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Abstract

Natural gas is a vital energy resource. The isotopic composition of natural gas plays a
critical role in understanding its origin, thermal maturity, and secondary alteration. Both
kinetic and equilibrium isotopic fractionations have been observed in various natural
gas systems. However, the dominant mechanism (either equilibrium or kinetic) that
controls the isotopic compositions of the primary natural gas is still unclear. Coalbed
gas (CBG), formed and stored in situ coalbeds, is an ideal natural gas for studying this
key issue. We collected CBG and coproduced water samples from the Zhuzang syncline
in China. This study shows that the CBG is an over-mature thermogenic gas formed

during the Yanshanian orogeny. The CH4-C>Hs-CO» system was likely near carbon
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isotope equilibrium during the CBG formation. However, later alterations, such as
meteoric water recharge, CO: dissolution, and CBG recovery led to obvious isotopic
disequilibrium of the CH4-C2Hg-CO-DIC (dissolved inorganic carbon) system. Carbon
isotope reversals (8'°Ccna > 8'°Ccane) were observed in the CBG samples, resulting
from decreasing 8'*Ccaong values after CBG formation. Based on isotopic equilibrium,
the 3'3C values of the primary ethane were estimated. Some hypotheses often used to
explain isotope reversals in natural gas cannot explain the isotope reversals of the CBG
samples. We propose that the CBG recovery process led to more negative 8'*Ccane and
thus 8°Ccma > 8*Ccane. Model-estimated 53-99% CO, generated during thermogenic
or microbial CBG formation has dissolved into coalbed water to become DIC. Hence,
dissolution trapping is an important mechanism for CO; storage in coalbeds over
geological timescales. This study implies that isotopic equilibrium fractionation plays
a vital role in understanding the primary geochemical composition and secondary
alteration of CBG.

Keywords: Coalbed gas; Coproduced water; Isotopic equilibrium; Isotope reversal,

CO; dissolution

1. Introduction
Natural gas is a vital energy resource and plays an indispensable role in global
energy systems. Understanding its formation and evolution processes is critical for

formulating effective strategies for exploration and production.
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The isotopic composition of natural gas is critical for understanding its formation
and evolution. Previous studies commonly assumed that kinetic processes and thus
kinetic fractionations largely control the isotopic composition of natural gas (Whiticar
et al., 1986; Tang et al., 2000; Turner et al., 2021). Based on kinetic isotopic effects,
empirical isotopic indicators for identifying the origin and secondary alteration of
natural gas have been summarized and applied (Whiticar et al., 1986; Chung et al.,
1988; Milkov and Etiope, 2018; Liu et al., 2019). However, over the past 20 years, both
kinetic and equilibrium isotopic fractionations have been observed in microbial,
thermogenic and abiotic natural gas systems (Thiagarajan et al., 2020; Turner et al.,
2021; Chen et al., 2019, 2023a). Whether or not the equilibrium mechanism controls
the isotopic compositions of the primary natural gas is still unclear. It is one of the most
important bases for using isotope indicators to reliably identify the origins, formation
pathways, degree of thermal evolution, and secondary alterations of natural gas (Dai et
al., 2016, 2018; Liu et al., 2019; Thiagarajan et al., 2020; Chen et al., 2023a). It is
challenging to study this crucial issue because the isotopic composition of the primary
natural gas has likely changed since its formation. Compared with other natural gas,
coalbed gas (CBQG), formed and stored in situ coalbeds, seems more suitable to
investigate this question due to its limited post-genetic migration (Tao et al., 2021).

Currently, the most comprehensive geochemical indicators for distinguishing the
origin, thermal maturity, and secondary alteration of CBG are the revised genetic
diagrams of natural gas (Ccna/(Ccanet+Ccsns) versus 8°Cena, 8> Ccna versus 8Dcna, and

813Cca versus 8'3Ccoz) by Milkov and Etiope (2018). These diagrams are based on a
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larger geological-geochemical dataset of >20,000 global natural gas samples.
Additionally, the isotopic composition of CBG coproduced water is utilized for
distinguishing microbial CBG (Golding et al., 2013). In microbial CBG reservoirs, the
8Dm20 and §'¥0m20 values of CBG coproduced water often plot along or to the left of
the global meteoric water line (GMWL), and the §'*C values of dissolved inorganic
carbon (DIC) are often >5%o0 (Golding et al., 2013; Chen et al., 2023a). These
observations can be interpreted as 1) The CBG coproduced water is mainly from the
meteoric water recharge. 2) Methanogens preferentially use isotopically lighter carbon
and water-derived isotopically lighter hydrogen to generate methane, leading to H
enrichment in the residual water and '>C enrichment in CO, and DIC (Golding et al.,
2013; Chen et al., 2023a,b). However, the isotopic coupling between thermogenic CBG
and coproduced water remains poorly constrained.

When distinguishing CBG origins, inconsistencies often remain when applying
different indicators (Vinson et al., 2017; Tao et al., 2021). For example, the ADn20-cH4
(=8Dm20-8Dcna4) and A*Ccor-crs (=8'*Cco2-8"*Ccua) indicators respectively suggest
that CO; reduction and methyl-type fermentation are the dominant methanogenic
pathways in the Fuxin Basin CBG (Chen et al., 2023b). In fact, many processes, such
as methane oxidation and mixing of thermogenic and secondary microbial gas, can alter
the isotopic composition of CBG (Vinson et al., 2017; Tao et al., 2007, 2021).
Additionally, isotopic equilibrium and CO; dissolution can also significantly affect the
isotopic composition of microbial CBG (Turner et al., 2021; Chen et al., 2023a,b).

However, there have been few systematic studies of the extent of isotopic equilibrium
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and CO; dissolution in thermogenic CBG systems (Turner et al., 2021; Chen et al.,
2024).

In addition, isotopic reversals of the alkane gases such as §'3Ccus > 8"*Ccone >
8'3Ccsms, in conventional natural gas, shale gas, and tight sandstone gas have been
frequently reported (Dai et al., 2004, 2016; Tilley and Muehlenbachs, 2013; Liu et al.,
2018; Milkov et al., 2020). However, there are few reports of isotopic reversals in CBG.
To our knowledge, only Faiz et al. (2018) reported isotopic reversals in desorbed coal
gases from Australia’s Bowen Basin.

To clarify these issues above, we collected CBG and coproduced water samples
from highly-mature coalbeds in the Zhuzang syncline, Guizhou, China. In this study,
we focus on the origins, CO; dissolution, equilibrium and kinetic isotope fractionations,

and isotopic reversals of these samples, with discussion on the important implications.

2. Geological setting

The Yanjiao synclinorium (also known as the Bide-Santang Basin) is located in the
western part of the Yangtze Continental Block, and mainly consists of the Bide,
Shuigonghe, Santang, Agong, and Zhuzang synclines (Fig. 1a) (L1, X. et al., 2016; Ma,
2020). It 1s one of the important CBG production sites in China. The late Permian
Longtan (P3l) and Changxing (P3c) formations are the primary coal-bearing strata in the
synclinorium (Fig. 1b).

The Zhuzang syncline, located in the east of the Yanjiao synclinorium (Fig. 1a), is
an asymmetric syncline. The dip angles of its northwest and southeast limbs are 3—5°

and 25-40°, respectively (Li, X. et al., 2016). In the syncline, the coal-bearing P3l and
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P3¢ formations, which were deposited in a marine-terrestrial transitional environment,
unconformably overlie the Emeishan Basalt (P33) formation, and are overlain by the
lower Triassic Feixianguan (T:f) formation (Li, X. et al., 2016; Liu et al., 2021). The
P3B formation and the lower member of Tif formation act as regional aquitards. There
is no hydraulic connection among the P3l and Psc aquifers, the P3p formation, and the

Tif formation (Ma, 2020). The hydrodynamic activity is weak in the coal-bearing strata.
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Fig. 1. (a) Simplified tectonic map of the Yanjiao synclinorium, Guizhou, China

(modified after Zhou et al., 2020 and Li et al., 2022). The red zone in the map of China
is the Yanjiao synclinorium. Gas and water samples are collected in the red zone in the
Zhuzang syncline. (b) Diagram of late Permian coal-bearing strata in the Yanjiao
synclinorium (modified after Zhou et al., 2020). Fm = formation.

The coalbeds in the Zhuzang syncline are numerous (> 35 beds), thin (averaging <
4.5 m in thickness), and over mature, with vitrinite reflectance (Ro) values from 2.7%

to 4.3% (average 3.4%) (Ma, 2020). The high Ro values are attributed to igneous
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intrusion during the Yanshanian orogeny from late Jurassic to early Cretaceous (Liu et
al., 2021). The CBG in the Zhuzang syncline mainly formed during the Yanshanian
orogeny (Tang et al., 2016). The target coalbeds for CBG recovery mainly include
numbers C6, C7, C16, C17, C20, C23, C27 and C30 (see Fig. 1b; Ma, 2020). Their
current depths range from 200 to 800 m, which is attributed to coalbed uplift following
CBG formation (Meng et al., 2019). The average CBG content exceeds 10 m?/t (raw
basis). Most CBG wells have an average gas production of over 1000 m®/day/well.
Water production ranges from less than 0.5 to more than 5 m*/day/well. A commingled

drainage technique is used for CBG development.

3. Sampling and analytical methods

3.1 Sample collection

Twenty gas and coproduced water samples were collected directly from CBG
wellheads in the Zhuzang syncline. The CBG samples were collected in 1L stainless
steel cylinders with two valves. The steel cylinder was connected to the CBG well
outlet, and the cylinder was flushed with the CBG for 3 mins before sampling by filling
up the cylinder. The water samples were filtered by glass fiber filter membranes, and
were collected in 300 mL glass bottles with no headspace. The bottles were flushed 3—
4 times with CBG coproduced water before sampling.

3.2 Analytical methods

Most of the geochemical data on the samples were measured at the Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences. The H-O isotope values of
the water samples and the C isotope values of DIC were measured at Beijing LICA
United Technology, Ltd.

An Agilent 8890 gas chromatograph (GC) installed with a PoraPLOT Q capillary

column (30 m x 0.25 mm x 0.25 pm) was used to measure the molecular composition
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of the gas samples. The carrier gas was helium. The GC oven was held at 70°C for 6
mins, then was programmed to increase to 180°C at 15 °C/min, and then was held at
180°C for 4 mins. The relative error was < 0.5%.

The carbon and hydrogen isotopic compositions of the gas samples were measured
by gas chromatography-isotope ratio mass spectrometry (GC-IRMS). A 6890N GC
installed with a CP-Poraplot Q column (30 m x 0.32 mm X 0.25 um) was used. The
carrier gas was helium. The GC oven was held at 50°C for 3 mins, then heated to 190°C
at 15 °C/min, and then held at 190°C for 7 mins. Carbon isotope values were measured
using an Isoprime 10 IRMS, and are reported relative to Vienna Pee Dee Belemnite
(VPDB) with a precision of £0.3%.. Hydrogen isotope values were measured using a
Trace 1310-Delta V Advantage IRMS, and are reported relative to Vienna Standard
Mean Ocean Water (VSMOW) with a precision of £3%o.

The hydrogen and oxygen isotope values of the water samples were measured by a
liquid water isotope analyzer (GLA431-TLWIA), and are reported relative to VSMOW
with precision of +1%o for hydrogen and +0.2%o for oxygen (Chen et al., 2023b). To
measure the carbon isotope values of DIC in the water samples, the DIC was converted
into CO; by treating the water sample with phosphoric acid. The carbon isotope values
of the DIC samples were analyzed by a Finnigan MAT 253, and are reported relative
to VPDB with precision of £0.2%o.

The concentrations of total dissolved solids (TDS) in the water samples were
calculated by weighing the residues after the water was evaporated to dryness (Chen et
al., 2018). The concentrations of major cations (Na*, K*, Ca**, Mg?*, Li*, NH4") in the
water samples were measured by a Metrohm 761 Compact ion chromatograph installed
with a Metrosep C4-150/4.0 column. The concentrations of major anions (CI, NOs",

SO4%, F, Br) were measured by a Dionex ICS-900 ion chromatograph installed with
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an IonPac AS15 column (Chen et al., 2023b). The analytical uncertainties for these ions
were better than 5.0%. The bicarbonate (HCO3") concentrations in the water samples
were measured by the sulfuric acid (H2SO4) titration method using a TitroLine Easy
Schott automatic titrator (Chen et al., 2018). A 25 mL water sample was titrated to a
pH of 2.5 with a 0.1 mol/L H2SO4 solution. Based on the amount of consumed H2SO4,

the HCO3™ concentration in the water sample was obtained. The error was < 5%.

4. Results and discussion

4.1 Geochemical composition and origin of the Zhuzang syncline CBG

CH4, CoHs and CO; concentrations in the CBG samples are 97.9-99.5%, 0.02—
0.13%, and 0.06-0.83%, respectively (Table 1). The §'°C values of CH4 and C2Hg in
the CBG samples are from -33.4%o0 to -31.3%0, and from -35.0%0 to -32.9%o,
respectively (Table 2). This suggests that CHs and C>He are thermogenic in origin,
because the §'3C values of thermogenic gases are generally less negative than -50%o for
CHa and -45%o for C2He, whereas those of microbial gases are more negative than these
thresholds (Whiticar, 1996; Taylor et al., 2000; Tao et al., 2007). Genetic diagrams of
Ccua/(Ccanet+Ccsus) versus 8°Censa and 8'3Ccus versus 8Dcua, combined with an
average Ro value of 3.4%, further indicate that the alkane gases in CBG samples are
over-mature thermogenic gases (Fig. 2).

In the diagram of 8'*Ccna versus 8'3Ccoz (Fig. 3a), isotopic data for the samples
fall in the common zone of thermogenic and abiotic gases. However, Fig. 2 shows that
CHs in the CBG samples is thermogenic. The fractionation factor acoz-cus =
(1000+3'Cc02)/(1000+8'*Ccpa) range from 1.021 to 1.026 (Table 2). The low ocoo-
cn4 values suggest that CH4 and CO> are thermogenic, because the acoz-cus values of
thermogenic gases are usually < 1.03 (Kimura et al., 2010; Chen et al., 2024), however,

the acoz2-cus values of microbial gases are usually > 1.04 (Whiticar, 1999; Golding et



202 al., 2013) (Fig. 3b). Hence, CH4 and CO; in the CBG samples are thermogenic in
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COz reduction; SM: secondary microbial. (b) Plot of §'*Ccua versus §'*Ccoz for coalbed
gas samples from various basins. The coalbed gas from the Powder River Basin (Bates
et al., 2011), the Erlian Basin (Chen et al., 2023a), and the Fuxin Basin (Chen et al.,
2023b) are microbial gases. The coalbed gas from the Panxian Basin (Tao et al., 2020)
are thermogenic gases. The two diagrams show that the gas samples in the Zhuzang

syncline are thermogenic gases.

4.2 Geochemical composition and source of CBG coproduced water in the

Zhuzang syncline

The CBG coproduced water samples are mainly brackish with total dissolved solids
concentrations of 563-6019 mg/L (Table 3). The water samples are significantly
enriched in Na*, HCOs™ and CI, but are depleted in Ca**, Mg?" and SO4>" (Fig. 4). These

compositions show that the hydrochemical type of the samples is Na-HCOs3-CI (Meng

etal., 2014).

lonic concentration (mg/L)

Fig. 4. Schoeller diagram illustrating the chemical compositions of the coalbed gas

coproduced water samples in the Zhuzang syncline.
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The molar ratios of [Mg?*+Ca?"]/[HCO57] in the water samples range from 0.0008
to 0.006, except for the sample ZJ-3 (0.012). The extremely low ratios not only indicate
that HCOs™ and (Mg**+Ca**) have different sources but also suggest that extra HCO3"
promoted the precipitation of Ca?* and Mg?" in the coal-bearing strata of the Zhuzang
syncline. Plots using molar ratios (Ca*'/Na® versus Mg?*/Na" and Ca*'/Na” versus
HCOs7/Na'; Fig. 5) are important tools in distinguishing the source rocks of Ca**, Mg*"
and HCOs™ in rivers and groundwater (Gaillardet et al., 1999; Li, Q. et al., 2016; Chen
et al., 2023b). However, because of the precipitation of Ca** and Mg?*, Fig. 5a fails to

identify the sources of the Ca**, Mg?*, and HCO3" in the water samples.
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Fig. 5. Plots of molar ratios of Ca?"/Na* versus Mg?"/Na" (a), and Ca?"/Na" versus
HCOs37/Na® (b) for CBG samples from the Zhuzang syncline (after Gaillardet et al.,
1999 and Li, Q. et al., 2016).

The 8D and §'80 values of the water samples range from -76.3%o to -40.5%o and

from -10.9%o to -4.7%o, respectively. The samples (except for sample ZJ-1) plot closely
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along the GMWL and the local meteoric water line (LMWL) (Fig. 6). The LMWL

equation

0Dy, =8.826"°0,,, + 22.07  (r?=0.98) (1)
was fitted by Zhu et al. (2014) using precipitation isotopic data from Guiyang station,
China. The isotopic distribution characteristics of the water samples (Fig. 6) suggest
that the CBG coproduced water in the Zhuzang syncline is mainly from meteoric water
recharge.

In addition, Fig. 6a shows that the 8D and §'30 values of CBG coproduced water
from various basins plot along the GMWL, regardless of CBG origin. For example,
CBG from the Powder River Basin (Bates et al., 2011), the Illinois Basin (Schlegel et
al., 2011), the Cesar Rancheria Basin (Castaneda et al., 2022), and the Fuxin Basin
(Chen et al., 2023b) is microbial in origin. CBG from the Qinshui Basin (Xu et al.,
2016) and the Zhuzang syncline is thermogenic in origin. This characteristic indicates

that the source of coalbed water does not reflect the CBG origin.
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Fig. 6. (a) Plot of 8Du20 versus 8'* 020 for coproduced water samples of coalbed gas
from various basins. The samples are from the Powder River Basin (Bates et al., 2011),
the Illinois Basin (Schlegel et al., 2011), the Qinshui Basin (Xu et al., 2016), the Cesar
Rancheria Basin (Castaneda et al., 2022), the Fuxin Basin (Chen et al., 2023b), and the
Zhuzang syncline (This study). (b) Expanded plot of 8Du20o versus 8800 for CBG
coproduced water samples from the Zhuzang syncline. GMWL: global meteoric water

line. LMWL: local meteoric water line.

4.3 Extent of isotopic equilibrium of the gas and water in the Zhuzang syncline
By comparing the apparent isotopic equilibrium temperature with the CBG

formation or reservoir temperature, the extent of C and H isotopic equilibrium in the

CH4-C2Hg-CO2-HCO3™-H2O system in the Zhuzang syncline can be assessed based on

the following reactions:

“Co, + "CH, «< "CO, + "“CH, 2)
H"”CO,” + "CO, < H"”CO, + "CO, 3)
H"”CO,” + “"CH, < H"”CO, + "“CH, 4)

?C0,+"CH,-"CH, < "CO,+"CH,-"CH, (5)
“CH, + "“CH,-"CH, « "“CH, + "“CH,-" CH, (6)
H,0 + CH,D <> HDO + CH, (7)

In this study, Ti, T2, T3, Ts, Ts, and Ts denote the apparent equilibrium temperatures
of the isotope exchange reactions (2-7), respectively. The calculation methods are

described in detail in the Supplementary Material.
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The formation temperatures of the CBG samples range from 206°C to 244°C in the
Zhuzang syncline (see Supplementary Material). The current reservoir temperatures of
CBG are between 25°C and 45°C. For the isotopic exchange reactions (2—5, 7) in the
gas and water samples, the apparent equilibrium temperatures T; (i=1,2,3,4,6) are
significantly different from both the formation temperatures and the reservoir
temperatures of the CBG samples (Fig. 7, Table 4). Therefore, these reactions (2-5, 7)
are in C and H isotopic disequilibrium, both during the CBG formation and in the

current reservoirs.
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Fig. 7. Comparison of the apparent isotopic equilibrium temperature with the coalbed
gas formation or reservoir temperature in the Zhuzang syncline. To and Too denote the
formation temperature and the reservoir temperature of the coalbed gas, respectively.
Ti (i=1,2,3,4,6) denote the apparent equilibrium temperatures of the isotopic exchange

reactions of CH4-CO7, CO,-HCO3", CH4-HCO3", C2Hs-CO», and CH4-H>O. T11 denotes
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the isotopic equilibrium temperature of the primary CH4 and CO; formed during CBG
formation (see text).

The reaction (6) is in equilibrium, the A"*Ccone-cus values are greater than 0%o in
the temperature range of 0-400°C (Thiagarajan et al., 2020). The A"*Ccaue-cna values
of all samples are less than 0%o, therefore, the CH4 and C2Hg in the CBG reservoirs are
interpreted to be in carbon isotopic disequilibrium.

The carbon isotopic disequilibrium between CH4 and CO> in these samples is
mainly attributed to CO: dissolution into coalbed water after CBG formation. This
process of CO> dissolution can lead to more negative §'*Ccoz values, thereby reducing
ABCcoz-cna values and elevating the apparent isotopic equilibrium temperatures T (Fig.
7). Multiple lines of evidence suggest that most of the primary CO; has dissolved into
the coal-bearing strata water to become DIC in the Zhuzang syncline. Firstly, coal
pyrolysis experiments (Li et al., 2013; Shuai et al., 2018; Li et al., 2018) have shown
that coals can produce roughly comparable amounts of CH4 and CO» (Table S1 lists
some experiment data). In contrast, field observations of thermogenic CBG and coal-
derived gas samples show CH4/COx ratios significantly greater than 2, often exceeding
20 (Tao et al., 2020; Milkov, 2021; Chen et al., 2024). In the Zhuzang syncline CBG
samples, the CH4/CO; ratios are greater than 120 (Table 1). Secondly, the solubility of
CO> can be more than 5-20 times that of CH4 under certain conditions (Figs. 8a-b,
Table S3). The CO2/CHg4 solubility ratio increases markedly with decreasing depth
under the normal geothermal gradient (30 °C/km) and hydrostatic pressure (10 MPa/km)

(Fig. 8c). Dissolved CO; in groundwater forms DIC. In this study, the dissolved CH4
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concentrations in the coproduced water samples were not measured, making it
impossible to estimate the DIC/dissolved CH4 ratios. However, Owen et al. (2016)
reported that the DIC concentrations (primarily from CO» dissolution) were often 40
times higher than those of dissolved CH4 in the CBG coproduced water from the Surat-
Clarence-Moreton Basin (Fig. 8d). The evidence suggests that less CH4 and more CO»
can dissolve into the coalbed water during and after coalbed uplift in the Zhuzang
syncline. Thirdly, the DIC in the CBG coproduced water samples mainly originates
from the dissolution of CO; formed during the thermogenic CBG formation rather than
alternative sources. In general, the DIC in CBG coproduced water mainly originates
from microbial/thermal degradation of coal or carbonate dissolution (Golding et al.,
2013). The biodegradation of coal to methane typically results in §'*Ccna < -50%o and
313Cpic > 5%o (Golding et al., 2013; Chen et al., 2023a). However, the §'*Ccns and
313Cpic values of the CBG samples are from -33.4%o to -31.3%o, and from -9.6%o to
4.4%o, respectively (Table 2). Hence, biodegradation is unlikely to explain the DIC
origin. The pH values of the water samples range from 7.91 to 8.73 (Table 3), where
HCOs" is the dominant DIC component (Myrttinen et al., 2012). Although carbonate
dissolution typically results in a molar [Ca*"]/[[HCO;57] ratio of approximately 1, the
observed ratio in these samples is less than 0.006 (Fig. 4b). This discrepancy strongly
suggests that carbonate dissolution is not the primary source of DIC (or HCO3").
Fourthly, the CBG coproduced water in the Zhuzang syncline is mainly from meteoric
water recharge. Meteoric water recharging into coal-bearing strata may supply the

necessary volume of water for CO2 dissolution.
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Based on the evidence above, we propose that most of the primary CO; generated
during the Yanshanian orogeny likely dissolved into coalbed water to become DIC in
the Zhuzang syncline. Thus, the §'3C values of DIC in the CBG coproduced water are

nearly equal to those of primary COx.
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Fig. 8. Comparison of extent of dissolution of CO; and CHa. (a—b) Solubility ratios of
CO2 and CH4 in water under various temperature, pressure and salinity conditions. (c)
Relationship between the CO2/CHjs solubility ratio and depth under normal geothermal
gradient and hydrostatic pressure conditions. (d) Concentration ratio of DIC and
dissolved CHs in CBG coproduced water in the Surat-Clarence-Moreton Basin.
Solubility data of CO, and CH4 are from Duan and Mao (2006), and Duan and Sun

(2003). The concentration data of DIC and CH4 are from Owen et al. (2016).
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We calculated the isotopic equilibrium temperatures (T11) between primary CHy
and CO; using the §"*Cpic values (as the §'3C values of primary CO2) and §'*Ccua
values from the samples. T11 ranges from 175°C to 330°C, with an average of 220°C
(Table 4). These Ti1 values are consistent with the CBG formation temperature of 206—
244°C (average 225°C) (Fig. 7). This suggests that CHs and CO> were in near carbon
isotopic equilibrium during the CBG formation stage.

The maintenance of this near-equilibrium state of primary CH4 and CO> is mainly
attributed to two factors. (1) Carbon isotopic exchange between CH4 and CO» proceeds
extremely slowly at low temperatures (< 200°C), particularly in the absence of catalysis
(Giggenbach, 1982; Stefansson et al., 2024). (2) After the Zhuzang syncline CBG
formation, aside from CO, dissolution, other processes, such as CHs oxidation, gas
mixing, and carbonate mineral precipitation/dissolution, have minimally affected the
0"3C values of the primary CH4 and COa.

Isotopic disequilibrium of CO>-HCOs™ in these samples is likely due to CBG
recovery. Experimental studies demonstrate rapid carbon isotopic exchange between
gaseous CO; and DIC species (HCO3", COs*, HCOj3 and aqueous CO,), which achieve
equilibrium within hours to days (Mook et al., 1974; Myrttinen et al., 2012). This
suggests that CO2 and HCO;3™ were likely in carbon isotopic equilibrium prior to CBG
recovery in the Zhuzang syncline. However, dewatering and fracturing during CBG
recovery likely triggered partial CO; dissolution or exsolution. This process could
significantly alter the §"*C value of CO., given its low concentration in CBG (0.06—

0.83%; Table 1). In contrast, the high HCO3™ concentration in CBG coproduced water
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(658.8-3291.6 mg/L; Table 3) would buffer against isotopic shifts, preserving its
original 5"*C signature. This differential sensitivity explains the isotopic disequilibrium
of CO2-HCO3™ in these samples.

The CH4 and H20 in these samples are far from hydrogen isotopic equilibrium, as
the apparent equilibrium temperatures of 705-2410°C significantly exceed both the
CBG formation temperatures (206-244°C) and the reservoir temperatures (25-45°C)
(Fig. 7). This large temperature discrepancy suggests that hydrogen isotopic exchange
reaction (7) of CHs-H>O hardly occurred. Based on the experiment results of Turner et
al. (2022), the reaction (7) can occur and reach equilibrium in situ coalbeds on a
timescale shorter than millions of years at the temperature above 125°C. However, the
reaction (7) cannot occur on a timescale shorter than billions of years at temperatures
below 100—125°C without catalysis by methanogens or methanotrophs. In the Zhuzang
syncline CBG, the CH4 is thermogenic in origin. It has not undergone significant
oxidation by methanotrophs after the CBG formation. The CBG coproduced water is
mainly from late-stage meteoric recharge. Consequently, the isotopic disequilibrium of
CHa4-H20 in the syncline is attributed to the relatively low temperature (< 125°C) during
gas-water coexistence and the absence of microbial catalysis.

4.4 Carbon isotope reversals in the Zhuzang syncline CBG

In thermogenic natural gas, alkane gases typically exhibit a normal carbon isotope
trend, where 8'*Ccua < 8'3Ccans < 8"Ccsus (Dai et al., 2004; Liu et al., 2019). This
characteristic is consistent with that of pyrolysis gas derived from kerogen and coal,

and conforms with the isotopic fractionation pattern during alkanes formation (Milkov
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et al., 2020). Nonetheless, reversed carbon isotope trends, such as §'*Ccua > 8'*Ccane <
8"3Ccsng or 83 Cems > 8'°Ccane > 8'3Cesns, in conventional natural gas, shale gas and
tight sandstone gas have also been frequently reported (Dai et al., 2016; Milkov et al.,
2020). In contrast, such isotopic reversals are rarely observed in CBG (Faiz et al., 2018).
In this study, a carbon isotope reversal (8'*Ccna > §'3Ccane) was discovered in the

Zhuzang syncline CBG samples (Fig. 9).
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Fig. 9. Plots of §'*Ccane versus 8'*Ccus for coalbed gas samples from the Zhuzang
syncline. The plot shows that a reversed carbon isotope trend (8'°Ccna > 8'*Ccane) in
the CBG samples.
4.4.1 Reconstructing the 8!3C values of primary ethane in the Zhuzang CBG

We first consider the quantitative changes that could lead to §'3Ccns > 8'3Ccane in
the CBG samples. Starting from the assumption that §'*Ccna < 8'*Ccang in primary CBG,

two scenarios are possible: (1) if the §'*Ccns value decreased or remained unchanged
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after CBG formation, for 8*Ccnas to exceed 8'3Ccans, the 8'3Ccone value must have
decreased; (2) if the 8'*Ccusa value increased, to achieve 8'*Ccus > 8'*Ccans, the
813Ccane value could have increased, decreased, or remained unchanged.

From Section 4.3, the §'*Ccus values of the CBG samples did not significantly
change after CBG formation. Additionally, according to equation (8)

5°Cyy, =8.641g(Ro)-32.8 (8)
fitted by Shen and Xu (1991) based on coal-derived gas data, the calculated 8'*Ccpa
value of the CBG samples is -30.2%o using the average Ro of 3.4%. The calculated
value is consistent with the measured average §'°Ccua value (-32.3%o) of the CBG
samples. Hence, isotope reversals (8'°Ccua > 8'°Ccane) in the CBG samples indicate a
decrease in §'*Ccane after CBG formation. In addition, according to statistical results
(Dai, 2018; Liu et al., 2019; Tao et al., 2007, 2020), the §'*Ccane values of coal-derived
gas and thermogenic CBG in China are typically > -28%o. However, the §'3Ccane values
of our samples are < -28%o (Fig. 9a), further suggesting a decrease in 8'*Ccane after
CBG formation. In summary, the §'3*Ccna values remained stable after CBG formation,
but the §'3Ccane values decreased significantly, resulting in §'3Ccna > 8*Ccane.

We reconstructed the §'*Ccane values of primary ethane under the assumption of
carbon isotopic equilibrium of CyHe-CO, and CHs-C;Hs at the CBG formation
temperature range of 206—244°C. This assumption of equilibrium is reasonable. First,
CH4 and CO; were in near carbon isotopic equilibrium at the CBG formation stage,
suggesting that the CH4-C2Hgs-CO> system was also near carbon isotopic equilibrium.

This is supported by their molecular structures. The dissociation energy of the C—H
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bond in CHy is the highest among alkanes. Moreover, the C—C bonds in C»+ alkanes are
easy to cleave compared to the C—H bond in CH4 and the C=O bond in CO:
(Thiagarajan et al., 2020). Additionally, the equilibrium fractionation factors of CoHe-
CO; and CH4-C;Hs are smaller than those of CH4-CO> under identical thermal
conditions, further supporting isotopic equilibrium in the system. Second, some studies
have shown that thermogenic natural gases with high thermal maturity (typically Ro >
1.5%) approach carbon and hydrogen isotopic equilibrium at their formation
temperatures (Thiagarajan et al., 2020; Xie et al., 2021; Turner et al., 2021). The CBG
in the Zhuzang syncline is an over-mature thermogenic gas (2.7-4.3% Ro; Ma, 2020),
making it plausible that the CHs-CoHe-CO2 system attained carbon isotopic
equilibrium at their formation temperatures of 206—244°C.

The average CBG formation temperature (225°C) was used as the carbon isotopic
equilibrium temperature of CoHe-CO2 and CH4-C:Hg. According to the exchange
reaction (5) between CHs and C2Hg, the §'3Ccaong value is calculated as -27.4%o using
the average §'*Ccnas value of the CBG samples (the calculation is described in the
Supplementary Material). According to the reaction (4) between C>Hg and COy, the
813Ccane value is calculated as -25.8%o using the average 8'*Cpic value of the samples
to represent the 8'3C value of the primary CO,, as most of the primary CO: has
dissolved into the CBG coproduced water to become DIC (see Section 4.3).

The calculated 8'3Ccane values (-27.4%o and -25.8%o) are less negative than the
813Ccpa values (-33.4%o to -31.3%o) of the samples and more negative than the §'3Ceoal

values (typically > -25%o; Xu and Shen, 1990). These characteristics conform to the
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isotopic fractionation models of thermogenic CBG formation. Additionally, the
calculated 8'°Ccang values are consistent with those of the majority of China’s coal-
derived gases, which typically exceed -28%o (Dai, 2018). These results confirm the
reliability of the calculated 8'*Ccaong values.
4.4.2 Explanation of isotope reversals in CBG samples

Various hypotheses for explaining carbon isotope reversals in thermogenic natural
gas have been proposed. They include the mixing of gas from different source rocks or
different thermal maturities, the mixing with abiotic gases, microbial oxidation,
thermochemical sulfate reduction, methane cracking at high temperature, isotopic
exchange among alkane gases, decomposition of ethane and propane, and molecular
and isotopic fractionation of alkane gases (Xia et al., 2013; Tilley and Muehlenbachs,
2013; Dai et al., 2016; Milkov et al., 2020; Cheng et al., 2020; Xia and Gao, 2024).

Carbon isotope reversals (8°Ccua > 8°Ccane) in the CBG samples cannot be
attributed to mixing between gases of different thermal maturities or from distinct
source rocks. This is because the CBG in the Zhuzang syncline is an over-mature
thermogenic gas, formed as a staged accumulation during the Yanshanian orogeny at
temperatures of 206-244°C (see Supplementary Material). The observed §'3Ccua >
813Ccane in these samples also cannot be attributed to microbial oxidation or
thermochemical sulfate reduction. These processes typically result in variable increases
in 8*Ccua, 8'3Ccane, CO2 content or Ha2S content in CBG. However, no significant
increases in 8'3Ccna or 8'*Ccane were observed in these samples, and HaS content was

below detection limits. Additionally, based on isotopic equilibrium fractionation
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principles (Thiagarajan et al., 2020), carbon isotopic exchange among alkane gases
cannot lead to 8"*Ccms > 83 Ccane in these samples.

The observed 8*Ccms > 8*Ccane in the CBG samples cannot be attributed to
methane cracking to form ethane. Within the CBG formation temperature range of 206—
244°C, ethane is mainly formed through the thermal decomposition of coal and Cs+
hydrocarbons, rather than via methane cracking (Cesar et al., 2020; Xia and Gao, 2024).
Even if methane cracking occurred, the resulting ethane would likely decompose back
into methane (Cesar et al., 2020). Based on first-principles calculations, Xia and Gao
(2024) proposed that high-temperature (> 200°C) decomposition of ethane and propane
could explain the isotopic trend §'3*Ccns > 8'*Ccane > 6'*Ccsns. This model provides a
plausible explanation for the isotope reversals observed in Zhuzang CBG. However,
experimental validation is required to confirm the theoretical framework.

Analyzing approximately 2600 shale gas samples, Milkov et al. (2020) attributed
isotope reversals to molecular and isotopic fractionations of alkanes during desorption
and diffusion processes within shale formations. As desorption and diffusion of alkanes
proceed in shales, the enrichment of residual alkane components increases with
molecular mass; however, 3C enrichment in residual alkanes decrease with increasing
molecular mass. Consequently, the trend of carbon isotope reversals gradually emerges
in shale gas. Milkov et al. (2020) pointed out that §'3Ccus > 8"*Ccane in shale gas
samples from production wells is often observed when shale rocks exhibit high maturity
(Ro > 2%) and significant uplift (> 2km). CBG and Shale gas are both residual gases

that remain in source rocks (Milkov et al., 2020). Although the coalbeds in the Zhuzang
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syncline have high maturity (Ro > 2%) and have experienced significant uplift (> 2 km)
since the CBG formation, this reversal mechanism for shale gas does not explain the
observed isotope reversals in the CBG samples. According to the mechanism, the
813Ccu4 and 8'3Ccane values of the CBG samples are expected to increase, and the
C,He/CHa ratios are also expected to rise. However, the 8'*C cone values have decreased
since the CBG formation, and the C2He/CH4 ratios remain very low in the CBG samples
(e.g., 0.0002—0.0014; Table 1).

We propose that desorption-diffusion processes of alkane gases during CBG
recovery lead to 8'*Ccua > 8'3Ccane in the CBG samples. Alkane gases are typically in
an adsorbed state within coalbeds. Compared to ethane, methane has a smaller
molecular size and mass, making it easier to desorb and diffuse in coalbeds. During
CBG recovery, if production conditions (such as pressure, pore and fracture structure,
and pore-throat radius) are favourable for methane desorption and diffusion but
unfavourable for ethane, most of the methane but only a portion of the ethane in the in-
situ coalbed will desorb and diffuse into CBG wellbores. This process could cause
negligible molecular and isotopic fractionation for methane but significant fractionation
for ethane. Consequently, compared with in situ CBG, the produced CBG is ethane-
depleted and exhibits ethane with '3C depletion, as '>CH;3-'2CH3 desorbs and diffuses
faster than '3CH3-'>CHs. The lower 8'*Ccone value and the stable §'3Ccns value may
result in 8'°Ccns > §"*Ccane in produced CBG.

This desorption-diffusion mechanism can explain molecular and isotopic

characteristics of methane and ethane in the Zhuzang syncline CBG. The average
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CH4/C>Hs ratio (3477) of our CBG samples (produced gas) is higher than that (240) of
the coal core-desorbed gases (in situ gas) from the exploratory wells in the same area
(desorbed gas data from the Sinopec Chongging Shale Gas Co., Ltd). The 8"*Ccua
values of produced gas remained stable after CBG formation, whereas the 8'*Ccane
values decreased in the Zhuzang syncline. Based on the above assumption, most of
methane but only a portion of ethane in situ coalbeds desorb and diffuse into CBG wells
during CBG recovery. Consequently, isotopic fractionation of methane is negligible,
but significant fractionation occurs in ethane. The relatively slow desorption and
diffusion rates of CoHs lead to CoHe depletion in produced CBG. Similarly, due to
slower desorption and diffusion rates of '*C-enriched ethane molecules, the §'3Ccane
value of produced gas is lower than that of in situ CBG. The lowered §'*Ccaue value
and the stable §'*Ccna value result in §'*Ccpa > 8'°Ccane in the produced CBG samples.
This desorption-diffusion mechanism can also explain the similar phenomenon
observed in microbial CBG from the Illinois Basin. The §'*Ccna difference (< 1%o)
between produced and in situ CBG from the INS-3 well is insignificant. However, the
CH4/(C2He+C3Hg) ratio (9385) of produced gas is significantly higher than that (1962)
of in situ gas (Strapo¢ et al., 2007). The main reason is that CBG recovery caused
negligible isotopic fractionation in methane but caused significant compositional

fractionation in C+ gases.

4.5 Yield ratios of CO2 and CH4 formed in the Yanshanian orogeny in the Zhuzang

syncline
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Knowing the yield ratio of thermogenic CH4 and COz in coalification is critical for
elucidating their formation mechanisms and predicting their emissions to the
atmosphere. As discussed in Section 4.3, the CBG in the Zhuzang syncline formed
during the Yanshanian orogeny. After the CBG formation, CO> dissolution process has
significantly affected the 3'*C values of CO.. However, other processes, such as CHs
oxidation, gas mixing, and carbonate precipitation/dissolution, have negligible effects
on the isotopic compositions of CH4 and CO». Based on the CO; dissolution effect, the
CO,/CHgy yield ratio in the Zhuzang syncline was determined.

In general, coalification has a negligible effect on §'°C values of coal. For example,
the Ro values of the No. 5 coalbed in the Illinois Basin range from 0.63% to 5.31%, but
the 83 Ceoal values vary only from -25.1%o to -24.7%o (Yoksoulian et al., 2016).
Moreover, there is no significant positive correlation between them. Whiticar (1996)
proposed that the stability of §'*Ceoal is due to minimal loss of organic matter during
coalification. In contrast, Yoksoulian et al. (2016) suggested that the formation of 1*C-
depleted CH4 and *C-enriched CO, maintains the 8'°Ccoa stability in the Illinois Basin.
Pyrolysis experiments indicate that coal can release significant amounts of CH4 and
COz during coalification. For example, coal from the Chuxiong mine (Ro = 0.35%,
TOC = 48 wt%) produced a total yield of 661 mg/g TOC of CHs and CO», with
Easy%Ro reaching 3.54% under a heating rate of 1 °C/h. Similarly, coal from the Yilian
mine (Ro = 0.53%) yielded 283 mg/g coal of CHs and CO,, with Easy%Ro reaching
4.45% at 2 °C/h (Li et al., 2018). These results indicate that organic matter loss during

coalification is not negligible. Hence, as Yoksoulian et al. (2016) suggested, we propose
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that the formation of '*C-depleted CH4 and '*C-enriched CO; (in both gaseous and
dissolved phases) maintains the stability of 3'*Ccoa. Consequently, we use the formulas
(9-10):
£18°Ceor + (1= £1)8"Coyy, x8°C,py ©)
f28°Cpe (1 1,)8"Coyy, #8°Coy (10)
to estimate the CO, percentage (Xco2/(Xco2+Xcn4)) in the CHs and CO, gases formed
during the Yanshanian orogeny in the Zhuzang syncline. The £ and /2 in the formulas
(9-10) represent the upper and lower limits of Xco2/(Xco2+Xcha) values, respectively.
This is because the §'3Cpic values are greater than the §'*Ccoz values in the samples.
Based on the assumption that §'3Ccoa = -24.0%o (Xu and Shen, 1990), the calculated
/1 and f> are 34—42% and 22-37%, respectively (Table 5). In general, the lower limits
f> are closer to the CO; percentage in the CHs and CO> gases formed during the
Yanshanian orogeny in the Zhuzang syncline, because most of the primary CO- has
dissolved into the CBG coproduced water to become DIC.
Furthermore, the percentage of dissolved COz in the primary COxz (i.e., total gaseous

and dissolved CO») can be estimated using the equation (11):

fi=1 —% (11)
where m = CO2/(CH4+CO») represents the CO> volume fraction in CH4-CO> mixtures
in CBG samples.

The calculated results show that over 97% of the CO; has dissolved into CBG
coproduced water in the Zhuzang syncline (Table 5). Additionally, a recent study (Chen

etal., 2023a) of microbial CBG from global typical basins also shows that 53—99% CO-
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has dissolved into CBG coproduced water to become DIC. Hence, CO, dissolution
significantly reduces its content in CBG.
4.6 Implication for CO: coalbed storage

Geological storage of CO> is a promising approach for reducing greenhouse gas
emissions. Subsurface coalbeds are considered important target formations for CO»
storage (Bashir et al., 2024). Injecting CO; into coalbeds can not only store large
amounts of CO> but also enhance CBG recovery. Furthermore, CO, injection into
methanogen-bearing coalbeds can significantly increase methanogenesis rates (Tyne et
al., 2023).

To evaluate the effectiveness and security of CO; coalbed storage, it is essential to
understand the mechanisms of CO; trapping. CBG, whose predominant component is
CHa, is typically adsorbed onto the surface area of coal pores. Coals have a greater
adsorption capacity for CO> than for CHs. Consequently, injecting CO, into coalbeds
can efficiently displace CH4 from its adsorption sites (Bashir et al., 2024). Therefore,
adsorption trapping plays an important role in CO; coalbed storage. However, whether
the injected CO; remains in a long-term adsorbed state in coalbeds remains unclear.

Coalbeds are typically water-bearing strata. Injecting CO> into coalbeds can lead to
CO»2-H20-rock reactions to form minerals, such as dolomite and siderite (Wang et al.,
2016). However, mineral trapping typically proceeds at slow rates. This study of the
thermogenic CBG in the Zhuzang syncline, combined with previous research (Chen et
al., 2023a) on microbial CBG from global typical basins, shows that 53-99% of post-
generation CO» has dissolved into CBG coproduced water to form DIC. Tyne et al.
(2021) also pointed out that dissolution is responsible for the removal of as much as
74% of the injected CO in the Olla oil field in the USA. Gilfillan et al. (2009) argued

that solubility trapping in formation water is the dominant CO> sink in natural gas fields.
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Hence, we propose that dissolution trapping is an important mechanism for CO; storage

in coalbeds and other water-bearing strata over geological timescales.

5. Conclusions

The CBG is an over-mature thermogenic gas in the Zhuzang syncline. It formed
during the Yanshanian orogeny at temperatures of 206-244°C. The CBG coproduced
water is mainly from meteoric water recharge. Its hydrochemical type is Na-HCOs-Cl.

The CH4-C2Hs-COz system is likely in or near carbon isotopic equilibrium during
the CBG formation in the Zhuzang syncline. However, later alterations, such as CO:
dissolution and CBG recovery have broken the equilibrium. A carbon isotope reversal
phenomenon (8 Ccus > 8*Ccane) is observed in the CBG samples. After the CBG
formation, the 8'*Ccus values remained stable, but the 8'*Ccane values decreased
significantly, resulting in 8"*Ccus > 8"°Ccons. We propose that the CBG recovery
processes likely lead to more negative 8'°Ccane values and thus 8'°Ccua > 8'3Ccame in
the gas samples. The estimated CO> percentages in the primary CH4 and CO: gases
generated during the Zhuzang CBG formation range from 22% to 37%. However, CO2
dissolution significantly reduced its content in CBG. This study on thermogenic CBG,
combined with prior research on microbial CBG (Chen et al., 2023a), shows that 53—
99% of post-generation CO; has dissolved into coalbed water to form DIC. Hence,
dissolution trapping is an important mechanism for CO> coalbed storage over

geological timescales.
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Table 1.

Chemical compositions of coalbed gas samples in the Zhuzang syncline.

Sample Gas composition (%) CH4/
CH4/CO;

code CHy GCHg¢ Cis5 CO; N> He (C2Het+Cs3Hs)
ZJ-1 99.35 0.03 0.003  0.18 0.41 0.03 545 3868
VALY 98.68 0.03 0.001  0.40 0.87 0.02 245 3474
ZJ-3 98.28 0.03 0.061  0.51 1.08 0.04 193 2088
ZJ-4 98.88 0.03 0.004 0.83 0.25 0.02 121 3795
ZJ-5 99.00 0.03 0.001  0.38 0.56 0.03 263 3383
ZJ-6 97.90 0.13 0.006 0.06 1.83 0.07 1686 723
VALY 99.45 0.04 0.002  0.31 0.19 0.01 320 2456
ZJ-8 98.93 0.02 0.001 047 0.56 0.02 212 4260
ZJ-9 98.57 0.02 0.002  0.06 1.31 0.04 1531 5277
ZJ-10 98.87 0.02 0.010 0.38 0.70 0.02 260 4238




863  Table 2.
864  Isotopic compositions of coalbed gas and coproduced water samples in the Zhuzang
865  syncline.

Sample Isotope value (%o) APCerci
code 8"Ceuns 8 Ccans 8Ccoz  8"Cpic 3Dcua dDmo 8"%0m0 feonm (%0)
ZJ-1 -323 -34.6 -10.3 -9.6 -125.6 -40.5 -4.7 1.023 -23
Z)-2 -31.6 -35.0 -11.4 -1.3 -127.1 -43.9 -7.2 1.021 -3.4
Z]-3 -323 -33.9 -9.4 2.8 -124.8 -51.6 -8.0 1.024 -1.7
ZJ-4 -31.7 -33.7 -9.4 -0.8 -126.1 -50.9 -7.0 1.023 -2.1
ZJ-5 -313 -32.9 -10.5 1.4 -126.2 -60.2 9.1 1.021 -1.7
ZJ-6 -32.9 -32.9 -11.3 4.4 -128.2 -67.6 -10.5 1.022 -0.1
ZJ-7 -33.4 -343 -9.2 -5.1 -129.1 -49.2 -8.2 1.025 -0.9
Z]J-8 -32.7 -34.8 -9.8 2.0 -124.7 -52.8 -8.3 1.024 -2.1
ZJ-9 -33.1 -34.1 -113 1.5 -125.5 -76.3 -10.9 1.023 -0.9

ZJ-10 -33.0 -333 -8.1 3.5 -123.6 -64.4 -10.0 1.026 -0.3

866 #ABCcac1 = 83Ccans - 813 Ccna

867



868  Table 3.
869  Chemical components of coalbed gas coproduced water samples in the Zhuzang
870  syncline.

No. TDS pH Ion concentration (mg/L)

mg/L HCO5y F- Clr Br SO NOy Li* Na* K’ NH' Mg Ca*
7J-1 563 7.91 658.8 0.4 66.5 53 133 15.8 0.2 342.1 8.5 7.4 0.4 1.7
7J-2 6019 8.16 1281.0 0.5 2803.0 29.0 14.7 15.1 3.5 2541.6 9.6 59.4 3.1 5.1
7J-3 2764 8.22 1488.4 1.8 894.9 22.6 20.8 11.4 1.0 1314.8 9.1 15.6 1.5 3.5
ZJ-4 2706 8.02 1259.0 0.9 876.4 222 21.8 149 0.1 1268.2 16.1 16.3 0.6 0.6
VAR 2196 8.47 2806.0 4.6 473 6.2 35 9.6 0.3 1138.1 5.0 4.0 0.7 1.6
VAR) 2440 8.66 2693.5 4.7 53.9 10.2 4.1 8.0 0.5 1206.1 6.3 3.8 0.7 23
7)-7 1464 8.73 1610.4 1.7 104.4 20.7 5.8 154 02 765.2 8.0 9.1 0.3 L1
7J-8 3126 8.38 3291.6 5.1 82.9 204 22.1 15.1 0.9 14203 14.8 9.7 0.3 1.3
719 1500 8.50 1708.0 4.5 39.0 - 6.3 152 02 761.2 10.6 53 0.3 0.7
7310 2397 8.47 2891.4 5.4 65.2 - 10.4 16.8 0.5 1267.2 12.8 10.2 0.7 53

871 “-->” denotes data below the measurement limit.

872
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876
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Table 4.
Apparent isotopic equilibrium temperatures of gas and water samples in the Zhuzang
syncline*.

Sample Temperature (°C)

code T Tn T, Ts T4 Ts
VAR 341 330 112 252 277 705
VALY 373 236 6 199 310 748
ZJ-3 328 192 -10 170 266 1050
ZJ-4 337 230 19 195 275 984
ZJ-5 363 213 -8 184 299 1330
ZJ-6 348 175 -33 158 286 1585
VALY 309 257 65 211 246 830
ZJ-8 327 196 -7 172 266 1100
Z7J-9 345 195 -15 172 282 2410
ZJ-10 298 181 -5 162 235 1685

* Gas formation temperatures: 206—244°C; current reservoir temperatures: 25-45°C.

Ti, T2, T3 and Ts are calculated using the §'3C values of CH4-CO2, CO2-DIC, CH4-DIC,

and C2He-COg, respectively. Te is calculated using the 8D values of CH4-H20. T11 is derived
using the 8'3C values of the primary CHa and CO2 formed during coalbed gas formation.



881  Table 5.
882 COs content range in primary CHs and CO; gases, and dissolved CO» proportion in
883  total CO» in the Zhuzang syncline.

Sample CO,/(CH4 Xcor/(Xcoa+Xcma) (%) CO; (%)
code +C0O») (%)" Upper Lower Gaseous  Dissolved
VAR 0.18 38 37 0.3 99.7
VALY 0.41 37 25 1.2 98.8
ZJ-3 0.51 36 24 1.7 98.3
ZJ-4 0.83 34 25 2.5 97.5
ZJ-5 0.38 35 22 1.3 98.7
Z7J-6 0.06 41 24 0.2 99.8
ZJ-7 0.31 39 33 0.6 99.4
ZJ-8 0.47 38 25 1.4 98.6
ZJ-9 0.07 42 26 0.2 99.8
ZJ-10 0.38 36 25 1.2 98.8
884 * CO»/(CH4+COy): CO; volume fraction in CH4-CO» mixtures in coalbed gas samples.

885 # Upper and lower limits of CO, content in primary CH4 and CO gases.



