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Abstract: Coalbed methane is a major unconventional resource that has been exploited commercially
for decades in the southern Qinshui Basin of China. The hydrogeochemical characteristics of coal
reservoir water play a key role in the exploration and development of coalbed methane resources.
In view of this, a detailed study was performed on coalbed methane co-produced water collected
from the Shizhuangnan block to assess water-rock interactions and biogeochemical processes. Water
samples were analyzed to establish major ions, isotopic compositions and perform 16S rRNA
sequencing. Results suggest that the hydrochemistry was controlled by water—rock processes and
that methane was consumed by sulfate reduction through calculation. Meanwhile, the isotopic
compositions of water samples indicated that they had a predominantly meteoric origin and were
influenced by microbial activity. The 165 rRNA sequencing results of bacteria and archaea provide an
important foundation for understanding the activity of sulfate-reducing bacteria and methanogens at
different hydraulic heads, which was consistent with isotopic analysis. Carbonates containing calcite
and dolomite were found to be distributed at different hydraulic head due to the biogeochemical
characteristics and associated water—rock interactions.

Keywords: coal bed methane; hydraulic head; biogeochemistry; sulfate reducing
bacteria; methanogens

1. Introduction

As a low-pressure gas reservoir, most coalbed methane (CBM) is thought to be adsorbed on the
surface area of coal micropores, which needs lower reservoir pressure below desorption pressure
through reducing coalbed reservoir water, forming a pressure drop funnel [1]. As a result, the gas from
the coal micropores is released into the cleat system and well bore. The water is extracted from confined
coal reservoirs in which adjacent layers are impermeable, resulting in difficult movement across these
layers [2]. The water discharged from a CBM well is referred to as CBM co-produced water. Analysis
of geochemical compositions of CBM co-produced water is necessary to understand the evolution
processes and water—rock interactions along the flow paths. CBM co-produced water usually contains
several important ions, with Na*, K*, Ca?t, Mg2+, Cl~, HCO;~, CO52~, and SO4*~ accounting for most
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of the total solute in groundwater [3]. Generally, shallow coal seam water is characterized by runoff
areas with higher Ca?t, Mg2+, and SO42~ contents and lower Na*, K*, and HCO3;~ contents, whereas
deep coal seam water is characterized by stagnant areas with lower Ca?*, Mg?*, and SO, contents
and higher Na*, K*, and HCO3~ contents, as shown in several significant CBM production blocks
such as Surat Basin and Powder River Basin [4].

It is intelligible that ubiquitous microbial communities survive in natural environments and are
involved in geochemical cycles [5]. In CBM research, the concept of biogenic gas was established
in the 1980s. Anaerobic methanogens belonging to archaea were potentially responsible for the
earliest form of energy metabolism on earth, about 3.5 billion years ago [6]. According to metabolic
pathways of archaeal methanogens, biogenic gas types have been classified as CO, reduction and
acetate fermentation. Studies carried out since have shown that biogenic gas exists in various CBM
production regions worldwide [7].

Sulfate-reducing bacteria are primary microbes controlling methane oxidation, with an increasing
body of evidence confirming their importance in the global carbon and sulfur cycles [8]. A large
number of sulfate-reducing bacteria responsible for methane oxidation have been identified in marine
and lake sediments [9]. It is estimated that worldwide about 90% of methane is consumed by anaerobic
oxidation of methane (AOM) [10,11].

Previous studies have revealed that an influx of meteoric recharge and surface water introduces
and stimulates microbial communities in shallow coal reservoirs, resulting in coal reservoir water
systems being ideal to study the role of biogeochemical processes [12]. In coal reservoir water,
the injection of meteoric water and organic material enable the system to have abundant microbes [13].
Hence, the microbial analysis based on biogeochemical characteristics in coal reservoirs is essential to
comprehend the relationship between microbes and environments.

The southern Qinshui Basin is a highly productive coalbed methane commercial development
region in China, containing Chengzhuang, Fanzhuang, Panzhuang, Shizhuangbei, Shizhuangnan,
and Zhengzhuang (Figure 1). At present, one of the most important CBM blocks developed in the
southern Qinshui Basin is the Shizhuangnan block, which has more than 1500 drainage wells [14].
The geological structure and hydrological conditions of the study area are suitable for the occurrence
of CBM, with a distinct redox boundary that is favorable for the growth of various microbes. In the
south of the Qinshui Basin, Guo et al., 2014 reported the presence of CO, reduction methanogens
through laboratory microbial enrichment culture analysis [15]. Additionally, Yang et al., 2018 employed
lump anthracite amendment with coal reservoir water as an inoculum to realize industrialized CBM
production, suggesting that CO, reduction methanogens are main archaea [16]. However, few studies
have focused on archaeal methanogens and associated bacteria in situ, or assessed the relationship
between microbial community structure and geochemical characteristics in the southern Qinshui Basin.
In this study, the stable isotopic compositions, major and minor ions in CBM co-produced water,
were analyzed. Moreover, the microbial species in the coal reservoir water at varying depths by 165
rRNA sequencing were investigated to evaluate microbial effects in the Shizhuangnan block.



Water 2020, 12, 130 30f18

Beijing o
Qinshui Basin
~—>|

11100 000 000

112 ;(]0" 113 130" II|
i i Town
i ©
/ Potential collapse
36 /} // H co]\:mc
Qa———
/f / SN Legend E
/ S
// City Well
jagping IE CBM block
\ L // Fault 5
7 P / B
36 Yangcheng!
o © / _ 22 AN

Figure 1. Location of study area and sampling sites: (a) location of the Qinshui Basin in China;
(b) location of the Shizhuangnan block in the Qinshui Basin (SZN, the Shizhuangnan block); (c) location
of sampling sites in the Shizhuangnan block.

2. Geological Settings

The Qinshui Basin is located in the southeast of Shanxi Province, covering a total area of more
than 30,000 km?. The elevation of the basin is mostly around 700 m with an undulating topography
caused by significant cutting. Central and southern Qinshui Basin are the largest coal bearing regions
in Shanxi Province, containing extremely rich coal resources. This area is known for high quality coal
production, and is also the first basin to be used for CBM exploration and development in China [17].

The Shizhuangnan block is situated in the southeast region of the Qinshui Basin in the northwest
inclined slope belt. The largest fault developed in the western region is the Sitou normal fault, which
runs in a northeastern direction with a large extension length. The coal bearing strata in the south
of Qinshui Basin include the Benxi formation, Taiyuan formation, Shanxi formation, and Xiashihezi
formation, among which the Benxi formation and Xiashihezi formation only contain thin coal seams
and have no significant economic mining value. The Taiyuan and Shanxi formations are the main coal
bearing strata, with coal seam no. 3 in the lower part of the Shanxi formation being the target seam in
the present study [18].

The hydrogeological conditions in the study area are relatively simple, with complete recharge,
runoff, and discharge areas. An independent coal aquifer system is formed between the vertical aquifers
with weak hydraulic connections caused by the inter-layer runoff and the shale water-separating layer.
The sandstone fissure-confined water aquifer of the Shihezi and Shanxi formations is buried deep
within the lower Permian layer, characterized by a lithology of medium and fine-grained sandstone,
which is the main source of water for coal seam no. 3 in the study area [19].

The Shizhuangnan block groundwater has weak external hydrodynamic impacts, with the deep
depth causing groundwater to flow slowly. The whole structure of the Shizhuangnan block is monocline,
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dipping to the west. The outcrop of the Jinhuo fault on the eastern edge of the basin has a relatively
high terrain. After receiving atmospheric precipitation and surface runoff on the eastern side, water
flows to the west and supplies the coal reservoir, resulting in various regions, with a runoff region
progressing to a transitional region and finally a stagnant region (Figure 2). The Sitou fault on the
western side of the Shizhuangnan block forms a natural barrier (Figure 1).
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Figure 2. Hydrogeological conditions in the Shizhuangnan block of the Qinshui Basin. CBM:
coalbed methane.

3. Materials and Methods

3.1. Sample Site and Collection

All selected CBM wells functioned with a stable production period of more than three years and
all CBM co-produced water came from coal seam no. 3. The distribution of sampling sites roughly
formed two lines in north (I) and mid-west (II) directions, as shown in Figure 1. Overall, the two lines
were arranged from high to low, according to the hydraulic gradient.

Water samples for ion and isotope analysis and 165 rRNA sequencing were collected directly from
the CBM wellhead in 5 L bottles and 50 mL centrifuge tubes. The sampling containers were rinsed
with the water samples three times. During collection, the whole container was filled with the water,
which was then immediately cap sealed. In order to avoid the effect of stagnant water in the drainage
pipe, all CBM co-produced water samples were collected from the CBM wells with relatively steady
and massive water drainage. Due to uninterrupted water and gas production, it can be considered that
the CBM co-produced water was derived from coalbed reservoirs.

To determine the relationship between geochemical data and water source depth, an estimation of
the hydraulic head (H) of the CBM reservoir was established, as described in Equation (1):

H=Hc -Hp + hc 1)
where Hc is the depth of the coal seam, Hy, is the depth of the water level produced initially in the
CBM well, and hc is the elevation of the coal seam. The calculated H represents the hydraulic head of
the targeted coal aquifer, with the direction of groundwater flow determined by the H value across the
study area, as groundwater flows from high H to low H regions [20,21].

3.2. Analysis of Water Chemical Characteristics

Cations were measured by inductance-coupled plasma emission spectrometry (NEXION-300X),
and anions were measured by ion chromatography (Optima 8300) in water samples. A stable isotope
mass spectrometer (Thermo Delat V Advantage) was used for analysis of hydrogen and oxygen
isotopes and dissolved inorganic carbon isotopes, carbon and hydrogen isotopes of dissolved methane
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in water samples. The chemical and isotopic results of CBM co-produced water from the Shizhuangnan
block region are shown in Table 1.

Table 1. Dissolved ions, isotopic results, and hydraulic head (H) of CBM co-produced water samples
from the Shizhuangnan block.

Well Cl- CO3>” HCO3; Nat(K*) S04  Ca?* Mgt D 8180 8BCpyc H (m)
(mg/L) (mg/lL) (mgL) (mg/L) (mg/L) (mg/L) (mg/L) (%)  (%o) (%o)
1 54.17 1922 57356  262.56 0.00 2.02 061 —8025 -1142  27.60 527
2 157.50 2149 53681  321.92 1.50 2.20 060 -70.16 -10.23  20.23 604
3 112194 3120 65655 33591 0.28 1.73 094 -7453 -10.88  26.87 609
4 220.88 60.01 90550  528.13 0.33 2.00 1.00 -74.68 -10.69  19.34 667
5 193.57 3362  873.77  479.78 3.40 237 0.86 7548 -1112  16.00 685
6 201.75 21.60 49058  337.27 5.04 2.74 089 -7480 -1112 075 689
7 182.50 3083 31271 25712 9.10 3.20 110 -80.94 -11.66 —15.46 697
8 78.11 4610 39652  240.93 12.60 2.40 290 8338 -11.79 -17.74 709
9 329.92 4047 42632 40442 11.90 4.10 024 -88.06 -1196 —14.43 710
10 94.31 17.60 46681  257.83 13.90 3.80 440 -8283 -1122 -1245 716
11 167.27 7201 82739 47641 1.05 1.54 251  -7258 -1095 —10.37 724
12 52.04 3110 986.02 42294 13.60 421 220 —89.35 -12.67 725
13 79.21 2852 71334 33892 17.20 3.80 3.80 8813 -1247 734
14 230.11 19.00 73543 44051 12.60 3.80 350 —9026 —12.59 735
15 141.32 4753 23161  216.82 18.10 3.00 400 -91.15 -12.69 743
16 155.31 28.02  282.82 23632 18.90 2.30 293  -9314 -12.87 749
17 158.31 4710  867.32 46131 12.80 2.90 390  -9297 -12.76 755
a 81.34 3841 58821  299.18 0.00 2.57 061 —69.63 -11.04 19.16 483
b 55.99 60.03 37831 22359 0.43 1.23 1.66  —69.29 -1053  19.38 511
c 55.91 1202 68339  298.37 0.00 2.17 082 -77.81 -1131 1555 613
d 144.41 39.45 100542  329.12 0.60 2.80 073 =7570 -11.00  15.90 614
e 109.75 33.61 74685 37455 0.31 227 127  -8493 -1130 11.82 670
f 39.03 2640 72244 31631 0.56 1.83 1.69 -7368 -1111  6.70 673
g 81.77 4081 69072 34193 0.30 2.06 072 -7617 -1116 13.75 676
h 205.50 39.30  690.04  419.71 1.90 1.90 140  —90.00 -12.60  7.50 677
i 80.24 2402 36854  208.94 7.62 1.92 154 —6814 -1079 -13.04 701
j 433.52 57.30 87822 65232 7.50 4.20 092 -8998 -1267 -10.67 709
k 88.61 3213  609.63  312.62 10.40 2.30 350 -87.06 -1235 -11.52 740
1 294.12 10.80  637.62  285.43 9.50 3.60 6.01  —90.08 -1279 -9.82 743
m 112.71 68.75 54060  325.22 7.90 2.90 350 —80.60 —12.70 —14.50 750
n 186.14 2840 69271  400.61 11.50 442 360 -92.89 -12.85 757
o 129.62 2845 55231 31042 10.30 2.10 340 -89.17 -1291 767
p 738.07 5012  594.92  736.33 13.60 3.00 300 -87.92 -12.68 774
q 226.91 1350  767.03 47851 10.30 1.70 690 —8579 —11.89 777
r 78.52 0.01 856.61  368.53 12.40 3.80 320 9158 -12.77 779

3.3. Gene Extraction, PCR Amplicon, and Sequencing Analysis

Water samples obtained from the CBM well for gene sequencing were stored in an incubator filled
with dry ice under a low temperature condition (0-5 °C) while being transferred to the laboratory.
To ensure the preservation of complete microbial populations, genes were extracted from the water
samples using a FastDNA SPIN Kit according the manufacturer’s instructions within a week after
sampling the water. The genes were used as a template for the fusion primer polymerase chain
reaction (PCR). The 165 V4 amplicon primers were 515F (GTGCCAGCMGCCGCGGTAA) and 806R
(GGACTACHVGGGTWTCTAAT). PCR amplifications were performed using an automatic thermal
cycler (PTC-200, Bio-Rad Laboratories; Hercules, CA, USA) and the qualities of the amplified PCR
were checked by electrophoresis in 1% agarose gel.

Cluster preparation and sequencing were carried out using qualified libraries. The Illumina
Miseq system was used for sequence analysis (Illumina Hiseq or Miseq, San Diego, CA, USA). After
sequencing, the samples were differentiated by barcode sequences and each sequence read was quality
checked. Low complexity sequences, poor quality reads, and linker sequences were removed. Errors
in the sequences after removal of the preprocessed targets were corrected using Mothur pre.cluster
software. Using chimeras, chimeric sequences were removed. Low complexity sequences were
removed and similar sequences were clustered into operational taxonomic units (OTUs) at 97%
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similarity, allowing sample species abundance and diversity analysis to be performed on the basis
of OTUs. Classified software was used to perform species classification on postprocessed sequences.
Chao, Ace, Shannon, and Simpson indices were calculated using Mothur. The relative abundance was
calculated by rarefaction analysis.

4. Results and Discussion

4.1. Geochemical Composition and Water—Rock Interaction

The concentrations of Na* (K*) in the CBM co-produced water ranged from 208.94 to 736.30 mg/L,
with an average of 362.87 mg/L, whereas the concentrations of C1~ ranged from 39.03 to 738.00 mg/L,
with an average of 176.41 mg/L. Milligram equivalent of the main water ions was used to determine the
source of major ions and hydrogeochemical processes. Dissolution of minerals controls the chemical
composition of CBM co-produced water. Similarly, the degree of cation exchange affects geochemical
variability in groundwater [22].

Dissolution of halite (NaCl) or sylvite (KCl) is the main source of Na* or K* in coal reservoir
water. Additionally, weathering of silicates such as sodium plagioclase and potash plagioclase release
Na* or K*, respectively. Except for mineral dissolution, secondary processes such as cation exchange
between Ca?* or Mg?* and Na* or K* can increase content of Na* and K* by reducing Ca?* or Mg?*.

As shown in Figure 3a, the higher milligram equivalent values of Na* and K* compared with
Cl™ in the CBM co-produced water suggest that halite and sylvite were not the only source of Na* or
K*, with silicate weathering and ion exchange potentially being other important factors in the study
area [23].
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Figure 3. Relationship between hydrochemical characteristics in the Shizhuangnan block: (a) K* + Na™*
versus CI~; (b) Mg?* versus Ca?*; (c) SO42~ versus Ca2* + Mg?™.

Ca?*, Mg?*, HCO3~, and SO42 originate from the dissolution of several minerals. The oxidation
of sulphide minerals such as pyrite near the surface might increase the amount of SO~ and H* in
coal reservoir water [24], as described by Equation (2):

4FeS, + 150, +14H,0 — 4Fe(OH); + 16H" + 850,2". 2)

H* would react with carbonate and silicate, releasing Ca?t, Mg2+, and HCO3™ according to the
sequence described in Equations (3)—(5):

CaCO;5(Calcite) + HT — Ca?* + HCO;™, ®3)

CaMg(CO3),(Dolomite) + 2H" — Ca?* + Mg?* + 2HCO; ™, (4)
CaAl,Si,Og(Anorthite) + 2H* + H,O — Ca®" + AL Si;Os5(OH), (Kaolinite). (5)
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In addition, dissolution of gypsum releases Ca?*, Mg?*, and SO,2~, as described in Equation (6):
CaxMg;,SO42H,0 — xCa®" + (1-x)Mg?* + SO4>™ + 2H,0. (6)

The concentrations of Ca* in the CBM co-produced water ranged from 1.23 to 4.42 mg/L, with an
average of 2.71 mg/L. The concentrations of Mg?* ranged from 0.20 to 6.90 mg/L, with an average of
2.31 mg/L. In coal reservoir water, Ca>*/Mg?* milligram equivalent is mainly controlled by water-rock
interactions. If the milligram equivalent ratio value of Ca®*/Mg?" is close to 1, weathering of dolomite
is indicated as the dominant source in the coal reservoir, whereas a high milligram equivalent ratio
value of Ca?"/Mg?* (>1) indicates a greater calcite contribution, and a ratio value greater than 2
indicates that silicate dissolution would take place [25]. In the study area, the milligram equivalent
ratio values of Ca?*/Mg?* exhibited an obvious positive correlation with each other, suggesting that
the dissolution of calcite occurred together with dolomite (Figure 3b).

The milligram equivalent ratio of Ca?* + Mg?* over SO,4?~ is 1:1 if dissolution of anhydrite or
gypsum is also a source of Ca?*, Mg?*, and SO~ in CBM co-produced water [3]. As plotted in
Figure 3c, a positive correlation was observed in the study area between Ca* + Mg?* and SO4>~,
suggesting that Ca?*, Mg?", and SO42~ were derived from anhydrite or gypsum. However, major
data points above the 1:1 ratio line show that other water-rock reactions such as the dissolution or
precipitation of carbonate, ion exchange, and biogeochemistry also influenced Ca?*, Mg?*, and SO4%~
in the aqueous environment.

The molar ratio of [(Ca?* + Mg2+) — (SO4% + HCO37)] over [(Na* + K*) — Cl7] is a useful
parameter to determine whether cation exchange processes are occurring. The molar ratio value in
the study area was close to —1, indicating the universality of cation exchange between Na* (K*) and
Ca?*/Mg?* [26]. As plotted in Figure 4a, it is evident that cation exchange was common in the coal
reservoir water.
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Figure 4. (a) Molar ratio of (Ca?*+ Mg?*) — (SO4>~ + HCOj;~) versus (Na*t + K) - CI-;
(b) chloro-alkaline indices.

The above analysis confirms the universality of cation exchange in the study area, with the
direction and extent of cation exchange being quantified by the chloro-alkaline indices (CAI) during
chemical evolution of the coal reservoir water [27]. CAI-1 and CAI-2 are respectively described
according to Equations (7) and (8):

CAI-1 = [CI” — (Na* + KM]/Cl", @)

CAI-2 = [Cl™ — (Na* + K*)] /[SO4>~ + HCO5;™ + CO5%7]. (8)

Ion concentrations are expressed in units of meq/L. When CAI value is positive, Na* or K* are
considered as exchanging with Ca?" and Mg?* in coalbed aqueous environments, whereas a negative
CAl value indicates that the inverse reaction occurred. Moreover, the absolute CAI value represents
the degree of ion exchange. As described in Figure 4b, the absolute CAI values in the study area were
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negative, indicating that Ca>* and Mg?* were removed from the coal aquifer coupled with Na* or K*
entering the solution, according to Equations (9) and (10):

2Na*/K* (coal) + Ca®* (water) = 2Na*/K* (water) + Ca>*(coal), 9)

2Na*/K* (coal) + Mg?*(water) = 2Na*/K* (water) + Mg?*(coal). (10)

4.2. Formation of Sulfate Profile

SO42~ concentrations on the two sampling lines (I and IT) decreased with decreasing hydraulic
head (H) levels (Figure 5a,b), with complete depletion observed by 660 + 10 m. The SO42~ concentration
profiles are classified as a quasi-straight type pattern. The sulfate gradients for lines I and II were
1.9 mmol/(L X m) and 1.1 mmol/(L X m), respectively.
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Figure 5. Concentration profiles for 5042~ (a,b) and the sum of Ca2*and Mg2+ (c,d), according to the

hydraulic head (H) on the sampling lines I and II.
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The concentration profiles of the sum of Ca?* and Mg?* showed similar characteristics to the
SO42~ concentration profiles (Figure 5c,d). Above H levels of 660 + 10 m, the sum concentrations of
Ca?* and Mg?* reduced linearly as H decreased. However, below H levels of 660 + 10 m, the sum
concentrations of Ca?* and Mg?* remained constant across the two sampling lines.

Sulfate reduction is a significant metabolic pathway for bacterial anaerobic oxidation, exerting
a significant impact on the global sulfur and carbon cycle [28]. As shown in Equation (11), there
is the metabolic process regarding SO4%~ as the electron acceptor and CHy as the electron donor in
aqueous environment, referred to as anaerobic oxidation of methane (AOM). Also, the other metabolic
process regards SO42~ as the electron acceptor and organic matter as the electron donor, referred to as
heterotrophic sulfate reduction (HSR) [29], as shown in Equation (12):

AOM: CH, + SO42~ — HCO;™ + H,S + H,0, (11)

HSR: 2CH,0 + SO,%~ — 2HCO;~ + H,S. (12)

The Ca®* and Mg?* concentration profiles also indicate that the sum of Ca?* and Mg>*
concentrations were controlled by the same mechanism that affected SO,?~ and dissolved inorganic
carbon (DIC) concentrations. The sum of Ca?" and Mg?* decreased in accordance with decreasing H
because HCO3;~ was produced through AOM and HSR, indicating the forming of authigenic carbonate
precipitation [30].

The method used in this study could help to identify and quantify the fraction of SO4?~ consumed
by AOM (Csp42-aom) and HSR (Cspap-Hsr) [31]. It could therefore be assumed that the consumption
ratio of SO4%~ in AOM and HSR followed Equations (13) and (14):

Cso42-a0M + Cso42-Hsr = total 8042_ consumption, (13)

Cso42-a0M + 2Cs042-11sr = total DIC production = total Ca®" and Mg?" consumption.  (14)

Here, on account of different quantitative relationships in DIC production and SO4%~ consumption
from AOM and HSR, it could be assumed that the consumption of SO42~ occurred only via AOM
and HSR, whereas the production of DIC only occurred via AOM and HSR. In addition, the total DIC
produced via AOM and HSR was consumed by authigenic carbonate precipitation. The consumption
of SO4?~ and the sum of Ca?" and Mg?* could be estimated by the concentration gradients in the
study area, allowing the two unknown values (Cspa2-AoM, Cso42-risr) in Equations (13) and (14) to be
solved. In the two sampling lines, the concentration gradients of SO42~ were 1.9 mmol/(L X m) and
1.2 mmol/(L X m), respectively, whereas the concentration gradients of the sum of Ca** and Mg?* were
2.0 mmol/(L X m) and 1.5 mmol/(L x m), respectively. Therefore, the calculation results showed that
the proportions of SO42~ reduced by AOM were more than 95% and 75% in the two sampling lines (I
and II), respectively.

4.3. Methanogenesis and Isotopic Composition

Dissolved inorganic carbon (DIC) is the sum of inorganic carbon components in solution,
including carbon dioxide, carbonic acid, bicarbonate, and carbonate. The two main sources of DIC
in most groundwater environments are organic degradation and carbonate dissolution [32]. The
value of 5'3Cpjc in most natural water environments is negative, whereas CBM co-produced water
associated with methanogenesis commonly has a positive 13Cpic, ranging from +10 to +30%o [33].
When the concentrations of SO4%~ decrease, the activity of sulfate-reducing bacteria is inhibited while
methanogens become more active. Methanogens preferentially utilize 12C, resulting in the enrichment
of §13Cpjc in residual coal reservoir water [34]. Methanogenesis has been reported to lead to a positive
513Cpjc value in some coal reservoir basins such as the Alberta Basin, Pennsylvanian Coal, and Powder
River Basin [35]. The values of $!3Cpjc in the CBM co-produced water samples from the two sampling
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lines are shown in Figure 6, with the strongly negative correlation between positive §'3Cpjc values
and hydraulic head, providing powerful evidence of elevated methanogenesis at deeper depths.
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Figure 6. Relationship between 313Cpyc values of dissolved inorganic carbon (DIC) and hydraulic
head (H) level in the CBM co-produced water.

The hydrogen and oxygen isotope values near the Chinese meteoric water line (CMWL) and the
local meteoric water line (LMWL) illustrate that the CBM co-produced water came from meteoric water
(Figure 7) [36]. Hydrogen and oxygen isotopes in groundwater are usually distributed on the right side
of the LMWL or CMWL when formed by evaporation, water—rock interaction at high temperature,
and mixture with seawater. However, the isotopic compositions on the left of the LMWL or CMWL are
likely modified by methanogenesis, low temperature water-rock interaction, and open system CO,
exsolution [37]. In the study area, methanogenesis and low temperature water-rock interaction were
the main reasons for hydrogen and oxygen isotopes in the water samples falling on the left side of the
LMWL or CMWL [38]. Low temperature water-rock interaction, especially precipitation of carbonate
in the coal reservoirs, caused the residual water to be depleted in 80 and enriched in D.
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Figure 7. Plot of 5d180 and 8D in the water samples. CMWL, China meteoric water line; LMWL, local
meteoric water line.
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4.4. Microbial Communities Associated with the Methanogenesis and Sulfate Reduction

Previous research under both laboratory and in situ conditions have already proven
that underground microbial communities are capable of converting coal into methane [39].
The biodegradation of organic matter is the result of biogeochemistry, which may involve several
communities such as degrading bacteria and methanogenic archaea. Generally, coalbed methane is
regarded as the end product of methanogenesis in coal seam water, and methanogens are important
archaea for the conversion of molecular substrate into methane. The complexity of organic material
requires the cooperation of these microbes [40]. However, it is possible that methanogenic archaea have
a competitive relationship with some bacteria due to their jointly available substrates. For example,
due to the competition between methanogens and sulfate reducing bacteria, the metabolic activity of
methanogens would be weakened in the presence of high SO4%~ concentrations [41]. The metabolic
modes of methanogenesis can be divided into three categories according to substrate types, namely
CO; reduction, acetate fermentation, and methylation, as described in Equations (15)—(17):

C02 +4H, — CH4 + 2H20, (15)
CH3COO™ + H* — CH, + CO,, (16)
CHgoH +2H* — CH4 + H2O (17)

Proteobacteria are largest at the phylum level with the greatest phylogenetic lineages.
Betaproteobacteria, Deltaproteobacteria and Gammaproteobacteria are also usually detected in several
significant coal reservoir regions characterized by considerable biologic methane yield [42]. A majority
of known sulfate-reducing bacteria belonging to Deltaproteobacteria are capable of degrading naphthalene
or other aromatic hydrocarbons [43]. In this study, the focus is on the fact that sulfate-reducing bacteria
can limit methanogenic activity under high SO4>~ concentrations resulting from the competitive
relationship. In the study region, Desulfarculales, Desulfovibrionales, Desulfuromonadales, and other
sulfate-reducing bacteria were detected from the class Deltaproteobacteria.

The most common archaea in coal reservoir are Methanosarcinales, Methanomicrobiales,
and Methanobacteriales belonging to Euryarchaeota at the phylum level. In the water samples,
Methanobacteriales, Methanomicrobiales, and Methanosarcinales were detected from the class
Methanobacteria, which can utilize CO, and H, rather than acetate to produce biogenic methane [44].

Microbial species in the six coal reservoir water samples at varying hydraulic heads were
investigated by 165 rRNA analysis. Relative abundance of Desulfobacterales, Desulfovibrionales,
and Desulfuromonadales at the order level are displayed in Figure 8a. Similarly, the relative abundance
of Methanobacteriales, Methanomicrobiales, and Methanosarcinales at the order level are displayed in
Figure 8b. The relative abundance of methanogens in the CBM co-produced water samples at deep
hydraulic head (samples no. 1, 3, a and b) were obviously greater than at shallow hydraulic head
(samples no. 4 and 11) as shown in Figure 8b, whereas the relative abundance of sulfate-reducing
bacteria followed the opposite trend, as shown in Figure 8a.



Water 2020, 12, 130 12 0f 18

- Desulfovibrionales
! Desulfobacterales
- Desulfuromonadales

0 5 10
Relative abundance(%)

Relative abundance(%)

Figure 8. (a) Relative abundance of sulfate reducing bacteria at the order level; (b) relative abundance
of methanogens at the order level.

The sequencing results including reads, operational taxonomic units (OTUs), Chao index,
Ace index, Shannon index, and Simpson index values from the six water samples are shown in
Table 2. Chao index, Ace index, Shannon index, and Simpson index values represent species diversity
in a single sample, with larger Chao, Ace, and Shannon index values and smaller Simpson index
values indicating that the species in the sample are more abundantly diverse [45]. Combining the
species diversity results in Table 2 and the hydraulic head (H) levels in Table 1, the bacterial community
including sulfate reducing bacteria at shallow hydraulic head were found to be more abundantly
diverse than at deep hydraulic head due to the higher SO4>~ concentrations. Similarly, the archaeal
community including methanogens were more abundantly diverse at deep hydraulic head than at
shallow hydraulic head, resulting from the depletion of SO4%~ concentrations [46].

The results of the rarefaction curves of the bacterial and archaeal community sequencing for the
six water samples are shown in Figure 9. With the increase in sequencing, the accuracy gradually
began to improve, and the rarefaction curve began to flatten. The rarefaction curves for all bacterial
and archaeal samples illustrated that the characteristics of abundance and diversity are consistent with
the results shown in Table 2.
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Table 2. Sequencing results of bacterial and archaeal community abundance and diversity indices from

the six samples.

Samples Reads OTUs Chao Ace Shannon Simpson
1 (bacteria) 18,655 91 89 96 2.69 0.0990
3 (bacteria) 18,753 104 98 106 2.75 0.0985
4 (bacteria) 21,961 118 120 117 291 0.0852
11 (bacteria) 22,252 130 136 135 3.07 0.0712
a (bacteria) 18,127 82 84 90 2.62 0.1096
b (bacteria) 18,367 87 86 91 2.67 0.0995
1 (archaea) 24,123 36 37 37 1.13 0.4177
3 (archaea) 23,979 32 35 34 1.10 0.4358
4 (archaea) 21,980 30 32 33 1.04 0.4557
11 (archaea) 19,576 28 29 30 0.99 0.4778
a (archaea) 24,590 39 41 42 1.21 0.3877
b (archaea) 24,482 37 39 38 1.17 0.3975

OTUs: operational taxonomic units, defined by 97% similarity; Chao: Chaol estimator; Ace: ACE estimator;
Shannon: Shannon diversity index; Simpson: Simpson diversity index.
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Figure 9. Rarefaction curve of bacteria (a) and archaea (b) from the samples across different wells.
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4.5. The Role of Authigenic Carbonate Precipitation

A large amount of DIC is generated by AOM, resulting in authigenic carbonate precipitation [47].
The production of DIC does not necessarily indicate the formation of autogenic carbonate precipitation.
Therefore, the ion activity product (IAP) was calculated to ensure the possibility [48]. The rationality of
autogenic carbonate precipitation is determined by comparing relative sizes of the solubility product
constant (Ksp) and IAP. When solution is undersaturated in target coal aquifer (IAP < Kyp), minerals
begin to dissociate, whereas when solution is oversaturated in target coal aquifer (IAP > Ksp), minerals
begin to precipitate. IAP was calculated with the assumption of standard condition (25 °C and
standard atmospheric pressure), and therefore the influence of external environmental conditions
such as temperature and pressure were ignored [49]. The activity [a] of reactants were calculated by
substance concentrations and vy, according to Equations (18)—(20):

[acaz+] = [Ca®" ] X Ycazs, (18)
lamgz+] = IMg**] X Ymgo+, (19)
[acos2-1 = [CO3%7] X Ycoz-- (20)

The 7y values for Ca?*, Mg?*, and CO32~ were 0.288, 0.248 and 0.207, respectively. For example,
IAPC,1cite Was calculated using Equation (22), and the corresponding calcite precipitation reaction is
shown in Equation (21). The values of IAPc,cite and Kgp.-calcite Were compared to determine whether

precipitation reactions occurred, with the same method used to calculate IAPpgjomite according to
Equations (23) and (24).

Ca?* +CO5%" — CaCO3 Kep-Calcite = 10754, (21)
IAPCalcite = [acaz+1lacos2™], (22)

Ca*" + Mg®* + CO5>” — CaMg(CO3) Ksp-Dolomite = 10762, (23)
TIAPDolomite = [acaz+][amg2+llacos-1*. (24)

On the basis of the above equations and concentrations of CaZ*, Mg2+, and CO;%", the IAP
values for calcite and dolomite were calculated, respectively. The log IAPoiomite Values along the
two sampling lines were greater than log Ksp-dolomite; Whereas the IAP it values were greater than
log Ksp-calcite at shallow hydraulic head, due to DIC generated by AOM (Figure 10). In the study
area, the relative sizes of IAP and Kjp, illustrated the possibility of authigenic carbonate precipitation,
because of AOM by sulfate reducing bacteria at the specific hydraulic head.

Furthermore, the software program PHREEQC was used to assess evaluate the carbonate system
in which the saturation index (SI) is calculated as Equation (25):

SI = log(IAP/Ks(T)) (25)

where Kg(T) is the mineral equilibrium constant under in 25 °C conditions. An SI greater than
0 indicates the mineral phase under precipitation or oversaturation state, whereas an SI less than
0 indicates the mineral phase under unsaturation or dissolution state [50].

On the basis of the saturation index of calcite (Sl.yicite) and dolomite (Slgolomite) together with
hydraulic head (H), as shown in Figure 11, the positive values of Sljojomite demonstrate that the dolomite
precipitation was thermodynamically favored in the study area, whereas the plot of Sl it values
against H suggest that calcite was oversaturated at the shallower depth and close to undersaturation
at the deeper depth in the coalbed reservoir water [51]. The results of PHREEQC agree with above
analysis, providing a strong support for the state of these carbonate minerals.



Water 2020, 12, 130 150f18

800 a 800
: a
*x X x b
a¥,
700 - * ?K 700 Aasy
* Ax
?{A‘* * A
= = N
) dok e e *xa ¥ x
T 600 A A T 600 f A’A
A A
*x | -
500 & 500 *
Al Al
* 11 * 11
400 400 * ' ‘
-10 -9 -8 o -17 -16 -15 -14 -13 -12
10g IAPCalcite log IAP Dolomite

Figure 10. Depth profiles of log IAP for (a) calcite and (b) dolomite calculated using the Ca?t, Mg2+,
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Figure 11. Plots of saturation index (SI) for (a) calcite and (b) dolomite against H in the

Shizhuangnan block.

5. Conclusions

The major ion distributions, isotopic compositions, and 16S rRNA analysis reflect the geochemical
characteristics of CBM co-produced water from the Shizhuangnan block and provide important
information to understand the biogeochemistry of the coal reservoir water system. The following

conclusions have been drawn:

1. The chemical compositions of the CBM co-produced water along flow paths were controlled
by various degrees of mineral weathering such as silicate, gypsum, and sulphide, as well as
exchange of Ca?* and Mg?* for Na* (K*). Carbon and hydrogen isotopes of the dissolved
methane combined with positive §'Cpjc values, hydrogen, and oxygen isotopes in the coal
reservoir water strongly indicated the occurrence of methanogenesis.

2. Sulfate reduction was the main reason for sulfate decrease, accompanied by hydraulic head
change, as confirmed by 165 rRNA analysis, and sulfate was mostly consumed by anaerobic
oxidation of methane in the study area. Due to the competition between sulfate-reducing bacteria
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and methanogens, methanogens tended to be more active at deeper hydraulic head in the coal
reservoir water.

3. There were significant differences in the abundance and distribution of methanogens and
sulfate-reducing bacteria at different hydraulic heads. Most of the methanogens detected
belonged to Methanobacteriales, representing a methanogenesis type of CO, reduction.

4. A large amount of DIC produced by sulfate-reducing bacteria strengthened dolomite and calcite
precipitation, as shown by comparing the relative sizes of Ky, and IAP.
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