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Abstract: The quantitative identification of water sources is an important prerequisite for objectively
evaluating the degree of aquifer interference and predicting the production potential of coalbed
methane (CBM) wells. However, this issue has not been solved yet, and water sources are far
from being completely understood. Stable water isotopes are important carriers of water source
information, which can be used to identify the water sources for CBM wells. Taking the Zhijin block in
the Western Guizhou Province as an example, the produced water samples were collected from CBM
wells. The relationships between the stable isotopic compositions of the produced water samples and
the production data were quantitatively analyzed. The following main conclusions were obtained.
(1) The 6D and 680 values of the produced water samples were between —73.37 %0 and —27.56 %o
(average —56.30%o0) and between —11.04%. and —5.93%. (average —9.23%o), respectively. The water
samples have D-drift characteristics, showing the dual properties of atmospheric precipitation genesis
and water-rock interaction modification of the produced water. An index d was constructed to enable
the quantitative characterization of the degree of D-drift of the produced water. (2) The stable isotopic
compositions of produced water showed the control of the water sources on the CBM productivity.
The probability of being susceptible to aquifer interference increased with the increasing span of the
producing seam combination, reflected in the lowering dD and §'80 values and the decreasing gas
productivity. (3) Three types of water, namely, static water, dynamic water, and mixed water, were
identified. The characteristic values of the isotopic compositions of the static and dynamic water
were determined. Accordingly, a quantitative identification method for the produced water sources
was constructed, based on their stable isotopic compositions. The identification results have a clear
correlation with the gas production, and the output of the static water contributes to the efficient
CBM production. The method for the quantitative identification of the water sources proposed in this
study, can help to improve the CBM development efficiency and optimize the drainage technology.

Keywords: coalbed methane co-production; produced water sources; stable isotopes; interlayer
interference; dynamic water; static water; Western Guizhou

1. Introduction

Efficient coalbed methane (CBM) development technologies are crucial for increasing
the domestic oil and gas supply capacity in China, easing the contradiction between the
supply and demand of oil and gas and achieving a clean and sustainable development of
energy from fossil fuels [1-3]. CBM resources are found in coal seams deposited in coal-
bearing basins, and the implementation of a multi-seam CBM coproduction is a necessary
method for improving the CBM development efficiency [4—6]. However, the interlayer
differences in the geological conditions and the reservoir characteristics have caused serious
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interference problems during the CBM multi-seam coproduction, limiting the CBM produc-
tion and even causing the failure of CBM development projects [7-16]. CBM development
is a gas—water two-phase flow process, and the interlayer interference has a direct reflection
in the quantity and quality characteristics of the gas and water production [17,18]. The geo-
chemical composition of the produced water of the CBM wells contains rich information on
the produced water sources and can be used for evaluating the CBM production potential
and discriminating the interference degree for the multi-seam CBM coproduction [7,19-24].
The CBM coproduction from multiple coal seams is susceptible to communicating with
different hydrogeological units or hydrodynamic systems, affording complex and variable
produced water sources, and the differences in the produced water sources directly affect
the reservoir pressure reduction efficiency and the gas production capacity [8,25-29]. The
effective identification of the water sources for the CBM coproduction wells is the basis
for analyzing the interlayer interference of the coproduction wells and implementing the
subsequent adjustments of the development plan.

Stable hydrogen/oxygen isotopes are one of the many geochemical properties of pro-
duced water and carry information about the origin of the groundwater and its evolution and
movement. Further, they are relatively weakly influenced by engineering factors, which can
provide an important basis for identifying the sources of produced water [30-34]. Previous
studies have investigated the hydrogen and oxygen isotopic compositions of produced wa-
ter from the CBM wells, by describing their formation mechanisms and evolution processes,
analyzing the main controlling factors from both geological and engineering perspectives,
and forming a preliminary principle and method to identify the produced water sources,
and the interference degree, based on the hydrogen and oxygen isotopes [7,35-37]. How-
ever, the qualitative studies have been mostly the focus and there has been no quantitative
investigation on the produced water sources, leading to the insufficient guidance for the
CBM development.

Western Guizhou is in the active phase of the CBM development, with well-developed
multiple and thin coal seams in the Upper Permian coal-bearing strata. The research object
herein is the Upper Permian coal-bearing strata in the Zhijin block of Western Guizhou,
South China. The analysis of the hydrogen and oxygen isotopic compositions of the
produced water from the CBM coproduction wells was conducted, and their intrinsic
relationship with the CBM production capacity was revealed. On this basis, the studies on
the implications of the isotopic compositions of the produced water for the water source
discrimination were conducted, and the quantitative stable isotope analysis of the produced
water sources was offered. This study aimed to enrich the geological theory and methods
of the CBM coproduction, especially the method for quantitatively discriminating water
sources, based on the geochemical characteristics of produced water, and to provide a
reference for achieving the economic and efficient CBM coproduction in multi-seam areas.

2. Geological Setting

The Zhijin block, Western Guizhou is an important CBM block in South China with a
geological resource of 461.851 billion m® of CBM, at a burial depth of less than 1000 m and a
resource abundance of 128 million m?/km? [38]. This block is rich in CBM resources with a
moderate burial depth and relatively intact coal body structure, which shows great promise
for the CBM development [11]. Tectonically, the Zhijin block belongs to the Qianzhong
uplift of the Yangzi plate, South China and contains the gas-producing Yanjiao syncline,
with a coal-bearing area of about 1000 km?, along with the Qianxi syncline. The Yanjiao
syncline is a compound syncline, mainly containing the coal-bearing Bide, Shuigonghe,
Santang, Agong, and Zhucang sub-synclines [39]. The tectonic orientation of the Yanjiao
syncline is mainly in the NW- and NE-trending, formed under the NE-SW and NW-SE
maximum principal stress in the middle and late Yanshanian period, respectively. The
NW-trending structures experienced a more complex tectonic transformation, causing more
adverse geological conditions for the CBM development, than those of the NE-trending
structures [12] (Figure 1). The coal and CBM resources are mainly located in the sub-
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synclines, among which the best conditions for the CBM development are in the Zhucang
sub-syncline, characterized with a high gas content (>15 m?/t), moderate burial depth,
relatively intact coal body structure, and a high permeability [9]. It is also the main area for
the CBM exploration and development at present in the Zhijin block.
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Figure 1. Geological setting of the Zhijin block, Western Guizhou. (a) Tectonic map. (b) Stratigraphic
column.

The main coal-bearing strata in this area are the Upper Permian Longtan Formation,
deposited in a tidal lagoon flat delta sedimentary system, and the Changxing Formation,
formed in a carbonate tidal flat carbonate platform environment [9]. The Upper Permian
coal-bearing strata are in pseudoconformity contact with the overlying Lower Triassic
Feixianguan Formation and with the underlying Emeishan Basalt Formation [40,41].

3. Principles and Methods
3.1. Principles of the Groundwater Stable Isotopic Analysis

The stable isotopic composition of the groundwater can indicate the groundwater
origin, evolution, and age [33]. Generally, shallow groundwater has a relatively light
isotopic composition, and the isotopic exchange reaction between the groundwater and
rocks (including coal seams) during the groundwater flow toward the deep, tends to
increase the heavy isotope proportion [7]. The isotopic exchange reaction can be seen
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as a part of water/rock interactions. The heavy isotopes 0 and D are easily enriched
in the closed and stagnant groundwater, which is one of the basic principles of isotopic
hydrogeochemistry. The isotope exchange reactions involved in the coal-bearing strata
include the following.

H,'°0 + D (coal) = HD'O + H (coal) (1)

H,'°0 + 180 (coal) = H,'80 + 1°0 (coal) 2)

In a closed groundwater environment, the above reactions are long-lasting and gradu-
ally intensify, leading to the increasingly heavier stable isotopes in the groundwater with
enhanced water/rock interactions. Hence, stable isotope composition can be used as an
important indicator to discriminate the dynamic conditions of the groundwater. A heavier
hydrogen and oxygen isotopic composition (higher 6D and 5'80) reflects a higher degree
of the groundwater retention and a poorer recharge and flowability conditions. This can
provide a basis for identifying the sources of water produced from the CBM wells and
then determining the effect of the water production on the pressure reduction, as well as
the gas desorption and production in the reservoirs. Moreover, the isotopic composition
of the surface water can be heavier, due to the evaporative fractionation effect, which is
particularly evident in arid and semiarid regions [42].

3.2. Classification of the Water Sources for the CBM Wells

The CBM development relies on water production and reservoir pressure reduction,
and the difference of the produced water source controls the pressure reduction and gas
production efficiency. The produced water in the CBM wells can generally be divided into
internal and external sources [43], which basically corresponds to the concept of “static
water storage” and “dynamic water storage”, in hydrogeology [44—46]. When the drainage
is recharged by a cross-flow from the aquifers or surface water outside the producing coal
seam, that results in an abnormal increase in the water production but a low efficiency
of the pressure reduction and gas production, it is called the external source water or
dynamic water. When the drainage does not communicate with the strong aquifers, the
produced water comes from the limited water storage within the producing coal seam and
its adjacent roof and floor, which can effectively promote the reservoir pressure reduction
and gas desorption; this is called the internal source water or static water. In terms of the
effectiveness of the drainage for the gas production of the CBM well, the internal source
water is “effective” water and the external source water is “ineffective” water. Many CBM
engineering practices reveal the external source water to be the main cause of the high
water production and low gas production. The identification of the produced water sources
is important to evaluate the CBM well drainage efficiency and to discriminate the interlayer
interference during the CBM coproduction in multiple coal seams.

3.3. Sample Collection and Tests

Twelve produced water samples were collected from the water outlets of 12 CBM wells
in the Zhijin block in October 2021, involving vertical, directional, and horizontal wells, by
washing a sampling polyethylene bottle with the target water three times before collection
and ensuring that the water sample was filled and sealed in the sampling bottle. Except for
the single-seam production horizontal wells, the rest are multi-seam coproduction wells.
Table 1 lists the production information of each well. In addition, one surface water sample
was collected from the Shaopu River flowing through the Zhijin block with the above
sampling method. The water samples were tested on site during the sample collection for
the water temperature, pH, total dissolved solids (TDSs), and electrical conductivity. The
hydrogen and oxygen stable isotope testing was performed using a MAT-253 stable isotope
mass spectrometer (Thermo Electron, Finnigan, Inc., San Jose, CA, USA) at the State Key
Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy
of Sciences (Guiyang) at the ambient temperature and pressure in a light-free environment.



Energies 2022, 15, 9550

50f19

The measured results were reported in delta notation (J) in per mil (%o) relative to the
known standards (VSMOW, Vienna Standard Mean Ocean Water), with analytical precision
values of less than 4-1%o and less than 4-0.2%. for 6D and 6'80, respectively [7]. Each
water sample underwent duplicate testing to guarantee the precision and accuracy of
the analyses. The outcomes were essentially identical and could satisfy quality control

standards. Figure 2 illustrates the geometric characteristics of the production coal seams in
Table 1.

Table 1. Information on the CBM wells.

Geometric Characteristics of the Production Average Daily
Fracturing and Coal Seams (m) Production (m3/d) Peak
Well H Daily Gas
Well Type Production Total i
Number 1 Maximum ota Production
Coal Seams Burial Depth Producing Water Gas m3/d)
Span .
Thickness
20/23,
1 Vertical 6/7/8/10, 240.4-432.3 191.9 5.0 1.04 118 146
12/14/16/17
2 Horizontal 23 (8) 585.3-587.4 2.1 2.1 4.24 2660 3066
. 23/30,
3 Vertical 32/33/34 477.2-546.1 68.9 2.1 16.53 0 0
. 23/24/27,
4 Vertical 30/32/33 1093.4-1155.0 61.6 5.4 1.58 1022 2382
5 Vertical 14, 16 562.0-615.7 53.7 3.9 5.45 358 1107
6 Vertical 202/72/13/023' 517.5-598.1 80.6 5.1 145 1058 1209
7 Vertical 19/20,23/27 509.8-557.6 47.8 5.2 0.73 1302 1529
. 20/21/23,
8 Vertical 27/30 806.3-899.3 93.0 6.7 6.82 17 147
9 Directional ¢/ ;;'/23%/ B 41506638 24838 9.9 1.20 1324 1455
10 Horizontal 23 (7) 539.3-542.1 2.8 2.8 0 2118 2215
11 Horizontal 30 (9) 602.4-604.8 2.4 2.4 0 2219 2438
11/12/13,
. . 16/17/18/19,
12 Directional 20/21/23, 453.3-642.0 188.7 9.9 0 2662 3140
27/30

Notes: In the column of the fracturing and production coal seams, the number represents the coal seam number,

"o

which can be found in the lithological column of Figure 1, the separation “,” represents the different fracturing
sections, “/” represents the same fracturing section, and the number in parentheses represents the number of
fracturing sections of the horizontal well. The data format in the burial depth column is the “burial depth of the
top boundary- burial depth of the bottom boundary”.

Coal seam combination

No. 11

1/2/3:Thickness of No.3/5/11 coal seam

4 /5: Burial depth of the top / bottom boundary
Total producing thickness=1+2+3

Average burial burial = (4 +5)/2

Maximum span=25—4

Figure 2. Illustration of the geometric parameters of the production coal seams.
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4. Results and Discussion
4.1. Stable Isotopic Compositions

The test results show that the 6D of the water samples ranged from —73.37%. to
—27.56 %0, with an average of —56.30%o, and 5180 ranged from —11.04%o to —5.93 %0, with
an average of —9.23%. (Table 2). According to the local meteoric water line (LMWL) in
Southwest China, the water samples are distributed along the LMWL and are located at
the upper left of the LMWL (Figure 3). The production coal seams of the CBM wells are
generally shallower than 800 m, resulting in a certain degree of similarity between the
isotopic composition of the produced water and that of the surface water or atmospheric
precipitation. However, compared with surface water sample No. 13, the produced water
of the CBM wells generally has a heavier hydrogen/oxygen isotopic composition and a
more significant D-drift trend, reflecting the further modification effect of the groundwater
circulation and the water/rock interaction on the produced water. The D-drift trend
indicated a heavier 6D of the sample than the LMWL, based on a same 5180, characterized
by the data falling on the upper left of the LMWL.

Table 2. Test results of the stable hydrogen/oxygen isotope and the water quality parameters of the

water samples.

Standard Standard
Well Sample o e 18 (0 e EC TDS
Number Number 9D (o) De‘&i;lon 970 (o) De‘&i;lon d pH (uS/cm) (mg/L)
1 1 —73.37 0.58 —11.04 0.19 5.01 7.78 1963 949
2 2 -36.33 0.55 —7.14 0.07 11.02 7.47 9890 4523
3 3 —71.05 0.55 —10.77 0.08 5.13 8.37 1988 944
4 4 —54.88 0.08 -9.32 0.24 9.76 7.61 5470 2681
5 5 —71.11 0.35 —10.85 0.09 571 7.52 2080 1123
6 6 —65.05 0.16 —10.16 0.06 6.31 7.94 2920 1562
7 7 —53.52 0.40 -9.13 0.02 9.67 7.75 4310 2152
8 8 —61.41 045 —9.98 0.03 8.51 7.99 2950 1568
9 9 —58.99 0.48 -9.79 0.09 9.42 7.98 3170 1678
10 10 —27.56 0.45 —5.93 0.07 10.11 7.62 15,540 8800
11 11 —44.16 0.57 -7.07 0.06 2.58 8.44 7590 3603
12 12 —58.15 0.54 —9.53 0.03 8.16 8.43 4410 2240
River 13 —67.94 0.20 —9.90 0.07 1.32 8.2 332 166

Notes: The sample numbers correspond to the CBM well numbers, for example, sample No. 1 was collected from
well No. 1. Sample No. 13 was from the Shaopu River. d is the D drift index, as described below.

20—
20~ ! | |
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Figure 3. Relationship between the 6'80 and 6D values of the water samples.
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Surface water sample No. 13 is very close to the LMWL and has a lighter isotopic
composition, compared to majority of the produced water samples. The stable isotopes
of the surface water tend to be heavier in areas with strong evaporation in arid climates
due to the evaporative fractionation effect [7]. The climate in the study area is relatively
humid, but the evaporative fractionation should still be the main reason of the heavier
isotopic composition of the surface water sample, than some produced water samples
(samples 1, 3, and 5). Sample 11 is also close to the LMWL but has a heavy isotopic
composition, indicating strong water /rock interactions. The rest of the samples showed
obvious D-drift characteristics (Figure 3). The causes of the D-drift trend in the produced
water of the CBM wells can be explained as follows [7,37]: (1) Coal contains various
hydrogen-containing compounds, and the number of hydrogen atoms exceeds the number
of oxygen atoms. The coal-bearing strata are generally in a reducing environment, and the
light hydrogen isotopes in water can exchange with heavy hydrogen isotopes in coal in an
isotopic exchange reaction. (2) CHy can be dissolved in groundwater in large quantities
under high-temperature conditions, and when sulfate is present in the groundwater, CHy
can induce the reduction of sulfate, to produce H;S, thus causing the isotope exchange in
the H,S-H,O or CHy—H;O system and making the hydrogen isotopes in water heavier.
The reaction can be expressed as

HDS + H,0 = H,S + HDO )

CH3D + H,O = CHy4 + HDO (4)

In conclusion, the hydrogen isotope exchange reactions are more intense than the
oxygen isotope exchange reactions for the coal measure water or the coal seam water,
resulting in the CBM produced water with D-drift characteristics. The D-drift is the result
of the interaction between the organic composition of the coal seam and the groundwater
in a hydrogen-rich geological environment, which can reflect the characteristic of the static
water and help depressurize the reservoir after the output. Previous studies also revealed
that the higher the degree of the D-drift in the isotopic composition of the produced water,
the higher the CBM production [7]. The quantitative characterization of the D-drift index is
necessary for predicting the CBM productivity.

To quantitatively characterize the degree of the D-drift trend, the D-drift index, 4,
defined as the erect distance between the isotopic data point of the water samples in Figure 1
and the LMWL, is calculated using the formula below. The larger the distance, the stronger
the D-drift represented.

d=6D —7.96 x 680 — 9.52 (5)

where d is the D-drift index and 6D and 6'80 are the measured data of the samples. The
D-drift indexes of the produced water samples are calculated to be 2.58 (No. 11)-11.02
(No. 2) (average 7.62). The lowest D-drift index of 1.32 is measured for sample No. 13,
indicating that it responds most strongly to the atmospheric precipitation (Table 2).

4.2. Relationships between the Stable Isotopic Composition and Production

Figure 2 shows the geometric characteristics of the production coal seam combination
in Table 1. The production parameters of the CBM wells were further defined as follows.
The average daily gas production is the average of all of the daily gas production of the
sampling month; the peak daily gas production is the maximum value of the daily gas
production of the sampling month; the average daily gas production per unit of coal
thickness is the ratio of the average daily gas production and the total producing thickness.
Similarly, the calculation methods of the water production parameters were consistent with
the above gas production parameters.

The correlations among the hydrogen and oxygen isotopic compositions of the pro-
duced water, the geometric parameters of the production seam combination, and the
production parameters were analyzed. Among the geometric parameters, the maximum
span shows a negative correlation with the isotopic compositions, which can be seen as an
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important geometric factor controlling the water production characteristics. This suggests
that the smaller the span, the stronger the water/rock (coal) interactions, which is reflected
in the heavy stable isotopic compositions and is conducive to the CBM production after the
water output (Table 3).

Among the burial depth parameters, the top boundary burial depth correlates best
with the isotopic compositions of the produced water, implying that the coproduction
interference mainly comes from the upper aquifer (Table 3). In addition, D has a significant
positive correlation with 680, reflecting their commonality in the groundwater chemistry
formation and similar hydrogeological implications. The test results herein show that 6D
and 580 have a significant positive correlation with the TDSs, which can be used as a
reference to identify the hydrodynamic conditions of the produced water (Figure 4).

25 3
[ ]
™ /
/
-10_./'A/‘/ B FH (%)
W8
L "% 0=0.0006xTDS-10.8585 ® 50 (%)
-~ R™=0.7938
\OEQ/
O 15—
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2 -304 m
[1
2 -0~ SD=0.0058x TDS-71.4458
50 R*=0.8408
-60 4
=70 ™ g
| I 1 I 1
0 2000 4000 6000 8000 10000
TDS (mg/L)

Figure 4. Relationship between the isotopic compositions and the TDSs of water samples.

5D and 80 have a good positive correlation with the gas production parameters,
providing favorable conditions for predicting the gas production, based on the produced
water isotopic compositions. The average daily gas production per unit coal thickness has
the best correlation with the isotopic compositions, with a correlation coefficient greater
than 0.85. The 6D and 6'80 values showed a weak negative correlation with the water
production parameters, among which the peak daily water production was relatively well
correlated, followed by the average daily water production. The average daily water
production per unit coal thickness has the lowest correlation with 5D and 6'80.

The average daily gas production per unit coal thickness is a typical indicator to
characterize the production capacity of the CBM coproduction wells, which can eliminate
the influence of the coal thickness on the gas production. The isotopic compositions
of the produced water can effectively reflect the water source types and the reservoir
depressurization efficiency, which is directly reflected in the gas production level per unit
coal thickness, and thus, the two have a good correlation. Meanwhile, the low correlation
between the isotopic compositions of the produced water and the average daily water
production per unit coal thickness indicates that the water production of the gas wells is
not directly related to the thickness of the producing coal seam but mainly due to the water
sources. The larger the span, the easier it is to connect with the different water sources,
which is directly reflected in the increase in the peak daily water production and average
daily water production. Hence, the peak daily water production and average daily water
production have a better correlation with the produced water isotopic compositions.
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Table 3. Correlation coefficients between the stable isotopic compositions of the produced water and the production parameters.

Isotopes Geometric Characteristics of the Production Seam Combination (m) Daily Gas Production Daily Water Production
Top Bottom Average Average
Average . Total . .
Isotopes 8
P D (0] d Bount'iary Bounfiary Burial Maximum Producing Average Peak Per Unit Average Peak Per Unit
Burial Burial Denth Span Thickness Coal Coal
Depth Depth P Thickness Thickness
D 1 0.979 ** 0.519 0.223 0.016 0.127 —0.544 —0.293 0.778 ** 0.707 * 0.854 ** —0.410 —0.421 —0.308
O 0.979 ** 1 0.333 0.180 —0.050 0.072 —0.587* —0.371 0.773 ** 0.687 * 0.883 ** —0.402 —0.420 —0.290
d 0.519 0.333 1 0.310 0.339 0.330 —0.006 0.274 0.348 0.392 0.204 —0.209 —0.180 —0.223

Notes: ** Significantly correlated at the 0.01 level, * Significantly correlated at the 0.05 level.



Energies 2022, 15, 9550

10 of 19

Among the geometric parameters of the production seam combination, the maximum
span exerts the most important influence on the produced water isotopic compositions.
The possibility of recharging from the upper aquifer during the drainage increases as the
span increases, characterized by the gradual lightening of the isotopic compositions. The
larger the span, the lower the average daily gas production per unit coal thickness, and
the higher the peak water production. To reduce the chance of the interlayer interference
and to improve the coproduction efficiency, the span of the production layer combination
should not be too large and the burial depth should not be too shallow.

To be specific, an average of 7.24 m of the total producing thickness of the CBM wells
in the study area is measured; thus, a level of 138 m3/(d-m) of the average daily gas
production per unit coal thickness can ensure that the average daily gas production of a
single well achieves the industry standard of 1000 m®/d. The relationships of the average
daily gas production per unit coal thickness with the maximum span and burial depth
of the top boundary of the production coal seam combination are illustrated in Figure 5.
The level of 138 m3/(d-m) of the average daily gas production per unit coal thickness
corresponds to a 67 m maximum span (Figure 5a) and 440 m top boundary burial depth
(Figure 5b). Practically, a maximum span of less than 70 m and a top boundary burial depth
deeper than 400-450 m should be used when determining the coal seam combinations for
the CBM coproduction in the study area. The optimal burial depth of the top boundary for
the CBM production is 600-650 m (Figure 5b).

Moreover, the average daily gas production per unit coal thickness shows a positive
correlation with d, following the function shown in Figure 6. When the d exceeded 9.42,
the gas production increased rapidly and there was a positive correlation; when the d
was less than 9.42, the correlation was not significant. It is assumed that the threshold
value of d is 9.42 to distinguish the coal seam water from other water sources, beyond
which the characteristics of the coal seam water gradually appear and intensify, and the gas
production efficiency then increases. An anomalous data point (Sample 11) can be observed
in the figure, which has a low d but relatively heavy isotopic compositions, corresponding
to a high gas production (Figure 6).

The removal of Sample 11 revealed that all produced water samples show a highly
linear relationship, indicating the anomalous nature of Sample 11 (Figure 7). In addition,
subtracting the fitted linear equation (y = 9.05x + 27.89) in Figure 7 from the LMWL equation
(y =7.96x + 9.52) yields an equation reflecting the relationship between the degree of the
D-drift and §'80:

y = 1.09x + 18.37 (6)

It can be seen that the degree of the D-drift increases with 680, which also indicates
that the more intense the water/rock interaction of the coal seam water (gradual increase
of 4D and 5180), the more obvious the D-drift trend.

4.3. Classification of the Produced Water Sources

Based on the hydrogen/oxygen isotopic compositions (6D and §'80) and d of the
water samples, the Q-mode hierarchical clustering analysis was conducted to discriminate
their relationships. The results showed a classification of all samples into four major groups
by a distance measurement of 5 (Figure 8).

(1) The first group (Cluster 1) includes Samples 1, 3, 5, 6, and 13, containing surface water
sample (No. 13) characterized by the light hydrogen and oxygen isotope composi-
tions (Figures 8 and 9). 6D and 5180 were measured to be —73.37-—65.05 %o (average
—69.70%o0) and —11.04——9.90%o (average —10.54%o). The d values were between 1.32
and 6.31 (average 4.70). The hydrogen and oxygen isotopic compositions reflect the
weak water /rock interaction and the strong mobility of the produced water, suggest-
ing that the drainage is recharged by the external water from the upper aquifers. This
group mostly corresponds to the low gas production wells. The average daily gas pro-
duction per unit coal thickness values are 0-207.45 m3/d-m (average 80.71 m3/ d-m);
the average daily water production values are 1.04-16.53 m3/d (average 6.12 m3/d).
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The well type is vertical, which is easy to communicate with the aquifers under
multi-seam separated or joint fracturing conditions. Sample 1 was from Well 1, and
the previous study confirmed the interference of the shallow groundwater in the
drainage of this well [7]. Sample 3 was from Well 3, which is located in the Santang
sub-syncline, and has been producing only water but not gas for a long time, since
it was put into production in June 2019, with an average daily water production of
16.53 m3/d and a very clear water quality, representing the communication of the
shallow groundwater. In addition, Samples 1 and 3 have lower TDS values than the
other produced samples (Table 2) and are determined as dynamic water, which cannot
contribute to the reservoir depressurization and gas desorption effectively.
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(2) The second group (Cluster 2) includes Samples 4, 7, 8, 9, and 12 with heavier hydrogen
and oxygen isotopic compositions than those of Cluster 1 (Figures 8 and 9). 6D
and 6180 were —61.41-—53.52 %o (average —57.39%0) and —9.98—-—9.13%. (average
—9.55%0) and the d values were between 8.16 and 9.76 (average 9.10). The wells of
this group include three vertical wells and two directional wells and have a higher
gas production and lower water production than those of Cluster 1. The average daily
gas production per unit coal thickness ranges from 2.54 to 268.89 m®/d-m (average
175.63 m3/d-m); the average daily water production ranges from 0 to 6.82 m?/d
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(average 2.07 m3/d). Hence, it can be reasonably speculated that this group of water
samples represents a mixture of dynamic water and static water.

(3)  The third group (Cluster 3) includes Samples 2 and 10, with relatively heavy hydrogen
and oxygen isotopic compositions (Figures 8 and 9). The corresponding well type
is horizontal. 6D and 6'80 were from —36.33 to —27.56 %o (average —31.95%0) and
—7.14%0 to —5.93%o (average —6.54%o), respectively. The d values were between 10.11
and 11.02 (average 10.56). The isotopic geochemical characteristics reflect the strong
stagnant characteristic of the produced water, corresponding to a high gas produc-
tion. The average daily gas production per unit coal thickness ranges from 756.43
to 1266.67 m3/d-m (average 1011.55 m?®/d-m); the average daily water production
ranges from 0 to 4.24 m3/d (average 2.12 m>/d). The horizontal wells are not easy
to communicate with the aquifer, and the produced water has low chances of being
recharged by an external water source. In addition, the depth of the producing coal
seams of Cluster 3 exceeds 500 m, indicating better confinement conditions. This
group reflects the static water characteristics of the coal seam and corresponds to a
high gas production with an efficient reservoir depressurization.

(4) The fourth group (Cluster 4) only includes Sample 11, an anomalous data point,
which was consistent with the cluster analysis, and no further detailed analysis was
made here.

It can be seen that the isotopic compositions of the produced water are closely related
to the level of gas and water production, and the internal reason lies in the difference of
the produced water sources. When the water comes from the stagnant static water of the
coal seam with a strong water/rock interaction, it is characterized by the heavy hydro-
gen/oxygen isotopic composition and is conducive to achieving a high gas production
efficiency (Cluster 3). Further, when the produced water is recharged by the dynamic water
from aquifers or surface water, it is characterized by the light hydrogen/oxygen isotopic
composition, corresponding to a low gas production efficiency (Cluster 1) (Figures 9 and 10).
In terms of the well type, the vertical well is easy to communicate with the aquifers and
easily forms a dynamic water type, resulting in a low gas production efficiency, while the
horizontal well easily forms a static water type without communication with the aquifers,
resulting in a high gas production efficiency (Figure 10). Therefore, it is important to effec-
tively distinguish the water sources in the produced water and to realize the quantitative
separation of dynamic water and static water to identify the degree of interference from
the aquifers and predict the gas production efficiency.
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Figure 10. Gas and water production of the CBM wells with the three clusters.
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4.4. Quantitative Identification of the Produced Water Sources

According to the results of the cluster analysis, Cluster 1 was regarded as dynamic
water in the produced water that recharged from the shallow groundwater (including
surface water) and Cluster 3 was regarded as static water within the coal seams. The data
of the isotopic compositions for both types of water sources show a linear relationship.
Accordingly, the proportions of the static and dynamic water of the samples of Cluster 2
(mixed type) can be quantitatively determined. (1) A linear fit was performed on the data of
Clusters 1 and 3 to obtain the fitted linear equation of the dynamic and static waters. (2) The
coordinates of the midpoints of the fitted lines are taken as the characteristic values of the
stable isotopic compositions of the two water sources: dynamic water and static water.
(3) The linear distance between the data point of Cluster 2 and the above two characteristic
values of the dynamic and static water was calculated using

L=y(n - %)%+ (1 — 12)? W

where L is the linear distance between the two points and (x1, y1) and (x, y2) are the
coordinates of the two points. The closer the distance, the greater the contribution of the
corresponding water source. The quantitative contribution of the two water source types
can be obtained, based on the relative proportions of the two distances. The calculation

formula is
Pd = Ls/(Ls + Ld) (8)

Ps=Lg/(Ls + Lg) )

where P4 and Ps are the proportions of dynamic water and static water in the water samples,
respectively, and Lq and L are the distances between the data points of Cluster 2 and the
characteristic values of dynamic and static water, respectively. The calculation results are
shown in Figure 11.
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Figure 11. Quantitative identification of the produced water sources between dynamic water and
static water.

The proportion of static water in the produced water samples of Cluster 2 does not
exceed 0.5, with a maximum value of 0.42 (Sample 7), indicating the dominant dynamic
water in the produced water, which in turn inhibits the gas production. This phenomenon is
mainly due to the high recharge capacity of dynamic water, which can inhibit the output of
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static water. The abundant precipitation and widely developed karst aquifers in the shallow
strata in Western Guizhou Province, contribute to the huge amount of dynamic water [7].
Additionally, the water pressure of the upper aquifers is higher than that of the underlying
coal seams [47-49], which further promotes the shallow groundwater interference. The
cluster analysis also shows the close relationship of Cluster 1 and Cluster 2, which are
merged into one cluster with a distance greater than 6 (Figure 8).

The proportion of static water in the produced water samples has a positive correlation
with the average daily gas production per unit coal thickness and a negative correlation
with the average daily water production (Figure 12). The correlation with gas is better
than that with water, indicating that the static water output helps lower the reservoir
pressure and improve the gas production efficiency. However, the correlation coefficient
was generally not high, due to the variations in the well types. The samples from the two
directional wells in Figure 12 are located above the fitted line of the gas production and
below the fitted line of the water production, while the samples from the vertical wells are
exactly the opposite. This finding reflects the inherent difference in the productivity effect
of the well types, with the directional wellbeing more conducive to the gas production
than the vertical well [50-54]. In addition, it reflects the reliability of the water source
identification made herein after excluding the influence of the well types.
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Figure 12. Relationships between the proportion of static water and gas/water production.

5. Conclusions

(1)  The produced water samples in the Zhijin block have 5D and 6'80 of —73.37%0——27.56 %o
(average —56.30%0) and —11.04%0——>5.93%o (average —9.23%o), respectively. The sur-
face water samples are close to the LMWL with relatively light isotopic compositions,
and the produced water samples are located above and distributed along the LMWL,
showing the D-drift characteristics. The differences of the isotopic compositions
among the samples form the basis for identifying the sources of produced water;

(2) dis defined to quantitatively characterize the degree of the D-drift. The larger the span
and the shallower the top boundary depth of the production seam combination, the
lighter the isotopic compositions and the weaker the D-drift degree of the produced
water, representing a higher probability that the produced water is recharged from
the upper aquifers;
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(3) The produced water samples are classified into three groups, namely, static water
type, dynamic water type, and mixed water type. Based on the determination of the
hydrogen and oxygen isotopic eigenvalues of the dynamic water and the static water,
the quantitative identification of the water sources of the mixed type and the ratio of
the dynamic water and static water in the produced water are conducted. Accordingly,
a quantitative identification method for the composition of dynamic and static water
sources of the produced water is developed. The results show a clear correlation with
the gas and water production of the CBM wells. Producing static water helps promote
the reservoir depressurization and improve the gas production efficiency.
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