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Abstract

:

The Shouyang Block was selected as the research subject. Comprehensive analysis was conducted using coalbed methane (CBM) well production data, geochemical test data on water produced from the coalbed methane well, and fundamental geological information. The findings reveal the water dynamics in the Shouyang Block are characterized by weak groundwater runoff or retention in most areas. The groundwater head height exhibits a gradual decrease from the north to south, which is closely associated with the monoclinic structure of the Shouyang Block. Overall, water production is relatively high. As the average water production increases, the average gas production gradually decreases. A concentration of high water production wells is observed in the northern part of the Shouyang Block, which gradually increases towards the southeast direction. A comprehensive analysis was conducted on the factors influencing water production, including total water content of coal seams, coal seam porosity, groundwater stability index, groundwater sealing coefficient, D value of the fracture fractal dimension, fault fractal dimension, and sand–mud ratio. The correlation degree was calculated and ranked in order of magnitude through grey correlation analysis. The order of factors that influence water production, from strongest to weakest, is as follows: sand–mud ratio > porosity > fractal dimension of fault > fracture fractal dimension D value > groundwater sealing coefficient > groundwater stability index > total water content of coal seams. The dissolution amounts of carbonate and sulfate are both small, and the water source may mainly come from the sandstone aquifer. Attention should be paid to the distribution and lithological combination of sandstone aquifers in coal-bearing strata in the future exploration and development process of the Shouyang Block. This will help to avoid the potential influence of fault structures and enable the identification of favorable areas for low water and high gas production.
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1. Introduction


The extraction of coalbed methane is crucial for reducing methane emissions and ensuring safe production in coal mines, making it an essential unconventional clean energy source [1,2,3,4,5]. The production of coalbed methane is influenced by various geological factors, with hydrogeological conditions being particularly significant [6,7]. The changes in groundwater dynamic field can alter fluid pressure and flow direction, leading to changes in the direction and velocity of coalbed methane transport [7]. Groundwater flow can carry coalbed methane transport, resulting in higher gas content in areas with weak groundwater runoff and retention, and the formation of enriched coalbed methane reservoirs [6]. Groundwater chemical indicators, such as pH value, TDS, anion and cation concentration, trace element concentration, and hydrogen and oxygen isotopes can reflect dynamic characteristics of groundwater, and provide guidance for the exploration and development of coalbed methane [6,7,8,9,10,11]. In areas with weak runoff and stagnant flow, the TDS is relatively high. As hydrodynamic forces weaken, the sodium chloride coefficient and carbonate equilibrium coefficient decrease from large to small [12].



However, groundwater is often supplied by external water sources, which coupled with the influence of structural factors such as faults and collapse columns, as well as fracturing factors, results in higher water production from coalbed methane wells [13]. The discharge of water affects the depressurization effect of the reservoir and the desorption of coalbed methane [11,14,15,16], which often results in high water production but low gas production [17]. Therefore, studying the characteristics and influencing factors of water production from coalbed methane wells is of great importance to further optimize coalbed methane development plans and increase gas production.



The Shouyang Block has abundant coal resources and high coalbed methane content. In the Taiyuan Formation, the gas content of No. 15 coal varies between 5.64 and 20.54 m3/t, with a coalbed methane resource of 800 × 108 m3 above [18]. However, No. 15 coal is mainly composed of anthracite, which belongs to the medium-to-high rank coal. The burial depth of coal seams is relatively deep, with low permeability, reservoir pressure, and gas saturation [12,18]. There is a sandstone aquifer in the upper part, resulting in high water production. The aforementioned factors have become important constraints in unlocking the production potential of coalbed methane wells [19]. Zhang Bing [20] used drilling, logging, drainage, and extraction data of coalbed methane wells to finely classify the thin layers of the Taiyuan Formation in coal-bearing aquifers. The limestone has limited impact on coalbed methane extraction due to its dense lithology, and low or no water content. The water-bearing sandstone layer above K2 may be the main aquifer.



Previous studies on the water production of coalbed methane wells in the Shouyang Block often did not consider comprehensive factors, and the analysis was mostly qualitative. This article utilizes coalbed methane well discharge data, test data from coalbed methane well discharge water, and basic geological information to comprehensively analyze the groundwater dynamic field and hydrochemical parameters, as well as the various influencing factors of water production from the coalbed methane well. Reasons and models for high water production were examined. This analysis provides a theoretical basis for predicting favorable areas for “water avoidance and gas extraction” in the Shouyang Block.



The structure of the article is arranged in this way. Section 2 is the basic geological background, Section 3 is the methods, Section 4 is the analysis and discussion, and Section 5 is the conclusion.




2. Geological Background


2.1. Structural Geology


The Shouyang Block, covering an area of around 1718 km2, is located at the northern Qinshui Basin, China [21]. Its structural composition primarily comprises a monocline that tilts towards the east–west and southward. Additionally, it features several secondary folds and faults (Figure 1).




2.2. Coal-Bearing Strata and Aquifers


The Taiyuan Formation and the Shanxi Formation comprise the primary coal-bearing strata in the Shouyang Block. The primary minable coal seam is the No. 15 coal, characterized by an average thickness of 2.8 m and average gas content of 12.97 m3/t [22]. Consequently, No. 15 coal serves as the primary coalbed methane development seam at present.



The K1 sandstone aquifer at the bottom of the Taiyuan Formation is partially in contact with the No. 15 coal, and is the principal aquifer situated beneath it. Within the Taiyuan Formation’s upper and middle sections, three limestone layers can be found, namely K2, K3, and K4. Certain regions have developed karst fissures and exhibit a high water content, which could potentially affect the drainage of the No. 15 coal. The thickness of the sandstone lens developed above the No. 15 coal varies significantly. This layer significantly influences water production, as it serves as the primary aquifer above the No. 15 coal seam (Figure 1).





3. Methodology


In the Shouyang Block, most of the coalbed methane wells mine a single layer of No. 15 coal, while others mine No. 3 + 15 coal and No. 3 + 9 + 15 coal. The research object of this study is the water discharged from the coalbed methane well during the mining of a single layer of No. 15 coal. Water samples were collected at the coalbed methane wellbore and subjected to anion and cation analysis, as well as hydrogen and oxygen isotope analysis.



Based on the dynamic liquid level depth (m) of the Shouyang Block’s coalbed methane wells at the start of drainage, with 0 elevation as the reference plane, the total water head of various wells was determined. The resulting information was then used to create a distribution map showing the height of the water head across the Shouyang Block. The total water head was calculated according to the following equation:


h = z + hw



(1)







In the equation, h represents the total head (m). z stands for the elevation in the middle of the target layer (location head, m). hw represents the height of the liquid column at the beginning of the drainage (equivalent to the piezometric head in the midpoint of the target layer, m), obtained by deducting the initial static liquid level depth (m) from the difference in elevation (m) between the wellhead altitude and the middle of the target layer.



The constant cation was determined by inductively coupled plasma spectrometry, with instrument model iCAP-7400, following the specifications and standards referenced in the “Chinese Environmental Protection Standard HJ 776-2015” of China [23]. HCO3− and CO32− were determined by a titration method, following the specifications and standards referenced in “DZ/T 0064.49-2021” of China [24]. Cl− was determined by a titration method, following the specifications and standards referenced in “DZ/T 0064.50-2021” of China [25]. SO42− was determined by a gravimetric method, following the specifications and standards referenced in “GB/T 11899-1989” of China [26], while mineralization was determined by a gravimetric method, following the specifications and standards referenced in “Methods for the Determination of Water and Wastewater” (Fourth Edition, Supplement). All experiments were conducted at the Jiangsu Institute of Geological and Mineral Resources Design and Research for testing. δ2H and δ18O isotope samples were sent to the Hydrochemistry Laboratory of the School of Resources and Geosciences, China University of Mining and Technology, for analysis and testing. The instrument used for testing was a stable isotope ratio mass spectrometer, model MAT253-EA, following the specifications referenced in “GB/T 37847-2019” of China [27]. The δ2H and δ18O values are calculated relative to the Vienna Standard Mean Ocean Water (VSMOW).




4. Results and Discussion


4.1. Characteristics of Discharge Water


4.1.1. Water Production


The average water production varies between 0.81 and 81.60 m3/d, with an average of 10.69 m3/d. Overall, water production is relatively high. A concentration of high water production wells is observed in the northern part of the Shouyang Block, which gradually increases towards the southeast direction (Figure 2). The average gas production varies between 0 and 760.57 m3/d, with an average of 135.94 m3/d. Overall, the gas production is relatively low. As the average water production increases, the average gas production gradually decreases. Excessive water production inhibits gas production efficiency [28]. When the average water production is less than 20 m3/d, the average gas production undergoes significant changes, revealing an intimate relationship between gas production and water production in the Shouyang Block (Table 1; Figure 3).




4.1.2. Hydrochemical Parameters


A total of 42 production wells in the research area were sampled for water analysis. The anion and cation concentrations were analyzed, and relevant parameters were calculated. (Table 2). TDS, sodium chloride coefficient, desulfurization coefficient, etc. are typical hydrochemical parameters used to reflect the characteristics of the groundwater environment. Upon analysis, it was discovered that the dominant ions in water are Na+, Cl−, and HCO3− with relatively high concentrations, indicating a Na-HCO3 water type. The TDS of the water sample varies between 970.00 and 5334.00 mg/L, with an average of 2156.81 mg/L. The sodium chloride coefficient (rNa+/rCl-) of the water sample ranges from 0.16 to 6.85, with an average of 2.92; the desulfurization coefficient (rSO42− × 100/rCl-) ranges from 0.12 to 13.75, with an average of 2.03. According to Wang et al. [7], groundwater with a sodium chloride coefficient lower than 10, a desulfurization coefficient lower than 1, and a TDS exceeding 1500 mg/L indicates a reducing environment with weak groundwater activity [11,29]. Finally, the water dynamics in the Shouyang Block are characterized by weak groundwater runoff or retention in most areas.




4.1.3. Hydrodynamic Field


The water head height of No. 15 coal varies between −409.12 and 922.66 m. In the Shouyang Block, the northern and eastern parts are characterized by areas with high water potential, while the southwestern part experiences the lowest. The groundwater head height exhibits a gradual decrease from the north to south, which is closely associated with the monoclinic structure of the Shouyang Block. (Figure 4). This represents the trend of groundwater flowing from north to south [30].





4.2. Factors Influencing Water Production


Various factors, such as the water supply, water content of the coal seam itself, fault structures, coal seam fracturing cracks, and the aquifer of the roof and floor, etc., influence the water production of coalbed methane wells [12,28]. This paper mainly conducts a comprehensive analysis of factors which include total water content of coal seams, coal seam porosity, groundwater stability index, groundwater sealing coefficient, D value of the fracture fractal dimension, fault fractal dimension, and sand–mud ratio.



4.2.1. Total Water Content of Coal Seam


Coal water can be classified into two categories: external water, which is easily lost in normal temperature conditions, and internal water, which is not. The total water content, a crucial parameter for evaluating its quality, is the sum of the internal and external water content of a coal sample.



Zhang Rui et al. [31] utilized acoustic logging, density logging, and neutron logging to calculate and analyze the coal composition. The calculated results exhibited a negligible absolute error in comparison to the measured results. This study collected experimental data on total water content in the study area. By integrating core positioning with logging data, an analysis of water content-sensitive parameters can be performed, and logging parameters with high correlation (AC, GR, and DEN) can be chosen. By using the laboratory’s formula for calculating total water and the multiple linear regression method, a logging prediction model for total water in coal seams can be created [32]. The total water prediction model of No. 15 coal is as follow:


Mt = 0.012AC + 9.369DEN + 0.053GR − 18.120



(2)







Based on the calculations of the total water content in coal seams and considering various factors such as well spacing, a prediction model for the total water content in a single-well coal seam has been established. If the well spacing in the research area is approximately 350 m, the prediction model for the total water content in a single well is as follows:


TCW = (350 × 350 × H × DEN × (Mt/100))/ρW/10000



(3)







In the formula, TCW represents the total water content of coal seam, 10,000 m3; Mt represents the coal seam total water evaluation parameter, %; H represents the coal seam thickness, m; ρW represents the coal seam water density, ton/m3; DEN represents the density curve, ton/m3; AC represents the acoustic time difference, us/m3; and GR represents the density curve, API.



Based on the model established above, the water content of a sole well within the coal seam of the research area can be calculated. The total water content ranges from 4500 to 44,900 m3, with an average of 21,000 m3. With an increase in the total water content of the coal seam, there is a corresponding increase in the average water production (Table 3; Figure 5).




4.2.2. Porosity


The characteristics of coal reservoir pores and fractures are crucial for the development of coalbed methane [33]. The greater the pore fracture space, the easier it is for water to enter the reservoir [34]. In the Shouyang Block, the porosity of coal seams varies between 2.77% and 10.4%, with an average value of 5.33%. The average water production overall increases with the increase of porosity (Figure 6).




4.2.3. Groundwater Stability Index


The solubility of the groundwater medium refers to whether it has the ability to continuously dissolve soluble carbonate rocks. Currently, the commonly used method for determining this is the groundwater stability index method. The stability index of a groundwater medium can be determined by the following formula.


  p  H s  = p  K 2  − p  K s  − lg [ ALK ] − lg [ C  a  2 +   ] + p  



(4)






  p =   2   2.5 ×   10   − 5   C     1 +   2.5 ×   10   − 5   C      



(5)






  S = p  H t  − p  H s   



(6)







ALK—The alkalinity of the water sample, mol/L;



PK2—Logarithmic value of the second-order dissociation constant of carbonic acid;



PKs—Logarithm of the dissociation constant of calcium carbonate;



Ca2+—Molar concentration of calcium ions, mol/L;



C—Total dissolved solids, mg/L;



p—Correction coefficient for salt content in water;



S—Groundwater medium stability index, where pHt is the measured value.



The solubility of a water medium worsens with increased S, indicating stronger precipitability and greater water medium stability [35]. A smaller stability index for a groundwater medium, on the other hand, infers greater solubility for the water medium. In the Shouyang Block, the stability index of the coal seam water medium varies between 2.94 and 4.47, with an average value of 3.63. The average water production decreases as the groundwater stability index increases, indicating that the wells with greater water production in the block are associated with the solubility of the limestone (Table 3; Figure 7).




4.2.4. Groundwater Sealing Coefficient


Based on the groundwater sealing coefficient F proposed by previous researchers, the groundwater dynamic conditions in the study area were confirmed. The expression for the sealing coefficient is as follows:


  F =   ρ     K   +   + N   a   +   + HC   O   3   -   + C   O   3    2 -    +   C l   −       ρ   C   a   2 +   + M   g   2 +   + S   O   4    2 -         



(7)







Each unit of ion concentration is given in mg/L. The sealing coefficient is constant. The larger the sealing coefficient, the better the sealing of the groundwater, which is more favourable for the enrichment and preservation of coalbed methane [36].



The groundwater sealing coefficient varies between 58.1 and 344.0, with an average of 194.6 in the study area. Approximately 65% of the coalbed methane wells exhibit a sealing coefficient exceeding 100, indicating that the groundwater in the study area has good sealing performance, poor hydrodynamic conditions, and strong groundwater retention. The average water production decreases with the increase of the sealing coefficient (Table 2; Figure 8).




4.2.5. Fault Structure


Faults have an impact on the gas-bearing potential of coal reservoirs and fluid migration during the extraction process. The development of coalbed methane should avoid faults [37]. The closer it is to the fault, the greater the water production [38]. The fractal dimension of faults is utilized for accurately evaluation the complexity of fault structures.



The calculated results of the fractal dimension of the faults are shown in Table 3. The average water production increases with the increase in the fault fractal dimension. In simpler terms, the zones of high water yield in the study area exhibit a close correlation with the fault distribution (Figure 9).




4.2.6. Degree of Fracture Development


Fractures are the main flow channels in coal, and the degree of coal seam fracture development can partially indicate the intensity of all tectonic processes, which could potentially affect water production [39]. The D value of the fractal dimension of fractures is an index that characterizes the degree of fracture development, mainly reflecting the size of D through the self-similarity of fractures and the anisotropy degree caused by their existence. The R/S fractal method was employed to calculate the D value. A more significant D value indicates more developed fractures.



The natural gamma fractal dimension can better evaluate the degree of fracture development. Natural gamma logging data were analyzed using the R/S fractal method to obtain the D value of the fracture fractal dimension that corresponds to each coalbed methane well [40,41]. The calculation results are shown in Table 3. There exists a significant positive correlation between the fractal dimension D value of fractures and the average water production as a whole (Figure 10).




4.2.7. Sand–Mud Ratio


Compared to mudstone, sandstone exhibits high porosity and strong permeability [42]. The lithology determines the water content to a certain extent. Sandy mudstone and mudstone are considered as impermeable layers due to their low water content. Conversely, siltstone, fine sandstone, medium-to-coarse sandstone, and sandstone have a relatively high water content, and are regarded as aquifers. Gas production is facilitated by a greater thickness of the coal seam and mudstone, as well as a smaller thickness of the sandstone [20]. The determination was made for the sand–mud ratio between the bottom of the No. 15 coal and the K3 limestone. The calculated results are presented in Table 3. As shown in Figure 11, there is an overall increasing trend in the average water production as the sand–mud ratio increases.





4.3. Analysis of the Main Influencing Factors and Classification of Water Production Types


The degree of impact of the aforementioned factors that influence the average water production of coalbed methane wells varies. Consequently, water production is a complicated variable with various levels and influencing factors. At present, due to the limitations of various objective conditions, the available data on the factors affecting average water production is very limited, belonging to a poor information system. Additionally, the existing limited data contain both known and unknown information. Therefore, the key factor influencing the average water production is a typical grey system, which can be investigated and studied through grey system theory. Important content of grey system theory is grey correlation analysis. The correlation between diverse factors within a system and its key behaviors can be quantitatively measured through grey correlation analysis, consequently identifying the primary influential factors that impact the key behaviors of the system. When two factors in a system exhibit similar changing trends, they are deemed to be strongly correlated (with a high degree of correlation). The detailed calculation process was referred to in references [37,43,44].



The correlation degree was calculated and ranked in order of magnitude (Table 4). The order of factors that influence water production, from strongest to weakest, is as follows: sand–mud ratio > porosity > fractal dimension of fault > fracture fractal dimension D value > groundwater sealing coefficient > groundwater stability index > total water content of coal seams.



Using average water production as the classification standard, a classification of low water production was established under multi-influence factors (Table 5). The average water production is divided into low-production wells (<10 m3/d), middle-production wells (10–20 m3/d), and high-production wells (>20 m3/d). When considering the values at the boundaries of each parameter, which correspond to an average water production of 10 m3/d (as shown in Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12), certain thresholds can indicate the potential for drainage and gas production. A sand–mud ratio less than 1.5, a total water content less than 20,000 m3, a fault fractal dimension less than 0.6, a fracture fractal dimension D value less than 1.78, a groundwater stability index exceeding 3.7, a porosity less than 5.5%, and a sealing coefficient greater than 160 all suggest low water production and well drainage and gas production potential.




4.4. Water Sources Analysis and Model of High Water Production


4.4.1. Water Sources


The Shouyang Block is generally a monoclinic structure, with unclear regional runoff and drainage zoning. The groundwater flow is not active, and the coal seam exhibits low permeability. Additionally, the coal seam itself has a low water content. Therefore, external water is the main factor affecting the difference in water production between wells [30]. The groundwater sealing coefficient, groundwater stability index, and total coal seam water content related to hydrodynamic factors and coal reservoir factors have a lower impact on water production compared to other factors.



The water discharged from coalbed methane wells in the Shouyang Block exhibits similarities with that from the Gujiao Block in the northwest of the Qinshui Basin, as well as the Shizhuang and Pan-zhuang Blocks in the southern Qinshui Basin. Due to the control of the water–rock interaction, the hydrogen and oxygen isotopes of the water discharged from coalbed methane wells are distributed near or to the right of the atmospheric precipitation line [45,46]. The isotopic composition of hydrogen and oxygen in the water sample remains consistent with the pattern of atmospheric precipitation, suggesting that the primary source of the water sample was indeed atmospheric precipitation (Figure 12) [47].



The Na+ content in the water sample is higher than the Cl− content, and Na+ shows a positive correlation with Cl−, indicating that the Na+ and Cl− in the water mainly come from the leaching of salt rocks, as well as other sources [48], such as the dissolution of silicate minerals (Figure 13a) [49]. When (0.5HCO3−1 + SO42−)/(Ca2+ + Mg2+) = 1, this indicates that the ions in groundwater mainly come from the dissolution of carbonate and sulfate rocks [50]. In the Shouyang Block, (0.5HCO3−1 + SO42−)/(Ca2+ + Mg2+) is much greater than 1, indicating that the dissolution amounts of carbonate and sulfate are both small (Figure 13b), and the contribution of limestone aquifers to the water production of coalbed methane wells is relatively small. Multiple sets of limestone and sandstone aquifers are developed near coal seam No. 15 in the Shouyang Block. Therefore, according to hydrochemical analysis, the water source may mainly come from the sandstone aquifer.




4.4.2. Model of High Water Production


The commonly used production increase measure for coalbed methane development is coal reservoir fracturing technology, and the maximum fracture length of coal rock fracturing in the Qinshui Basin can reach 20 m [51]. Further analysis of the sand–mud ratio and stratigraphic combination relationship between high-yield water wells (SY05, SY19, and SY22) and low-yield water wells (SY04, SY23, and SY38) revealed that the lithology above and below the coal seam of the low-yield water wells for single mining of No. 15 coal is mainly composed of limestone, mudstone, and sandy mudstone. Calcite thin films often appear in limestone, which are caused by later filling of cracks and, therefore, have poor water content. Although fracture structures and fracturing cracks can lead to some sandstone layers, the sandstone layers are relatively thin and have low water production (Figure 14a). The lithology above and below the coal seam of the high-yield water well for single mining of No. 15 coal is mainly composed of limestone and sandy mudstone. However, within a thickness range of 20 m, thick layers of sandstone can be seen. When fracture or fracturing cracks lead through the sandstone layer, water production increases (Figure 14b). This is similar to the high-yield water mode of natural fracture communication and fracturing fracture communication in the southern Qinshui Basin [52]. Compared with the high-yield gas areas in the southern Qinshui Basin (such as Panzhuang, Fanzhuang, and Shizhuang), the Shouyang Block has a higher permeability, stronger reservoir fluid mobility, and is more conducive to the extraction of coalbed methane. The widely distributed sand bodies with strong water supply and storage capabilities have become the main reason for high water production and low gas production [28,53]. Therefore, attention should be paid to the distribution and lithological combination of sandstone aquifers in coal-bearing strata in the future exploration and development process of the Shouyang Block. This will help to avoid the potential influence of fault structures and enable the identification of favorable areas for low water and high gas production.






5. Conclusions


The groundwater head height exhibits a gradual decrease from the north to south, which represents the trend of groundwater flowing from north to south. The water dynamics in the Shouyang Block are characterized by weak groundwater runoff or retention in most areas.



The average water production ranges from 0.81 to 81.60 m3/d. Overall, water production is relatively high. The average gas production varies between 0 and 760.57 m3/d. Overall, the gas production is relatively low. As the average water production increases, the average gas production gradually decreases. A comprehensive analysis was conducted on the factors influencing water production, including total water content of coal seams, coal seam porosity, groundwater stability index, groundwater sealing coefficient, D value of the fracture fractal dimension, fault fractal dimension and sand–mud ratio.



The correlation degree was calculated and ranked in order of magnitude through grey correlation analysis. The order of factors that influence water production, from strongest to weakest, is as follows: sand–mud ratio > porosity > fractal dimension of fault > fracture fractal dimension D value > groundwater sealing coefficient > groundwater stability index > total water content of coal seams. The primary source of the water sample was indeed atmospheric precipitation. The dissolution amounts of carbonate and sulfate are both small, and the water source may mainly come from the sandstone aquifer. Attention should be paid to the distribution and lithological combination of sandstone aquifers in coal-bearing strata in the future exploration and development process of the Shouyang Block. Further research is needed on the hydrogeological characteristics of sandstone aquifers. This will help to avoid the potential influence of fault structures and enable the identification of favorable areas for low water and high gas production.
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Figure 1. Structural outline and stratigraphic distribution map of Shouyang Block. (Map of China cited from the website of the Ministry of Natural Resources of People’s Republic of China). 
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Figure 2. Contour map of average water production of No. 15 coal. 
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Figure 3. Correlation of average water production with average gas production. 
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Figure 4. Isoline of water head height. 
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Figure 5. Relationship between average water production and total water content of coal seam. 
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Figure 6. Relationship between average water production and porosity. 
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Figure 7. Relationship between average water production and groundwater stability index. 






Figure 7. Relationship between average water production and groundwater stability index.



[image: Applsci 14 04218 g007]







[image: Applsci 14 04218 g008] 





Figure 8. Relationship between average water production and sealing coefficient. 
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Figure 9. Relationship between average water production and fractal dimension of faults. 






Figure 9. Relationship between average water production and fractal dimension of faults.



[image: Applsci 14 04218 g009]







[image: Applsci 14 04218 g010] 





Figure 10. Relationship between average water production and D value of fracture fractal dimension. 
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Figure 11. Correlation of average water production with sand–mud ratio. 
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Figure 12. Hydrogen and oxygen isotope characteristics of water discharged from coalbed methane wells in Shouyang Block. 
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Figure 13. Diagram of ion relationships in water discharged from coalbed methane wells in Shouyang Block. (a) Relationship between Na+ and Cl− content; (b) Relationship between (0.5HCO3−1 + SO42−) and (Ca2+ + Mg2+) content. 
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Figure 14. Water production mode of coalbed methane wells (a): Low water production mode in thin aquifers; (b): High water production mode in thick aquifers. 
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Table 1. Average water production and average gas production data.
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	Well
	W (m3/d)
	G (m3/d)
	Well
	W (m3/d)
	G (m3/d)





	SY01
	1.64
	259.97
	SY22
	23.83
	56.11



	SY02
	5.68
	29.23
	SY23
	5.33
	105.53



	SY03
	7.02
	170.69
	SY24
	0.81
	166.96



	SY04
	3.76
	604.34
	SY25
	11.78
	71.81



	SY05
	20.36
	375.06
	SY26
	2.57
	47.06



	SY06
	6.15
	37.00
	SY27
	6.90
	0.00



	SY07
	1.98
	243.16
	SY28
	3.94
	66.73



	SY08
	5.01
	132.15
	SY29
	0.87
	63.31



	SY09
	15.35
	50.36
	SY30
	10.26
	107.68



	SY10
	1.74
	61.17
	SY31
	0.83
	103.25



	SY11
	1.22
	521.74
	SY32
	12.29
	24.01



	SY12
	3.52
	171.15
	SY33
	4.97
	23.98



	SY13
	10.89
	162.59
	SY34
	8.73
	0.00



	SY14
	5.45
	221.48
	SY35
	6.98
	0.00



	SY15
	2.62
	51.17
	SY36
	3.82
	0.00



	SY16
	4.63
	197.10
	SY37
	27.00
	0.00



	SY17
	36.85
	760.57
	SY38
	2.30
	298.84



	SY18
	35.05
	112.62
	SY39
	6.70
	94.55



	SY19
	46.21
	10.51
	SY40
	81.60
	4.80



	SY20
	4.11
	102.32
	SY41
	2.40
	13.03



	SY21
	2.59
	144.91
	SY42
	3.30
	42.71







W: average water production; G: average gas production.













 





Table 2. Ion concentrations of discharged water from coalbed methane wells.
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Water

Sample

	
Ca2+

	
Mg2+

	
Na+ + K+

	
HCO3−

	
CO32−

	
SO42−

	
Cl−

	
TDS

	
δ18O

(‰)

	
δ2H

(‰)

	
Sealing

Coefficient




	
(mg/L)






	
SW1

	
3.03

	
0.82

	
492.03

	
970.53

	
51.24

	
2.47

	
136.78

	
1102

	
-

	
-

	
261.17




	
SW2

	
4.79

	
4.23

	
1164.79

	
759.41

	
114.68

	
4.12

	
1104.01

	
2802

	
-

	
-

	
239.18




	
SW3

	
7.75

	
2.42

	
843.75

	
1230.49

	
71.29

	
4.12

	
561.78

	
2042

	
-

	
-

	
189.45




	
SW4

	
7.40

	
1.81

	
733.40

	
937.44

	
74.39

	
3.91

	
571.55

	
1802

	
-

	
-

	
176.58




	
SW5

	
18.20

	
4.97

	
874.20

	
1098.15

	
12.40

	
3.29

	
884.19

	
2414

	
-

	
-

	
108.43




	
SW6

	
4.57

	
1.58

	
713.57

	
978.41

	
77.49

	
2.88

	
500.71

	
1762

	
-

	
-

	
251.40




	
SW7

	
5.33

	
1.61

	
603.90

	
841.34

	
63.54

	
4.74

	
376.15

	
2798

	
-

	
-

	
161.38




	
SW8

	
9.06

	
2.73

	
756.70

	
721.60

	
37.19

	
4.12

	
679.02

	
2336

	
-

	
-

	
137.93




	
SW9

	
11.50

	
4.08

	
872.50

	
1143.84

	
26.35

	
3.70

	
720.54

	
2190

	
-

	
-

	
143.32




	
SW10

	
2.76

	
0.69

	
479.76

	
951.62

	
49.59

	
4.94

	
107.47

	
1088

	
-

	
-

	
189.33




	
SW11

	
20.10

	
5.36

	
975.10

	
918.54

	
38.74

	
3.29

	
975.78

	
2450

	
-

	
-

	
101.15




	
SW12

	
20.60

	
6.77

	
1180.60

	
697.96

	
49.59

	
2.88

	
1646.25

	
5334

	
-

	
-

	
118.16




	
SW13

	
28.00

	
8.03

	
1878.00

	
876.00

	
46.49

	
4.12

	
2557.30

	
5001

	
-

	
-

	
133.44




	
SW14

	
7.57

	
2.74

	
636.57

	
1124.94

	
55.02

	
2.47

	
297.99

	
1526

	
-

	
-

	
165.46




	
SW15

	
4.09

	
1.48

	
720.09

	
926.42

	
80.59

	
2.88

	
493.39

	
1688

	
-

	
-

	
262.78




	
SW16

	
18.10

	
5.17

	
1158.10

	
1233.65

	
38.74

	
4.53

	
1130.88

	
2914

	
-

	
-

	
128.11




	
SW17

	
22.40

	
6.19

	
1352.40

	
737.35

	
40.29

	
4.94

	
1675.56

	
1086

	
-

	
-

	
113.50




	
SW18

	
13.10

	
3.93

	
983.10

	
1131.24

	
30.99

	
5.35

	
847.55

	
1952

	
-

	
-

	
133.73




	
SW19

	
27.60

	
8.69

	
1067.60

	
1060.34

	
26.35

	
3.70

	
1187.06

	
3744

	
-

	
-

	
83.55




	
SW20

	
1.83

	
0.63

	
445.98

	
721.60

	
58.89

	
1.65

	
185.63

	
3496

	
-

	
-

	
343.58




	
SW21

	
1.89

	
0.80

	
411.88

	
705.84

	
41.84

	
1.65

	
158.76

	
3170

	
-

	
-

	
303.76




	
SW22

	
1.82

	
0.50

	
502.37

	
885.45

	
77.49

	
3.29

	
188.07

	
1124

	
−9.71

	
−72.7

	
294.72




	
SW23

	
1.56

	
0.53

	
503.92

	
833.46

	
82.13

	
3.50

	
185.63

	
1086

	
-

	
-

	
287.14




	
SW24

	
1.61

	
0.60

	
469.05

	
811.40

	
99.18

	
2.47

	
152.66

	
1020

	
−10.05

	
−74.92

	
327.41




	
SW25

	
3.20

	
1.23

	
656.90

	
825.59

	
67.42

	
6.59

	
434.77

	
1474

	
−8.85

	
−69.73

	
180.10




	
SW26

	
3.47

	
1.40

	
721.80

	
682.21

	
69.74

	
7.00

	
630.17

	
1732

	
-

	
-

	
177.25




	
SW27

	
1.88

	
0.66

	
544.95

	
915.39

	
111.58

	
11.11

	
185.63

	
1228

	
−9.35

	
−71.89

	
128.76




	
SW28

	
2.41

	
0.68

	
988.90

	
839.76

	
49.59

	
6.17

	
224.71

	
1110

	

	

	
227.10




	
SW29

	
2.22

	
0.64

	
438.77

	
819.28

	
55.79

	
1.65

	
124.57

	
970

	
−10.34

	
−75.96

	
318.94




	
SW30

	
2.12

	
0.53

	
476.24

	
849.21

	
75.94

	
2.68

	
144.11

	
1050

	
−9.71

	
−73.13

	
289.96




	
SW31

	
3.51

	
2.24

	
1144.00

	
735.49

	
78.49

	
37.04

	
1232.20

	
3235

	
-

	
-

	
74.55




	
SW32

	
3.69

	
2.60

	
735.56

	
644.27

	
67.30

	
47.75

	
663.54

	
2168

	
-

	
-

	
39.06




	
SW33

	
2.93

	
1.26

	
498.00

	
743.00

	
39.00

	
20.98

	
269.68

	
1591

	
-

	
-

	
61.58




	
SW34

	
4.31

	
2.18

	
655.00

	
701.00

	
81.30

	
23.68

	
491.49

	
1968

	
-

	
-

	
63.92




	
SW35

	
4.18

	
1.91

	
691.00

	
807.00

	
86.50

	
27.08

	
473.40

	
2100

	
-

	
-

	
62.03




	
SW36

	
2.27

	
0.84

	
549.50

	
1117.00

	
93.10

	
2.93

	
75.74

	
1852

	
-

	
-

	
303.76




	
SW37

	
1.70

	
1.71

	
567.39

	
1010.97

	
66.79

	
35.81

	
192.58

	
1879

	
-

	
-

	
46.86




	
SW38

	
3.03

	
0.57

	
544.19

	
1146.79

	
37.11

	
20.58

	
123.41

	
1878

	
-

	
-

	
76.57




	
SW39

	
5.83

	
3.38

	
1285.08

	
602.53

	
48.91

	
25.11

	
1581.20

	
4876

	
-

	
-

	
102.50




	
SW40

	
1.74

	
1.65

	
552.03

	
649.94

	
95.32

	
27.58

	
348.93

	
1678

	
-

	
-

	
53.16




	
SW41

	
4.17

	
1.33

	
646.50

	
1154.00

	
17.60

	
1.58

	
305.21

	
1874

	
-

	
-

	
299.94




	
SW42

	
6.03

	
1.84

	
611.00

	
1023.00

	
46.90

	
1.30

	
297.35

	
1996

	
-

	
-

	
215.68








“-”: no data. TDS: total dissolved solids













 





Table 3. Data on different influencing factors.
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	Well
	Groundwater Stability Index
	D Value
	Porosity (%)
	Total Water Content (10,000 m3)
	Fault Fractal Dimension
	Sand–Mud Ratio





	SY01
	3.75
	1.70
	4.20
	1.25
	0.10
	0.31



	SY02
	3.85
	1.75
	4.24
	5.01
	0.20
	1.20



	SY03
	3.94
	1.80
	5.25
	2.57
	0.20
	1.34



	SY04
	3.61
	1.74
	4.52
	3.90
	0.90
	0.63



	SY05
	3.66
	1.74
	5.42
	2.90
	0.78
	1.60



	SY06
	4.35
	1.75
	4.99
	3.35
	0.20
	1.05



	SY07
	3.96
	1.70
	3.40
	2.40
	0.83
	0.80



	SY08
	3.97
	1.80
	4.51
	1.86
	0.90
	0.42



	SY11
	3.71
	1.77
	4.11
	2.39
	0.79
	0.77



	SY12
	4.40
	1.78
	4.67
	2.11
	0.70
	0.81



	SY13
	4.28
	1.79
	6.14
	3.86
	0.80
	2.23



	SY15
	3.46
	1.79
	4.70
	1.59
	0.20
	1.04



	SY16
	5.00
	1.81
	3.40
	1.78
	0.30
	0.94



	SY17
	3.14
	1.84
	6.70
	2.09
	0.94
	3.40



	SY18
	3.50
	1.82
	5.70
	1.35
	0.81
	3.00



	SY19
	3.16
	1.82
	10.40
	3.60
	0.90
	3.12



	SY20
	3.31
	1.80
	3.00
	0.65
	0.70
	0.41



	SY21
	3.32
	1.77
	5.10
	1.19
	0.65
	1.52



	SY22
	2.40
	1.82
	6.87
	3.47
	0.74
	4.40



	SY24
	3.41
	1.62
	4.70
	2.12
	0.50
	2.50



	SY25
	3.54
	1.80
	5.40
	1.88
	0.50
	3.00



	SY29
	3.78
	1.68
	4.79
	1.20
	0.70
	0.54



	SY30
	3.71
	1.85
	4.99
	5.78
	0.80
	2.20



	SY31
	4.22
	1.67
	3.10
	1.30
	0.78
	0.32



	SY37
	3.30
	1.89
	6.00
	0.53
	0.80
	1.06



	SY38
	3.55
	1.63
	4.05
	0.54
	0.90
	0.09



	SY39
	3.52
	1.68
	3.30
	1.24
	0.80
	2.91



	SY41
	3.04
	1.62
	6.82
	0.38
	0.80
	1.26










 





Table 4. Correlation degree of influencing factors.
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	Factors Influencing Average Water Production
	Sand–Mud Ratio
	Porosity
	Fault Fractal Dimension
	Fracture Fractal Dimension D Value
	Groundwater Sealing Coefficient
	Groundwater Stability Index
	Total Water Content of Coal Seams





	Correlation degree
	0.792
	0.777
	0.768
	0.764
	0.762
	0.758
	0.744










 





Table 5. Classification of production well patterns for coalbed methane wells.






Table 5. Classification of production well patterns for coalbed methane wells.





	Water Production Type
	Sand–Mud Ratio
	Total Water Content of Coal Seams
	Fault Fractal Dimension
	Fracture Fractal Dimension D Value
	Groundwater Stability Index
	Porosity
	Groundwater Sealing Coefficient





	Low production
	<1.5
	<20,000 m3
	<0.6
	<1.78
	>3.7
	<5.5%
	>160



	Middle production
	1.5~3.5
	20,000~40,000 m3
	0.6~0.8
	1.78~1.82
	3.2~3.7
	5.5~7.5%
	80~160



	High production
	>3.5
	>40,000 m3
	>0.8
	>1.82
	<3.2
	>7.5%
	<80
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