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The hydrogeochemical characteristics of coalbed-produced water can provide insights into the sources of ions and water, the
groundwater environments, hydrodynamic conditions, and water-rock interactions of depositional basins. To study the water-
rock reaction process and reveal whether there is a microbial activity in the groundwater, a case of the Dafosi biogenic gas field
was chosen by testing the ionic concentrations and hydrogen and oxygen isotopic compositions of coalbed-produced water and
employing R-type cluster and principal component analyses. The results showed that Na+, Cl−, and HCO3

- are the principal
ions in the coalbed-produced water, while the water type is mainly a Na–Cl. Due to the hydrolysis of HCO3

-, the pH in this
region was controlled primarily by HCO3

-. As the main cation in water, Na+ contributed substantially to the total dissolved
solids. Na+ is also related to the exchange between rock-bound Na+ and Ca2+ and Mg2+ in water or surrounding rocks. The
coalbed-produced water’s oxygen isotopes displayed a characteristic 18O drift and enrichment, indicating that the 16O isotope in
the water was preferentially exchanged with the coal organic matter. Early evaporation is also contributed to the enrichment of
TDS (total dissolved solids) and 18O in the water. The central part of the study area, including the Qijia anticline, was affected
by the Yanshanian uplift and denudation and subsequently developed a water-conducting fissure zone and was recharged
atmospheric precipitation; these conditions were conducive to the formation of secondary biogenic gas.

1. Introduction

Coalbed methane (CBM), as a cleaner unconventional natu-
ral gas resource [1–3], has been widely prioritized develop-
ment in major coal-producing countries (e.g., China, the
United States, Canada, and Australia) [4–6]. The United
States was the first to begin commercially developing CBM;
China, Canada, and Australia are also entering the initial
industrial CBM development stages [7]. In the mining of
CBM, it is necessary to desorb the gas from the coal pores
via drainage and reductions in pressure, which results in
the discharge of coalbed-produced water. Important in this
is that coalbed-produced water contains abundant geological
information, which can positively impact CBM development.

Understanding the storage, migration, and development of
CBM by identifying trends across strata and analyzing the
water sources is of great value. Thus, in recent years, the geo-
chemical characteristics of water produced from coalbed
have attracted extensive attention worldwide [8–11].

Since Craig [12] first proposed the linear relationship
between the hydrogen and oxygen isotopes in global precip-
itation (δD = 8δ18O + 10) as the global meteoric water line
(GMWL), hydrogen and oxygen isotopic compositions have
been widely used in hydrogeochemical research [13], primar-
ily to determine the sources of water and the types of and
mechanisms underlying water-rock interactions [14, 15].
The main types of water-rock interactions include ion
exchange, calcite and dolomite precipitation, and the
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dissolution of silicates, gypsum, CO2, and evaporites [16–18].
Guo et al. [8] found that coalbed-produced waters in the
Bide-Santang basin of western Guizhou exhibit a D drift
indicative of hydrogen content in the coalbed that is higher
than that of oxygen and established a template for identifying
water sources. Wu et al. [19] analyzed the hydrogen and oxy-
gen isotopes of the water produced by CBM wells. They
showed that it was mainly derived from atmospheric precip-
itation (i.e., meteoric water) and was subject to water-rock
interactions and evaporation.

Various statistical methods (e.g., cluster analysis [20],
canonical analysis [21], discriminant analysis [22], and prin-
cipal component analysis [9, 23]) have been adopted to study
the relationships among groundwater ion concentrations,
total dissolved solids (TDS), and pH. Chemical changes that
control coalbed-produced water have also been widely used
for inference in different basins [24–26]. For example, Zhang
et al. [9] studied the relationship between ions and suggested
that the Na+ and HCO3

- concentrations in the Qinshui basin
might be related to ion exchange and silicate weathering. Li
et al. [21] analyzed the relationship between anions and cat-
ions in the Guohua phosphate mine of Guizhou province
using cluster analysis. They asserted that natural effects, such
as carbonate dissolution and rock weathering, were the main
mechanisms affecting the mine’s water chemistry. Redwan
et al. [26] also studied the influence of the chemical charac-
teristics of the water and water-rock interactions on the
chemical elements of coal-bearing rocks and combined sta-
tistical methods to identify and evaluate water-rock reaction
process. Thus, it has been demonstrated that analyses of the
relationships between different ions in water can reveal the
types of water-rock interactions occurring in a basin and
the ion exchange processes. It is essential for exploring the
primary ion sources of groundwater and CBM storage and
migration.

The Dafosi gas field is located in the Binchang mining
area of the Huanglong coal field along the Ordos basin’s
southern margin. The development potential of CBM
resources is enormous, and its gas origin is biogenic gas
[27]. Much research has been conducted on the occur-
rence and exploitation of CBM in this area. For example,
favorable areas of CBM prospecting were identified by
analyzing the thickness of coalbeds, hydrogeological condi-
tions, CBM content, apex, and floor characteristics [28].
Ma et al. [2] stated that CO2-enhanced coalbed methane
technologies are feasible and improve the recovery of
CBM, while Lin et al. [29] studied the pores of Dafosi coal
samples and established a gas drainage model to enhance
the efficiency of CBM drainage. Bao et al. [27] analyzed
the genetic types and distributions of gas in this area
based on gas and stable isotope data, recognizing that
the gas is mainly biogenic CBM. However, there are few
studies focused on the water-rock interaction mechanism
of the study area.

The ionic characteristics of coalbed-produced water and
the water sources have an important influence on predicting
areas enriched in CBM. Therefore, in this study, we collected
nine water samples from different CBM drainage wells in the
Binchang mining area of the Dafosi biogenic gas field and

tested their main ionic and hydrogen and oxygen isotope
compositions to analyze the compositional characteristics
of ions, water type, and water source. The correlations among
the main influencing factors of various hydrochemical
parameters were examined through Pearson correlation
analysis, cluster analysis, and principal component analysis.
The ion source and groundwater environment of coalbed
groundwater were also explored. These analyses enabled us
to determine the mechanisms underlying the water-rock
reaction process and reveal whether there is a microbial
activity in the groundwater if the water comes from meteoric
precipitation.

2. Geological Setting

The stratigraphic sequence in the study area is as follows:
Upper Triassic Hujiacun Formation (T3h), Lower Jurassic
Fuxian Fm. (J1f), Middle Jurassic Yan’an Fm. (J2y), Zhiluo
Fm. (J2z), Anding Fm. (J2a), Lower Cretaceous Yijun Fm.
(K1y), Luohe Fm. (K1l), Huachi Fm. (K1h), Neogene (N),
and Quaternary (Q). The principal aquifer of the K1l is
recharged by Quaternary phreatic water and surface water
infiltration. Although the mudstone layer of the K1h causes
vertical recharge to be very weak, the K1h is missing in some
areas, which provides the conditions necessary for the infil-
tration of water into the Luohe Fm. The site is rich in coal
resources, the surface is covered by loess spanning a large
area, and the strata are relatively flat. The deep Jurassic has
a monoclinic structure with an N60°–70° E strick and an
NW–NNW tendency inherited from the Triassic basement.

The Ordos basin, in which the study area is located, is
vast and complex. It may be divided into five water-bearing
systems according to their hydrogeological structures and
water-bearing media types [30]. These systems are the Cam-
brian-Ordovician, Cretaceous, Carboniferous-Jurassic, Cai-
nozoic, and bedrock water systems (Figure 1(a)). The
Dafosi gas field is located in the southern Binchang mining
area of the Ordos basin (Figure 1(b)) and belongs to a Creta-
ceous clastic fissure-pore aquifer system.

The only coal-bearing strata in the Dafosi biogenic gas
field is the Jurassic Yan’an Fm. The thickness of the strata
ranges ~40.05–168.57m (average: 75.57m). There are unsta-
ble, thickly bedded sandstones at the bottom, limestone
intercalated thick coalbeds in the lower layers, and
medium-fine-grained sandstones in the middle. Sandstones
and mudstones are interbedded with thin coalbeds, and the
upper sandstones and mudstones interbedded with coal con-
tain many plant fossils. The main coalbeds are nos. 4 and
4upper coals, with the 4upper coal being a bifurcated coalbed
of the no. 4 coal, of which the average coal thickness is
17m, meaning that it is the most mineable. The average
thickness of the no. 4 coal is 11.6m, and it is a mineable
coalbed throughout the area. The Dafosi gas field is a specific
biogenic gas mining area based on the gas component and its
stable isotopes analysis [27].

CBM resources are rich in the Dafosi biogenic gas field.
The coalbed permeability is 0.11-6.84mD, and the coal struc-
ture is primary-cataclastic. Figure 1(c) shows the favorable
area for CBM exploration and development. The fold
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structure developed in the Dafosi biogenic gas field is rela-
tively broad and generally displays an undulating monoclinic
system that includes the two synclines and one anticline
(Figure 1(c)). The stratigraphic dip is relatively gentle, there
are no igneous rocks, and the overall structure is simple.
The Lower Jurassic Yan’an Fm is the primary coal-bearing
unit in the study area (Figure 1(d)). The strata underlying
this formation are the Lower Jurassic Fuxian Fm’s mud-
stones, while the overlying strata include a fractured aquifer
in the Middle Jurassic Zhiluo Fm. The study area’s stratum
integrity is good, and the roof and floor of the coalbed are
mainly composed of mudstone and sandstone waterproof
layers. There is no direct hydraulic connection between each

layer. Therefore, the hydrogeological conditions in the mine
area are of simple to moderate complexity.

3. Materials and Methods

The CBM wells in the study area have been producing gas
continuously for more than 48 months [31]. Therefore, the
collected coalbed-produced water can be regarded as the
original formation of water. To characterize the water chem-
istry’s distribution characteristics throughout the area, we
designed three sampling lines along the fold direction. As
the east side of the study area is a future CBM exploitation
planning area, and the west side is an underground coal
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in the Binchang mining area; (c) structure of the surface water system and sampling locations in the Dafosi biogenic gas field; (d)
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mining area without CBMwells, our coalbed-produced water
samples were mainly concentrated in the central study area.
After sampling, the 10 L buckets were sealed and sent to the
laboratory for testing immediately. The sampling locations
are shown in Figure 1(c).

Ions of K+, Na+, Mg2+, Ca2+, Cl-, and SO4
2- in coalbed-

produced water were detected by dual system ion chromatog-
raphy (ICS-2000, Thermo Fisher Scientific, USA); Fe2+ was
detected according to the coal industry-standard (MT/T) by
colorimetry; HCO3

-, CO3
2-, and pH values were detected by

corresponding titration and electrode methods according to
the same standard. The pH was measured using a PP-50-
p11 meter (Sartorius, Germany), and a DDSJ-308A conduc-
tivity meter (Yantain Stark Instrument, Co., Ltd., China)
was employed to measure TDS. The water’s hydrogen and
oxygen isotopic compositions were tested by LGR 912-0032
liquid water isotope analyzer (Los Gatos Research, USA) at
the key laboratory of water disaster prevention and control
in Shaanxi province. The Vienna standard mean ocean water
(V-SMOW) standard was employed for stable isotopic anal-
ysis, and the analytical accuracies were δD < ±0:5‰ and
δ18O < ±0:2‰, respectively.

4. Results and Discussion

4.1. Ionic Compositions and pH Values. Table 1 shows the
main ion contents, pH values, TDS, and other basic geo-
chemical data of the coalbed-produced water in the Dafosi
biogenic gas field. The study area’s pH ranges from 7.7 to
9.0 (average: 8.1), showing weak alkalinity. The concentra-
tion of TDS ranges from 7601.9 to 16505.6mg/L. The mining
area is relatively enriched in Na+, Cl-, and HCO3

- and poor in
Ca2+, Mg2+, and SO4

2-. The trends are similar to those
observed in previous studies, such as the Zhijin block and
Dingji coal mine [32, 33]. The order of cation content is as
follows: Na+>Ca2+>Mg2+>K+>NH4

+. Sodium contents
range from 2968 to 6367.6mg/L and account for >96% of
all cations. The order of anion content is Cl->HCO3

-> -

SO4
2->NO3

-, in which the Cl- content ranges from 4096.6
to 8441.8mg/L and accounts for 60–97% of all anions.

The lowest HCO3
- concentration was 285.5mg/L, and

the highest was 4092.2mg/L, accounting for 3–40% of all
anions. The difference in the HCO3

- concentrations
reflected the different well locations and may be related
to the dissolution of CO2 in CBM. The water type of the
coalbed-produced was mainly Na–Cl in the study area,
containing a small Na–Cl–HCO3-type (Table 1 and
Figure 2). The TDS of the research area was high, with
the lowest being 7601.9mg/L and the highest being
16505.6mg/L. Because the average concentration of Na+

in the coalbed-produced water was 5076mg/L, while that
of Ca2+ was only 49mg/L, the ratio of Na+/(Na++Ca2+)
ranged between 0.98 and 1, with an average of 0.99.
Although no extremes in Na+/(Na++Ca2+) were observed,
the ratio of Cl-/(Cl-+HCO3

-) exceeded 0.6, with an average
of 0.83. By projecting Dafosi coalbed-produced water data
into a Gibbs diagram (Figure 3), it was found that the
Na+/(Na++Ca2+) and Cl-/(Cl-+HCO3

-) values all plotted
in the upper right corner, indicating that the ions in this
water were affected by evaporation.

4.2. Isotopic Compositions of Hydrogen and Oxygen and
Identification of Water Source.When a water sample receives
atmospheric precipitation, it will plot on the China meteoric
water line (CMWL) [35]. In contrast, water samples subject
to evaporation or water-rock interaction will generally devi-
ate plot below the line [36]. Table 2 shows that the hydrogen
and oxygen isotopic compositions of water produced by
CBM wells were relatively close, with δD values ranging from
-85.8‰ to -79.5‰ (average: -82.3‰) and δ18O values rang-
ing from -12.2‰ to -9.3‰ (average: -11‰). Projection of
these composition data in Figure 4 revealed that most well
data in the study area were distributed below the CMWL
and displayed an 18O drift, reflecting a strong evaporation
existence in this region (line slope is 1.87). Only the data
for well DFS-133 plotted along the CMWL, while those of

Table 1: Geochemical parameters and water types of coalbed-produced water.

Parameters
Sample ID

DFS-05 DFS-09 DFS-45 DFS-69 DFS-128 DFS-131 DFS-133 DFS-148 DFS-M68

pH 8.2 7.9 8.1 9.0 7.7 8.0 8.3 8.3 7.2

TDS 9828.0 14199.0 12545.7 14886.1 13819.2 13318.7 15076.0 16505.6 7601.9

Na+ 3824.2 5395.5 4826.4 6052.0 5275.4 5045.2 5933 6367.6 2968.0

K+ 13.0 18.8 18.4 8.1 19.3 59.1 14.5 30.8 9.4

Mg2+ 15.0 59.5 40.2 5.2 50.1 47.9 8.7 10.8 11.5

Ca2+ 52.0 109.8 60.5 7.7 81.3 79.9 7.6 12.8 30.3

NH4
+ 11.3 16.9 23.2 0.0 21.8 15.4 9.2 0.0 9.7

Cl- 5457.7 8441.8 7238 6229.8 8118.7 7840.3 6462.1 6347.4 4096.6

SO4
2- 4.3 2.2 22.6 126.9 3.3 7.5 1142.4 2385.7 1.2

HCO3
- 885.6 285.5 613.7 4092.2 477.0 427.1 2747.0 2426.1 936.5

CO3
2- 0.0 0.0 0.0 371.0 0.0 0.0 114.9 123.0 0.0

Water type Na–Cl Na–Cl Na–Cl Na–Cl–HCO3 Na–Cl Na–Cl Na–Cl Na–Cl Na–Cl

Note: the unit of ions and TDS are mg/L.
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three wells, DFS-148, DFS-131, and DFS-M68, plotted close
to this line. The information for the remaining five wells
deviated markedly from the CMWL.

4.3. Multivariate Statistical Analyses of Different Geochemical
Indicators. Analyzing the correlations between different ion
contents is a simple and effective method by which the geo-
chemical characteristics of coalbed-produced waters may be
studied [37, 38]. We analyzed the correlations between major
ions in coalbed-produced water using Pearson’s correlation
analyses performed in SPSS v. 21 (IBM Corp., USA). As
shown in Table 3, the correlation between TDS and Na+

reached R2 = 0:994 at a significance level of p = 0:01, which
indicates that Na+ in this area contributed greatly to TDS.
The pH value was significantly correlated with CO3

2-, Na+,
HCO3

-, and HCO3
-, among which HCO3

-, CO3
2-, and pH

displayed the most apparent positive relationships, reaching
R2 = 0:758 and R2 = 0:808, respectively.

Factor analysis is a process of reducing the dimension-
ality of data. Several original variables with specific corre-
lations are collated into a new variable, and the newly
constructed variable represents the overall difference in
the data caused by such variables. This approach can
reduce the number of variables needed to explain the var-
iance in the data while maintaining much of the original
integrity of the data [39] and enabling us to analyze the
relationship between ions in coalbeds rapidly. As the two
ends of the rotated factor loading matrix are concentrated,
which can better explain the main factors, we used the
rotated factor loads and extracted the four main elements,
principal components 1–4 (i.e., PC1, PC2, PC3, and PC4).
According to the component matrix (Table 4) and total
variance (Table 5) obtained via factor rotation of the max-
imum variance in SPSS, the variance described by the four
factors was obtained. The most important four factors
accounted for 32.61%, 32.36%, 21.74%, and 10.76% of
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Table 2: Hydrogen and oxygen isotopic compositions of coalbed-produced water in the Dofosi biogenic gas field.

Sample ID
DFS-05 DFS-09 DFS-45 DFS-69 DFS-128 DFS-131 DFS-133 DFS-148 DFS-M68

δD (‰) -84.2 -80.0 -81.5 -83.5 -81.4 -79.5 -84.5 -85.8 -81.7

δ18O (‰) -12.2 -9.3 -10.5 -11.0 -10.2 -10.8 -11.8 -11.7 -11.2
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the population variance, respectively, and the accumulative
total is 97.46%.

To intuitively express the relationship between individual
index parameters, the R-mode cluster analyses of Pearson
correlation and between-group linkage method are employed
to classify the ionic composition of coalbed-produced water
in the Dafosi biogenic gas field (Figure 5). After the cluster
analysis, 10 parameters were divided into four categories,
and the four PCs from the initial factor analysis had the same
characteristics. The cluster analysis parameters, C1, C2, C3,
and C4, corresponded to PC1, PC2, PC3, and PC4.

According to the coefficient scores of each PC (Table 4),
and with ±0.7 set as the boundary [8], the parameters with

absolute values >0.7 were highlighted (as shown in Figure 6).
PC1 mainly represented the negative ions and pH represented
by HCO3

-. Since the hydrolysis of HCO3
- (i.e., HCO3

-+H2O=
H2CO3+OH

-) exceeds its ionization (i.e., HCO3
-=H++CO3

2-),
causing the water was weakly alkaline [40]. Meanwhile, PC2
and PC4 were positively correlated with Cl-, Ca2+, Mg2+, and
K+, which may be related to the lateral flow of groundwater
or recharge of fissures when water is supplied. Most soluble
ions in groundwater are diluted. PC3 was positively correlated
with TDS, Na+, and SO4

2-, which indicates that Na+ and SO4
2-

firmly control TDS, among which Na+ accounts for >95% of
the produced water in the coalbed contributes more to TDS.
Under a low concentration of SO4

2-, this is conducive to the
production of secondary biogenic gas [41].

Cluster-1 (C1) corresponded to PC1, which revealed the
joint controlling of pH by HCO3

- and CO3
2-. Strong correla-

tions between pH and CO3
2- and pH and HCO3

-, R2 = 0:808
and R2 = 0:758, respectively (Table 3), were generally produced
by the reduction of SO4

2-, indicating that this process can pro-
mote water-rock interactions. Cluster-2 (C2) corresponded to
PC2, in which Cl- generally increased with increasing salinity;
such a trend is often used as a marker of salt in groundwater
[20]. The main cations may be related to water-rock interac-
tions. The measured distance of Mg2+ and Ca2+ was 5 (dimen-
sionless), indicating that the two were closely related, likely due
to the recharge of water occurring close to its source. Cluster-3
(C3) corresponded to PC3 (i.e., TDS, Na+, and SO4

2-), which
means that the TDS of coalbed-produced water may be related
to the reduction of SO4

2-. Finally, Cluster-4 (C4) corresponds to
PC4. The fracturing fluid used for CBM drainage and produc-
tion in the study area is clear water with 1%KCl and 0.05% bac-
tericide. When K+ enters a coalbed, it is diluted, consumed, and
replaced byNa+. Therefore, C4may represent the residual K+ in
the fracturing fluid.

PC1 represents the influence factor of pH. There is more
HCO3

-, which may be further hydrolyzed to produce OH-,
and result in the produced water is weakly alkaline. PC2
describes the recharge of the water source and the resultant
precipitation of Ca2+ and Mg2+, which is affected by evapora-
tion during the recharge process, and was mainly related to
the DFS-133 sampling points being located in the core of

Table 3: Pearson’s correlation matrix between hydrogeochemical parameters of water samples.

pH TDS Na+ K+ Mg2+ Ca2+ Cl- SO4
2- HCO3

- CO3
2-

pH 1.000 0.623 0.687∗ -0.064 -0.376 -0.441 0.119 0.277 0.758∗ 0.808∗∗

TDS 1.000 0.994∗∗ 0.269 0.092 -0.116 0.609 0.577 0.457 0.475

Na+ 1.000 0.200 0.005 -0.201 0.544 0.575 0.549 0.567

K+ 1.000 0.435 0.345 0.461 0.13 -0.329 -0.287

Mg2+ 1.000 0.953∗∗ 0.827∗∗ -0.453 -0.767∗ -0.589

Ca2+ 1.000 0.684∗ -0.566 -0.846∗∗ -0.666

Cl- 1.000 -0.122 -0.330 -0.174

SO4
2- 1.000 0.472 0.268

HCO3
- 1.000 0.945∗∗

CO3
2- 1.000

∗Correlation is significant at p = 0:05 level (two-tailed). ∗∗Correlation is significant at p = 0:01 (two-tailed).

Table 4: Coefficient scores for each principal component in the
factor analysis.

Parameter
Principal component

PC1 PC2 PC3 PC4

pH 0.923 -0.064 0.183 0.031

TDS 0.558 0.331 0.750 0.122

Na+ 0.633 0.267 0.721 0.078

K+ -0.092 0.266 0.153 0.945

Mg2+ -0.309 0.924 -0.086 0.180

Ca2+ -0.392 0.854 -0.256 0.131

Cl- 0.139 0.930 0.263 0.196

SO4
2- 0.059 -0.408 0.894 0.119

HCO3
- 0.779 -0.515 0.279 -0.180

CO3
2- 0.900 -0.314 0.123 -0.159

Table 5: Total variance explained by each principal component.

PC
Rotated and squared loadings

Total Variance percentage (%) Cumulative ratio (%)

PC1 3.261 32.61 32.61

PC2 3.236 32.36 64.97

PC3 2.173 21.73 86.70

PC4 1.076 10.76 97.46
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Qijia anticline and its two wings. PC3 illustrates water-rock
interactions and the reduction of SO4

2-, which occur between
groundwater and coalbeds or surrounding rocks. Low sulfate
content in the samples indicates that there was a robust sulfate
reduction process in the coalbed. The high sodium ion is
resulted from the ion exchange and making the most out-
standing contribution to TDS. These interactions will also lead
to a further precipitation of Ca2+ and Mg2+. PC4 shows the
influence of fracturing fluids. After a fracturing fluid pene-
trates underground, large amounts of K+ are consumed, and
Na+ ions in the surrounding rocks are dissolved into the
coalbed-produced water to maintain the ionic balance, and
thus, Na+ becomes the principal cation of coalbed-produced
water under the influence of water-rock interaction.

The saturation index ½SI = lg ðIAP/KspÞ� is the logarithm
of the ion activity product (IAP) of solution and its solubility
product (Ksp) ratio [42]. The SI value represents three differ-
ent states of incompatible substances, the precipitate in
groundwater (SI > 0), dissolve in groundwater (SI < 0), and
the dissolution and sedimentation balance in groundwater.
They help predict the presence of reactive minerals in the
aqueous water system and estimating mineral reactivity.
Due to error in mineral equilibrium constants, SI range is
close to 0 (±0.5), considering that SI is in equilibrium.
Table 6 shows the calculated result of anhydrite, aragonite,
calcite, dolomite, gypsum, halite, and sylvite in the study area
of groundwater minerals. However, partly, samples lack ara-
gonite, calcite, and dolomite, indicating that Ca2+ and Mg2+

are mainly from the dissolution of gypsum salts and gypsum
minerals. Ca2+ andMg2+ are precipitated secondary calcite or
dolomite in an alkaline environment, resulting in a few sam-
ples in supersaturation of carbonate minerals (SI > 0), such as
calcite or dolomite. Na+ is abundant, and all the halite are sat-
urated. Therefore, halite is the main control factor to the
chemical composition of groundwater ions. The K+ in the
water is low, leading to the sylvite in the unsaturated state.

4.4. Ion Source Identification. Ion sources can be determined
according to the relationships between the main ion contents
[43]. Most of the (Na++K+)/Cl- in the study area plotted
along the line with a slope of 1 (Figure 7(a)), which indicates

that the dissolution of sodium and potassium salts is the
main source of most Na+ and K+; the concentrations of
Na+ and K+ also exceeded that of Cl-, which may be due to
presence of other sources of Na+ and K+, such as cation
exchange. Meanwhile, r(HCO3

2-+SO4
2-) and r(Ca2++Mg2+)

can be used to determine the main sources of Ca2+ and
Mg2+ in coalbed-produced water, where r is the milligram-
equivalent concentration of the ions. According to
Figure 7(b), r(SO4

2-+HCO3
2-) and r(Ca2++Mg2+) ratio do

not fall on the 1 : 1 line, indicating that the Ca2+ and Mg2+

produced in the coalbed were not derived from the CO3
2- dis-

solution. Most of the values are below the 1 : 1 line, showing
that Ca2+ and Mg2+ may come from the early dissolution of
silicate minerals and gypsum salts [43].

Generally, the relationship between [(Ca2++Mg2+)-
(SO4

2-+HCO3
-)] and (Na++K+-Cl-) can be used to determine

whether or not cation exchange has occurred [44]. According
to Figure 7(c), the ratio of [(Ca2++Mg2+)-(SO4

2-+HCO3
-)]

and (Na++K+-Cl-)≈ -1, illustrating the cation exchange
between Na+ and Ca2+/Mg2+, is relatively common. Chloro-
alkaline index (CAI) can also be regarded as the quantified
cation exchange degree [44]. In the study area, CAI-I and
CAI-II were almost all negative (Figure 7(d)), and their
values differed substantially, indicating that differing levels
of water-rock interactions occurred during groundwater
migration [45]. Furthermore, Na+ or K+ replaced Ca2+ and
Mg2+ in the water, resulting in lower Ca2+ and Mg2+ contents
in coalbed-produced waters.

4.5. Mechanism of Water-Rock Interactions. Water-rock
interactions occur in the situation of long-term contact of
coalbed-produced water with a rock in the ground during
the water flow [46]. Sandstone is located at the top of the
no. 4 coalbed (Figure 1(d)), and sodium is the dominant cat-
ion accounting for the most significant ion proportion of
coalbed-produced water. The forming process of sodium in
the water can be interpreted as after weathering, hydrolysis,
ion exchange, and other processes, Na+ was dissolved into
the coalbed-produced water. At the same time, Ca2+ and
Mg2+ were precipitated into rock, leading to the enrichment
of Na+ in the produced water and a lack of Ca2+ and Mg2+

(Figure 8). Sodium also becomes an essential factor influenc-
ing TDS concentration. The ion exchange reaction mecha-
nisms between Na+ and Mg2+ and Ca2+ in water and rock
are shown in Equations (1) and (2).

2Na rockð Þ + Ca2+ waterð Þ = 2Na+ waterð Þ + Ca rockð Þ ð1Þ

2Na rockð Þ +Mg2+ waterð Þ = 2Na+ waterð Þ +Mg rockð Þ
ð2Þ

When there is a certain amount ofHCO3
− in the ground-

water system, the ionic exchange between Ca2+ and HCO3
−

(Equations (3) and (4)) will replace Na+ (Equation (5)) in
rocks, thus reducing the content of Ca2+ in the water [47].

2HCO‐
3 + Ca2+ → Ca HCO3ð Þ2 ð3Þ

TDS

Na+

SO4
2–

HCO3
–

CO3
2–

PH

Mg2+

Ca2+

Cl–

K+

1550 20 2510
Rescaled distance cluster combine

C1

C2

C3

C4

Figure 5: Classification results of the R-type cluster analysis.
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Ca HCO3ð Þ2 → CaCO3 + H2O + CO2 ð4Þ

Ca2+ waterð Þ + 2HCO‐
3 + 2Na rockð Þ→ 2Na+ waterð Þ

+ 2HCO‐
3 + Ca rockð Þ ð5Þ

Ion contents are also important indicators of the sedi-
mentary environment [48]. The high content of Na+ and

low ranges of Ca2+ and Mg2+ of the water in the central and
western parts of the study area show that the underground
coalbed was in a closed groundwater environment. Because
the floor of the no. 4 coalbed developed a stable, water-
resistant layer, and the apex was a vulnerable aquifer. The
sampling points (DFS-45, DFS-05, DFS-131, and DFS-
M68) in the central and eastern parts of the Dafosi biogenic
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Figure 6: Coefficient scores for the PCs in the principal component analysis.

Table 6: Saturation indices (SI) of minerals in the coalbed-produced water.

Minerals
Saturation index

DFS-05 DFS-09 DFS-45 DFS-69 DFS-128 DFS-131 DFS-133 DFS-148 DFS-M68 Chemical formula

Anhydrite -1.33 -1.26 -0.53 -1.29 -1.22 -0.87 -0.08 0.40 -2.11 CaSO4

Aragonite / / / 3.16 / / 2.40 2.63 / CaCO3

Calcite / / / 3.3 / / 2.54 2.77 / CaCO3

Dolomite / / / 6.67 / / 5.32 5.61 / CaMg(CO3)2
Gypsum -1.18 -1.19 -0.43 -1.19 -1.14 -0.79 0.01 0.48 -1.92 CaSO4•2H2O

Halite -0.37 0.18 -0.02 -0.01 0.13 0.07 -0.02 -0.01 -0.70 NaCl

Sylvite -2.52 -2.13 -2.22 -2.65 -2.14 1.67 -2.40 -2.10 -2.80 KCl

Note: “/” indicates that the mineral does not occur in the water.
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gas field also had lower Na+ concentrations which means that
these areas were not entirely closed. There may be faults in
the core of the Qijia anticline that allow atmospheric (mete-

oric) water to flow into coalbeds and migrate to both wings
[27]. The TDS of the coalbed-produced water samples in
the study area was generally high. Simultaneously, the
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coalbed depth was relatively shallow and should be affected
by evaporation during early water recharge, as shown in the
Gibbs diagram (Figure 3).

Hydrogen and oxygen isotopic exchange can also occur
between the water and the coal organic matter when ground-
water flows through the coalbed [8]. The isotopic composi-
tions of hydrogen and oxygen of coalbed-produced water in
the study area were low in 2H and relatively enriched in
18O in most well positions, indicating that water-rock inter-
actions have occurred between the groundwater and coalbed.
As shown in Figure 9, there was a positive correlation
between chlorine ion concentration and oxygen isotope com-
position reflecting the mixing of meteoric water and paleo-
formation water in the coalbed. The lightening of the 16O
isotopic composition of the coal is described in Figure 8
and caused by the following reaction (Equation (6)) [8].

H2
16O+18O coalð Þ =H2

18O+16O coalð Þ ð6Þ

The 18O drift characteristics of the produced water may
be related because the oxygen content was higher than that
of hydrogen in the coalbed [27]. The produced water sample
(DFS-133) is located in the core of Qijia anticline plotted on
the CMWL, showing meteoric water recharge characteristics.
Therefore, evaporation also tends to enrich heavy isotopes in
the residual water, with light isotopes preferring to enter the
gas phase. The reason is that the crust was uplifted due to the
Yanshanian orogenies, and the overlying strata were weath-
ered and eroded, resulting in structural fissures that con-
nected the coal-bearing strata to the surface water
environment, and evaporation occurs. The recharging of
source waters by atmospheric precipitation was then condu-
cive to the generation of secondary biogenic CBM [49].

5. Conclusions

The average pH of coalbed-produced water in the Dafosi bio-
genic gas field is weakly alkaline, at 8.1. The Na+ content
ranges from 2968 to 6367.6mg/L, accounting for >96% of
all cations, while the Cl- content ranges from 4096.6 to
8441.8mg/L and accounts for 60–97% of all anions. The

hydrodynamic conditions are weak, and the TDS concentra-
tion is generally high, ranging from 7601.9 to 16505.6mg/L,
indicating that groundwater is affected by evaporation during
recharge. The primary ions in the produced waters of the
study area are Na+, Cl−, and HCO3

−.
Four main factors (PC1–4) were determined by principal

component analysis. PC1 mainly represented the HCO3
−

hydrolyzed to produce OH-, and result in the produced water
is weakly alkaline. At the same time, PC2 showed the effects
of water recharge. The results of water-rock interactions are
expressed as PC3, manifested as the increase in Na+ in the
produced water and the further reduction of Ca2+ and
Mg2+, and PC4 denoted the influence of fracturing fluids
on the coalbed-produced water.

The Na+ in coalbed-produced water are mainly derived
from the dissolution of sodic salts and exchange with Ca2+

and Mg2+ in coalbed or surrounding rocks mainly derived
from the dissolution of gypsum salts or minerals, resulting
in the enrichment of Na+ and a lack of Ca2+ and Mg2+ in
the produced water. Halite is the main control factor to the
chemical composition of groundwater ions. The 18O drift
and enrichment characteristics in the coalbed-produced
water are due to oxygen isotope fractionation. Early evapora-
tion is also contributed to the enrichment of TDS and 18O in
the water.
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