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Abstract: Methanogenic bacteria and sulfate reducing bacteria were detected during the 16SrRNA sequencing of 

coalbed methane (CBM) co-produced water in the south of Qinshui Basin. The secondary biological gas 

composition in the south of Qinshui Basin was confirmed, in contradiction to the understanding of thermogenic 

gas. In this study, the water samples were collected systematically from the CBM wells in the Shizhuangnan block 

and were analyzed to investigate the biogeochemical characteristics and the microbial metabolism, including water 

ions, hydrogen and oxygen isotopes, dissolved inorganic carbon, and microbial diversity. The study found that the 

Shizhuangnan block has a monoclinic structure near the SN direction, and the elevation of coal seam decreases 

gradually from the east to west. Because of the water blocking effect of Sitou fault in the west, the precipitation 

flowed from the east to west, and gradually transited to the stagnant flow area. The variation of the concentration 

of some ions such as Na+, K+, Ca2+, Mg2+, Cl-, HCO3
- and Total Dissolved Solids (TDS) indicated the variation of 

the redox condition in the coal reservoir water. Through the 16SrDNA sequencing analysis of the collected water 

samples, methanogenic and sulfate reduction bacteria were detected. In this study, the methane production zone 

and sulfate methane transition zone (SMTZ) were identified. The effect of methanogenic bacteria in the methane 

production zone led to an increase in the methane concentration, resulting in the high gas content in the study area. 

In the SMTZ, most methane is consumed by anaerobic oxidation due to high sulfate concentrations.  
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1 Introduction 
 

Microorganisms including bacteria, archaea, and some eukaryotes (protozoa, fungi, etc.) play an 
important role in the interaction between the organisms and environment (Yin et al, 2008; Xie et al, 
2018). Microorganisms are widespread and actively metabolized even in some extreme environments, 
where proterozoic organisms could not grow. Though the response of microorganisms to certain 
environmental changes is well understood, only limited studies have investigated the role of 
microorganisms in coal reservoirs, especially in the formation of coalbed methane (Xie et al, 2012; 
Cheng et al, 2018). 

Biogenic gas is mainly found in the middle and low-rank coal (Wang et al, 2016). No.3 coal in the 
south of Qinshui Basin is a high-rank coal and the methane hydrocarbon isotope determination 
indicated that the area contains mainly thermal gas (Yao et al, 2008; Guo et al, 2015).  

The functional group of the methanogenic microorganisms is the strict anaerobic microorganisms, 
belonging to the archaea domain, which may have one of the earliest energy metabolism forms (Li et al, 
2015). The 200 methanogens identified could be divided into three classes and five orders. The 
functional group of methanogenic microorganisms has been present for over 3.5 billion years (Luo et al, 
2016). There are two main types of metabolism, and one is to reduce CO2 to CH4 using H2 or organic 
matter containing two or more carbon atoms represented by ethanol as an electron donor, while the 
other is to disambiguate the methyl groups of CO or other organic compounds into CH4 (Canfield, 
1998). 

The oxidation of methane is mainly accomplished either by the anaerobic oxidative microbial 
functional group of methane, which belongs to the archaea domain or by the functional group of 
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aerobic oxidizing microorganisms of methane, which belongs to the bacterial domain. However, the 
anaerobic oxidation of methane occurs predominantly through the symbiosis between the anaerobic 
oxidizing bacteria and the sulfate reducing bacteria (Hinrichs et al, 1999; Orphan et al, 2001). Sulfate 
reduction is an important productive metabolic pathway and is of a great significance to the global 
sulfur and carbon cycle (Shen et al, 2001). The functional group of sulfate-reducing microorganisms is 
a strict anaerobic microorganism, which uses sulfates (SO4

2-
) as an electron acceptor and organic matter 

or hydrogen as an electron donor(Luo et al, 2010; Tang et al, 2016). 
In the marine and lake sediments, a large number of methane-anaerobic oxidation microbial 

functional groups and sulfate reduction microbial functional groups of symbionts are present (Hong et 
al, 2014), creating a sulfate methane transition zone (SMTZ) at its interface. Due to the presence of 
sulfates in the transition zone, over 90% of the methane is consumed by the anaerobic oxidation in the 
transition zone through the symbiosis between the anaerobic oxidizing bacteria of methane and 
sulfate-reducing bacteria (Komada et al, 2016).  

The groundwater system of a coal reservoir has the microbial action zones such as methanogens, 
methane-anaerobic bacteria, and sulfate-reducing bacteria simultaneously due to the seepage of surface 
atmospheric precipitation and the dissolution of minerals. As such, investigation the groundwater 
system could provide a detailed understanding of the microbial action of coal reservoir. In this context, 
the aims of this study were to systematically investigate the characteristics of the microbial 
biogeochemical cycle in coal reservoir to identifying the mechanism of biogas production and 
consumption in the study area and to predict the areas with potentially high gas content. 

 
2 Geological Settings 

 
2.1 Structures 

The Qinshui Basin is a tectonic complex basin formed since the Mesozoic Era with the whole 
structure form for a nearly NE to NNE to large compound synclinal nowadays (Qin et al, 1997). The 
structural evolution of the Qinshui Basin occurred generally in three stages: formation stage of the 
structural basement, peat accumulation stage in the coal-bearing basin, and structural uplift and 
denudation stage (Tang et al, 2004). 

The Shizhuangnan Block is located in the south of Qinshui Basin and has an area of about 180 km
2
 

(Fig 1). The stratum is a monoclinal structure leaning westward. In the north, two large anticlinal and 
synclinal structures are developed near the north and south directions. The anticlinal and synclinal in 
the south are near the east and west directions, and smaller than that in the northern fold. The block 
faults are mainly normal faults and the number of reverse faults is small. The fault strike is mainly the 
NE, NNE and NW directions. The sitou fault is the largest normal fault of the boundary within the 
block, with multiple surface outcrops. The extension length of the area is 14.8 km, going towards NE, 
and tending to NW (Yan et al, 2013; Meng et al, 2013). 

The faults developed in the Shizhuangnan block are generally normal faults, which belong to 
extensional faults. The faults are often connected with the sandstone aquifer of the roof and become 
water-conducting faults, resulting in the sufficient water supply of the coalbed gas well and difficult 
drainage and pressure reduction.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1. Location of the study block (China basemap after China National Bureau of Surveying and Mapping 

Geographical Information). 
(a) Qinshui Basin in China plate tectonics position; (b) Location of the Shizhuangnan block; (c) Schematic diagram of the Shizhuangnan 

block structure. 

 

2.2 Hydrology 
In the south of Qinshui Basin, the middle-low mountainous area is the main area, with the surface 

water system is associated to the Yellow River basin. The Ordovician limestone confined water aquifer 
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in the basin is supplied by the Ordovician karst water and has a weak water abundance. The aquifer of 
the Taiyuan formation is mainly K2-K5 limestone with poor water abundance and weak hydraulic 
connection. The aquifer of the lower Shihezi formation and the Shanxi formation is related to No.3 coal 
seam and has a weak water abundance. The Triassic sandstone fissure had confined aquifer with 
medium and fine-grained lithology. The surface directly receives the supply of atmospheric 
precipitation, which is the source of the partial fourth aquifer (Chi, 1998; Kang et al, 2018). 

Between Sitou fault and Jinhuo fault in the Shizhuangnan block, the isopotential surface of 
groundwater has an overall situation of high in the east and low in the west, and an isopotential surface 
lowland is formed in the slope zone. Each aquifer in the region has its own system, leading to different 
recharge, runoff and discharge characteristics. In the Shanxi formation and Taiyuan formation, the 
atmospheric precipitation at the outcrops of the east boundary of the block is the primary source of 
groundwater, which flows westward along the direction of the stratigraphic tendency. Due to the small 
exposed area and poor supply condition, groundwater runoff is weak and the water content is poor 
(Wang et al, 2013). In general, the development degree of karst fissures and water abundance in the 
Carboniferous and Permian aquifers are gradually weakened from shallow to deeply buried areas, and 
the runoff and discharge conditions became worse. 

The main water-filled aquifer of coal No.3 is its overlying sandstone fractured aquifer, while the 
main water-filled aquifer of coal No.15 is the karst aquifer overlying limestone of the Taiyuan 
formation (Li et al, 2015; Feng et al, 2015). The lower middle Ordovician aquifer has a high-water 
head, though a poor water content due to the lack of development of the Fengfeng formation aquifer 
and the upper Majiagou formation. Consequently, it has a limited influence on the coal bed gas 
occurrence and development under normal circumstance. 

 
2.3 Coal seams for coalbed methane (CBM) production 

The coal-bearing strata in the study area are the Taiyuan formation and Shanxi formation. Among 
them, No.15 and No.3 coal seams are thick and stable. Moreover, they are the main coal seam being 
mined and used for CBM development. The coal seams in the study area are mainly anthracite formed 
by the deep metamorphism, which is the main production base of anthracite in China. There are 21 
layers of coal in the Taiyuan formation and Shanxi formation with the former is mainly composed of 
No.15 and No.9 coal seam, while the latter is mainly No.3 coal seam (Fig. 2). The structure of coal 
seam No.15 in the Taiyuan formation is complex, and generally contains the interbedded layers, 
including four relatively stable limestone layers, K2, K3, K5, and K6. Among them, K2 limestone is 
the main aquifer. The Shanxi formation is separated from the Taiyuan formation by K7 limestone. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Column diagram of coal-bearing strata in the Qinshui Basin. 

 
2.4 Hydrodynamic zoning 

In the southern area of the Qinshui Basin, the eastern Jinhuo fault zone, which is the exposed area of 
the upper Carboniferous Taiyuan formation, receives rainfall and supplies, resulting in an active 
groundwater alternation and increased runoff intensity. Consequently, the groundwater runoff from the 
east to west in the bedding is gradually weakened (Fig. 3). The Sitou fault lies to the west of north to 
the Shizhuangnan block, and the fault within the block toward the northeast, with dips in 15-86

o
 and a 

gap between 10-545 m. However, the fault extends further and the size of the fault distance varies in 
different places. 

As shown in Fig. 3, the whole structure of the southern persimmon block is monocline dipping to the 
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west. On this basis, a wide-ranging fold with axial NNE, NE or near SN direction is developed. The 
outcrop of the Jinhuo fault on the eastern side is on the edge of the basin, while the terrain is relatively 
high. After receiving atmospheric precipitation and surface runoff on the eastern side, it flows to the 
west and supplies to the coal reservoir. The underground water in the coal reservoir after receiving the 
replenishment flows along the stratum to the depth, while the intensity of runoff becomes weaker, 
forming the runoff region-transitional region-stagnant region in space. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Hydrodynamic condition of No.3 coal reservoir in the Shizhuangnan block. 

 
3 Samples and Methods 

 
Water samples were collected successively from the coalbed methane wells, including No.3 and 

No.15 coalbed single production wells, and No.3 and No.15 coalbed combined production wells. Fig. 4 
(a) and (b) show the water ion sampling points and the carbon and oxygen isotope sample points, 
respectively. The ionic water sample was collected directly from the CBM wellhead using a 2.5 L 
polyethylene plastic bottle, which was washed with the water sample more than 3 times before 
collection to ensure the removal of impurities. Additionally, the air in the bottle was discharged during 
the collection. Furthermore, the isotope water sample was collected in a 200 mL pure water bottle by 
following the similar procedure. The hydrochemical ion analysis was conducted within one week, 
while the isotope test was completed within one month, to ensure the integrity of the samples. 
Hydrochemical characterization included the concentration of ions such as Na

+
, K

+
, Ca

2+
, Mg

2+
, Mn

2+
, 

Fe
2+

, Fe
3+

, Cl
-
, SO4

2-
, NH4

+
, NO

3-
, NO

2-
, and CO3

2-
, hydroxide isotopes of water such as δ

18
OH2O and 

δDH2O, and the results are listed in Table 1 and Table 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)                           (b)                              (c)  

Fig. 4. Sampling points: (a) water ion test; (b) isotope test; (c)16SrDNA test. 

 
 
To investigate the diversity of water-producing microorganisms, 10 samples (7 from well No. 3, 1 

from well No.15, and 2 from combined No.3 and No.15) were collected and labeled SZ1-SZ10 (Fig. 
4(c)). The water samples were collected at the drainage outlet of the coalbed methane production well 
for more than 300 days. The water samples were collected in the sterilized glass bottles and sealed with 
the rubber plugs to reduce the air entry. The 16SrDNA sequencing analysis was conducted and the 
species abundance of archaea (methanogens, etc.), bacteria (sulfate-reducing bacteria, 
methane-anaerobic bacteria, etc.) in the coal reservoir water was systematically studied。 
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Table 1 Elemental composition results of the CBM co-produced water from the Shizhuangnan block (mg/L) 

Well no. Producing 

coalbeds 

Ca
2+

  Mg
2+

  K
+
+Na

+
  Cl

-
 SO4

2-
 HCO3

-
 CO3

2-
 TDS 

1 3#+15# 8.9 2.1 434.5 471.3 9.1 344.6 14.6 1287 

2–1  3#+15# 7.58 8.71 305.4 332.9 10.7 265.9 14.6 948 

2–2  3#+15# 6.63 7.1 318.62 262.1 103.3 288.9 16.1 1004 

4–1  3#  2.9 1.7 645.3 566.4 7 653.5 48.2 1927 

4–2 3#  1.8 3.1 687.8 564.7 143.7 643.9 25.5 2072 

4–3  3#  1.9 1.6 503 307.7 7.4 728.5 42 1594 

6 3# 3.3 1.2 453.6 177.7 132.1 676.4 34.3 1479 

7 3#  1.9 2.4 419.7 205.5 9.1 690 39.3 1370 

8–1 3#  1.9 1.5 325.2 112.7 5.8 540.6 68.7 1059 

8–2  3#  1.5 3 377.8 124.9 137.1 490.5 71.8 1208 

9–1 3#  5.4 2 577.8 643.7 33.8 371.3 21.9 1658 

9–2  3#  3.3 3.6 523.9 452.1 139.9 438.7 12.9 1576 

9–3  3#  4.1 0.2 404.4 329.9 11.9 426.3 40.5 1219 

10 3#  12.8 3.7 1329.1 1454.4 8.6 1005.4 39.4 3858 

11–1 3#  2.2 1.4 243.8 68.6 135 340.7 15.5 808 

11–2 3# 1.8 0.2 192.5 65.1 23.9 317.5 28.1 630 

11–3 3# 1.6 0.7 194.9 67.8 28 294.3 39.2 628 

11–4  3#  1.1 0.3 186.2 67.4 11.9 298.5 33.9 601 

12–1  3#  106 189.1 1266.9 2522.9 14 239.8 20.5 4361 

12–2 3#  72.7 113.8 1111.6 1954.9 16.9 314.2 35.1 3619.2 

12–3  3# 28 32.9 790.5 1025.3 11.9 496.7 50.5 2446.4 

12–4 3#  28 32.9 790.5 1025.3 11.9 496.7 50.5 2446.4 

12–5  3#  20.2 29 744.7 882.8 21.8 547.1 45.7 2293.8 

12–6  3# 15 16.6 657.4 674.9 4.1 584.3 66.3 2022.6 

12–7 3#  12.8 15.2 654.3 640.5 17.7 603.3 63.4 2009.4 

12–8 3#  11.9 13.2 627.6 591.2 7 629.7 57.6 1940.4 

12–9  3#  12 0.2 490.4 202.3 156.4 667.6 63 1594 

13 3#  2.8 1.5 471.4 142.5 137.9 709.3 68.4 1535 

14 3#  3 1.8 453.1 253.3 137.1 558.6 26.8 1435 

16–1 3#  2.3 1.1 276.9 153.9 7.8 426.3 24.8 895 

16–2 3#  1.1 0.5 261.5 100.7 25.1 434.6 31.2 856 

17–1  3#+15# 4.7 1.5 339.5 132.3 4.9 660.9 17.5 1164 

17–2 3#+15# 5.8 0.5 346.5 135.2 13.6 640.9 29.3 1175 

17–3 3#+15# 4.3 1.4 345.4 126 19.8 646.4 25.7 1171 

17–4 3#+15# 4.4 1.4 369.6 127.8 11.1 740.9 17.8 1277 

17–5 3#+15# 3.8 1.5 348.3 112.9 22.6 639.8 43 1174 

17–6  3#+15# 4.7 3 340.4 115.5 10.3 710.6 9.5 1198 

17–7 3#+15# 2.7 1.4 318.2 84.9 6.6 675 15.8 1106 

18–1  3#+15# 6.7 5.3 303.8 248.2 9.5 390.6 14.6 981 

18–2  3#+15# 2.9 3.3 239.5 112.1 20.6 400.2 23 804 

18–3  3#+15# 2.7 3.1 226.8 83.2 11.9 440.6 17.8 790 

19–1  3#+15# 4.9 1.2 421.4 433.7 74.1 273.3 14.6 1225 

19–2 3#+15# 1.6 2 308.7 236 83.1 255.8 33.8 922 
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20–1 3#+15# 1.7 0.6 360 275 32.9 406.9 21.9 1100 

20–2 3#+15# 1.4 0.7 286.9 103.4 30.5 471.7 40.6 937 

20–3 3#+15# 1.7 0.7 274.8 85.5 17.7 488.9 40.6 912 

21 3#+15# 4.7 3.3 826.9 967.8 19.4 458.9 43.8 2329 

22–1  15# 91.3 233.7 1208.2 2400.7 22.2 503.9 0 4462 

22–2 15#  36.6 63.3 605 749.3 14 753.6 0 2230.7 

22–3  15#  24.7 44.1 590 623.5 13.2 683.6 49.6 2034 

22–4  15#  23.2 15.4 521.3 377 3.7 839.1 23 1805.4 

22–5  15#  27.4 8.4 495.5 285.4 16.5 846.4 43.2 1725.3 

23–1  15#  3.5 6 615.7 536 8.2 678.6 34.3 1885.2 

23–2  15#  3.3 6.1 362.8 132.8 24.3 708.4 21.9 1263 

23–3 15# 4.1 8.1 416.2 128.4 153.1 689.4 28.1 1430 

23–4 15#  3.7 4 352.1 112.6 9.1 694.9 33.5 1212 

23–5  15#  2.5 4.9 344 99.8 14.4 715.2 23.7 1208 

24–1  15#  1.7 2.6 291.1 109.8 9.1 525.7 32.1 977 

24–2  15#  1.8 3.6 353.2 109.1 147.8 530 28.1 1175 

24–3 15#  2.2 2.2 301.7 132 9.5 523.2 28.1 1001 

24–4  15#  1.9 2.3 279.8 117.6 14.4 453.4 44.7 916 

24–5  15# 1.4 3.7 292.8 105.2 17.3 493.7 52.8 969 

24–6  15# 1 1.1 291 87.5 5.4 564.8 29.3 982 

25–1 15#  2.4 0.8 538.4 455.5 7.8 568.7 42.4 1619.2 

25–2 15#  3.2 0.4 313.4 91.3 13.2 596.9 40.5 1062 

25–3  15#  2.3 1 320.5 106.9 21.8 607.9 24.3 1088 

25–4  15#  1.7 3.8 321.5 112 13.2 605.1 37.1 1099 

25–5  15#  2.1 1.3 323.2 112.9 18.5 591.5 32.6 1084 

26–1 15#  4.9 0.1 307.3 98.6 6.6 592.6 33.6 1047 

26–2  15#  3 0.5 308.4 95 6.2 600.9 29.5 1045 

26–3  15#  2.3 1.4 300.8 79.1 20.6 598.3 31.1 1038 

26–4 15#  3.2 1.4 309.3 87.5 19.4 603.6 32.6 1060 

26–5 15#  1.9 1.3 317.4 81.4 32.9 584 47.5 1069 

27–1 15#  4.4 1.1 342.7 95 102.5 592.2 22.8 1163 

27–2 15#  1 1 297.2 80.9 9.1 577.7 34.8 1004 

27–3  15#  1.6 3.2 296.2 86 7.8 608.2 23.8 1030 

27–4  15#  1.8 1.1 304.8 84.3 27.2 565.3 39.2 1026 

27–5  15# 1.7 1.6 294.1 78.8 12.4 585.5 31.2 1008 

27–6  15# 1.3 1 310 80.5 27.2 571.9 44.5 1038 

28–1 15#  4.8 1.5 857.9 907.4 4.1 652.8 43.3 2475.4 

28–2  15#  6.6 1.1 402.9 199.7 13.6 690.6 24.8 1342 

28–3  15#  7.4 2.2 417.4 160.1 114.8 679.4 22.8 1406 

28–4  15#  5.7 0.7 366.5 146 10.7 684 24.1 1240 

28–5  15#  5.5 0.9 355.8 135.2 5.4 673.6 30.8 1211 

28–6  15#  4.4 1.9 341.9 114.7 13.6 715.2 8.9 1207 

28–7 15#  4.9 2 331.5 104.9 12.4 712 5.4 1179 

29–1  15#  2 0 377.4 196.2 6.6 573.8 44.8 1202.7 

29–2  15#  1.9 0.6 289.2 60.9 7.4 592.6 36.5 991 

29–3  15#  2 1.2 349 52.8 147.8 600.3 30.8 1186 

29–4  15# 1.4 1.3 290.3 56.5 21.8 602.4 31.1 1008 

29–5 15#  1.7 2.1 296 62.2 21 630.7 20.8 1037 
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29–6  15#  1.2 1.4 287.8 53.4 4.1 615.4 31.6 997 

30–1  15#  96.8 194.2 970.9 2071.7 19.8 240.8 11 3607.3 

30–2  15#  22.8 59.8 402.1 608 10.7 403.7 0 1516 

30–3  15#  17 32.6 680.2 914.2 8.2 397.4 3 2.7 2091.6 

30–4  15#  10.9 21.4 356.9 337.3 8.2 430.6 33.7 1200 

30–5  15#  10.7 10.7 310.4 207.3 2.5 505.2 24.5 1072.9 

30–6  15#  8.3 10.7 304.5 183.2 14.4 476.2 40.3 1039.7 

30–7  15#  7.1 9.5 287.6 152.4 6.6 525.1 21.6 1012.8 

31 3#  1.9 0.8 370.9 166.6 14 687.2 9.5 1259 

32 3#  2.5 0.3 300.6 71.4 2.9 630.7 25.7 1036 

35 3#  2.4 0.8 321.9 157.5 11.5 536.8 21.5 1054 

36 3#  3.2 0.9 348.8 221.3 20.2 462.7 40.6 1103 

37 3#  2.8 0.4 257.8 94.3 23.9 466.8 17.6 865 

38 3#  2 0.4 240.9 78.1 20.6 396.5 46.1 786 

39 3#  3 1.5 216.8 141.3 18.1 231.6 47.5 661 

40 3# 4.2 0.9 652.3 433.5 9.5 878.2 57.3 2038 

41 3#  2.3 0.5 312.6 88.6 14.4 609.6 32.1 1063 

42 3#  3 3 736.3 738 13.6 594.9 50.1 2142 

43 3#  2.7 2.4 295.1 122.6 6.6 544 23 999 

44–1  3#  1.7 1 334.9 180.3 17.7 504 37.1 1082 

44–2  3#  1.7 1 325.3 139.2 28.8 525.1 37.1 1060 

45–1 3#  131.4 210.9 1630.2 3075.9 5.8 508.9 0 5572.3 

45–2  3#  127.9 177.7 1663.9 3080.4 5.8 464.9 0 5552.5 

45–3  3#  112.9 170 1658.3 2980.7 3.3 474.5 0 5404 

46–1  3#  105.5 265.2 1036.3 2401.4 22.6 244.7 0 4076.8 

46–2 3#  100 161.8 1728.1 3043.9 15.2 483.3 0 5550.2 

46–3  3#  49.3 65.4 760.2 1315.5 18.9 213.2 0 2425 

47 3#  3.4 4.1 438.4 353.7 7.4 460.4 58.4 1327 

 

Table 2 Isotopic composition of the CBM co-produced water from the Shizhuangnan block 

Well no. Producing coalbeds δDVSMOW(‰) δ
18

OVSMOW(‰) δ
13

CVPDB(‰) 

1 3# -84.8 -11.2 -11.8 

2-1 3# -84.3 -11.4 -6.8 

2-2 3# -83.6 -11.3   

3 3# -88.7 -13.1 1.8 

4-1 3# -82.3 -12.7 4.2 

4-2 3# -82.4 -11.3   

5 3# -79.2 -10.9   

6 3# -70.6 -7.8   

7 3# -91 -12.6 17.5 

8-1 3# -80.6 -12.7 24.5 

8-2 3# -81.1 -10.9   

9-1 3# -84.4 -12.2 2.3 

9-2 3# -83.9 -11.2   

9-3 3# -64.4 -8.3 0.8 

10 3# -75.7 -11 15.9 

11 3# -84.5 -11.2   

12-1 3# -77.8 -10.9   

12-2 3# -78.5 -10.8   
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12-3 3# -79 -10.6   

13 3# -78.2 -10.6   

14 3# -81.6 -10.5   

15-1 3# -80.4 -10.9   

15-2 3# -80.5 -11.1   

16 3# -83.9 -12.5 -6.2 

17 3#+15# -83.7 -12 7.9 

18 3#+15# -83.5 -10.2 -2.5 

19 3#+15# -83.6 -11.5 -11.9 

20 3#+15# -82.7 -12.1 -8.6 

21 3#+15# -82.6 -12.2 4.8 

22-1 15# -80.7 -11.3   

22-2 15# -81.9 -11.2   

23-1 15# -80.9 -11.1 13.4 

23-2 15# -84.2 -10.2 14.6 

23-3 15# -83.7 -11.8 12.7 

23-4 15# -84.2 -11.4   

24-1 15# -81.2 -11.3   

24-2 15# -82.7 -11.6 -4 

24-3 15# -83.7 -11.1 -4.4 

24-4 15# -83.8 -11.2   

25-1 15# -82.7 -11.7 8.6 

25-2 15# -84.3 -11 9.1 

26 15# -84.8 -11.4 10.6 

27 15# -83 -11.1   

28-1 15# -80 -11.6 20.7 

28-2 15# -83 -10.4 20.9 

28-3 15# -81.9 -11.5 19.9 

28-4 15# -83 -11.1   

28-5 15# -88 -13 17.1 

29-1 15# -84.3 -11 6.6 

29-2 15# -85.5 -11.7 5.8 

29-3 15# -84.1 -11.2   

29-4 15# -90.2 -11.3 5 

 
4 Results and Discussions 

 
4.1 Hydrochemical characteristics of the CBM co-produced water 
4.1.1 Elemental composition  

The geochemical evolution of coal seam water involves the water rock action such as dissolution, 
filtration, oxidation, desulfurization and ion exchange. The migration of elements depends on the 
solubility of a compound. Both dissolution and migration of an element are affected by various factors 
such as ion concentration, pH, temperature and water exchange conditions. A better groundwater 
circulation condition could lead to a faster migration and transfer of elements and lower content (Van 
Voast, 2003; Schofiel et al, 2004; Rice et al, 2008). 

The data points with continuous drainage and mining time more than 300 days were removed, and 
the regional isogram of the measured chemical ions was plotted (Fig 5). 

The origin and the properties of K
+
 are similar to those of Na

+
, though the K

+
 content is significantly 

lower than Na
+
 due to the K

+ 
extensively forms insoluble secondary minerals such as hydromica, 

montmorillonite, and sericite. Therefore, K
+
 and Na

+
 are similar in terms of the ionic properties. The 

solubility of K
+
 and Na

+
 is better than that of Ca

2+
 and Mg

2+
, resulting in an easy dissolution and 

stronger migration capacity for the former pair. Therefore, Na
+
 and Cl

-
 enrichment together with the 

Ca
2+

 and Mg
2+

 reduction could suggest better gas reservoir sealing conditions.  
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Due to the atmospheric fresh water, the concentration of Cl
-
 in the Shizhuangnan block is 

significantly lower than that of seawater. With increasing burial depth, the Total Dissolved Solids (TDS) 
in formation water increases. Additionally, the positive correlation of Cl

-
 concentration with TDS 

indicates that the formation depth was less affected by the atmospheric fresh water. 
In the recharge area, the water has a higher oxygen content. Consequently, the oxidation of sulfide in 

coal seam such as pyrite increases the SO4
2-

 content and lowers the pH, resulting in the acceleration of 
the dissolution process of carbonate and an increase in Fe

2+
 and SO4

2-
 in water. The sulfide oxidation 

only occurs in the shallow water-dissolved oxygen zone and the oxidation is stronger closer to the 
intersection of gas and water. Atmospheric precipitation replenishes the oxygen in the aquifer to 
continue the oxidation reaction. 

SO4
2-

 indicates the existence of the oxidation environment. A large amount of SO4
2-

 in coal seam 
water suggests that the sealing condition is insufficient. The desulphurization reaction in the coal seam 
with weak water runoff occurs due to the sulfate-reducing bacteria, resulting in an increased HCO3

-
 

concentration and decreased SO4
2-

 concentration. The eastern recharge belt is close to the outcrop and 
is an oxidizing environment, while the western region gradually transits to a reducing environment with 
the elevation of the coal seam and a weakening hydrodynamic condition. The isogram of water ion 
suggests that the center of stagnant water confluence is from east to west, especially two secondary 
synclines. Na

+
, K

+
, Cl

-
, HCO3

-
 and TDS show an increasing trend, and a high correlation (Fig.5 a, b, c, 

and f), while only SO4
2-

 exhibited the opposite trend, because devulcanization occurs in the stagnation 
area of the reduction environment (Fig. 5 (d)). 

It is worthy to note that the deeply buried coal seam in the north of the study area is highly likely to 
contribute to the sandstone aquifer due to the highly developed fault. The ion concentration of 
sandstone is less than that of coal seam water because the former has a stronger hydrodynamic 
condition. In contrast, the introduction of sandstone water through faults resulted in the water yield of 
drainage wells, which was significantly higher in this region than that in the south, while the ion 
concentration of coal seam water was diluted. The concentration of Na

+
, K

+
, Cl

-
, Ca

2+
, Fe

2+
, and HCO3

-
 

in the northern stagnant flow area is even lower than that in the southern runoff area, forming a unique 
sandstone-coal seam water mixture in the northern fault development area. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
(a)                                  (b)                                    (c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(d)                                   (e)                                 (f) 

Fig. 5. Contour map of conventional chemical ion concentration in water (mg/L). 
(a)Contour map of Na

+
 content of No.3 coal; (b)Contour map of Cl

-
 content of No.3 coal; (c)Contour map of HCO3

-
 content of No.3 coal; 

(d)Contour map of SO4
2-

 content of No.3 coal; (e)Contour map of Fe
2+

 content of No.3 coal; (f)Contour map of TDS content of No.3 coal. 
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4.1.2 Water type 

Groundwater is classified mainly based on the salinity, ionic composition, and proportion of water. 
The Su Lin’s classification is based on the equivalent ratio of main ions in water samples and the 
strength of chemical action. For example, rNa

+
 > rCl

-
 or rNa

+
 < rCl

-
 in the water could lead to anions 

and cations combining in different order (r represents the milligram equivalent of ions, meq/L), 
whereas Na2SO4 type water is produced when rNa

+
 - rCl

-
/SO4

2-
 < 1 (rNa

+
 > rCl

-
). Similarly, NaHCO3, 

MgCl2 and CaCl2 types are produced when rNa
+
 - rCl

-
/SO4

2-
 > 1(rNa

+
 > rCl

-
), rCl

-
 - rNa

+
/rMg

2+
 < 

1(rNa
+
 < rCl

-
), and rCl

-
 - rNa

+
/rMg

2+
 > 1(rNa

+
 < rCl

-
), respectively. Each type of water corresponds to a 

particular environment, for example, Na2SO4 and CaCl2 types represent poor and good hydrological 
closure in continental environments, respectively. The NaHCO3 type water is between the above two 
types, whereas the MgCl2 type represents the marine environment. According to the water sample 
analysis, the wells in Shizhuangnan block generally contained the NaHCO3 type water, while a few 
belonged to the CaCl2 type water, confirming that a weak runoff-stagnation area is dominant in the area, 
with a strong runoff area or recharge area. The CaCl2 type water is mostly distributed in the stranded 
area, and a small portion is distributed in the transition zone. The NaHCO3 type water is distributed in 
the transition zone (Fig. 3).  

 
4.1.3 Desulfurization coefficient  

Atmospheric precipitation flows from the shallow outcrop to deep coal reservoir, through a series of 
complicated physical, chemical and biological evolution, before discharged to the surface as the output 
of coalbed methane well water. The NaHCO3 type coalbed methane well water generally has a 
relatively stable ionic composition and goes through a series of the physical, chemical and biochemical 
reaction process, including dissolution and precipitation, ion exchange, sulfate reduction, and 
methanogenesis. 

Biological methane production is an important chemical reaction in coal reservoir and occurs in a 
reduced environment with a low sulfate concentration, abundant organic matter, optimal temperature, 
and in-situ environment (Rice et al, 1981). It is reported the presence of sulfate-reducing bacteria in 
Chengzhuang of Qinshui Basin and the biogenic methane was confirmed in the southern shallow strata 
of the Qinshui Basin by methane carbon isotope (Su et al, 2008; Song, 2016). Therefore, identifying the 
chemical reactions responsible for producing methane is useful to understand the evolution of 
groundwater in this area (Van Vost, 2003). 

Since the area does not have a large-scale seawater intrusion, sulfur content is low at about an 
average of 0.14% (Zhang et al, 2017). The sulfide in coal is generally in the form of highly dispersed 
bulk pyrite derived from plant debris. Additionally, coal seam and its adjacent reservoirs do not contain 
any gypsum and have an extremely low sulfate concentration. Past studies suggest that sulfates in coal 
reservoir water are most likely to be consumed by desulfurization with complete the desulfurization 
occurs in an anaerobic environment. Therefore, it can indirectly reflect the openness of the groundwater 
environment. 

The desulfurization coefficient (DC) is defined in this study as follows to represent the 
desulfurization effect in water: DC=100×rSO4

2-
/rCl

-
. Groundwater redox environment and the sealing 

ability of coalbed methane reservoirs can also be indirectly characterized using DC. DC is lower than 
4.14 if the air content exceeds 320m

3
/t. For the study area, a higher degree of desulphurization can 

result in lower the DC, leading to better seal formation, the intense reduction, and better the storage 
conditions of CBM. 

The analysis of experimental data indicates that a DC of 10 can be used to further investigate DC 
and the influence of the south Shizhuang Block and to determine whether a reductive condition is 
favorable. Coal seams with a DC of less than 10 are generally buried in a closed environment, which is 
conducive to the accumulation and enrichment of coalbed methane. In the south Shizhuang Block, 
water with TDS of more than 1594 was almost completely desulfurized except 4-2, whereas only about 
40% of water with a salinity of less than 1000 mg/L was completely desulfurized (Table 3). 

 
Table 3 DC of the CBM co-produced water and Maximum gas rate from the Shizhuangnan block 

Well no. Producing coalbeds Depth of the coalbed(m)  Maximum gas rate (m
3
/t) DC 

1 3# 547 0 0.965 

2 3# 774 190 1.607 

3 3# 502     

4 3# 582 260 0.618 

5 3# 581     

6 3# 633 90 37.169 

7 3# 761     

8 3# 774 1578 2.573 

9 3# 595 0 2.625 
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10 3# 577 3750 0.296 

11 3# 657     

12 3# 523 380 1.235 

13 3# 518 280 48.386 

14 3# 554 150 27.063 

15 3# 608 1905   

16 3# 755 0 2.534 

17 3#+15# 561 1368 1.852 

18 3#+15# 670 0 1.914 

19 3#+15# 972 0 8.543 

20 3#+15# 659 0 5.982 

21 3#+15# 755 710 1.002 

22 15# 878     

23 15# 852 106 0.765 

24 15# 662 480 4.144 

25 15# 686 0 0.856 

26 15# 657 320 3.347 

27 15# 665     

28 15# 650 680 0.226 

29 15# 787 0 1.682 

 
4.2 Isotopic composition of the CBM co-produced water 

The hydrogen and oxygen isotope composition of water could be used to identify the groundwater 
source. The following equation of atmospheric precipitation line in China was adopted: δD = 
7.9δ

18
O+8.2. According to Fig 6, the water samples taken are distributed near the atmospheric 

precipitation line, indicating that the source of coal seam water is predominantly atmospheric 
precipitation. 

Because of the low permeability and water content of coal seam, the influence of evaporation on the 
water in the original coal reservoir (No. 3 and 15) is not stronger than that of limestone water. In 
general, the generation of water in No. 3 coal seam is more efficient than that in No. 15 coal seam. The 
hydrogen-oxygen isotope distribution in water samples produced by No. 3 coalbed methane well is 
relatively discrete, indicating that the heterogeneity of coal reservoir has a great influence on the 
isotopic composition of coal seam water. In the No. 3 coal seam water run-off, the oxygen-containing 
mineral elements are constantly dissolved and the heavier isotope oxygen atoms in the oxygen-bearing 
mineral are easy to exchange with the lighter oxygen atoms in the coal seam water. The constant 
enrichment of 

18
O in water resulted in 

18
O isotope drift (Wang et al, 2015). See equation: 

CaCO2
18

O (calcite) + H2
16

O ⇋ CaC
16

O3 + H2
18

O; 
Si

16
O

18
O (quartzor or chalcedony) + H2

16
O ⇋ Si

16
O2 + H2

18
O; 

CaAl2Si2
16

O7
18

O (feldspar) + H2
16

O ⇋ CaAl2Si2
16

O8 + H2
18

O; 
4(Mg, Fe)5Al2Si3

16
O10(

16
OH)7(

18
OH) (chlorite) + H2

16
O ⇋ 14(Mg, Fe)5Al2Si3

16
O10(

16
OH)8 + H2

18
O;  

H2O + Dcoal ⇋ HDO + Hcoal. 
The D drift phenomenon is caused by the coal seam water runoff through the relatively independent 

water diversion network formed by the coal seam cracks. During this process, water is fully in contact 
with the coal seam, and the coal and roof contain a large number of micrite and clay minerals. The clay 
minerals in the coal seam can easily adsorb the electrolyatoms in the hydrogen mineral, while the 
heavier deuterium atoms can easily generate the isotope exchange reaction with the regular hydrogen 
atoms in the water. Consequently, the D isotopes in the coal seam water are constantly enriched to form 
the D drift (Wu et al, 2007; Zhang et al, 2007; Hu et al, 2007). The equilibrium reaction for the isotope 
exchange is shown below : H2O + Dcoal ⇋ HDO + Hcoal. 

In conclusion, the fundamental reason for the hydrogen and oxygen isotope drift is the exchange 
reaction of groundwater and aquifer media with the dissolved mineral components. 
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Fig. 6. Characteristics of hydrogen and oxygen isotopes in co-produced water. 

 
4.3 Microorganism distribution and abundance characteristics 
4.3.1 Introduction to microbiology 

Methanogen bacteria are the archaea and anaerobic bacteria from the autotrophic or mixed nutritive 
types. They can produce methane through a complex biochemical metabolism, which is maintained 
using hydrogen and carbon dioxide, formate, methanol and acetate. Methanogen bacteria have various 
forms, including rods, regular and irregular spheres, spirals, long chains, and octuples. The systematic 
classification of methanogen bacteria is mainly based on the characteristics such as morphology, 
physiology, and molecular characteristics. The development of identification technology has improved 
the systematic classification methods and techniques of methanogen bacteria. Consequently, over 200 
methanogen archaea have been isolated and identified. Methanogen can be divided into 3 classes, 5 
orders, 10 families and 31 genera. Similarly, sulfate-reducing bacteria are heterotrophic anaerobic 
microorganisms and widely exist in the anoxic environment such as soil, seawater, rivers, and oil and 
gas wells. 

 
4.3.2 Operational Taxonomic Units (OTU) Venn analysis 

The calculated abundance for each sample in OTU indicated the species richness of the sample. At 
97% similarity, the number of OTU per sample was obtained. The Venn diagram can be used to show 
the total number of OTU in multiple samples and their respective specific OTU numbers to visually 
highlight the overlap of OTU between samples. Combined with the species represented by OTU, core 
microbes in different environments can be identified. Fig 7 shows the result of the OTU Venn diagram. 
The number of overlapping parts between different colors representing different samples or groups is 
the number of OTU in common among three groups. Similarly, the number of overlapping colors is the 
number of OTU between multiple samples or groups. As per the Venn diagram, differences in the types 
of microorganisms between coal seam No.3 and No.15 exist, though they have a similar population 
distributions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 7. OTU Venn diagram. 

 
4.3.3 OTU Rank curve 

OTU Rank curve is useful to define the species diversity in samples based on the species richness 
and the sample evenness. The horizontal axis represents the abundance of species in the samples, while 
the vertical axis indicates the evenness of species. A wider curve suggests higher species richness, 
whereas a flatter curve indicates a higher species evenness. The relative abundance of each OTU in 
each sample is ranked from large to small, with the rank and the relative abundance of OTU as the 
horizontal and vertical coordinates. As per Fig. 8, the composition of species in this study is rich and 
the uniformity among samples is low, indicating that the content of various microorganisms in the coal 
reservoir is significantly different. 
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Fig. 8. OTU rank curve. 

4.3.4 Species annotation analysis 
Methanobacteriales, Methanomicrobiales, and Methanosarcinales were detected from the order level 

under Methanobacteria, while Nitrososphaerales were detected under Crenarchaeota. Furthermore, 
Desulfarculales, Desulfovibrionales, Desulfuromonadales, and other sulfate reductants were detected 
under Deltaproteobacteria (Fig. 9(a)). Most methane-producing bacteria belong to 
Methanobacteriformes, while sulfate reductants are mainly composed of Desulfovibrionales (Fig. 
9(b)(c)). 

According to the analysis of 16SrDNA, the microbial composition of different coal seams in the 
study area was different and the No. 3 coal seam drainage well had significant differences in different 
hydraulic zones. Based on the microbial sequencing results, the geochemistry of bacteria was studied 
and the connection between microbial activity and the hydrochemical field of coal reservoir in the 
study area was established to create the microbial activity zones. 
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(b)                                                          (c) 

Fig. 9. (a) Plot of the order classification level; (b) Absolute abundance of methanogenic archaea; (c) Absolute 

abundance of sulfate-reducing bacteria. 

 
4.4 Mechanism of microbial geochemistry in coal reservoir 

The 16S rDNA sequencing of water microorganism produced from coal No. 3 in the Shizhuangnan 
block was conducted to detect the natural bacteria such as methanogens and sulfate-reducing bacteria. 
In the study area, microbial functional groups are responsible for the sulfate reduction, hydrogen 
sulfide anaerobic oxidation, sulfur disproportionation, methane production, and methane anaerobic 
oxidation. In this study, the action mechanism of microorganism in the study area and its control of the 
hydrochemical field are discussed and the microorganism action zone is divided. It should be noted that 
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the northern fault zone communicates a large amount of sandstone aquifer, and the sandstone water is 
lack of nutrients compared with the coal-water. Therefore, methanogen bacteria and sulfate-reducing 
bacteria are not developed and the sulfate reduction effect is not significant to fully understand the 
microbial action in the coal seam. Consequently, the microbial geochemistry in the southern slope zone 
of No.3 coal reservoir was investigated. 

The methane isotope shows the predominant presence of thermogenic gas consistent with the burial 
and hydrocarbon generation history for the high-rank coal reservoirs in the Qinshui Basin (Guo et al, 
2015). However, the high abundance of methanogen bacteria detected by the coal and water samples in 
the Qinshui Basin indicates the presence of some secondary biological gases, which is inconsistent with 
the test results of methane hydrocarbon isotopes. Therefore, it is hypothesized that the methanogen 
bacteria existed in the study area, though at a significantly lower amount of biogenic gas than that of 
thermogenic gas, leading to insignificant isotope fractionation effect of microorganisms. Similarly, the 
study also hypothesizes that the biogenic gas generated by methanogen bacteria is primarily consumed 
in the methane production zone, which is closely connected with the methane anaerobic oxidation zone. 
However, a large proportion of biogenic gas in the long-buried history could be produced despite the 
lower generation of biogenic gas, if the growth condition of methanogen bacteria is reached. Therefore, 
a consumption mechanism of biogenic methane must be present. Since this mechanism involves the 
sulfate reduction, it is analyzed and discussed in combination with the microbial action. 

 
4.4.1 Sulfate reduction mechanism 

Sulfate reduction is an important productive metabolic pathway for anaerobic microorganisms and is 
of a great significance to the global sulfur and carbon cycles (Shen et al, 2001). Sulfate reduction 
microorganisms are strictly anaerobic microorganisms and their metabolic process utilizes sulfates 
(SO4

2-
) as electron acceptors, and organic matter or hydrogen as electron donors (Luo et al, 2010; Li et 

al, 2017). In addition to oxidizing the organic matter, the reaction produces a by-product, namely H2S, 
as shown below: 

2CH2O + SO4
2-

 → 2HCO3
- 
+ H2S; 

4H2 + SO4
2- 

+ 2H
+
 → 4H2O + H2S. 

During the process of microbial reduction of sulfate, the sulfur isotope fractionation occurs, with the 
light isotope (

32
S) is mainly concentrated in H2S. The reaction between H2S and metal ions produces 

sulfide such as pyrite, removing the sulfur from the surfactant sulfur circulation system, leading to the 
gradual accumulation of heavy isotopes (

34
S) in the residual water. Sulfur isotope fractionation caused 

by the sulfate reduction changes with the SO4
2-

 concentration and consumption rate.   
Hydrogen sulfide anaerobic oxidation bacteria and inorganic oxidation of high-priced metal ions 

have the following two reaction mechanisms: 
1) Mn

6+
, Fe

3+
, and NO3

-
 can oxidize the H2S gas produced by sulfate-reducing bacteria into sulfur 

intermediate products such as SO3
2-

, S2O3
2-

 and S
0
, as follows: 

H2S + MnO2 (Fe
3+

, NO3
-
) → S

0
 + Mn

2+
 (Fe

2+
) + 2OH

-
; 

2H2S + MnO2 (Fe
3+

, NO3
-
) → S2O3

2-
 + Mn

2+
 (Fe

2+
) + 2OH

-
; 

H2S + MnO2 (Fe
3+

, NO3
-
) → SO3

2-
 + Mn

2+
 (Fe

2+
) + 2OH

-
. 

These intermediate products of sulfur could be further oxidized to SO4
2-

 by ions such as Fe
3+

 and 
NO3

-
 as shown below:  

S
0
 + 3MnO2 + 4H

+
 → SO4

2-
 + 3Mn

2+
 + 2H2O; 

S
0
 + 6Fe

3+
 + 4H2O → SO4

2-
 + 6Fe

2+
 + 8H

+
; 

S
0
 + 2FeOOH → SO4

2-
 + 2FeS + 2H

+
; 

S2O3
2-

 + 3MnO2 + 4H
+
 → 2SO4

2-
 + 3Mn

2+
 + 2H2O; 

S2O3
2-

 + 6Fe
3+

 + 4H2O → 2SO4
2-

 + 6Fe
2+

 + 8H
+
; 

S2O3
2-

 + FeOOH → SO4
2-

 + FeS + 2H
+
; 

SO3
2-

 + 3MnO2 + 4H
+
 → SO4

2-
 + 3Mn

2+
 + 2H2O; 

SO3
2-

 + 6Fe
3+

 + 4H2O → SO4
2-

 + 6Fe
2+

 + 8H
+
; 

SO3
2-

 + 2FeOOH → SO4
2-

 + 2FeS + 2H
+
. 

Or sulfur disambiguation reaction (SDB), which could further react with water to form SO4
2-

 and 
H2S, thus forming the cycle of sulfur elements, as follows: 

4S
0
 + 4H2O → 3HS

-
 + SO4

2-
 + 5H

+
; 

4S2O3
2-

 + H2O → HS
-
 + SO4

2-
 + H

+
; 

4SO3
2-

 + H
+
 →HS

-
 + 3SO4

2-
;  

2CH2O + BaSO4 → BaCO3 + CO2 + H2S + H2O. 
Sulfur intermediates, namely SO3

2-
 and S2O3

2-
, can exchange oxygen elements with H2O during the 

disproportionation reaction, resulting in oxygen isotope fractionation in water. This is one of the 
mechanisms that explain the oxygen isotope drift of water samples in the study area. 

2) Mn
6+

, Fe
3+

, and NO
3-

 can oxidize H2S to SO4
2-

, according to the following equation: H2S + MnO2 

(Fe
3+

, NO3
-
) → SO3

2-
 + Mn

2+
 (Fe

2+
) + 2OH

-
. Under this mechanism, SO3

2-
 and S2O3

2-
 

disproportionation reaction, SO4
2- 

and the water of oxygen isotope exchange does not happen. SO4
2-
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and the water of oxygen exchange are significantly slower, while SO3
2-

 and S2O3
2-

 with oxygen 
exchange of water occur quickly and more than 50% of the oxygen exchange is completed within 5 
min (Johnston et al, 2008). Therefore, the composition of oxygen isotopes can be used to distinguish 
sulfate reduction and sulfur disproportionation. Because the oxygen isotope in the natural SO4

2-
 is 

generally heavier than that of water in the natural water body (δ
18

OSO4 is between -2 ~7‰), the 
negative anomaly of the SO4

2-
 oxygen isotope or the positive anomaly of the H2O isotope can be used 

to determine the existence of sulfur disproportionation. 
In addition to being oxidized to SO4

2-
, S2O3

2-
, S

0
 and other oxidation intermediates, the sulfate 

reduction reaction can occur, and a certain degree of sulfur isotope fractionation (6%-11%) can be 
formed, as shown in the equation below: 

4H2 + S2O3
2-

 + 2H
+
 → 4H2O + H2S (δ

34
 S2O3

2-
 - δ

34
S

2-
 = 7‰ -11‰);  

4H2 + SO3
2-

 + 2H
+
 → 4H2O + H2S (δ

34
 SO3

2- 
- δ

34
S

2-
 = 6‰). 

In this study, the oxidation of precious ions is an important mechanism of H2S oxidation.  
The gas composition and water chemistry in this study also support the following conclusions. 

Firstly, non-detection of H2S gas in the gas composition test of the coal reservoir together with the 
detection of a large number of sulfate reductants by the 16S rDNA sequencing of water samples 
produced from the coal reservoir indicate an active microbial sulfur cycle. In the south of the study area 
(Fig 10(b)), SO4

2-
 shows a trend of gradual decrease, and the existence of sulfate reduction is confirmed 

from the side. With the decrease in the SO4
2- 

concentration by metabolism, the absolute abundance of 
sulfate reductants detected by the 16S rDNA sequencing decreased significantly in the two secondary 
inclinations of western stagflation, as shown in the red column diagram of Fig 10(b), indicating the 
sensitivity of sulfate reductants to the SO4

2-
concentration. 

Secondly, the sulfate-reducing bacteria are typical anaerobic heterotrophic microorganisms, the 
metabolic activities of which consume organic matter. As such, the abundant organic compounds in 
coal seams may become an important energy source. The metabolism of sulfate-reducing bacteria 
generates CO2 and dissolves inorganic carbon, CDIC (Fig. 10(c)(d)). In the study area, the CO2 content 
gradually increased from the east to west, indicating the metabolic effects of heterotrophic 
microorganisms such as sulfate-reducing bacteria and methanogens. The negative soluble inorganic 
carbon isotope in the east indicates that the anaerobic oxidation of organic compounds by heterotrophic 
bacteria such as sulfate-reducing bacteria results in the partially negative dissolved inorganic carbon. 
The positive dissolution of inorganic carbon isotopes in the west suggests the carbon isotope gradient 
formed by the biological pump effect of the heterotrophic microorganisms, while the negative soluble 
inorganic carbon isotope in the east indicates that the anaerobic oxidation of organic compounds by 
heterotrophic bacteria such as sulfate-reducing bacteria results in the partially negative dissolved 
inorganic carbon. The above findings are consistent with those of Hong (2014) and Komada (2016) on 
the sulfate-methane conversion zone in the marine sediments. 
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Fig. 10. Chart of the microorganism circulation mechanism in the study area. 
(a) CH4 content and methanogen abundance (MA); (b)SO4

2-
 content and sulfate reducing bacteria abundance (SRBA); (c)Contour map of 

CO2 content of No.3 coal; (d)δ
13

CDICVPDB in co-produced water of No.3 coal. 

 
4.4.2 Consumption of methane by methanogens 

Microbial sulfur cycling plays an important role in the anaerobic oxidation of methane 
(AOM)( Wang et al, 2017; Lei et al, 2018). The methane consumption mechanism is mainly governed 
by the functional group of methane-anaerobic oxidative microorganisms from the archaea domain and 
by the functional group of aerobic oxidative microorganisms of methane from the bacterial domain. 
Further, the anaerobic oxidation of methane mainly occurs through the symbiosis of methane-anaerobic 
oxidation archaea and sulfate reduction bacteria (Hinrichs et al, 1999; Orphan et al, 2001). In the 
modern marine cold spring estuary, a large number of methane-anaerobic oxidative and 
sulfate-reducing microbial functional groups have been found (Blumenberg et al, 2010).  

In the modern marine sediments, SMTZ is present. In this transition zone, methane concentration is 
high due to the action of methane-producing microbial functional groups. Due to the high concentration 
of sulfate above the transition zone, most methane is consumed by the anaerobic archaea of methane in 
the transition zone through the symbiosis with the sulfate-reducing bacteria. It is estimated that more 
than 90% of methane is consumed through the anaerobic oxidation (Valentine, 2011). It is hypothesized 
that SMTZ also exists in the hydromechanical field of the coal reservoir in the Shizhuangnan Block.  

SMTZ is present between the runoff zone and the stagnation zone in the study area. The hydrological 
stagnation in the transition zone, especially in the west of two secondary syncline, is due to the high 
methane concentration (high gas province) produced by the methane-producing microbial functional 
group(Fig10(a)). Additionally, the methane-producing archaea absolute abundance is higher because of 
the biological methanogens carbon isotope fractionation effect, forming a heavy dissolved inorganic 
carbon (Fig10(d)). 

Due to the high concentration of sulfate above the transition zone, most of the methane and organic 
compounds are consumed by the anaerobic archaea of methane through the symbiosis with the 
sulfate-reducing bacteria, resulting in the production of CO2 gas and the formation of the "light" 
dissolved inorganic carbon. This is consistent with the increase of CO2 content in this area and the 
negative deviation of dissolved inorganic carbon isotope. 

Sulfate-reducing bacteria strongly competes with methane-producing bacteria, since their 
metabolism requires common substrate such as H2 and CO2. Furthermore, methane from 
methane-producing bacteria are directly consumed by sulfate-reducing bacteria. As shown in Fig. 11, 
from the runoff area to stagnant area, sulfate-reducing bacteria coexist with methane-producing 
bacteria (No. 3 coal seam in elevation between 300 m-350 m), and it is absolute abundances are higher 
than that of methane-producing bacteria. Only in the methane-producing belt (No. 3 coal seam in 
altitude below 300 m), the absolute abundance of methane-producing bacteria and sulfate-reducing 
bacteria do not have significant difference, so as to explain the important contradiction, that is, though 
methane-producing bacteria were present in the coal reservoir, the carbon and oxygen isotope test 
results showed that it is a thermal gas. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11. Symbiotic relationship between methanogenic bacteria and sulfate-reducing bacteria in No. 3 coal 

reservoir. 

 
5 Conclusions  

 
(1)The Shizhuangnan block is a monocline near the SN direction and the elevation of the coal seam 
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from the east to west decreases gradually. The western Sitou fault has a water-blocking effect, while the 
meteoric precipitation runs from the east to west, gradually transiting into the stagnant zone. The ion 
concentrations of Na+, K+, Cl-, HCO3-, TDS, the water type, and DC indicate that the eastern recharge 
belt is an oxidizing environment, while the western region gradually transits to a reducing environment 
with the trend of the coal seam. Only SO4

2-
 exhibited the opposite trend because devulcanization occurs 

in the stagnation area of the reduction environment. 
(2) Methane production and sulfate reduction bacteria were detected by sequencing 16SrDNA of 

microorganisms collected from the water samples. The microbial diversity of No.3 coal is higher than 
that of No.15 coal seam while the microbial composition of different coal seams in the study area was 
different. The No. 3 coal seam drainage well had the significant differences in different hydraulic 
zones.  

(3) The microbiological zones were divided into the methane-producing zone and the 
sulfate-methane transition zone (SMTZ). The methanogenic microorganism functional group increases 
the methane concentration in methane-producing zone. Most methane is consumed by the anaerobic 
oxidation of the sulfate-reducing bacteria in the SMTZ due to the high sulfate concentration. Biogenic 
gas does exist in the Shizhuangnan block, but it is generated in some certain areas according to its 
generation conditions and consumption mechanism. Therefore, it is possible that biogenic gases content 
cannot be ignored in the certain area, and more experiments and analysis are needed to evaluate the 
amount of biogenic gas.  
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