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ABSTRACT: Bioconversion of coal to methane occurs in the coalbed aquifer environment. To investigate the evidence of coal
biodegradation from coalbed-produced water, we collected six field water samples from the Dafosi gas field and prepared one
laboratory-simulated water sample and one indoor anaerobic microbial degradation sample with the highest compound
concentration as the two reference standards. Gas chromatography—mass spectrometry was used to detect the organic compound
type, concentration, and differences in the biomarker compound sensitivity. Results indicate that extracted organic matter from
coalbed-produced water samples can be evidence of biodegradation. Variations in range compounds (such as n-alkanes, tri- and
pentacyclic terpenes, and steranes) and their sensitivity confirmed active microbial degradation in the studied area. A positive
correlation between the n-alkanes content in the coalbed-produced water and the stable carbon isotope value of methane further
verifies that the n-alkanes are primary substrates for maintaining microbial activity. Therefore, evidence including n-alkanes, tri- and
pentacyclic terpenes, steranes, unresolved complex mixtures, and stable carbon isotope composition of methane contribute to
biogenic methane generation in situ. Our limited data suggest that managing soluble organic matter in the coalbed-produced water
may provide a viable route for coal biodegradation since most microorganisms survive within the coal seam water.

1. INTRODUCTION al. demonstrated that methoxy is fundamental for SBG
The exploitation of coalbed gas or methane (CBM) as an generatlon.ll The role of microorganisms during the O-
unconventional natural gas resource contributes to the demethylation in coal and SBG formation remains undefined;
adjustment of the global energy structure, presenting itself as therefore, it is crucial to investigate the generation mechanism
a green, clean, and environmentally friendly option." As of of SBG from the perspective of biodegradation of organic
2020, the global CBM resources reached 260 X 10'* m®, with matter (OM) found within coal measures.

China being the WOI‘ld’S third-largest reserve country fOI' CBM, Various factors, including temperature, coal rank’ Phys—
boasting proven resources up to 36.81 X 10'> m” in the shallow icochemical structures, and groundwater conditions, influence

strata (buried depth <2000 m).” Secondary biogenic gas
(SBG) is a significant genetic type within CBM. Since its
discovery in the San Juan Basin in the United States in 1994,
exploration and research on it have been without interrup-
tion.> ® SBG is generated through complex biodegradation
processes involving microorganisms that undergo acetic
fermentation or CO, reduction to produce CH, and CO.”””
However, recent culture-independent studies suggest that the
archaeon "Candidatus Methanoliparum" alone can combine
long-chain alkane degradation with methanogenesis.' Lloyd et

. . . 12,13
the conversion of coal to methane by microorganisms. As
water is essential for microbial activity; it supplies necessary
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Figure 1. (a) Location map of the Ordos Basin. (b) Distribution map of the Binchang mining area. (c) Structure outline and sampling locations of

the Dafosi gas field.®

nutrients such as nitrogen, potassium, phosphorus, and trace
elements (iron, manganese, cobalt, nickel, and zinc) to the
process of oil biodegradation that occurs in a limited range
near the oil—water interface under anaerobic conditions.*"
Therefore, access to an aquifer likely facilitates coal
biodegradation. The coal seam aquifer reduces the dissolution
of OM in water and enhances microbial activity, serving as a
reservoir for microbial metabolites during this process.'”'”
Thus, the groundwater of the coal seam is the main battlefield
of microbial degradation reaction, and the change of
compound composition in water is directly related to the
biogas generation and the strength of biodegradation, which is
a crucial process to revealing the accumulation of biogenic
CBM. Orem et al. found that coal seams and shale-produced
water contain substantial amounts of polycyclic aromatic
hydrocarbons (PAHs) and potentially toxic OM, which pose
risks to the environment and human health.'® Therefore, a
systematic record of organic geochemistry is necessary to
elucidate the potential bioconversion of various organic
contaminants to biogenic methane.

Biomarkers, including pristane (Pr), phytane (Ph), Pr/Ph,
carbon preference index (CPI), odd/even predominance
(OEP), Y'nC,,”/ Y:nC, ", etc., are widely available and have
the depositional environment, maturity level, and microbial
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degradation characteristics of crude oil.'"””** Different
biomarkers exhibit varying resistances to degradation. Gen-
erally speaking, aliphatic components in coal undergo a higher
degree and rate of biodegradation than aromatic compounds.’
Some scholars have suggested that the degradation rate of
aromatic hydrocarbons in coal is faster than that of aliphatic
hydrocarbons based on gas chromatography—mass spectrom-
etry (GC/MS) traces retained in coal extracts.””** However,
no concentration data have been compared. Furmann et al.
found that both n-alkanes and aromatic hydrocarbons are
degraded simultaneously during the biodegradation process of
coal, with n-alkanes degrading faster than aromatic hydro-
carbons.” While biodegradation typically occurs after removing
n-alkanes in oil reservoirs for aromatic compounds,”*°
progressive biodegradation appears to result in simultaneous
removal of compound classes on quite different rate
trajectories rather than genuinely sequential removal.'®

Our study aims to investigate the in situ organic composition
content distribution in coalbed-produced water in the study
area, monitor the variation of organic compound concen-
trations under the condition of biodegradation, and explore the
difference in microbial sensitivity of biomarker compounds and
the possibility of continuous biogenic methanogenesis. There-
fore, we systematically collected six water samples across the

https://doi.org/10.1021/acsomega.3c06835
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area from the Dafosi biogenic gas field. Additionally, one coal
was soaked in ultrapure water for 3 days to obtain a reference
benchmark (LS), and one anaerobic microbial degradation was
conducted on the water sample with the highest content of
biomarker compounds. The soluble OMs extracted are
analyzed using GC/MS. Furthermore, we integrated stable
carbon isotope values of methane from sampling wells into our
present study. The findings provide robust evidence for
elucidating coal biodegradation from a geochemical perspec-
tive.

2. GEOLOGICAL BACKGROUND OF THE STUDY AREA

The Ordos Basin, located in central China, is a craton basin
rich in oil and gas resources, with an area of about 25 X 10*
km2?>"*® The Binchang mining area, located on the south-
western margin of the basin (Figure 1a), is a typical biogenic
CBM accumulation area with low-rank coals in China. The
Dafosi gas field is positioned in the southern part of the
Binchang mining area (Figure 1b). It exhibits a well-developed
characteristic monoclinic structure. From north to south, there
are the Anhua syncline, Qjjia anticline, and Shijiadian syncline
with mainly NE-trending folds (Figure 1c). The Dafosi gas
field is rich in coal and CBM resources. The main coal seams
are nos. 4 and 4 "PP*" coal seams, and biogenic CBM accounts
for a relatively large proportion (>68.9%) of the production
gas.5 The coal rank of the nos. 4 and 4 "FP* coal seams is
mainly subbituminous coal with partial high volatile C
bituminous coal. The sampling sites are situated within the
area of the Dafosi gas field (Figure lc) and have been
exclusively collected from active CBM production drainage
wells.

3. SAMPLES AND METHODS

3.1. Sample Preparation. A total of six samples of water
produced from coalbeds, one sample of ultrapure water as a
blank, one indoor simulation sample, and one sample of
degraded water produced from coalbeds were prepared for this
study. The six water samples and the ultrapure water blank
sample were collected into 5 L amber glass bottles that had
been washed three times with dichloromethane (DCM) prior
to use. Before the samples were collected, bottles were rinsed
three times with the target water and immediately filled. One
bottle containing 5 L of ultrapure water was opened and then
sealed at the same time as the coalbed-produced water
samples. All collected water samples and on-site blank samples
were placed in a low-temperature refrigerated sampling box
(Midea, model MC-4L416) and promptly transported back to
the laboratory. The period between field sampling and
laboratory filtration was kept short to minimize any alteration
in the samples. Subsequently, the collected waters were filtered
using a precleaned glass fiber filter device with a 0.22 pm pore
size membrane to remove impurities and purify them before
being subpackaged into three 250 mL amber glass bottles with
an equivoluminal mixture of filtered water and n-hexane. Each
produced water sample’s remaining filtered water samples
should be put into sterilized amber bottles and refrigerated for
later use. The 250 mL amber glass bottle and the glass filter
device used in the separation process were washed with
ultrapure water and rinsed with DCM three times early.
Finally, they were preserved at four °C in the refrigerator,
waiting for a subsequent laboratory process. Six water samples
and one on-site blank sample were numbered in the order of

DFS-45, DFS-69, DFS-128, DES-131, DFS-148, DFS-M68,
and KB.

To explore the characteristics of dissolved organic
compounds in water from raw coal, a coal sample was
collected directly from the underground mining face at the site
of the water-produced coal seam. The collected sample was
immediately placed in a light-tight sealed bag filled with
nitrogen to prevent oxidation. Upon arrival at the laboratory,
the sample was stored at a low temperature and protected from
light until further use for subsequent soaking experiments. The
soaking experimental procedure involved grinding and
crushing the coal sample to particle size of 60—80 meshes,
followed by UV lamp treatment for 30 min to eliminate
microbial activity in the coal powder; it was dried in an oven
for 24 h before adding 150 mL of ultrapure water and S g of
pulverized coal into a precleaned amber glass bottle rinsed
three times with DCM. To ensure rapid dissolution and obtain
high concentrations of soluble organic matter within a short
period, the glass bottle containing ultrapure water and
powdered coal was placed inside a constant temperature
oscillation chamber set at 60 °C with shaking intensity
maintained at 150 rpm for 72 h.'® The resulting dissolved
water sample obtained in the laboratory is LS.

To further verified the degradability of organic compounds
in coalbed-produced water samples and investigated potential
variations in biological sensitivity. The preferred methane-
producing microbial communities are employed in laboratory
settings. The produced water sample exhibiting the highest
abundance of biomarker compounds is selected as the
degradation substrate. A period of degradation is carried out
under anaerobic conditions. After some time, organic
compound extraction and quantitative testing are completed
using the same processing steps as those for the original
coalbed-produced water samples. All inoculation experiments
are conducted in a sterile anaerobic glovebox, with the
inoculum concentrated through low-temperature centrifuga-
tion to ensure negligible OM content. The degraded water
sample is denoted as DFS-X.

3.2. Extraction of Organic Compounds from the
Water Samples. The organic substances in the coalbed-
produced water, KB, LS, and DFS-X are separately extracted
using the liquid/liquid extraction method.”” Analytical grade n-
hexane (50 mL) is added at the sampling site to facilitate
extraction. To enhance solvent extraction efficiency, the
ultrasonic vibration is used for 10 min at the latter three
liquid/liquid extractions in the laboratory. The vibrational
frequency is 70% X 40 kHz each time. After that, the mixed
extract (~200 mL) is concentrated by rotary evaporation to
less than 10 mL and then further concentrated to 1 mL in
another bottle. A reasonable proportion of squalene (internal
standard) is added to a 1 mL sample to quantify the
concentration of organic compounds in the water samples.
After this operation, a syringe takes 1 uL for GC/MS analysis.
To prevent the loss of volatile organic components during
extraction, a gentle stream of nitrogen gas should be over the
liquid to create an inert atmosphere. The blanks testing for
GC/MS include the following:

1. A KB sample collected from the field is extracted by S0
mL analytical grade n-hexane four times the same as
coalbed-produced water samples.

https://doi.org/10.1021/acsomega.3c06835
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Figure 3. Total ion chromatograms of extractable compounds from all water samples.

2. The empty bottle is scrubbed by pure analytical grade n-
hexane according to the same operational program in the
laboratory.
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3. Analytical grade n-hexane is directly injected into GC/
MS for analysis.

https://doi.org/10.1021/acsomega.3c06835
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Figure 4. Mass chromatograms of m/z = 85 showing the distribution of n-alkanes and isoprenoids from all water samples.

3.3. Gas Chromatography—Mass Spectrometry (GC/
MS) Analysis. The organic compounds are detected using an
Agilent 7890A-5977B instrument equipped with a DB-1MS
chromatographic column (60 m X 0.25 mm X 0.25 ym). The
experimental conditions are set as the initial column oven
temperature of 40 °C (held for S min), followed by a gradual
increase to approximately 325 °C at a rate of S5 °C/min.
Subsequently, the temperature is maintained constant for 15
min. The column flow rate is 1 mL/min without splitting, and
helium gas served as the carrier gas. Auxiliary heating AUX-1 is
set to maintain a temperature of 250 °C, while the ion source
and quadrupole temperatures are kept at 230 and 150 °C,
respectively. The mass spectrometer was operated in the
electron impact ionization mode of 70 eV, scanning from 60—
300 Da with a threshold 150. The solvent delay is set to 9 min.
The data are acquired in full scan mode. Compound types are
identified by comparing them with the peak retention time of

41889

standard compounds, mass spectrometry analysis, and
literature data. Compounds were identified by a comparison
of their mass spectra and retention times with those of
published compounds and by interpreting mass fragmentation
patterns. The peak area obtained in manual integration mode
was applied for concentration calculation with squalane as the
internal standard. The main recognized compounds are n-
alkanes (m/z = 85), acyclic isoprenoids (m/z = 183), tri- and
pentacyclic terpenes (m/z = 191), and steranes (m/z = 217,
218). No response factor calibration has been performed.

4. RESULTS
4.1. Type and Abundance of OMs in the Water

Samples. All water samples are rich in organic components,
including aliphatic hydrocarbons, PAHs, heterocyclic com-
pounds, phenols, esters, ethers, alcohols, and other aromatic
compounds (Figure 2). These compounds are not detected in

https://doi.org/10.1021/acsomega.3c06835
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Table 1. Component Concentrations of n-Alkanes and Isoprenoids (ng/L)

compound abbreviation m/z DFES-45 DFS-69 DFS-128 DFS-133 DFS-148 DFS-M68 DFS-X LS
n-alkane C Cis 85 0.1 0.3

n-alkane C4 Cye 85 0.7 0.6 1.5 0.5 0.1 07 2.1 0.4
n-alkane C,, Cyy 85 52 2.7 43 2.2 14 8.5 4.68 2.8
Pristane Pr 85 2.0 1.08 1.7 0.8 0.5 3.2 1.8 1.1
n-alkane C,q Ci 85 114 5.8 7.8 56 47 20.5 7.9 8.4
Phytane Ph 85 6.0 3.3 4.4 3.0 2.6 10.7 4.5 4.8
n-alkane Co Cyo 85 1S8.5 8.4 10.4 8.0 7.6 27.8 10.2 133
n-alkane C,, Cy 85 16.2 10.2 11.8 9.9 9.5 29.1 11.5 16.4
n-alkane C,, Cy, 85 142 9.1 104 8.56 8.5 25.5 10.1 14.6
n-alkane Cs, Cy 85 13.5 8.1 9.4 7.9 7.8 24.1 92 13.6
n-alkane C,3 Cy; 85 114 5.8 6.8 5.7 5.7 20.0 6.6 9.6
n-alkane C,, Cyy 85 9.2 3.9 4.7 3.9 3.7 16.4 4.5 6.3
n-alkane C,; Cys 85 5.7 1.8 2.4 1.8 1.7 10.3 2.1 3.0
n-alkane Cyq Cys 85 34 L1 18 1.0 1.0 6.1 13 18
Squalane SQ 85 12.2 16.1 9.7 13.5 8.4 11.6 7.7 4.8
n-alkane C,, Cyr 85 1.5 03 0.8 03 03 27 0.3 04
n-alkane C,g Cys 85 1.3 0.6 12 0.6 0.6 22 0.7 1.0
n-alkane Cyg Cyy 85 0.4 0.2 0.6 0.6 0.2 0.2
n-alkane Cj Cso 85 0.4 0.3 0.5 0.2 0.2 0.3 0.3 0.4
n-alkane Cj, Cy 85

n-alkane Cs, Ca 85 03 02 02 02 02
n-alkane Cj; Cy3 85 0.3 0.3 0.3

n-alkane Cs, Cyy 85 2.1

n-alkane Cj; Css 85 4.6

total Cn 85 130.7 79.4 90.3 73.4 64.2 220.6 85.8 103.0

Table 2. Component Concentrations of Tri- and Pentacyclic Terpanes (ng/L)

compound abbreviation =~ m/z  DFS-45 DFS-69 DFS-128 DFS-133  DFS-148 DFS-M68 DFS-X LS
C,y tricyclic terpane 19TT 191 0.3 0.6 0.8 0.5 0.5 0.4 0.8 0.8
Cy tricyclic terpane 20TT 191 0.3 0.1 0.1 0.1 0.1 0.6 0.1 0.1
C,, tricyclic terpane 21TT 191 0.2 0.2 0.2 0.2 0.1 0.3 0.2 0.3
C,, tricyclic terpane 22TT 191 0.1 0.1 0.1 0.2 0.3 0.1
Cy; tricyclic terpane 23TT 191 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.3
C,, tricyclic terpane 24TT 191 0.2 0.1 0.2 0.2 0.2 0.4 0.2 0.3
C,;s tricyclic terpane 25TT 191 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2
Cy¢ tricyclic terpane 26TTa 191 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.2
Cy tricyclic terpane 26TTb 191 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1
C,g tricyclic terpane 28TTa 191 0.04 0.1 0.2 0.1 0.1 0.3 0.2 0.2
Cyg tricyclic terpane 28TTb 191 0.1 0.1 0.1 0.1 0.1 0.2 0.2
Cy tricyclic terpane 29TTa 191 0.1 0.1 0.2 0.1 0.2 0.2 0.2
C,y tricyclic terpane 29TTb 191 0.1 0.1 0.1 0.2 0.2
Cs tricyclic terpane 30TTa 191 0.1 0.1 0.1 0.2
Cy tricyclic terpane 30TTb 191 0.1
tricyclic terpane total 1.6 2.0 2.2 1.9 2.1 3.5 2.7 32
lSa(H)-22,29,30-trisnomeohopane Ts 191 0.2 0.2 0.2 0.2 0.2 0.4 0.2 0.3
17a(H)-22,29,30-trisnorneohopane Tm 191 0.2 0.1 0.1 0.1 0.2 0.4
Cyg bisnorneohopane 28BH 191 0.1 0.2 0.1 0.1 0.1 0.2
Cay 17a(H),214(H) hopane 29H 191 03 0.4 0.5 0.4 04 0.5 0.5 0.8
18-a(H)-30-norneohopane 29Ts 191 0.1 0.3 0.1
Cyo 17a(H),214(H) hopane 30H 191 0.7 0.6 0.7 0.6 0.6 1.4 0.6 1.0
Cy 17(H),21a(H) hopane 30M 191 0.3 0.1
Cy, 17a(H),21(H) 228 homohopane 31HS 191 02 03 02 02 0.3 03 04
Cs; 17a(H),214(H) 22R homohopane 31HR 191 02 02 04 02 03
Cs, 17a(H),218(H) 228 homohopane 32HS 191 0.1 02 0.3 0.1
Cy, 17a(H),215(H) 22R homohopane 32HR 191 0.4 0.1
Cy; 17a(H),21(H) 22S homohopane 33HS 191 0.1
hopane total LS 2.0 1.7 LS 1.9 4.4 2.6 34
three blank samples; therefore, the testing results of the blank hydrocarbons are the dominant compound classes from 45.6
samples are not presented in the paper. The aliphatic to 76.1%. The proportion of aliphatic hydrocarbons decreased
41890 https://doi.org/10.1021/acsomega.3c06835
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Table 3. Component Concentrations of Steranes (ng/L)

abbreviation m/z

C,,ap20R 218 0.0S
C,,ap320S 218 0.04
C,saff20R 218 0.03
C,saf320S 218 0.04
Cyaff20R 218 0.05
C,oafp20S 218 0.04
Cy,aaa20R 217 0.06
C,saaa20R 217 0.03
Cyoaaa20R 217 0.03
C,,aa0a20S 217 0.0S

compound

C,, Sa(H),14(H),17(H)20R sterane

C,, Sa(H),143(H),178(H) 20S sterane
Cys Sa(H),143(H),17(H) 20R sterane
Cy Sa(H),14B(H),178(H) 20S sterane
Cyo Sa(H),14f(H),17(H) 20R sterane
Cyo Sa(H),14(H),17B(H) 208 sterane
C,; Sa(H),14a(H),17a(H) 20R sterane
Cys Sa(H),14a(H),17a(H) 20R sterane
Cyo Sa(H),14a(H),17a(H) 20R sterane
Cy; Sa(H),14a(H),17a(H) 20S sterane
Cy Sa(H),14a(H),17a(H) 20S sterane C,gaaa20S 217 0.03
Cyo Sa(H),14a(H),17a(H) 20S sterane C,oaaa20S 217 0.02
total 0.46

DFS-45

DFS-69 DFS-128 DFS-133 DFS-148 DFS-M68  DFS-X LS
0.07 0.08 0.07 0.07 0.12 0.09 0.10
0.05 0.07 0.05 0.05 0.08 0.06 0.09
0.04 0.05 0.05 0.04 0.06 0.04 0.07
0.04 0.06 0.04 0.05 0.06 0.04 0.07
0.04 0.06 0.04 0.04 0.08 0.04 0.06
0.04 0.05 0.04 0.04 0.08 0.04 0.07
0.08 0.09 0.06 0.05 0.08 0.07 0.08
0.05 0.06 0.04 0.05 0.08 0.05 0.08
0.05 0.04 0.05 0.05 0.07 0.04 0.06
0.06 0.08 0.06 0.06 0.08 0.07 0.11
0.04 0.05 0.04 0.03 0.04 0.03 0.07
0.05 0.04 0.03 0.03 0.07 0.04 0.06
0.62 0.71 0.58 0.54 0.89 0.61 0.92

from 76.1 (well DFS-M68) to 49.6% (well DFS-X). As
aliphatic hydrocarbons are the primary substrate to support the
life of microbe,* therefore, according to the quantitative test
results of organic compounds content, the produced water
sample of well DFS-M68 with the highest absolute content of
compounds is selected as the target water sample for anaerobic
biodegradation in the laboratory.

Figure 3 shows the total ion chromatogram (TIC) of
extractable compounds from all water samples, indicating
many unresolved complex mixtures (UCMs). Compared with
the DFS-M68 sample, the UCMs in the TIC of the DFS-X
water sample are more pronounced. Meanwhile, the peaks of
n-alkanes in the TIC of all samples are pronounced, indicating
that the n-alkanes are the main aliphatic hydrocarbon organic
compounds in all the collected water samples. Therefore, the
variation of n-alkanes content in the water samples can
represent the groundwater’s change pattern and evolution
feature in the coal seam. It is worth noting that there are one or
two apparent peaks (phthalates substance) in the TIC
spectrum of all collected water samples. Phthalate (m/z =
149) is a common plasticizer pollutant in nature, which may be
brought into the coal seam during fracturing or contaminated
in the sampling process. Therefore, phthalates are regarded as
foreign pollutants and did not subsequently participate in the
organic evolution process analysis.

4.2. n-Alkanes and Isoprenoid Compounds (m/z =
85). Figure 4 represents the eight m/z = 85 mass chromato-
grams showing n-alkanes and isoprenoids in all water samples.
The carbon numbers of n-alkanes are mainly in the range of
Cy6 to Cy, with the Cyy compound as the main carbon. The
carbon distributions show a monopeak model and bias to light
molecular end with a relatively low proportion of higher
carbon number alkanes. In six produced water samples, the
absolute content of n-alkanes and isoprenoids (Pr and Ph)
(Table 1) illustrated that the DFS-M68 sample has the highest
concentration with total n-alkanes and isoprenoids of 220.6
and 13.9 ng/L, respectively. Sample DFS-4S is the second
richest, containing 130.7 and 8.0 ng/L, respectively. The
lowest content of 64.2 ng/L total n-alkanes occurs in the MFS-
148 sample. The LS sample’s absolute content of n-alkanes and
isoprenoids is 103.0 and 5.9 ng/L, respectively. Compared
with the DFS-M68 sample, the complete contents of n-alkanes
and isoprene in the DFS-X sample decreased significantly, 85.8
and 6.3 ng/L, respectively. The spatial variation in the n-
alkanes content is governed by the degree of biodegradation
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that water has experienced and is closely related to microbial
activity (see more details in the discussion section).

4.3. Tri- and Pentacyclic Terpenes (m/z = 191). Table 2
demonstrates the absolute contents of tri- and pentacyclic
terpanes (m/z = 191), including 15 tricyclic terpanes: Cj,
tricyclic terpane (19TT), 20TT, 21TT, 22TT, 23TT, 24TT,
2STT, 26TTa, 26TTb, 28TTa, 28TTb, 29TTa, 29TTDh,
30TTa, and 30TTb in all water samples. Except for the
DFS-45 and DFS-M68 samples, the most abundant tricyclic
terpene is 19TT, which accounts for more than 25% of tricyclic
terpenes. There is a high content of 20TT—24TT and a low
content of 19TT in DFS-45 and DFS-M68 wells. Compared
with the DFS-M68 water sample, the content of 19TT in DFS-
X increased and the content of 20TT—24TT decreased. The
pentacyclic terpanes are dominated by hopane series, which
include 12 substances: 18a(H)-22, 29, 30-trisnorneohopane
(Ts), 17a(H)-22, 29, 30-trisnorhopane (Tm), C,g bisnoho-
pane (28BH), C,, 17a(H), 213(H) hopane (29H), 18a(H)-
30-norneohopane (29Ts), 30H, Cy, 174(H), 21a(H) hopane
(30M), Cy; 17a(H), 215(H), 22S homohopane (31HS), C;
17a(H), 215(H), 22R homohopane (31HR), 32HS, 32HR,
and 33HS in the samples. Most samples, except DFS-M68 and
LS, lack 32HR and 33HS hopanes in the coalbed-produced
water samples

4.4. Steranes (m/z = 217, 218). Regular steranes (m/z =
217, 218) are also essential biomarker compounds, and 12
steranes, including C,, Sa(H), 146(H), 17p(H), 20R
(afp20R), C,, Sa(H), 144(H), 17B(H), the 20S (afp20S),
Cy3af3B20R, Cr5f3208, Cyeaf20R, Croafi20S, Cy; Sa(H),
14a(H), 17a(H), 20R (aaa20R), C,saaa20R, Cy,aaa20R,
C,aaa20S, C,saaa20S, and Cyyaaa20S are detected in all
water samples. The absolute content values of these
compounds are demonstrated in Table 3. The contents of
sterane in all samples range from 0.46 to 0.92 ng/L,
significantly lower than the content of n-alkanes and tri- and
pentacyclic terpenes. The absolute content of steranes in
sample DFS-X is lower than that in the in situ coalbed-
produced water sample DFS-M68.

4.5, Stable Isotopic Composition of Methane. The
distribution characteristic of the stable carbon isotopic
compositions of methane (§"°C,) in the Dafosi gas field
ranges from —87.2 to —68.9%o (detailed information see the
literature”). §'°C, values are lower than —55.0%o, indicatin
that the methane in the study area is typical biogenic gas.’
Meanwhile, there is historical evidence of coal being
biodegradaded in this area. The fractional values of a(CO,—
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Table 4. Geochemical Parameters of All Water Samples”

sample  Pr/ Pr/ Ph/ main nC,,~/ C,520S8/ C,ofB/ Cio:20 G G
ID Ph Cyy C;g catbon CPI  OEP nCyt  (20S+20R)  (ff+aa) C,;/% Cu/% Cy/% TT/% TT/% TT/%

DFES-45  0.33 0.38 0.52 Cyo 0.95 0.97 1.34 0.32 0.45 §53.11 26.18 20.71 62.92 16.85 20.22

DFS-69 031 0.39 0.57 Cyo 0.78 0.93 1.63 0.54 0.47 45.17 27.28 27.56 64.88 16.58 18.53

DES- 0.38 0.39 0.57 Cy 0.74 0.95 1.63 0.44 0.65 49.13 28.67 22.20 69.25 14.25 16.50
128

DES- 0.27 0.36 0.54 Cyo 0.74 091 1.62 0.50 0.43 41.68 28.99 29.32 61.06 18.39 20.55
133

DES- 0.19 0.38 0.56 Cyo 0.73 0.93 1.51 0.49 0.59 34.40 32.51 33.09 63.73 14.29 21.98
148

DES- 0.30 0.38 0.52 Cyo 1.09 0.97 135 0.45 0.42 35.74 32.72 31.54 63.69 18.45 17.86
M68

“2nCyy 7/ Y nChyindicates (Coyyy + - + C31)/(Cyy + = + Caa)y CPL= {(Cys + Cpy + Cpg + Cy; + C33)[1/(Cyy + Cy + Cpg + Cy0 + Cy) + 1/(Cyg
+ Cyg + Cyo + Cyy + C3,)/2}, OEP = [(C; + 6C;yy + Ciy)/4(Ciyy + Cit3)]™*1Cp9208/(208+20R) = Cooa20S/(Crgaaa20R + Choaaa208).
CoBp/ (Bp+aa) = Cyapf20R/(Cyyafff20R + Cyaaa20R). Cy7% = Cpy/(Cyy + Cyg + Cig), Cyg% = Cyg/(Coy + Cog + Cag), Cp9% = Cye/(Cyy +
Cys + Cy), CrotpeTT% = CigtyoTT/(CrotpTT + CyTT + Cy3TT), C TT% = Cy TT/(CigtyTT + Cy TT + CpTT), CpsTT% = C,3TT/

(Cigt2TT + C,TT + C,3TT).
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Figure 5. (a) Relationship between Pr/n-C,, and Ph/n-Ci3.>* (b) Cio 5 TT, C, TT, and C,3TT triangle plot.>” (c) Correlation of sterane
o

isomerization parameters.®® (d) C,,—C,s-Cpo regular sterane triangle plot.

CH,) and a(CH,—H,0) vary from 1.06 to 1.07 and 1.21 to
1.22, respectively, determining that the CO, reduction pathway
produced the microbial methane.’

5. DISCUSSION
5.1. OM Sources of Coalbed-Produced Water. The

OM sources of coalbed-produced water samples in the Dafosi
gas field are determined according to various biomarker
parameters (Pr/Ph, Ph/n-C,; Ph/n-Cq steranes, terpenes,
etc.) (Table 4). The distribution characteristics of n-alkanes
effectively reflect the information regarding the sedimentary
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. . 31,32
environment, parent material source, and OM maturity.

The Pr/Ph ratio is often used to judge the changes in the
sedimentary environment by comparing oil and the source.’”
According to the redox index of Pr/Ph proposed by Brooks
and Smith,*® the inputted OM of water samples in the Dafosi
gas field is produced under reducing conditions. The
correlation between Pr/n-C,, and Ph/n-C,5 (Figure Sa) can
also reflect the reduction environment of coalbed-produced
water samples. The CPI and OPE values of water samples are
about 1, indicating that the OM is dominated by marine input
and entered the mature stage.””’* The YnC,—/ YnC,+
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Figure 6. Distribution of extracted compounds content in the Dafosi coalbed-produced water and LS samples ((a) n-alkanes; (b) tricyclic terpenes;

(c) pentacyclic terpenes; (d) sterane class).

values of water samples in the Dafosi gas field range from 1.3
to 1.6S, indicating that the parent material is mainly from
aquatic organisms, such as plankton or algae.”” The
sedimentary facies identify that the input OM of coalbed-
produced water samples in the Dafosi gas field is formed in
swamp facies (Figure Sb). The correlation of sterane
isomerization parameters presents input OM from produced
water samples all in the mature stage (Figure Sc), and the
source rocks have entered the oil generation window.”>™*’
According to the triangle diagram of sterane (C,;, C,g Cy)
content (Figure 5d), it can be inferred that DFS-45, DFS-69,
DFS-128, and DFS-133 mainly derive their parent material
inputs from plankton, whereas DFS-148 and DFS-M68 exhibit
mixed sources.

5.2. Biodegradation Evidence and Sensitivity of
Biomarkers Compound in Coalbed-Produced Water
Samples. The water produced from the coal seam undergoes
a long-term water-rock (coal) interaction, including biode-
gradation. To explore whether the microbial degradation of
coal organic matter has occurred in coalbed aquifers, we
compared the variation features of n-alkanes, tri- and
pentacyclic terpenes, and steranes extracted from water and
LS samples. The content difference of organic compounds
between LS and the Dafosi coalbed-produced water samples
reflects the geologic evolution process of coalbed water
experienced in history. Except for the DFS-45 and DFS-M68
samples in n-alkanes (Figure 6a) and DFS-M68 sample in tri-
and pentacyclic terpenes (Figures 6b,c), most of these
compounds in the coalbed-produced water samples are lower
than that of LS sample (Figure 6a—d), reflecting that the
underground waters in the coal seam have been affected by a
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particular factor. Because the water—coal interaction has been
experienced in the Dafosi gas field for a long history,® the
content of organic compounds in the natural samples should
be much more than that of the indoor simulation sample (LS).
Combining with the data of gas drying coefficient (C,/C,,),
methane and carbon dioxide stable isotopic composition, and
the evolutionary histories of tectonic-burial, thermal, and
hydrocarbon generation of the no. 4 coal seam in the study
area,” biogenic gas accounts for a large proportion of the CBM
resources in the Dafosi gas field, reflecting that the
biodegradation has been occurring in the coal seam under-
ground. While coal biodegradation and biogenic gas generation
have occurred mainly since Paleogene to date,” and biogenic
methane is more depleted in 3C than thermogenic methane,"’
the occurrence of isotopically '*C-depleted methane in the
Dafosi gas field likely suggests that fresh methane has been
released from the ongoing biodegradation and methano-
genesis. In addition, the depletion of the aliphatic hydro-
carbons in wells DFS-M68 and DFS-X and the appearance of
UCMs in all saméples also prove the occurrence of
biodegradation.z"”zl"2 Therefore, microbial degradation is the
main controlling factor for the variation of the compound
content in the Dafosi coalbed-produced water samples.
Biological sensitivity refers to the inherent characteristics of
substances determining the sequence of biodegradation. The
biodegradation degree will amplify the difference in the
substance content with a time increase. The DFS-X sample
is obtained by indoor anaerobic biodegradation of the
produced water sample—DFS-M68, which has the highest
range of biomarker compounds in all coalbed-produced water
samples. The correlation between Pr/n-C;; and Ph/n-Cq
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(Figure 7a) shows that OM is biodegraded from DFS-M68
produced water sample to the DFS-X sample. The contents of
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Figure 7. Variation of biosensitivity compounds extracted from
coalbed-produced waters before and after microbial degradation (a)
Relationship between Pr/n-C,; and Ph/n-C.3° (b) Substance
content of n-alkane, tricyclic terpane, hopance, and sterane.

n-alkanes, tri- and pentacyclic terpenes, and steranes decrease
obviously from DFS-M68 to DFS-M68X samples after indoor
anaerobic biodegradation, demonstrating that the OM in the
coalbed-produced water is degraded again by microorganisms
during the period of anaerobic culture. The differential
depletion rate among the aliphatic hydrocarbon homologues
provides evidence of possible biodegradation in this region and
reveals the different biological sensitivities among aliphatic
hydrocarbon homologues. The most significant decline is
61.1% in n-alkanes, followed by 42.1% in hopanes, 33.0% in
steranes, and 19.3% in tricyclic terpenes (Figure 7b), indicating
that the n-alkanes and hopanes are the most sensitive
compounds during the process of biodegradation, higher
than the steranes and tricyclic terpenes in the coalbed-
produced water samples. The biodegradation order of
hydrocarbons in coal is similar to that of crude oil.*'~** Coal
seam water is one of the critical potential environments for
coal biodegradation, and the variation of biosensitive
compound content in the coalbed-produced waters unques-
tionably provides access for identifying the biodegradation
process.

5.3. Correlation between the n-Alkane Content and
Methane Carbon Isotope. The isotopic index of 5"°C; has
been widely used for identifying the gas genetic type, gas
source, and methane generation pathway.”**** Methane
isotopic composition in natural gas is governed by the OM
source and thermal maturity. Generally, methane generated
from type III kerogen and coal has a much heavier carbon
isotopic value than that from type I & II kerogens, while
various sourced methane tends to be isotopically heavier with
increasing maturity. Biogenic CBM has a light value of §'*C,
with less than —60 or —55%o, while thermogenic CBM has
much heavier §*C, values.*”*” As most producible CBM likely
has a mixture origin from both thermogenic and biogenic, the
5"3C, values are rarely lighter than —60%o. Unusually
isotopically depleted methane most likely indicates ongoing
biodegradation and biogenic methane generation without

extensive mixing of pre-existing gas.*® As n-alkanes, represen-
tative aliphatic hydrocarbon homologues, are preferential
substrates for biodegradation,” they are also the most sensitive
compounds for biodegradation in coalbed-produced water
samples. Therefore, the correlation between the n-alkanes
content and the 5"°C, value of CBM may provide supportive
evidence of microbial activity. Our data illustrated a positive
relationship with a correlation coefficient (R*=0.94) (Figure
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Figure 8. Correlation between the n-alkane content and the §°C,
value in the Dafosi gas field.

8). The more consumption of n-alkanes, the more depleted
C in methane. DFS-148 and DFS-133 wells have the lowest
5"3C, value below —85%o, where the n-alkane concentration in
the coalbed-produced water is lower than other wells (Figure
6a). The content of n-alkanes in well DFS-M68 is the highest
among the studied saméples, where not only the biogenic CBM
has the lowest range” but also methane has the heaviest
isotopic value (—68.9%c). The mutual confirmation of n-
alkane concentration and the 6“C, value provides a new
perspective from the variation of n-alkane content in coalbed-
produced water for identifying the degree of biodegradation.

6. CONCLUSIONS

A coal seam aquifer plays a crucial role in providing essential
nutrients and electron donors, possibly oxidants for microbial
activity. Various types of organic matter (OM), including
aliphatic hydrocarbons, polycyclic aromatic hydrocarbons,
heterocyclic phenols, esters, ethers, alcohols, other aromatic
compounds, and others, have been identified in the extraction
from the coalbed-produced water. These organic components
serve as markers for identifying the source and sedimentary
environment and act as carbon substrates (especially n-alkanes
and isoprenoids compounds) for biodegradation leading to
biogenic methane generation. Among these compounds, n-
alkanes constitute the majority, with concentrations ranging
from 64.2 to 220.6 ng/L followed by hopane derivatives,
tricyclic terpanes, and steranes. Generally speaking, the content
of these compounds in field-collected waters is lower than that
of the LS sample indicating ongoing biodegradation within the
coal seams. After comparing changes in OM between DFS-
M68 and DEFS-X samples during biodegradation processes,
varying degrees of decrease were observed in n-alkanes content
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along with hopanes, steranes, and tricyclic terpanes. Among
these compounds, n-alkanes exhibited the highest sensitivity to
biological degradation and can therefore be considered an
indirect indicator of the extent of biodegradation experienced
in the coal seams.
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