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Abstract. Resources of coal-derived gas in the deep strata are found abundant in China. Recent
advances in petroleum geochemistry suggest water may contribute hydrogen and oxygen to the
formation of hydrocarbons and oxygenated alteration production. However, the role of water
during gas generation has been in debate due to conflicting research results. In this study, a
Jurassic coal sample from the Kuqa depression, Tarim Basin, China was artificially matured by
nonhydrous pyrolysis and hydrous pyrolysis at isothermal (330 €, 350 <€, 370 € for 72h) and
non-isothermal (440 <€, 470 € and 500 <€ at heating rate of 2 €/h) temperatures. Both
isothermal and non-isothermal experiments generated more methane but less Cs.s hydrocarbon
gases and CO; non-hydrocarbon gas in the nonhydrous system relative to hydrous conditions. In
the isothermal experiment, the nonhydrous pyrolysis generated at most 24% more methane
relative to the hydrous pyrolysis, but the hydrous pyrolysis generated 5%~87% more Cs.s
hydrocarbon gas and at most 28% more CO, relative to the nonhydrous pyrolysis. In the non-
isothermal experiment, the nonhydrous pyrolysis generated 25%~94% more methane relative to
the hydrous pyrolysis, but the hydrous pyrolysis generated at most 2.56 times more Cs.s
hydrocarbon gas and 1.04 times more CO relative to the nonhydrous pyrolysis. In general, the
compositional variation trend of hydrocarbon and non-hydrocarbon gases is similar between the
isothermal and non-isothermal experiments. This indicates that contribution from the
supercritical water in the non-isothermal pyrolysis is not essential. With the presence of water,
the secondary cracking of Cs.s alkanes in the hydrous experiments was significantly suppressed,
as shown by the relatively higher yield of C;.s alkanes in the hydrous systems. The availability
of exogenous hydrogen from water in the hydrous pyrolysis inhibits the carbon-carbon bond
cross linking, thus the reaction pathway of hydrocarbon generation is dominated by the thermal
cracking of carbon-carbon bonds. The significant increase in CO; in the hydrous pyrolysis
indicates water is not only the source for exogenous hydrogen but also the source for the excess
oxygen accounted for the formation of CO,. The overall geochemical implication of these
experimental results is that it is important to consider the role of water in the hydrocarbon
generation, especially in the deep strata where both geological and geochemical conditions are
complex.

1. Introduction

China's natural gas industry has made brilliant achievements after a long and arduous exploration. After
70 years’ exploration and development, China's proven reserves and production of natural gas has
changed from insignificant to the world's top, which makes China from a gas-poor country jump to the
world's sixth largest gas production country. Among them, coal-derived gas made the most important
contribution. By the end of 2018, the cumulative proven reserves of coal-derived gas accounted for 60.1%
of the total and the gas production of giant coal-derived gas fields accounted for 50.9% of the total
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national gas production [1-2]. A number of studies have demonstrated that resources of coal-derived
gas in the deep strata are abundant in China [3-5].

Recently, the role of water and inorganic minerals during the gas generation in deep strata gets more
and more attraction. It is proposed that water maybe facilitate reaction mechanism not available in dry
environments and contribute hydrogen and oxygen for the formation of hydrocarbons, which may result
in the significant increase of the amount of natural gas in the deep basin environment where mature
kerogen is low in hydrogen [6]. Both pyrolytic experiments and field data proposed the exogenous
source of hydrogen during the hydrocarbon generation, especially at high thermal mature stage [7-10].
Laboratory experiment even found extensive and reversible incorporation of water-derived hydrogen
into C,—Cs n-alkanes on timescales of months under hydrothermal conditions [11]. However, pyrolytic
experiments on lignite proposed that closed nonhydrous pyrolysis generates on the average 15% more
gas than hydrous pyrolysis [12]. Therefore, understanding of the role of water during gas generation is
still poor, especially in the deep basin environment. In order to further investigate the role of water
during gas generation, in this study, two sets of pyrolytic experiments on a coal sample were carried out.

2. Material and method

A Jurassic coal sample from the Kuqa River section in the Kuqa depression, Tarim Basin, China was
collected and used for the pyrolytic experiments. Jurassic coal measures are widely distributed in the
Kuqga depression and are the main source rocks of coal-derived gas in the deep strata. For the coal sample,
the vitrinite reflectance Ro% value is 0.7%, total organic carbon (TOC) is 81.0%, S; and S; are 6.7 mg/g
and 114.8 mg/g, respectively, Tmax is 436.0 €, and HI is 141.7 mg/g. TOC (Table 1). Elemental
composition of the coal sample was also analyzed. The coal sample was composed of 1.52% of nitrogen,
76.88% of carbon, 5.21% of hydrogen, and 9.47% of oxygen (Table 1). The H/C ratio is 0.81 and O/C
ratio is 0.09. Water used in the hydrous experiments was sea water and bought from the Chinese
Academy of Geological Sciences. It is a standard material with hydrogen isotope of —4.8%0 (GBW (E)
070016).

Table 1. Rock-Eval pyrolysis and elemental composition of the Jurassic coal sample
TOC T imax S: S, HI Ro N Cc H 0 H/C olC
% °Cc mg/g mg/g mg/g.TOC % % % % %
81.0 436.0 6.7 114.8 141.7 0.7 1.52 76.88 521 9.47 0.81 0.09

The coal sample was crushed and sieved with a size less than 0.125 mm. The crushed sample was
placed in an oven at a temperature of 100 € for two hours to get rid of the free water inside the sample.
During the whole loading process, the sample was placed in a jar with desiccants.

Considering the potential effects from supercritical water, the experiments were divided into two sets.
Both sets of experiments were conducted under hydrous and nonhydrous closed system under pressure
of 40 MPa. Here the word “nonhydrous” is referred to the experiment with no added water, and the word
“hydrous” is referred to the experiment with added water. It is reported that pyrolytic experiments on
lignite either with added water or with no added water generated 14.6~15.2 wt.% water [12]. So this
study prefers to adopt nonhydrous rather than anhydrous for the experiment with no added water. The
first set is isothermal pyrolytic experiments for 72 hours. The temperatures are 330 €, 350 <€, 370 <€,
corresponding to the final Easy Ro% value of 1.34%, 1.64% and 1.99%, respectively [13]. In this set,
the temperature is not more than 370 <€, which is below the critical temperature of pure water (374 <€),
so water is normal liquid water. The second set is non-isothermal pyrolytic experiments. In this set of
experiment, temperature increased to 300 <€ in two hours from room temperature, hold for half an hour,
then increased to 440 €, 470 € and 500 <€ at heating rate of 2 €/h, which corresponds to a final Easy
Ro% value of 1.82%, 2.35% and 2.92%, respectively [13]. In this set, due to the high temperature water
is supercritical water. The pyrolytic experiments were conducted in a gold tube system in the PetroChina
Research Institute of Petroleum Exploration and Development, China (RIPED). The pyrolytic products
of hydrocarbon and non-hydrocarbon gases are determined using a two-channel Wasson-Agilent 7890
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Series gas chromatograph (GC), which was calibrated by an external standard. Certified gas standards
were prepared at a precision of better than +1 mol% for each component made by BAPB Inc.

3. Results

3.1. Gas product of the isothermal experiments

In the isothermal experiment, the methane yield is 42.08, 47.23 and 62.86 ml/g for the nonhydrous
experiment at thermal maturity of 1.34%, 1.64% and 1.99%, respectively, and it is 33.84, 38.25 and
58.36 ml/g for the hydrous experiment at thermal maturity of 1.34%, 1.64% and 1.99%, respectively.
The methane yield clearly increases with increasing thermal maturity in both nonhydrous and hydrous
experiments, however, the yield of methane in nonhydrous experiment is higher than that in the hydrous
experiment. The difference of methane yield between nonhydrous and hydrous experiments decreases
with increasing thermal maturity, i.e., 24% at Ro% of 1.34%, 23% at Ro% of 1.64% and 8% at Ro% of
1.99%. The yield of Cs.s alkanes is 0.77, 0.71 and 0.26 ml/g for the nonhydrous experiment at thermal
maturity of 1.34%, 1.64% and 1.99%, respectively, and it is 0.84, 0.75 and 0.49 ml/g for the hydrous
experiment at thermal maturity of 1.34%, 1.64% and 1.99%, respectively. In contrast to methane, with
increasing thermal maturity, the yield of Cs.s alkanes decreases both in nonhydrous and hydrous
experiments. Moreover, the yield of Cs.s alkanes in hydrous experiment is higher than that in the
nonhydrous experiment. The hydrous pyrolysis generated about 9%, 5% and 87% more Cs.s
hydrocarbon gases at thermal maturity of 1.34%, 1.64% and 1.99%, respectively relative to the
nonhydrous pyrolysis (Figure 1).
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Figure 1. The yields of CH,4 and Cs.s alkanes under anhydrous and hydrous conditions in the
isothermal experiment

3.2. Gas product of the non-isothermal experiments

In the non-isothermal experiment, either hydrous or nonhydrous, methane yield increase with increasing
thermal maturity, while the yield of Cs to Cs alkanes decrease with increasing temperature. For example,

the yields of methane are 44.35, 55.91 and 68.62 ml/g for the nonhydrous experiment and 22.91, 44.71

and 54.87 ml/g for the hydrous experiment, at thermal maturity of 1.82%, 2.35% and 2.92%, respectively.
While the yields of Cj.s alkanes are 0.56, 0.15, 0.12 ml/g for the nonhdrous experiment and 0.69, 0.53,

0.13 for the hydrous experiment, at thermal maturity of 1.82%, 2.35% and 2.92%, respectively. In
general, the methane yield in nonhydrous experiment is much higher than that in the hydrous experiment,
especially at thermal maturity of 1.82%, the methane yield in nonhydrous experiment is around 94%
higher than that in the hydrous experiment. With increasing thermal maturity, the differences of methane
yield between nonhydrous and hydrous experiments decrease to 25% at Ro% of 2.35% and 2.92%. In
contrast to the methane, the yield of C;_s hydrocarbon gases decreases with increasing thermal maturity.

The yield of Cs.s hydrocarbon gases in hydrous experiment is higher than that in the nonhydrous
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experiment. The hydrous pyrolysis generated about 23%, 256%, 7% more Cs.s hydrocarbon gases at
thermal maturity of 1.82%, 2.35% and 2.92%, respectively relative to the hydrous pyrolysis (Figure 2).
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Figure 2. The yields of CH, and Cs.s alkanes under anhydrous and hydrous conditions in the non-
isothermal experiment

4. Discussion

Previous studies reported on average 15 wt.% more methane in the closed nonhydrous pyrolysis than
that in the hydrous pyrolysis for the lignite sample [12], however, this difference increases to 52-76%
for nonhydrous pyrolysis relative to hydrous pyrolysis of source rocks with Type-II kerogen [10]. These
experiments are all conducted at isothermal temperatures not more than 370 <€ for different duration,
which is similar to the isothermal experiment that used in this study. In these experiments, supercritical
water is avoided. This is because supercritical water with temperature above 374°C (i.e., critical
temperature for pure water) has very different properties than the liquid water. For example, supercritical
water has high reactivity, thus very high solubility, where water molecules are not held by hydrogen
bond and they can float around as free radicals. However, compared to the non-isothermal experiments
which was conducted with supercritical water, the compositional variation trend of the hydrocarbon gas
and non-hydrocarbon gas (CO,) between hydrous and nonhydrous conditions is very similar (Figure 3).
This indicates that contribution from supercritical water on gas yields is not essential.

In both sets of experiments (isothermal and non-isothermal), the yield of methane in nonhydrous
experiment is always higher than that in the hydrous experiment, however, such differences decrease
with increasing thermal maturity (Figure 3). In contrast to methane, the yield of Cs.s alkanes in
nonhydrous experiment is always lower than that in the hydrous experiment. While the ethane yield in
nonhydrous experiment is higher than that in the hydrous experiment at low maturity, but with increasing
thermal maturity, the ethane yield in nonhydrous experiment gets lower than that in the hydrous
experiment. In sum, the nonhydrous pyrolysis generated 18%~84% more hydrocarbon gas relative to
hydrous pyrolysis in the non-isothermal system, while the nonhydrous pyrolysis generated 5%~22%
more hydrocarbon gases relative to hydrous pyrolysis in the isothermal system. The significant bigger
increase amplitude in the non-isothermal system is likely due to the higher thermal maturity in the non-
isothermal system.

With the presence of liquid water, the reaction pathway of hydrocarbon generation is dominated by
thermal cracking of carbon-carbon bonds, while in the absence of liquid water, the dominant reaction
pathway is carbon-carbon bond cross ling, therefore, under the hydrous experiment, the availability of
exogenous source of hydrogen will reduce the rate of thermal decomposition, promote thermal cracking,
and inhibit carbon-carbon bond cross linking [10]. A possible delay of secondary cracking reactions in
hydrous conditions compared to anhydrous conditions was proposed in the isothermal experiments [ 10,
12]. Experimental results also demonstrated that the destruction of crude oil to gas was significantly
inhibited by the presence of water [14]. This explains why the methane yield in the nonhydrous system
is higher relative to the hydrous condition. The conflicting results between Gao et al. [15] and this study
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also supports that a delay of secondary cracking reactions exist in hydrous experiments. Previous study
by Gao et al. [15] found that hydrous pyrolysis generated more hydrocarbon gases relative to the
nonhydrous pyrolysis, where the pyrolysis was conducted at constant temperatures of 400 €, 430 <€,
450 <€, 500 €, 550 <€ for 72 hours. Considering the temperatures are above 374 <€ (critical temperature
of pure water), the non-isothermal pyrolysis in this study has temperatures of 440 €, 470 <€, and 500
€, which is above the critical temperature of water as well. The temperatures were raised from 300 €
to the designed temperate at a heating rate of 2 “€/h. The heating duration was 70 hours from 300 <€ to
440 <€, 85 hours from 300 <€ to 470 € and 100 hours from 300 <€ to 500 €. Though the heating
duration of the non-isothermal experiment in this study is similar or even longer than 72 hours, the
duration staying at high temperature is short, which results in the delay of the secondary cracking
reactions in the hydrous experiment. In addition, according to the lower concentration of Cs.s heavy
hydrocarbon gases in the nonhydrous pyrolysis, it is concluded that the presence of water may suppress
the cracking of Cs.s heavy hydrocarbon gases, resulting the higher yield of Cs.s heavy hydrocarbon gases
in the hydrous pyrolysis. Pyrolytic experiments showed that open nonhydrous pyrolysis of coal
generated hydrocarbon gases extremely enriched in C,+ hydrocarbons relative to closed nonhydrous
pyrolysis [16]. This indicates, cracking of heavy hydrocarbons occurred in the closed nonhydrous
pyrolysis. With the presence of water, the secondary cracking of Cs._s alkanes in the hydrous experiments
was significantly suppressed, as shown by the relatively higher yield of Cs.s alkanes in the hydrous
systems (Figure 3).

The maximum increase in CO, in hydrous condition can be up to 104% in the non-isothermal system
and 28% in the isothermal system. The significant increase in CO; in hydrous system relative to
nonhydrous conditions in both isothermal and non-isothermal experiments also supported the generation
of exogenous hydrogen in hydrous system. Isothermal pyrolysis on lignite also demonstrated a 37%
increase of CO; in the hydrous system relative to the nonhydrous condition [12]. Water is not only the
source of hydrogen, but also the source of excess oxygen needed to account for the CO, generated under
hydrous conditions [10]. Considering the low temperature (not more than 370 <€ in isothermal
experiment) and low content of CO, reactions such as steam-methane reaction or water-gas shift reaction
are unlikely to be responsible for the formation of CO, in the hydrous experiment. One possible
explanation includes the reaction that water may oxidize the existing carbonyl groups and thus form
hydrogen and carboxyl groups, and the carboxyl groups will form CO, by decarboxylation with
increasing thermal maturity [10]. Such interaction between water and carbonyl groups has been reported
to happen at temperature as low as 150 <€ [17] or even 350 <€ [18].
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Figure 3. Plot of gas yields generated by nonhydrous pyrolysis against those by hydrous pyrolysis at
isothermal (2) and non-isothermal (b) temperatures

Acknowledgments
This work was supported by the National Natural Science Foundation of China (41472120).



The 1Ist Virtual Meeting on Deep Oil and Gas IOP Publishing
IOP Conf. Series: Earth and Environmental Science 600 (2020) 012054  doi:10.1088/1755-1315/600/1/012054

References

[1] DaiJ, Ni Y, Liao F, Hong F, Yao L 2019. The significance of coal-derived gas in major gas
producing countries. Petrol. Explor. Develop. 46(3) 417-432.

[2] DaiJ, Qin S, Hu G, Ni Y, Gan L, Huang S, Hong F 2019. Major progress in the natural gas
exploration and development in the past seven decades in China. Petrol. Explor. Develop. 46(6)
1037-1046.

[3] DailJ, NiY, Qin S, Huang S, Peng W, Han W 2018. Geochemical characteristics of ultra-deep
natural gas in the Sichuan Basin, SW China. Petrol. Explor. Develop. 45(4) 619-628.

[4] Zhang S, Zhang B, Zhu G, Wang H, Li Z 2011. Geochemical evidence for coal-derived
hydrocarbons and their charge history in the Dabei Gas Field, Kuga Thrust Belt, Tarim Basin, NW
China. Mar. Petrol. Geol. 28 1364-1375.

[5] LiY, Xue Z, Cheng Z, Jiang H, Wang R 2020. Progress and development directions of deep oil
and gas exploration and development in China. China Petrol. Explor. 25(1) 45-57.

[6] Seewald J 2003. Organic-inorganic interactions in petroleum-producing sedimentary basins.
Nature 426 327-333.

[7] Zhang S, He K, Hu G, Mi J, Ma Q, Liu K, Tang Y 2018. Unique chemical and isotopic
characteristics and origins of natural gases in the Paleozoic marine formations in the Sichuan Basin,
SW China: isotope fractionation of deep and high mature carbonate reservoir gases. Mar. Petrol.
Geol. 89 68-82.

[8] Wang X, Liu W, Xu Y, Zheng J 2011. Influences of water media on the hydrogen isotopic
composition of natural gas/methane in the processes of gaseous hydrocarbon generation and
evolution. Sci. China 54(9) 1318-1325.

[9] GaoJ, Zou C, Li W, Ni Y, Yuan Y 2020. Transition metal catalysis in natural gas generation:
Evidence from nonhydrous pyrolysis experiment. Mar. Petrol. Geol. 115 104280.

[10] Lewan M 1997. Experiments on the role of water in petroleum formation. Geochim. Cosmochim.
Acta 61 3691-3723.

[11] Reeves E P, Seewald J S, Sylva S P 2012. Hydrogen isotope exchange between n-alkanes and water
under hydrothermal conditions. Geochim. Cosmochim. Acta 77 582—599.

[12] Behar F, Lewan M D, Lorant F, Vandenbrouck M 2003. Comparison of artificial maturation of
lignite in hydrous and nonhydrous conditions. Org. Geochem. 34 575-600.

[13] Sweeney J. J. and Burnham A. K. (1990) Evaluation of a simplemodel of vitrinite reflectance based
on chemical kinetics. Am. Assoc. Petrol. Geol. Bull. 74, 1559-1570.

[14] Hesp W, Rigby D 1973. The geochemical alteration of hydrocarbons in the presence of water.
Erdol Kohle-Erdgas-Petrochem. Brennstoff-Chenzie 26 70-76.

[15] GaoJ, Zou C,Ni Y, Li W, Yuan Y 2020. Pyrolysis of coal-measure source rocks at highly to over
mature stage and its geological implications. Petrol. Explor. Develop. 47(4) 723-729.

[16] Behar F, Vandenbroucke M, Teermann S C, Hatcher P G, Leblond C, Lerat O 1995. Experimental
simulation of gas generation from coals and a marine kerogen. Chem. Geol. 126 247-260.

[17] Peitt J C 1991. A comprehensive study of the water vapour/coal system: Application to the role of
water in the weathering of coal. Fuel 70 1053-1058.

[18] Song C, Saini A K, Schobert H H 1994. Effects of drying and oxidation of Wyodak subbituminous
coal on its thermal and catalytic liquefaction: Spectroscopic characterization and product
distribution. Energy & Fuels 8 301-312.



