure; mainly tensile fractures. From fault planes to two walls of
faults, shale gradually transits from cataclastic structure to primary structure

Medium-thick-bedded shale sections (the upper member of the
Wufeng Formation and the middle and upper members of the
Longmaxi Formation)

Dominated by platy and cataclastic structure. Stably develop bedding-
paraleltectonic fractures and partialy fractures perpendicular to and obiique
to bedding planes

Wezk structural deformation; dominated by weakly deformed cataclastic
structure and primary structure. Fractures are mostly perpendicular to or
large-angle oblique to bedding planes

Platy and catadiastic structure with bedding-perpendicular and bedding-
parallel tectonic fractures wel-developed

Cataclastic and primary structure. Structural deformation is generally slighter
than that of the thin-bedded shale sections

Cataclastic and primary structure with weak structural deformation
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Parameter values

CH,

CO2

Fixed stress
Fixed volume
Fixed stress
Fixed volume

1.19
1.20
0.23
0.85

0.62
0.68
0.67
0.74

b (MPa™)

0.016
0.026
0.022
0.037

R?

0.97
0.99
0.98
0.98

deo (MPa)

16.79
1691
2266
26.07

%o (m?)

1.37 x 1077
238 x 107
256 x 107
268 x 1078
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Sample IHI (%)

co, CH,
# 18.0 12.8
#2 326 50.3
#3 145 35.3
#4 122 89

#5 16.2 13.6





OPS/images/feart-10-841353/math_9.gif
15z + 2852.5z" + 0.014z""

0.75. (9)






OPS/images/feart-10-856290/math_4.gif
F(r)=<K(r - R) (4)





OPS/images/feart-10-877024/feart-10-877024-t002.jpg
Parameter values

s
2

b (MPa™)
e

700 (MP2)
o (M)

098
007
0013
099
1497
6.52 x 10717

1.19
052
0016
097
16.79
137 x 1077

072
058
0019
098
19.68
287 x 1077

v

023
067
0022
098
22.66
2.56 x 10718

v

031
075
0.028
0.97
17.11
2.95 x 107"
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Sample

#
#2
#3
#4
#5

CH, adsorption CH, desorption

Viaa (MVG)  Proy MPa) Vo (mlfg)  Prgo (MPa) M
11.04 1.90 9.65 123 0.37
11.88 5.67 7.03 1.42 111
21.29 1.33 17.89 0.98 3.46
25.08 0.96 21.73 1.20 3.64
20.69 1.27 16.57 1.95 4.53
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Stages

Working fluid
Fixed volume
Fixed stress
Pr (MPa)
PPy (MPa)
P (MPa)

He

32-92
04
18-38

CHy4

3.2-10.2
04
17-37

He

32-92
04
18-38

1115

25-40

He

32-92
04
18-38
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Sample

#
#2
#3
#4
#5

€O, adsorption CO, desorption

Viaa (MVG)  Proy MPa) Vo (mlfg)  Prgo (MPa) M
21.42 0.95 20.11 1.30 302
25.76 2.06 2245 21 4.43
32.31 0.40 27.63 0.93 8.68
35.30 0.40 30.49 0.65 6.91
33.47 0.76 30.07 1.56 8.02





OPS/images/feart-10-877024/feart-10-877024-g010.gif





OPS/images/feart-10-824348/feart-10-824348-t002.jpg
Sample # #2 #3 #4 #5

Fractal feature Surface fractal Surface fractal Surface fractal Surface fractal Surface fractal
« 3.66 3.34 325 3.07 3.18
Ds 2.34 2.66 275 293 2.82
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Sample Number Sampling from Romax (%) Proximate analysis (%) Maceral content (%)

M v Fc A vit. Ine. Exi. Min.
# No. 4 seam in Yanya mine 0.68 1.20 26.41 51.87 20.84 36.4 221 325 90
#2 No. 9 seam in Tangshan mine 112 1.60 32.83 56.88 8.71 61.6 193 16 175
#3 No. 2 seam in Hongling mine 177 0.58 18.57 7324 9.48 735 241 0 24
#4 No. 3 seam in Yuwu mine 2.07 1.02 10.76 75.20 13.27 81.6 1.4 0 70
#5 No. 3 seam in Changzhen mine 4.33 1.18 9.51 76.79 14.15 91.0 75 0 15

Vit.. vitrinite: Ine., inertinite: Exi.. exinite: Min., mineral: M, moisture: V. volatile: Fc, fixed carbon: A, ash.
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Type of gas  Pressure (MPa)  Flow velocity (ml/s) Permeability (md)

Ny 5 1.7375 0.019256
CH, 5 1.2285 0.012783
CO, 5 1.0083 0.012173
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Stratum

Sub-member Il of Long Member |
Sub-member Il of Long Member |

Sub-member | of Wu-Long Formation
Member |

Brittle
mineral

content (%)

37.2 ~ 633
/46.8
43.7 ~ 66.6
/58.5
53 ~ 83.4
/65.9

Clay
mineral
content (%)

36.7 ~ 62.8
/63.2
334 ~ 483
/415
166 ~ 47
/341

TOC
content
(%)

0.6 ~2.93
nr
1.39 ~ 2.46
.81
1.06 ~ 5.28
/368

Total

porosity
(%)

344 ~7.13
/5.36
249 ~ 472
372
2.83 ~5.89
/4.60

Percentage of every type of pore (%)

Brittle
mineral
pore

3~66
/5

49~8
6

44~10

6

Clay
mineral
pore

53 ~ 88
m
57 ~70
/64
17 ~77
/43

Organic-matter
pore

8.7 ~41
124
24 ~ 37
730
18~76
/51
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Type

Combination

Description

Regional cap
rocks
Shale roof

Shale

Shale floor

Stratum

Lower Triassic Jialingjiang Formation

Member lil of Lower Silurian Longmaxi Formation
Member Il of Lower Silurian Longmaxi Formation
Menmber | of Upper Ordovician Wufeng
Formation-Lower Silurian Longmaxi Formation

Upper Ordovician Linxiang Formation

Middle Ordovician Baota Formation

Lithology

Gypsum rock

Gray-dark gray
mudstone

Gray-dark gray siltstone
Shale

Dark gray mud-bearing
nodular limestone
Gray limestone

Average
porosity
(%)

<2.00

2.40

477

1.58

Thickness
(m)

70
128

34
89.5

>30

Breakthrough
pressure
(MPa)

>60
608~ 71.2
4387 (gas reservoir

pressure)
64.5~704
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Immersion-air dry
circulations N

(freq)

Internal friction

angle ¢
0

22,1283
21.3841
20.3733
20.0021

Test stage

wn = o

Total deterioration
D; (%)

0.00
3.36
793
9.61

Deterioration in
stage i AD,
(%)

0.00
3.36
4.57
1.68

Deterioration of
single cycle
in stage
D
(%)

0.00
3.36
1.1425
0.336
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Sample ID

Pretest
Posttest1
Posttest2

d<10nm 10 nm < d < 100 nm d =100 nm
A D R? A D R? A D R
-0.2708 2.7292 0.84 -0.4016 2.5984 1.0 -0.1010 2.899 1.0
-0.0606 29304 087 -0.1251 28749 099 -0.1238 28762 1.0
-0.1606 28304 099 -02522 2.7478 10 -0.1791 28209 099
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Immersion-air dry
circulations N
(freq)

Cohesion ¢
(kPa)

129.1255
101.082
93.1902
66.6932

Test stage
i

wm = o

Total deterioration
D; (%)

0.00
21.72
27.83
48.35

Deterioration in
stage i AD,
(%)

0.00
21.72

6.1
20.52

Deterioration of
single cycle
in stage
iDi
(%)

0.00
21.72
1.5274
4.104
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Sample Maa Ay Vaw  FCua Clay BET Pore Total Total Langmuir  Langmuirpressure

ID (%) (%) (%) (%)  minerals  surface  volume  pore intrusion volume P./MPa
area cm’g,  area  volume v/
m?/g, LTNA)  m¥g,  cmYg, (em®/g)
LTNA) MP) MP)
Pretest 299 1313 668 7863 413 1.791 00018 5398 00530 34.84 273
Posttest! ~ 558 1634 542 7470 633 6.365 00050 5434 00709 36.45 331
Posttest2 548 1496 476 7655 8.41 1.648 00051 5058 00543 36.23 324

Mag, moisture content, air ciied basis; Aq, ash yield, dly basis; Ve, volatile matter, diy ash-free basis; FCag, fixed carbon; BET, Brunauer-Emmett-Tellr mult-molecuir adsorption
formuda; L TNA, low-femperafure nitrogen adsomtion: MP. Mercury porosimetry.
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Micro parameters.

Total pore area/um”
Average pore area/um?
Average perimeter/um
Average lengthvum
Average width/um

N-0

202.23
10.11
31.63
10.56

3.76

N-1

451.66
18.07
37.08
10.95

4.72

N-5

555.90
14.63
25.73

6.08
3156

N-10

633.63
1545
25.52

585
358
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Micro parameters

Total pore area/pixel
Average pore area/pixel”
Average perimeter/pixel
Region percentage
Pore number

Average length/pixel
Average width/pixel
Probability distribution index
Average form factor
Fractal dimension
Probabilty entropy

N-0

41,934
2006.7
455.53
5.33%
20
162
54.1
1.651
0.2532
1.1478
0.7696

N-1

93,656
3,746.24
533.9
11.91%
25
157.63
67.99
1.4867
0.2857
1.3351
0.8425

N-5

115,272
3,083.47
370.51
14.66%
38
87.48
45.39
21347
0.2213
1.269
09113

N-10

131,390
3,204.63
36751
16.71%
i
84.28
5161
1.6252
02563
1.1817
09191
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Characteristics
indexes Ps (%)

40 N-0
N-5
N-0

oo (mm)

49722
6.4109
7.3458

dso (mm)

1.5281
2.5449
3.7190

dgo (mm)

0.2488
0.4391
0.6441

dzo (mm)

0.1167
0.1654
0.2656

d1o (mm)

0.0777
0.0827
0.0905

Cu

63.9923
77.56200
81.1691

Ce

0.1602
0.36367
0.6240
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Ps (%)  Confining pressures
(kPa) N
(freq)

4

o= o

5

100

513.13
432.39
374.30
302.08

621.11
543.81
486.77
390.59

300

731.32
657.71
582.09
496.04

878.38
803.73
698.09
613.07
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Block Well No. Reservoir pressure /MPa Depth/m reservoir
pressure gradient/MPa/hm

Shihe SHOO1 0.94 463.59 0.203
SH002 2.56 657.02 0.390
SH003 21 649.80 0.325
SHO04 2.50 637.43 0.392
SHO05 247 654.68 0377
SHO06 312 656.16 0.475
SHO07 1.76 47331 0.372
SHO08 161 369.50 0.436
SHO09 1.26 457.12 0.276
SHO10 3.39 673.35 0.503
SHO11 3.63 766.61 0.461
SHo12 113 307.09 0.368

Zhaozhuang ZZ001 2.40 990.61 0.242
22002 210 967.89 0.219
ZZ003 1.50 766.19 0.199
27004 1.60 778.18 0.206
ZZ005 240 760.16 0.316
22006 218 861.10 0.256
Zz007 2.00 650.41 0.307
22008 1.30 746.38 0.174
ZZ009 1.80 760.02 0.237

ZZ010 1.60 663.95 0.241
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Sample

WG-6
WG-4
QYZ-70
RL-2
QD-3
QYZ-86

Ro (%)

122
1.16
1.01
0.93
11
1.03

Mean pore
number

86
171
208
245
455
685

Mean pore
size (nm)

131.4
125.7
115.4
107.7
87.2
68.8

Mean pore
area (nm?)

24660.0
24950.0
20230.0
15870.0
9410.0
5840.0

Plane porosity
(%)

8.13

16.27
16.79
15.55
17.06
15.93
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Sample Location Geological age R, (%) Type of Maceral content (%)
tectonically deformed

Vitrinite Inertinite Liptinite Mineral
coals
WG-6 Wugou Coal Mine Pis 1.22 Primary coal 88.7 31 05 77
WG-4 Wugou Coal Mine Pys 1.16 Cataclastic coal 79.8 16.7 1.0 35
QYZ-70 Qianyingzi Coal Mine Pass 1.01 Schistose coal 60.6 30.0 8.7 07
RL-2 Renlou Coal Mine Pax 0.93 Mortar coal 98.3 1% 0.6 0.0
QD-3 Qidong Coal Mine Pox 1.10 Granulitic coal 95.0 141 22 17
QYZ-86 Qianyingzi Coal Mine Pass 1.03 Flaky coal 88.4 6.3 3.7 16

P,s: Shanxi Formation; P-x: Lower Shihezi Formation: P.ss: Upper Shihezi Formation.
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Alalet valve; Bogas pressure, B.Driving Pressure, B-Drive pressure B, Tusk pressare,
B Pressute relief valve, B Pressure regulating:C.-25° 1 00mm Gripper; C.-50° 100rm Gripper;
D.-Air compressor, D,-Charged pump, D,-Nacuum pump, D,-JE-3 pump: EGas cylinder,
E.-Reference eylinder. E,-Buffer tank- F . F.-Flowmeter.: V.-
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Hashtag

Reservoir parameters

High-quality shale section (L113-WF) thickness/m
Natural gamma mean/API

TOC content/%

Effective porosity/%

Total air content/m®t™

Formation pressure coefficient

Test production/104 m*/d

Yitan 3

195
160.0
1.0-6.9/average2.8
1.3-6.1/average3.8
1.3-6.5/averaged.0
148

Jing 102

200
1730
1.4-4.9/average3.2
1.4-4.9/average3.5
1.3-6.5/average3.6
125

Yitan 1

180
1715
1.2-4 6/average3.3
1.2-4 8/average3.6
1.3-5.1/average3.8
1.34
4-5

Yitan 2

21.0

1809
1.0-4.7/average3.3
1.1-6.2/average3.6
1.4-7.1/average4.0

143
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Fracture
period and type

Reverse fault in the Indosinian tectonic period

Early Yanshanian reverse fault
Late Yanshanian normal fault
Late Yanshanian strike-slip fault

Number
of larger fractures

17
19
12

Main trend of the
fractures

Near east-west-Northwest west
North-west, North-south

Near North-South, Near East-West
Northeast

The number of
fractures where the
angle between the

direction of the

maximum horizontal principal

stress and the

direction of the
fracture is greater

than 45°
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Shale Quartz
core (%)
Bakken 54.1
Haynesville 235
Marcellus 519

aObtained from this study.

Carbonates
(%)

19.4
134
15

Pyrite Other
(%) trace
minerals
(%)
12 24
12 18
38 0

Clays
(%)

231
54.5
38.9

Organic
content
(%)

0.1
56
38

“Porosity
(%)

88
9.08

Specific
surface
area

(m*/g)

10
27

°Mean
pore
width
(nm)

15
8.8
49
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Shale core Plug diameter (mm) Plug length (mm) Porosity (%) Permeability (nD)

Bakken 1" 30 8.8 500-5000
Haynesville 12 35.7 9.03 100-500
“Marcellus ~12, ~12 ~10, ~10 7 <1

a(Chakraborty et al., 2020).
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ltems

Elasticity modulus
Poisson’s ratio

Tensie strength
Injection rate
Fracturing fluid viscosity

Unit

GPa

MPa
m%min
mPas

No.9
coal seam

2.250
0.237
11
7
5

No. 13
coal seam

4.420
0.231
12
7
5

Argillaceous
siltstone

9.650
0.240

Sandy mudstone

16.135
0.315
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sample No Pressure /MPa Step-by-step loading Step-by-step unloading

Fitting equation R C/MPa™" Fitting equation R? Cy/MPa™
LA-1 (01) 3 0.004¢™0-90%0° 0998 0905 K = 0.005¢™"276% 0999 1.276
LA-2 (01) 3 0.003¢™"%%70° 0998 1.037 K = 0.002¢™":9%%0 0999 1588
LA-3 (01) 3 0.003¢™061%0° 0998 0615 K = 0.002¢™"1%00 0993 1.166
LA-4 (01) 3 0.003¢™0-5%200 0999 0532 K = 0.005e™"%¢1% 0999 1.061
LA-5 (01) 3 K = 0.005¢ 091202 0.997 0912 K = 0.003e 1452 0.997 1.452
LA6 (01) 3 0.002¢™0-44300 0994 0.443 K = 0.003¢"0:9%%° 0998 0933
LA-1 (02) 3 K = 0.005e™"07%° 0999 1.079 K = 0.002¢ 00100 0998 0901
LA-2 (02) 3 0.002¢™010° 0999 0981 K = 0.002¢™":%8%0 0987 1.388
LA-3 (02) 3 0.002¢™041600 0995 0416 K = 0.004e™"6"1e° 0999 1611
LA-4 (02) 3 0.003¢70-56%° 0999 0569 K = 0.004e-09%4 0999 0934
LA5 (02) 3 0.008e™"154° 0997 1.154 K = 0.00de™"40%2 0999 1.469
LA-6 (02) 3 K = 0.003g70421 0.995 0.421 K =0.006¢™":2%12 0.999 1291
LA-1 (03) 3 0.002¢™0-6% 0.994 0.690 K =0.002¢™"7% 0.999 1079
LA-2 (03) 3 K = 0.0026"0%% 0998 0898 K = 0.002¢":9% 0987 1.388
LA-3 (03) 3 0.002¢7064 0.997 0.645 K =0.004¢™" 921 0.999 1921
LA-4 (03) 3 0.003g™0:3%400 0998 0384 K = 0.004¢™"-0%00 0999 1.090
LA-5 (03) 3 0.009¢™" 276 0.997 1276 K =0.005¢™"6% 0.999 1.663
LA-6 (03) 3 0.002¢7034%0° 0994 0349 K = 0.008e™"57 0999 1.567
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Pressure
/MPa

D P ol

SR Bt

Confining
pressure/
%

® o

5

®o s

=]

EXCES

5

Permeability under the condition of step-by-step loading/mD

Permeability under the condition of step-by-step unloading/mD

LA-1 LA-2 LA-3 LA-4 LA-5 LA-6
1) (01) (01) (1) (1) (01)
0.00130 0.00063 0.00117 000157 0.00148 0.00161
0.00062 0.00026 0.00056 0.00096 0.00066 0.00146
0.00034 0.00017 0.00026 000064 0.00032 0.00089
0.00027 0.00013 0.00016  0.0005 0.0002  0.00064
LA-1 LA-2 LA-3 LA-4 LA-5 LA-6
02 02) 02) (02) (02) 02
0.00120 0.00076 0.00082 000153 0.00161 0.00161
0.00048 0.00028 0.00049 00090 0.00051 0.00142
0.00032 0.00016 0.00026 00006 0.00031 0.00078
0.00028 0.00013 0.00017 0.00046 0.00021  0.00053
LA-1 LA-2 LA-3 LA-4 LA-S6 LA-6
03 03 03 03) 03) (03)
0.00117 000056 0.00071 0001561 0.00142 0.00156
0.00065 0.00026 0.00035 000148 0.00042 0.00141
0.00039 0.00016 0.00023 0.00057 0.00027 0.00079
0.00029 0.00014 0.00016 0.00046 0.00019 0.00051

LA-1 LA-2 LA-3 LA-4 LA-5 LA-6
(01) (01) (01) 1) 1) 01
0.00098 0.0003 0.00053 0.00135 0.00054 0.00157
0.00036 0.00015 0.00024 0.0007 0.00025 0.00084
0.00029 0.00013 0.00020 0.00054 0.00021  0.00068
LA-1 LA-2 LA3 LA-4 LAS LA-6
©2) ©2) 02) 02) 02) 02)
0.00084 0.0003 0.00052 0.0013 0.00063 0.00157
0.00040 0.00015 0.00021 0.00069 0.00027  0.00068
0.00032 0.00012 0.00017 0.00051 0.00022  0.00056
LA-1 LA-2 LA3 LA-4 LA-S LA-6
(03) (©3) (©3) (03) (03) (03)
0.00074  0.0003 0.0006 0.00125 0.00063 0.00154
0.00038 0.00016 0.0002 0.00064 0.00024 0.00062
0.00031  0.00012 0.00017 0.00046 0.00020  0.00059
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Combination type

Combination 1

Combination 2

Combination 3

LA-siltstone
LA-sandstone
LA-mudstone

LA-sandstone
LA-siltstone
LA-mudstone

LA-siltstone
LA-mudstone
LA-sandstone

Parameter

Diameter/mm
Height/mm
Quality/g

Diameter/mm
Height/mm
Qualty/g

Diameter/mm
Height/mm
Quality/g

50.00
94.78
469.18

50.00
93.73
433.92

50.00
94.75
460.26

Combination type

Combination 4

Combination 5

Combination 6

LA-mudstone
LA- siltstone
LA- sandstone

LA-mudstone
LA-sandstone
LA-siltstone

LA-sandstone
LA-mudstone
LA-siltstone

Parameter

Diameter/mm
Height/mm
Quality/g

Diameter/mm
Height/mm
Quality/g

Diameter/mm
Height/mm
Quality/g

50.00
93.45
452.16

50.00
93.73
461.96

50.00
93.91
433.92
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Sample

WTZ-1-V
WTZ-2-V
WTZ-3-V
WTZ-4-V
WTZ-5-V
WTZ-6-V
WTZ-7-V
WTZ-8-V
WTZ-9-V
WTZ-10-V

far

39.59
41.16
40.04
38.87
40.23
37.49
38.45
37.23
3247
30.99

47.86
49.94
51.60
50.21
50.25
51.19
5091
54.44
56.38
5729

30.20
32.92
30.98
31.01
21.77
3281
34.45
36.23
4411
40.84

5.99
6.63
7.50
7.54
6.57
651
5.59
5.88
5.00
3.28

8.07
n
9.48
15.93
10.78
8.81
8.41
8.66
4.87
9.80

i

3.60
2.58
3.65
3.17
513
3.05
247
3.02
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5.54

7.84
341
5.56
9.70
8.55
4.40
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Sample BET surface BJH pore volume (10 cc/g) BJH surface area (m?/g)

area (m/g) 2-50 nm 50-140 nm Total 2-50 nm 50-140 nm Total
WIZ-1-V 2.382 3608 0.699 4.397 1.920 0028 1.957
WIZ-2-v 2152 3108 0.644 3747 1.748 0029 1777
WIZ-3-V 1.865 3161 1.466 4627 1.340 0062 1.402
WIZ-4-v 1.463 2264 0.705 2,969 1.118 0031 1.148
WIZ-5-V 1.974 2996 0919 3915 1571 0089 1.610
WIZ-6- 1.980 2700 1.077 3867 1.335 0047 1.382
WIZ-7-v 1.006 1314 0.419 1733 0623 0018 0.641
WIZ-8v 1.947 2818 1.207 4115 1.374 0056 1.430
WIZ-9-v 21472 3665 0.829 4.494 1.928 0038 1.966
WIZ-10-V 2.967 4662 0.993 5656 2971 0046 3017
WIZ-1-1 2396 4244 1.723 5.967 1.931 0074 2,005
WZ-2-| 2342 6.040 2011 8051 2901 0090 2,991
WIZ-3-1 3001 3865 1177 5042 2.269 0052 2.321
WTZ-4-| 3768 7.690 2.683 10372 3288 0.121 3.408
WIZ:5-1 2.401 4546 1.966 6512 1.885 0.004 1.979
WTZ-6-1 1.083 0.796 0611 1.407 0442 0.031 0473
WIZ-7-| 1.313 1.912 0942 2854 1.028 0.042 1.070
WIZ-8-| 2345 3844 1.166 5010 1.836 0050 1.886
WITZ-9-l 1.550 2337 1.871 3708 1.013 0.059 1.072

WTZ-10-1 4.195 14.616 7.139 21.755 4.948 0.328 5.276
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sample Pore volume Surface area Sample Pore volume Surface area

(10-%ce/g) (m?/g) (10-°ce/g) (m?/g)
WTZ-1-V 30.153 99.079 30.527 96.964
WIZ-2-v 23.896 87.482 20.742 91.161
WTZ-3-V 21.511 79.316 32.197 101.893
WTZ-4-V 19.426 71.592 20.976 90.695
WTZ-5-V 22.475 81.257 21.488 79.686
WTZ-6-V 16.758 59.331 17.200 49.963
WTZ-7-V 21.286 76.629 15.740 52.223
WTZ-8-v 19.242 72.000 19.155 71828
WTZ-9-V 20.439 64.296 18.160 65.498
WTZ-10-V 20.674 75.523 18.120 70.711
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WTZ-9-
WTZ-10-1

Petrographic analysis (%)

Vitrinite

05
18
46
4.1
34
32
55
24
35
a7

Inertinite

95.5
91.6
90.6
91.9
92,6
94.7
91.3
94.9
95.3
91.6

Other groups





OPS/images/feart-10-854638/math_1.gif
[





OPS/images/feart-10-822338/feart-10-822338-g013.gif





OPS/images/feart-10-854638/inline_6.gif





OPS/images/feart-10-822338/feart-10-822338-g012.gif
Lo mirpore e

a ?.s.i..i; [

s amicopor e






OPS/images/feart-10-854638/inline_5.gif





OPS/images/feart-10-841353/crossmark.jpg
©

|





