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a b s t r a c t

The hydrogeochemical characteristics of aquifers in coal-bearing strata can provide an important foun-
dation for understanding the evolution of the aquifers and recognizing the formation process and
occurrence of biogenic gas. By analyzing the hydrogeochemical characteristics of water produced from
the Cenozoic, the limestone, and the coal strata aquifers and the coalbed gas wells, this study focused on
water-rock interactions and methanogenesis in the formation water of the Suzhou mining area, Huaibei
coalfield, China. Tectonically, this is one of the most complex coalfields in China. The dissolution of
evaporites, silicates, and carbonates controlled the chemical composition of the formation water. The
Cenozoic aquifers have a relatively stable water quality type and balanced ionic composition, but more
complex water-rock interactions occur in the coal strata and the limestone aquifers. Extensive meth-
anogenic activity and methanogenesis could be recognized by the meteoric water recharge, positive d13C
signatures for dissolved inorganic carbon (DIC; 15.4‰e26.2‰), lower sulfate concentrations (<2 mM),
and higher levels of dissolved methane and DIC. The generation and enrichment of secondary biogenic
gas in the coal seams was after the microbes’ inoculation along with the freshwater infilling the fracture
network.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The prospective resource of coal-bed methane (CBM) in the
Huaibei coalfield could reach 315.9 billion cubic meters (Jiang et al.,
2010). As one of the CBM exploitation demonstration sites in China,
the exploitation in the southeast of the coalfield has just started.
Spatially, thermogenic gas, mixture gas, secondary biogenic gas,
and a gas-weathered zone were distributed regularly from the
bottom to the top and from the center to the margin of the cola-
bearing sedimentary basin (Bao et al., 2014; Li et al., 2015).
Considering that the hydrocarbon index (CHC ¼ C1/(C2 þC3)) is
much higher than 1000 and the d13CCH4 are partly lighter than
�60‰, the study area should be very rich in secondary biogenic gas
(Li et al., 2015).
Previous studies have shown that most of the microbial CBM in
coal seams formed during later periods of coalification and devel-
oped in relationship to the injection of ancient meteoric water
(McIntosh et al., 2002; Healy et al., 2011; Shuai et al., 2013; Pashin
et al., 2014). Hence, researchers have paid greater attention to the
generation mechanisms of microbial methane in ground water and
their controlling factors (Scott et al., 1994; Aravena et al., 2003;
Flores et al., 2008; Gao et al., 2013; Ju et al., 2014). To adequately
understand the microbial activity and the formation process of
microbial gas, it is necessary to analyze the chemical and isotopic
compositions of related solutes in aquifers and the redox state of
the water (Whiticar et al., 1986; Whiticar, 1999; Schlegel et al.,
2011; Golding et al., 2013).

Moreover, the hydrogeochemical characteristics of the forma-
tion water may provide useful information about its evolutionary
process, such as the degree of the water-rock interactions and the
sources of the solutes (N�egrel et al., 1993; Gaillardet et al., 1999;
Yang et al., 2008; Li et al., 2014). Additionally, the water produced
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during CBM exploitation may induce potential threats to surface
water, soils, and ecosystems because of the higher salinity and
heavy metal concentrations (Cheung et al., 2010; Healy et al., 2011;
Yang et al., 2011). Thus, it is essential to research the geochemical
features of the produced water and evaluate its influence on the
environment surrounding the gas wells.

Based on the hydrogeological features of the study area and the
long-term groundwater quality data, this study analyzed the
associated chemical and isotopic compositions of the formation
water and the produced water from CBM gas wells through sys-
tematic sampling. The aims are to (1) research the water-rock in-
teractions and evolution process of the formation water and (2)
evaluate the microbial activity and the formation pathway of mi-
crobial methane and its enrichment features.
2. Geological background

The Huaibei coalfield lies in northern Anhui Province (E:
115�580e117�120, N: 33�200�34�280), and its coal-bearing area is
approximately 4100 km2 (Jiang et al., 2010). Tectonically, this
coalfield lies on the southeasternmargin of the ancient North China
Plate. Affected by the Dabie-Tanlu-Sulu orogenic evolution, the
structural styles of the coalfield include linear tight folds and
imbricate thrust faults (Wu et al., 2011). The main coal-bearing
structures in the study area are the Sudong and the Sunan syn-
clines (Fig. 1).

As one of the most geologically complex coalfields in China, the
origin, occurrence, and distribution of CBM in the Huaibei coalfield
differ in many ways from those coalfields with simple tectonic
evolutions. Based on its tectonic-thermal-burial history, the process
of CBM generation in the Huaibei coalfield occurred in three stages:
(1) thermogenic gas generation, when the buried depth of coal
seams increased rapidly; (2) gas escape, when the coal-bearing
strata moved upward; and (3) the generation of secondary
biogenic gas at a suitable temperature and burial depth (Wu et al.,
Fig. 1. Mining location and the main structure outline map (QD: Qidong colliery; QN: Qin
2011).
2.1. Coal-bearing strata and gas content

The minable coal seams in this mining area mostly lie in the
Permian strata (Table 1). The total thickness of the coal-bearing
strata exceeds 1300 m, and the largest thickness for a single coal
seam is 21 m (Zheng et al., 2008). According to Wu and Li (2005),
the main coal seams have a relatively high gas content
(6.9e25.5 m3/t) and gas-bearing saturation (98%e100%).
2.2. Hydrogeology

The coal seams in the study area are all covered by unconsoli-
dated Tertiary and Quaternary sediments. According to the lithol-
ogy and the distribution of the aquifers, the formationwater can be
classified into three types (Table 1): the upper aquifers in the
Cenozoic unconsolidated formations, the middle aquifers in the
Permian coal strata, and the lower aquifers in the Carboniferous
limestone strata (Gui, 2005; Chen et al., 2013a, 2013b).
2.2.1. Cenozoic aquifers
From north to south and east to west, the thickness of the

Cenozoic sediments increases gradually and reaches hundreds of
meters in the study area (Gui, 2005). Sand layers, gravel layers, and
interlayers of claypan are the main components of these forma-
tions, and the hydraulic connections among the four aquifers in the
Cenozoic formations are negligible because of the stable distribu-
tion and large thickness of the water-resistant interlayers.

The fifth aquifer, which lies in a Jurassic conglomerate layer, has
a very high water-bearing capacity. However, this aquifer is
controlled by paleotopography and exists only in shallow and
marginal areas in the study area. Hence, the Cenozoic unconsoli-
dated formations often directly overlie the coal-bearing strata.
an colliery; TY: Taoyuan colliery; ZXZ: Zhuxianzhuang colliery; LL: Lulling colliery).



Table 1
Strata and aquifers in the Suzhou mining area (modified from Gui, 2005).
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2.2.2. Coal strata aquifers
Coal strata aquifers are composed of sandstone and conglom-

erate. According to the vertical distribution of the strata, two
aquifers can be distinguished (Table 1). The No. 6 aquifer lies be-
tween the third and the fourth coal seams, with an average thick-
ness of approximately 90 m. The No. 7 aquifer lies between the
seventh and the tenth coal seams, with an average thickness of
approximately 70 m. The main petrographic composition of these
two aquifers is fine-grained and medium-grained sandstone.
2.2.3. Limestone aquifers
The No. 8 and No. 9 aquifers lie in Carboniferous limestone

strata. Though the carbonate content of the No. 8 aquifer ac-
counts for only 40%, this is the aquifer that primarily threatens
mine safety because of the shorter distance to the tenth coal
seam (Gui, 2005). In contrast, due to the long distance, the threat
of the No. 9 aquifer is lower despite its higher carbonate content
and better water-bearing properties than those of the No. 8
aquifer.



Q. Li et al. / Marine and Petroleum Geology 77 (2016) 435e447438
3. Sampling and analytical methods

3.1. Sampling

The water produced from CBM wells and the formation water
samples were collected from three collieries in the study area (QN:
Qinan colliery; ZXZ: Zhuxianzhuang colliery; LL: Lulling colliery) in
August 2013. All of the samples were filtered via glass fiber filter
membranes and stored at 4 �C in a refrigerator before analysis. For
cation and dissolved organic carbon (DOC) concentration tests, the
samples were acidified to a pH of <3. For sterilization purposes, the
saturated HgCl2 solution was injected into the isotope analysis sam-
ples, includingd13Cofdissolved inorganic carbon (DIC),d34S, andd18O
of sulfate. In addition to sterilization, dissolved gas analysis samples
were sealed bubble-free in serum bottles with rubber stoppers.

To comprehensively analyze the geochemical characteristics of
different aquifers, a series of water quality data for the Cenozoic,
the coal strata, and the limestone aquifers was collected from these
three collieries (QN, LL, and ZXZ; Table 2) and published papers
(Tables 3 and 4). With respect to data quality, data points with er-
rors that exceed 5% were excluded during the cation-anionic
equilibrium analysis.

3.2. Analytical methods

The bicarbonate concentration was titrated with a Metrohm
automatic titration apparatus. The concentrations of Cl�, SO4

2�, and
F� were analyzed by ion chromatograph (Dionex�500). A PE-5100
atomic absorption spectrometer was used to analyze the concen-
trations of Kþ, Naþ, Ca2þ, and Mg2þ. The total dissolved solids (TDS)
was equivalent to the total mass concentration of the major ions
Table 2
Chemical composition of different aquifers obtained from three collieries (LL, ZXZ, and Q

Location
(amount)

pH min�max
AVE±s

NaþþKþ(mg/L)
min�max AVE±s

Mg2þ(mg/L)
min�max AVE±s

Ca2þ(mg/L)
min�max AVE

Cenozoic
aquifer(66)

7.10e8.60 5.5e742.4 35.8e330.6 21.6e464.9
7.72 ± 0.30 279.3 ± 103.4 92.3 ± 51.9 151.6 ± 75.3

Limestone
aquifer(49)

7.06e8.63 151.8e483.3 4.8e112.0 10.3e251.2
7.55 ± 0.42 261.2 ± 69.7 72.0 ± 32.1 141.4 ± 76.5

Coal strata
aquifer (59)

7.24e10.33 202.5e1173.6 2.2e403.9 1.2e289.0
8.34 ± 0.60 447.6 ± 171.2 29.9 ± 73.3 33.6 ± 68.3

Produced
water(9)

8.15e8.45 1453.6e2628.9 4.9e12.5 3.8e22.7
8.30 1917.3 ± 441.0 8.5 ± 2.7 13.2 ± 5.6

Table 3
Chemical composition and isotope data of formationwater in the Suzhou mining area (fro
ions after subtracting half of the bicarbonate concentration.

NO. Colliery Seam KþþNaþ

(mg/L)
Mg2þ(mg/L) Ca2þ(mg/L) Cl�(mg/L)

23 ZXZ Cenozoic aquifer 371.7 55.8 58.7 199.1
24 ZXZ Cenozoic aquifer 354.5 74.4 82.4 269.3
25 ZXZ Cenozoic aquifer 354.5 48.1 49 329
32 TY Cenozoic aquifer 136.0 74.9 186.8 301.3
33 QD Cenozoic aquifer 308.1 82.7 111.9 223.2
82 ZXZ Coal strata aquifer 564.6 10.4 32.6 360.4
83 ZXZ Coal strata aquifer 548.0 10.1 15.2 362.6
84 ZXZ Coal strata aquifer 540.7 11.1 26.7 355.4
85 ZXZ Coal strata aquifer 603.3 9.4 11.7 364.4
86 ZXZ Coal strata aquifer 483.4 9.6 12.1 371.5
88 LL Coal strata aquifer 727.2 1.9 1.6 164.8
102 QD Coal strata aquifer 655.9 3.6 4.2 197.2
151 LL Limestone aquifer 185.5 40.6 55.9 92.5
153 LL Limestone aquifer 173.3 43.1 63.6 99.4
155 QN Limestone aquifer 27.3 93.8 190.8 251.7
(CO3
2�, HCO3

�, Cl�, SO4
2�, Ca2þ, Mg2þ, Kþ, and Naþ) minus half of the

bicarbonate concentration. The DOC concentration was tested with
an Elementar High TOC analysis meter, and the pH was measured
according to potentiometry. To form a headspace, 20 ml of high-
purity nitrogen was injected into the dissolved gas sample to
replace the same volume of water. After vibrating for 1 h at 20 �C,
the headspace gas composition was analyzed by gas chromatog-
raphy the next day to calculate the dissolved gas content.

The d18O and dD values of water were tested using a Finnigan
MAT253 according to the TC/EA�IRMS method (Begley and
Scrimgeour, 1997; Brenna et al., 1997). The results are expressed
in the usual delta (d) notation in ‰ deviation relative to Vienna
StandardMean OceanWater (VSMOW). The accuracy is ±2‰ for dD
and ±0.2‰ for d18O, respectively. Samples for d13C-DIC analysis
were pretreated by injecting phosphoric acid to acquire CO2 for
testing. The acidified d13C-DOC samples were freeze-dried, and CO2
was acquired by DOC combustion in a sealed quartz tube. The in-
strument for d13C analysis was a Finnigan MAT253 with an
analytical accuracy of ±0.2‰. The results for d13C are expressed in
‰ relative to the Vienna Pee Dee Belemnite (VPDB) standard.

Samples for d34S-SO4
2� and d18O-SO4

2� analysis had additions of
HCl and BaCl2 solutions to induce BaSO4 precipitation. Then, SO2
was produced in an elemental analyzer for d34S analysis (Cheung
et al., 2010). The accuracy of the d34S analysis is ±0.2‰, and the
results are expressed in ‰ relative to the Vienna Ca~non Diablo
Troilite (VCDT) standard. Values of d18O in sulfate were determined
by testing CO2 that was produced via a reduction reaction between
sulfate and carbon powder. The accuracy of the d18O analysis is
±0.2‰, and the results are expressed in ‰ relative to the VSMOW
standard. Both d34S and d18O of sulfate were analyzed by a Finnigan
MAT253.
N).

±s
Cl�(mg/L)
min�max AVE±s

SO4
2�(mg/L)

min�max AVE±s
HCO3

�(mg/L)
min�max AVE±s

TDS(mg/L)
min�max AVE±s

17.9e378.5 36.2e2747.6 122.6e545.2 300e4241
280.0 ± 93.8 616.5 ± 432.4 384.7 ± 68.1 1612 ± 529
106.8e347.5 8.2e865.9 358.1e793.8 958e1948
240.7 ± 51.6 488.0 ± 226.0 453.8 ± 75.8 1430 ± 312
67.9e371.5 1.7e2590.2 290.5e3021.4 543e3892
190.1 ± 106.8 304.5 ± 626.8 654.0 ± 413.4 1237 ± 619
249.0e680.0 1.0e21.9 2426.0e5400.0 3400e6028
456.8 ± 175.6 5.9 ± 7.4 3812.3 ± 984.2 4397 ± 982

m Chen et al., 2013a). TDS* is equivalent to the total mass concentration of the major

SO4
2�(mg/L) HCO3

�(mg/L) CO3
2�(mg/L) d13C�DIC

(‰/VPDB)
d34S�eSO4

2�

(‰/CDT)
TDS*
(mg/L)

426.4 560.2 0.0 �5.5 26.2 1391.8
421.9 565.2 0.0 �9.2 26.2 1485.1
161.4 661.3 0.0 �11.2 26.7 1272.65
212.3 488.2 0.0 1155.4
586.1 444.2 0.0 �8.3 26.8 1534.1
208.3 764.4 0.0 �12.6 25.6 1558.5
14.4 908.6 0.0 �13.9 1404.6
164.6 750.6 0.0 �10.8 26.1 1473.8
14.8 1037.6 0.0 �11.6 1522.4
205.4 467.1 0.0 �8.0 26.2 1315.6
29.2 1252.2 178.1 1728.9
14.8 1151.1 128.6 15.4 23.6 1579.9
139.9 529.1 0.0 �8.2 26.3 779.0
149.8 508.1 0.0 �7.2 25.7 783.3
220 405.8 0.0 986.5



Table 4
Results of TDS, d18OeH2O, and dD�H2O in the Suzhou mining area.

Colliery Seam d18O�H2O (‰) dD�H2O (‰) TDS (mg/L) Reference

QN Coal strata aquifer �8.8 �77.2 1050 Chen et al., 2013b
ZXZ Coal strata aquifer �9.3 �64.5 1599 Chen et al., 2013b
ZXZ Coal strata aquifer �8.6 �63.3 1446 Chen et al., 2013b
ZXZ Coal strata aquifer �7.8 �61.1 1517 Chen et al., 2013b
ZXZ Coal strata aquifer �7.4 �61.3 1570 Chen et al., 2013b
ZXZ Coal strata aquifer �8.2 �63.0 1354 Chen et al., 2013b
QD Coal strata aquifer �8.6 �63.1 1613 Chen et al., 2013b
TY Cenozoic aquifer �9.3 �70.3 1155 Gui, 2005
ZXZ Cenozoic aquifer �7.9 �75.1 393 Gui, 2005
LL Cenozoic aquifer �8.9 �72.5 555 Gui, 2005
ZXZ Cenozoic aquifer �8.4 �64.3 1429 Chen et al., 2013b
ZXZ Cenozoic aquifer �8.0 �62.3 1521 Chen et al., 2013b
ZXZ Cenozoic aquifer �8.1 �61.5 1469 Chen et al., 2013b
ZXZ Cenozoic aquifer �6.7 �52.3 241 Chen et al., 2013b
ZXZ Cenozoic aquifer �7.3 �58.2 220 Chen et al., 2013b
ZXZ Cenozoic aquifer �7.8 �57.9 375 Chen et al., 2013b
ZXZ Cenozoic aquifer �7.1 �53.9 350 Chen et al., 2013b
TY Cenozoic aquifer �9.3 �70.3 1155 Chen et al., 2013b
QD Cenozoic aquifer �8.5 �62.7 1579 Chen et al., 2013b
TY Limestone aquifer �8.8 �61.4 1005 Gui, 2005
QN Limestone aquifer �5.5 �69.0 Gui, 2005
QN Limestone aquifer �8.5 �70.1 986 Gui, 2005
ZXZ Limestone aquifer �7.5 �63.6 243 Gui, 2005
LL Limestone aquifer �8.0 �59.4 539 Chen et al., 2013b
LL Limestone aquifer �6.7 �44.3 317 Chen et al., 2013b
LL Limestone aquifer �8.0 �59.9 809 Chen et al., 2013b
TY Limestone aquifer �8.8 �61.4 1005 Chen et al., 2013b
QN Limestone aquifer �8.5 �70.1 986 Chen et al., 2013b

Q. Li et al. / Marine and Petroleum Geology 77 (2016) 435e447 439
During the isotope testing, we had one international standard
and two national standards for d18O, dD, d13C, and d34S standard
calibration (Table 5). Based on the linear regression equation of the
truth-value and the measured value of the three standards corre-
spondingly, the measured isotope compositions of the samples
were normalized (Coplen, 2011).
4. Results

The results of the major ions and isotopes are summarized in
Table 6 A and B. On the whole, the Cenozoic and the limestone
aquifers have similar pH values, with average values of 7.72 and
7.55, respectively, while the coal strata aquifer values are much
higher (8.34 on average). The TDS values in the three types of
aquifers are similar and less than 2000 mg/L, but reach 4397 mg/L
on average in the produced water. This is higher than another CBM
demonstration area (2854 mg/L in average) in Liulin, Shanxi Prov-
ince (Yang et al., 2011). The average TDS of the produced water in
the Powder River Basin is only 862 mg/L (Rice et al., 2000).
Table 5
The truth and measured values of different standards.

Standard name Truth�value (‰) Measured value (‰)

dD GBW04401 �0.40 �0.51
GBW04402 �68.80 �64.91
GISP �189.50 �188.11

d18O GBW04401 0.32 0.40
GBW04402 �8.79 �8.71
GISP �24.80 �24.52

d13C NBS�18 �5.01 �5.02
GBW04407 �22.43 �22.35
GBW04408 �36.91 �36.71

d32S NBS�123 17.10 17.01
GBW04414 �0.07 �0.10
GBW04415 22.15 22.02
The average total cation contents (TZþ ¼ NaþþKþþMg2þþCa2þ)
of the Cenozoic, the coal strata, and the limestone aquifers are 26.4,
23.0, and 22.0 meq/L, respectively (Table 7). These values are
obviously higher than global surface/river water averages (TZþ:
0.3e10.0 meq/L; Meybeck, 1981). Moreover, the produced water
has an even higher total cation content (TZþ ¼ 76.0 meq/L on
average). Naþ and Kþ are the main cations of the three types of
aquifers. Especially in the coal strata aquifers and the produced
water, Naþ and Kþ are much higher, exceeding 90% of the total
cation content. The major anion is HCO3

�, followed by Cl� and SO4
2�,

in all three types of aquifers. However, the predominance of HCO3
�

is not obvious in the Cenozoic aquifers. Additionally, the content of
SO4

2�decreases in the following order: the Cenozoic and limestone
aquifers, the coal strata aquifers, and the produced water.

The desulfurization coefficients (gSO4/[gSO4þgCl]) of the Ceno-
zoic and the limestone aquifers are greater than 30%, but the co-
efficient is lower than 0.6% in produced water (Table 7). The gNa/gCl
coefficients all exceed 1.0 in the three types of aquifers. In the
produced water, the value even reaches an average of 6.5. Addi-
tionally, though the dissolved gas concentration has a large range
(36.1e1238.8 ml/L), samples collected from the produced water
have stable values greater than 700 ml/L.

The dD and d18O values of the groundwater in the Cenozoic
aquifers are characterized by a dD range between �52.3‰ and
�75.1‰ and a d18O range between �6.7‰ and �9.3‰ (Table 6B).
For the limestone aquifers, the dD range is �44.3‰ to �70.1‰ and
the d18O range is �5.5‰ to �8.8‰. For the coal strata aquifers, the
dD range is �55.2‰ to �77.2‰ and the d18O range is �7.4‰ to
�9.3‰. For the produced water, the dD and d18O ranges are�56.9‰
to �61.0‰ and �8.4‰ to �8.9‰, respectively.

The d13CDIC values can be divided into two groups (Table 6B).
One group includes more positive isotopic compositions from
20.6‰ to 26.2‰, and the other group includes more negative iso-
topic compositions from�9.4‰ to�1.1‰. Overall, there appears to
be no obvious d13CDOC differences among different aquifers



Table 6A
Chemical and isotopic composition of water samples collected from the Suzhou mining area. TDS* is equivalent to the total mass concentration of the major ions after
subtracting half of the bicarbonate concentration.

Sample
NO.

Aquifer pH Na+

(mg/L)
K+

(mg/L)
Mg2+

(mg/L)
Ca2+

(mg/L)
F�

(mg/L)
Cl�

(mg/L)
SO4

2�

(mg/L)
HCO3

�

(mg/L)
CO3

2�

(mg/L)
Br�

(mg/L)
TDS*
(mg/L)

14 Cenozoic aquifer 7.12 272.0 42.7 93.9 388.0 1.2 316.0 1060.0 463.0 0.6 2361.4
1 Limestone aquifer 7.60 189.0 5.6 34.9 71.4 1.0 85.5 161.0 555.0 0.1 819.3
2 Limestone aquifer 7.61 541.0 2.6 1.7 7.1 4.3 115.0 46.7 1178.0 0.4 1300.5
3 Limestone aquifer 7.58 201.0 4.2 29.8 54.5 0.5 84.2 149.0 560.0 0.2 798.5
15 Coal strata aquifer 7.67 590.0 4.0 2.4 9.7 0.6 334.0 18.9 1013.0 0.6 1461.5
13 Coal strata aquifer 8.34 1235.0 22.1 2.1 11.2 2.6 924.0 1264.0 167.0 2.5 2971.3
4 Produced water 8.39 1809.0 37.3 4.9 22.7 2.1 249.0 4.3 4234.0 217.0 0.9 4423.9
5 Produced water 8.29 2244.0 65.7 12.5 3.8 1.2 628.0 4434.0 182.0 1.6 5287.3
6 Produced water 8.45 1585.0 26.1 7.1 20.7 2.4 258.0 1.5 3247.0 255.0 0.9 3750.8
7 Produced water 8.15 2417.0 59.1 5.7 10.0 2.2 492.0 2.1 5400.0 1.2 5626.8
8 Produced water 8.31 2574.0 54.9 9.3 13.3 1.1 680.0 1.0 4807.0 347.0 1.2 6028.1
9 Produced water 8.19 1721.0 33.9 6.5 13.3 1.8 390.0 7.2 3830.0 0.8 4053.0
10 Produced water 8.35 1689.0 11.7 12.5 12.6 1.3 525.0 3.1 2998.0 238.0 0.4 3979.2
11 Produced water 8.30 1466.0 8.6 9.5 12.0 2.8 637.0 2426.0 189.0 0.5 3526.5
12 Produced water 8.31 1440.0 13.6 8.8 10.8 1.9 252.0 21.9 2935.0 199.0 0.7 3400.0

Table 6B
Chemical and isotopic composition of water samples collected from the Suzhou mining area. TDS* is equivalent to the total mass concentration of the major ions after
subtracting half of the bicarbonate concentration.

Sample
NO.

Seam CH4

(ml/L)
TOC
(mg/
L)

dD�H2O
(‰/VSMOW)

d18OeH2O
(‰/VSMOW)

d13C�DIC
(‰/VPDB)

d34SeSO4
2�

(‰/CDT)
d18OeSO4

2�

(‰/SMOW)
d13C�DOC
(‰/VPDB)

14 Cenozoic aquifer / 1.0 �61.3 �8.6 �1.1 28.5 14.4 �24.4
1 Limestone

aquifer
/ 1.3 �59.0 �8.2 �8.9 22.4 22.1 �21.3

2 Limestone
aquifer

36.1 1.6 �58.8 �8.4 �7.6 25.0 22.7 �26.6

3 Limestone
aquifer

386.4 1.2 �58.5 �8.0 �3.1 20.8 19.0 �25.4

15 Coal strata
aquifer

108.3 0.8 �62.2 �8.8 �9.4 29.8 12.3 �25.5

13 Coal strata
aquifer

816.7 1.1 �53.6 �8.0 20.4 12.9 �25.2

4 Produced water 737.0 1.5 �58.3 �8.8 21.1 16.1 23.7 �25.4
5 Produced water 725.1 1.3 �57.1 �8.6 25.7 16.0 18.7 �22.3
6 Produced water 753.8 1.7 �58.5 �8.6 24.9 17.5 �27.0
7 Produced water 773.9 0.9 �57.7 �8.5 26.0 17.2 11.2 �21.8
8 Produced water 1238.8 0.7 �55.3 �8.5 25.8 15.6 0.1 �25.1
9 Produced water 777.5 1.3 �57.4 �8.5 25.0 17.2 9.0 �24.2
10 Produced water 841.4 1.2 �57.4 �8.4 22.8 18.2 �25.7
11 Produced water 873.8 1.0 �57.1 �8.3 22.6 15.6 �26.4
12 Produced water 891.1 1.4 �59.4 �8.6 23.5 17.0 13.4 �25.5

Table 7
Parameters of different aquifers calculated according to Tables 2 and 5

Location
(amount)

TZþ(meq/L)
min�max AVE

gNa/gCl min�max
AVE

(Mg2þþCa2þ)/HCO3
�

min�max AVE
Mg2þ/Ca2þ

min�max AVE
gSO4/gSO4þCl

min�max AVE
[NaþþKþ]/[Ca2þþMg2þ]
min�max Molar ratio

Cenozoic aquifer (66) 6.1e64.9 0.2e17 0.8e13.4 0.4e3.4 13%e72.9% 0e4.7
26.4 1.9 2.6 1.2 39.9% 1.7

Limestone aquifer(49) 13.0e28.1 0.9e3.3 0.1e3.1 0.5e2.0 24.1%e94.3% 0.6e13.8
23 1.7 1.9 1.0 42.9% 3.5

Coal strata aquifer(59) 9.9e63.7 1.6e17.0 0.02e9.65 0.4e6.1 0.6%e94.3% 2.3e225.9
22 4.5 0.6 1.8 24.8% 40.3

Produced water(9) 58.2e103.7 3.3e10.3 0.01e0.02 0.4e5.5 0.0e3.1% 78.0e198.3
76 6.5 0.01 1.5 0.6% 114.3
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(�21.7‰ to �27.4‰). Both the d34S-SO4
2� and d18O-SO4

2� composi-
tions are characterized by positive values and large ranges (13.0‰e

30.0‰ for d34S-SO4
2�, 9.0‰e23.8‰ for d18O-SO4

2�). Due to low
concentrations, the d18O-SO4

2� compositions of several samples
were not analyzed.
5. Discussion

According to Figs. 2 and 3, the Cenozoic aquifers have a rela-
tively stable and balanced ionic composition, and the water is
basically of the NaeCaeMgeSO4eCleHCO3 type. However, there



Fig. 2. Schoeller diagrams illustrating the chemical composition of (a) Cenozoic aquifer; (b) Limestone aquifer; (c) Coal strata aquifer; (d) Samples collected in this studyethe bold
lines represent produced water samples and the fine lines represent samples collected from collieries.

Fig. 3. Piper diagrams illustrating the chemical composition of the (a) Cenozoic aquifers; (b) Limestone aquifers; (c) Coal strata aquifers.

Q. Li et al. / Marine and Petroleum Geology 77 (2016) 435e447 441
are two obviously different water quality types in the limestone
aquifers: NaeCaeMgeSO4eCleHCO3 and NaeHCO3eCl.

In the coal strata aquifers, the concentrations of Ca2þ and Mg2þ

are generally lower than those in the Cenozoic and limestone
aquifers, and the SO4

2� concentrations feature a larger range.
Though the chemical composition is more complicated than that in
the Cenozoic and limestone aquifers (Figs. 2 and 3), most of the
samples from the coal strata aquifers are of the NaeHCO3eCl type.
Moreover, the ionic composition of the produced water is a very
stable NaeHCO3 type.

5.1. Water-rock interaction

In the sealed condition, the Mg/Ca molar ratio of the formation
water is mainly controlled by water-rock interactions. At room
temperature, the Mg/Ca ratio should be approximately 0.8 if the
interaction between water and minerals such as calcite and
dolomite is balanced (Appelo and Postma, 2005; Han and Liu,
2005), and this ratio decreases along with the increasing temper-
ature. Moreover, the precipitation of calcite might induce the
relative enrichment of Mg2þ (McIntosh et al., 2002). The Mg/Ca
ratios of the three types of aquifers are all greater than 1.0, which
demonstrates the relative enrichment of Mg2þ. Hence, during the
evolution of groundwater, a certain degree of calcite precipitation
might occur in appropriate areas.

In the coal strata aquifers, the [Mg2þþCa2þ]/[HCO3
�] ratio is just

0.6 on average. The extra HCO3
� might originate from the dissolu-

tion of CO2 generated during the breakdown of organic matter
caused by thermal degradation and/or biodegradation. The higher
HCO3

� concentration (>1000 mg/L) could also promote calcite
precipitation (Table 2). Additionally, the lower Mg2þ and Ca2þ

concentrations among the three types of aquifers may also reflect
the same process in the coal strata aquifers.

There are abundant Mg2þ and Ca2þ ions in the Cenozoic and the
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limestone aquifers because the [Mg2þþCa2þ]/[HCO3
�] ratios exceed

1.0. This is likely related to the dissolution of sulfate minerals such
as gypsum, which is also supported by the higher SO4

2� concen-
trations. The HCO3

� concentration is the lowest in the Cenozoic
aquifers, which is only 58% of that in the coal strata aquifers on
average. One possible reason for this might be the lack of additional
CO2 sources as compared to the coal strata aquifers.

Considering the low Cl� concentration in the meteoric water, its
contribution to the solutes in these three types of aquifers appears
to be negligible. The relatively high Cl� concentration in the for-
mationwater seems to be caused by halite dissolution, according to
Fig. 4, because the Cl�/Br� ratio in seawater is usually approxi-
mately 300 and the Cl� concentration would increase noticeably
during evaporite dissolution (Martini et al., 1998; McIntosh et al.,
2002; Zhang et al., 2009).

The average ratios of [NaþþKþ]/[Ca2þþMg2þ] in the coal strata
aquifers and the produced water exceed 40 (Table 7). The evaporite
dissolution might be another reason for such high [NaþþKþ]/
[Ca2þþMg2þ] ratios apart from ion exchanges (Brinck et al., 2008).
When the sodium-adsorption ratio (SAR ¼ [Naþ]/[Ca2þþMg2þ]) in
the formation water exceeds 13, the direct discharge of this type of
water would damage the soil structure because of the sodium
replacement of calcium and magnesium (Healy et al., 2011; Yang
et al., 2011). Hence, it would be undesirable for the direct
discharge of the formation water from the coal and CBM explora-
tion in the study area.

5.1.1. End member discrimination
When the coal-bearing strata lifted to the near-surface depth,
Fig. 5. Relationships of [NaþþKþ]* vs [Ca2þþMg2þ]* normalized by [HCO3
�] ([NaþþKþ]* ¼

Limestone aquifers; c: Coal strata aquifers; after Han and Liu, 2005).
the main controlling factors for carbonate dissolution became sul-
furic acid and carbonic acid in the oxidative weathering condition
(Han and Liu, 2005):

3CaxMg(1-x)CO3 þ H2CO3 þ H2SO4 ¼ 3xCa2þ þ 3(1�x)
Mg2þ þ 4HCO3

� þ SO4
2�

Thus, a considerable amount of Mg2þ and Ca2þ is used to bal-
ance the SO4

2� originating from the dissolution of sulfate-bearing
minerals, such as gypsum. The remaining Mg2þ and Ca2þ ions
([Ca2þþ Mg2þ]* ¼ [Ca2þþMg2þ]�[SO4

2�]) are mainly used to bal-
ance HCO3

� and reflect the carbonate dissolution. Similarly, a certain
amount of Naþ and Kþ is used to balance Cl�, which might be
related to evaporite dissolution. Accordingly, the remaining Naþ

and Kþ ions ([Naþþ Kþ]* ¼ [Naþþ Kþ]�[Cl�]) are possibly related to
silicate dissolution. Hence, the [HCO3

�]-normalized [NaþþKþ]* and
[Ca2þþMg2þ]* concentrations could reflect the relative contribu-
tion of silicates and calcites.

In the coal strata aquifers, silicate dissolution is the main end
member (Fig. 5). A small portion of the data is beyond the silicate
end member, which indicates that extra Naþ and Kþ are needed to
balance SO4

2�. This might be related to the dissolution of minerals
such as mirabilite. The Cenozoic and the limestone aquifers seem to
have similar contributions of carbonates and silicates.

The ratios of different ions are useful parameters that could
reflect different end member compositions in the formation water
(N�egrel et al., 1993; Gaillardet et al., 1999; Appelo and Postma,
2005). For example, the Na-normalized ratios of [HCO3

�], [Mg2þ],
and [Ca2þ] can effectively demonstrate end member compositions
such as evaporites, carbonates, and silicates (Fig. 6). The contribu-
tion of evaporites seems to be the largest in all these three kinds of
aquifers. Moreover, the carbonate end member contributes less in
coal strata aquifers, which meshes well with the insights Fig. 5
offers. The data from the Cenozoic and the limestone aquifers are
mostly located around the silicate end member in Fig. 6a and b, but
this does not mean silicates contribute most of the solutes.
Considering that this end member lies between evaporite and sil-
icate end members, the contributions of these two end members
should not be ignored.

On the whole, the dissolution of evaporites, silicates, and car-
bonates controls the chemical composition of the formation water.
In the coal strata aquifers, evaporites and silicates contribute most
of the solutes, and carbonates contribute less. In the Cenozoic and
limestone aquifers, carbonates and silicates make similar contri-
butions, but the contribution of evaporites seems to be larger.

5.2. Methanogenesis in the formation water

Previous research has shown that methanogens are very
[NaþþKþ]�[Cl�]; [Ca2þþMg2þ]* ¼ [Ca2þþMg2þ]�[SO4
2�]) (a: Cenozoic aquifers; b:



Fig. 6. Diagrams for determination of the end member compositions by HCO3/Na vs. Ca/Na (a, b, c) and Mg/Na vs. Ca/Na (a’, b’, c’) molar ratios (a and a’: Cenozoic aquifers; b and b’:
Limestone aquifers; c and c’: Coal strata aquifers) (based on Gaillardet et al., 1999; Xu and Liu, 2010).
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sensitive to high levels of nitrate and high oxygen partial pressure
(Whiticar, 1999). The rapid reproduction of methanogens occurs
only in an anoxic environment (Eh < 200 mV) with appropriate pH
ranges (4.0 < pH < 9.0; Schlegel et al., 2011). Due to the competitive
advantage of the sulfate-reducing bacteria (SRB), stronger sulfate
reduction would weaken the metabolism of methanogens when
the sulfate concentration exceeds 10 mM (Rice and Claypool, 1981;
McIntosh and Martini, 2008; Mitterer, 2010). Additionally, high
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salinity would also affect the survival of methanogens (Zinder,
1993; Martini et al., 1998).

Although the high TDS levels would restrict the methanogen
activity and the generation of microbial methane, methanogenesis
has been shown to remain active under TDS conditions exceeding
70,000mg/L in Alberta, Canada, and Louisiana, USA (Warwick et al.,
2008; Cheung et al., 2010). Considering that the highest TDS value
is only 6028 mg/L in the study area, it is much lower and more
favorable for methanogens. In addition, the pH of the coal strata
aquifers (8.34 in average) is also favorable for methanogens.

5.2.1. Evidence from meteoric water recharge
According to previous studies, microbial CBM is often related to

meteoric recharge (McIntosh et al., 2002; Gao et al., 2013; Zhang
et al., 2013; Pashin et al., 2014). Tectonic evolution in the study
area was very intense, and the coal-bearing strata were uplifted to
near-surface depth around 65 Ma (Wu et al., 2011). After the
Miocene, the coal-bearing strata became stable, and the burial
depth was less than 1000 m. This is very likely to provide favorable
conditions for meteoric water recharge. In addition, the ground
temperature (27e50 �C) during this time was also favorable for the
reproduction of methanogens (Scott et al., 1994; Wu et al., 2011).

Fig. 7 shows the dD and d18O data for different aquifers in the
study area. The intersection of the local meteoric water line
(LMWL) and the local evaporation line (LEL; d18O: �7.8‰; dD:
�53.0‰) reflects the average isotopic composition of the local
meteoric water. Most of the data points are all below the LMWL and
have lighter isotopic compositions than the average value of local
meteoric water. This is possibly related to the cold climate when
ancient meteoric water recharged the formation water (Stueber
and Walter, 1994; Weaver et al., 1995; Martini et al., 1998; Rice
et al., 2008). In the Cenozoic aquifers, the regression line is sub-
parallel to the LMWL; researchers have observed this phenome-
non in several studies (Chapman et al., 2003; Huang et al., 2013).
Their explanation for this is that the precipitation from different air
masses with different isotopic compositions condensed in a dry
climate, but no isotope fractionation occurred during transpiration.

Interestingly, some of the data points from the coal strata
aquifers are located to the right of the LMWL. Evaporation, water-
rock interaction, and mixing with basinal brines are all likely to
be the reason for this (Golding et al., 2013; Hamilton et al., 2014).
Considering that the regression line for these data has a lower slope
than that of the LEL, water-rock interaction andmixing with basinal
brines are left to be the possible reasons. Moreover, the d18O values
Fig. 7. Relationship of d18OeH2O vs. dD�H2O for produced water, coal strata aquifer,
limestone aquifer, and Cenozoic aquifer (LEL is from Chen et al., 2013b).
are more negative along with lower Cl� concentrations (Fig. 8). This
could confirm themixture of formationwater and ancient meteoric
water (Martini et al., 1998; McIntosh and Martini, 2008). Addi-
tionally, certain produced water data points located above the
LMWL in Fig. 7 might indicate extensive isotopic fractionation
induced by intense methanogenic activity (Rice et al., 2008).

5.2.2. Evidence from sulfate
The main sources of sulfate include the dissolution of minerals,

such as gypsum and mirabilite, and sulfide oxidation. The
increasing SO4

2�concentration pattern relative to Cl� is likely
related to the dissolution of sulfate minerals (Fig. 9a). However,
there appears to be no evidence for the oxidation of sulfides ac-
cording to sulfate isotope features (Fig. 10). Hence, the dissolution
of related minerals in a reducing environment should be the main
source of sulfate for the coal strata aquifers. The reducing condition
is also favorable for methanogenesis.

When the sulfate reduction reaction is strong, d34S-SO4
2� would

have a negative relation with SO4
2� concentrations. Hence, the

positive correlation between d34S-SO4
2� and SO4

2� concentrations
possibly reflects that the sulfate reduction reaction is not obvious
(Fig. 9b). Accordingly, the SRB activity would be greatly limited in
aquifers with low SO4

2� concentrations (<500 mg/L; Van Voast,
2003). In the study area, more than two-thirds of the SO4

2� con-
centrations in the coal strata aquifers fall below 200 mg/L (Table 3).
Strong sulfate reduction might have occurred in the early stage of
the aquifers’ evolution, but the low SO4

2� concentrations restricted
SRB activity soon afterward. This is favorable for the reproduction
of methanogens and the generation of biogenic gas (McIntosh et al.,
2002; Van Voast, 2003; Warwick et al., 2008; Mitterer, 2010).

5.2.3. Evidence from DIC, DOC, and dissolved gas
According to the analysis of water-rock interactions, the disso-

lution of CO2 is the main reason for the high DIC content in the coal
strata aquifers. CO2 generated from the thermal degradation of
organic matter should have d13C values (�22‰ to�27‰) similar to
those found in the coal (Elswick et al., 2007). Because the isotopic
fractionation during CO2 dissolution is approximately 8‰ at 15 �C
(McIntosh et al., 2002), the d13CDIC should be lighter than �14‰.
However, when the SO4

2� concentrations are lower and sulfate
reduction is inhibited, methanogenic activity is more pronounced.
Due to the larger carbon isotope fractionation during CO2 reduction
to CH4 and the more negative carbon isotope in microbial methane
(<�55‰; Whiticar, 1999), the d13CDIC should be much more posi-
tive in areas where CO2 reduction to CH4 occurred.

The values of d13C-DIC in this study fall into two groups,�13.9‰
to �8.0‰ and 15.4‰e26.2‰ (Tables 3e6B). The lighter group’s
d13C values decrease with increasing HCO3

�concentrations. This CO2
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might have originated from thermal evolution of the organicmatter
(Fig. 11a). The heavier group’s d13C values exhibit a positive corre-
lation with HCO3

� concentration. Combined with the analysis of
water-rock interactions, this correlation is likely to reflect a strong
CO2 reduction reaction (Kinnon et al., 2010). Hence, thermogenic
and biogenic origins of CBM are both supported by the evidences
from sulfate and DIC isotopes.

The DOC in the formation water could be completely degraded
into H2O and CO2 by microbes. This process would induce a certain
degree of carbon isotope fractionation, and the d13C of the
remaining DOC would become heavier with the increasing HCO3

�
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concentration. So, the microbial activity is confirmed by Fig. 11b.
However, the inconspicuous relationship between d13C-DOC and
d13C-DIC seems to reflect that the biodegradation of DOC should not
be an important DIC source. After all, the TOC content is only
1.0 mg/L on average, so its direct biodegradation could not
contribute too much for such high DIC levels (>1000 mg/L). In fact,
the microbial degradation of organic matter in coal could generate
CO2 in large quantities. Then, CO2 reduction, a main pathway for
biogenic gas generation, should be responsible for the higher d13C
values of the remaining CO2 (Whiticar, 1999). As a result, the
dissolution of these CO2 induced d13CDIC values exhibiting a positive
correlation with HCO3

� concentration.
According to Table 6B, samples with more positive d13C-DIC

compositions often have higher dissolved gas levels (>700 ml/L).
This also supports the idea that the positive d13C-DIC was caused by
CO2 reduction reaction. More importantly, the concentration of DIC
in samples with higher dissolved gas contents are all higher than
those with lower dissolved gas contents. However, the SO4

2� con-
centrations and pH have the opposite relationship with the dis-
solved gas contents. This is in accordance with previous studies
showing that the rapid reproduction of methanogens occurs only in
an anoxic environment with appropriate pH ranges and low SO4

2�

concentrations (Rice and Claypool, 1981; McIntosh and Martini,
2008; Mitterer, 2010; Schlegel et al., 2011).

Methanogenesis depends on many factors, such as nutrients,
dissolved oxygen level, temperature, etc. Though no direct micro-
biological evidence was presented including the species of the
microbes and their abundance in the formation water, extensive
methanogen activity and methanogenesis could also be recognized
by the hyrogeochemical characteristics analyzed above. However,
in order to adequately understand the microbial activity and the
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r the coal strata aquifers (according to Tables 2 and 6B).



Fig. 12. Occurrence model of gases of different origin in the Huaibei coalfield (modified from Li et al., 2015). (1) Thermogenic gas zone, (2) mixture zone, (3) secondary biogenic gas
zone, (4) gas oxidation zone. Є: Cambrian, O: Ordovician; C: Carboniferous; P: Permian; T: Triassic; E: Palaeogene; Q: Quaternary.
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forming process of microbial gas, further research about the species
of the microbes and other aspects related to the generation of mi-
crobial gas is needed.
5.2.4. Microbial methane in coal seams
According to the analysis above and the geochemical charac-

teristics of the gases (Bao et al., 2014; Li et al., 2015), microbial gas
was enriched in large quantities in the study area. However, if it had
only been generated in the coal strata aquifers, the microbial gas
would only be distributed around the formationwater instead of in
coal seams in large quantities. This enrichment pattern could not
form a large enrichment region. Then, another enrichment pattern
seems more reasonable: since the Miocene, a relatively enclosed
environment favorable for methanogens was formed along with
the injection of meteoric water. Some microbes, including metha-
nogens, migrated along with the groundwater and eventually
inoculated the coal seams through the structural fractures. In
certain areas, the methanogens multiplied rapidly, and a consid-
erable amount of microbial methane was generated (Fig. 12). Then,
an enrichment region of secondary biogenic gas was formed, with a
mixed zone with thermogenic gas in the lower portion. Another
important role of the generation and accumulation of the microbial
gas was to prevent the further dissipation of thermogenic gas at the
bottom.

According to Strąpo�c et al. (2008), the average diameter of
methanogens is approximately 0.4 mm. In the study area, the frac-
tures are highly developed with widths mostly greater than 5 mm
(Wei, 2014). Hence, the migration of microbes in coal seams is
feasible. As a result, biogenic methane could be generated in coal
seams via the process of methanogenesis, at a scale depending on
the microbial population’s size and migration capability.
6. Conclusion

The Cenozoic aquifers have relatively stable and balanced ionic
compositions, while the chemical compositions and water quality
types of the coal strata and the limestone aquifers are more com-
plex. Ion exchange, calcite precipitation, dissolution of CO2, and
evaporites are the main water-rock interactions in these aquifers.
The chemical compositions of the formation water are controlled
by varying degrees of evaporite, silicate, and carbonate dissolution.
All the aquifers are directly or indirectly recharged by meteoric
water. The circumneutral pH and TDS content, positive d13CDIC
values, lower concentrations of sulfate, and higher concentrations
of dissolved methane and DIC are all powerful proofs of extensive
methanogenic activity and the idea that microbial methane was
generated through the CO2 reduction pathway. After microbes
inoculated the coal seams along with the groundwater infilling the
structural fractures, the generation and enrichment of secondary
biogenic gas occurred via the process of methanogenesis, at a scale
depending on the microbial population’s size and migration capa-
bility. Overall, the hydrogeochemical characteristics of the aquifers
can provide important information for understanding the evolution
of the aquifers and recognizing the forming process and occurrence
of biogenic gas.
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