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ABSTRACT

Gas derived from the primary cracking of kerogen and the secondary cracking of oil has historically been
the focus of petroleum geologists, given its importance as a gas source. The Wenchang A Depression
within the Zhu III Sub-basin is the largest gaseous hydrocarbon-rich depression in the Pearl River Mouth
Basin (PRMB), and the sources of gaseous hydrocarbons in this depression are a research focus. Mud-
stones from the Eocene Wenchang Formation contain type I and type II organic matter and are oil-
prone, with TOC, S1+S2, and HI values mostly ranging from 1.42% to 3.12%, 9.71 mg/g to 20.61 mg/g,
and 410.71 mg/g TOC to 736.17 mg/g TOC, respectively. Data of gaseous hydrocarbon yields and carbon
isotopic compositions show that the gaseous hydrocarbons generated from oil-prone mudstones are
mainly derived from the secondary cracking of oil, and the plot of §'3C,—5'3C3 versus In(Cy/C3) effectively
identified the gas source. To further assess the gas generation processes and the ratio of oil-cracking gas
under geological conditions, we reconstructed the history of gaseous hydrocarbon generation in
mudstones from the Wenchang Formation in the Wenchang A Depression. Results showed that gaseous
hydrocarbon generation began at approximately 33 Ma, a maximum of 69% of total gaseous hydro-
carbons (C;-Cs) was generated by oil cracking, and total heavy hydrocarbon gases (C,-Cs) were mainly
generated from oil cracking (65%-81%). This study provides a deeper understanding of the character-
istics of gas generated from oil-prone mudstones and is important for gas exploration in the Wenchang
Depression.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

cracking of oil caused by the primary cracking of kerogen (Behar
et al., 1992; Prinzhofer and Huc, 1995). Kerogen and oil cracking

Natural gas can be produced in two ways under geological
conditions: primary cracking of kerogen and secondary cracking of
oil (Berner et al., 1995; Tang et al., 2000; Tian et al., 2012; Wang
et al,, 2017). Primary cracking of kerogen relates to the direct for-
mation of gases from the thermal cracking of kerogen, while sec-
ondary cracking of oil relates to the gases produced from the
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gases are the comprehensive result of chemical, physical and
geological processes. Identifying gases derived from primary or
secondary cracking and quantifying their proportions are currently
important issues in evaluating and exploring natural gas resources
(Hu et al., 2005; Tian et al., 2010; Guo et al., 2009; Wang et al.,
2018). Studies have primarily used isotope data and the compo-
sition of natural gas obtained from the field and in the laboratory
to distinguish between oil-cracking and kerogen-cracking gases
(Prinzhofer and Huc, 1995; Lorant et al., 1998; Cramer, 2004; Tian
et al., 2012; Zhang et al., 2018). However, directly applying
experimental results to geological conditions does not produce
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accurate reconstructions of geological processes, and kinetic
methods based on pyrolysis experiments have become an impor-
tant means of studying gas generation and are widely used in
global research (Dieckmann et al., 1998; Hill et al., 2003; Peters
et al., 2018).

The Zhu III Sub-basin is an important petroleum-bearing basin
in the Pearl River Mouth Basin (PRMB) (Yang et al., 2019; He et al.,
2024). This sub-basin contains two sets of source rocks, the
Wenchang and Enping Formations; of these, the Wenchang For-
mation has a greater oil generation potential than the latter
(Huang et al., 2007; You et al., 2024). The Wenchang A Depression
is the largest hydrocarbon-rich depression in the Zhu III Sub-basin
and is mainly composed of natural gas, with natural gas resources
of approximately 1323 x 108 m> (Gao et al., 2024). The genesis,
sources and generation histories of natural gases in the depression
are popular research topics (Zhang et al., 2014; Wang et al., 2016;
Quan et al., 2019). However, the results of studying natural gas
sources and genesis in the Wenchang A Depression are inconsis-
tent. For example, studies have shown that natural gas may be
generated from the source rocks in the Enping Formation (Ji and
Wang, 2004; Zhang et al., 2014; Wang et al., 2020), or from the
source rocks of both the Enping Formation and Wenchang For-
mation (Gan, 2007; Huang et al., 2007) or from the source rocks of
the Enping Formation and also from crude oil cracking and
kerogen cracking gas from the Wenchang Formation (Wang et al.,
2014; Quan et al., 2019).

The Wenchang Formation in the Wenchang A Depression has a
deep burial depth, ranging from 5000 m to 9000 m (Wang et al.,
2020), and wells have not been drilled into (Xiao et al., 2009;
Cheng et al., 2015). Therefore, studies have systematically inves-
tigated the organic geochemical characteristics of the source rocks
and the gas generation properties of the Enping Formation (Gan
et al., 2012; Li et al., 2020; Liu et al., 2022), whereas few studies
have investigated these aspects of the source rocks of the Wen-
chang Formation. Therefore, we selected source rock samples from
the Wenchang Formation and used organic geochemical and
experimental pyrolysis data and kinetic modelling to analyse its
hydrocarbon generation potential and mechanism. The results
revealed the variation patterns in carbon isotopes and the yield
from kerogen cracking and oil cracking gases. The process of
gaseous hydrocarbon generation from the source rocks of the
Wenchang Formation in the Wenchang A Depression was then
reconstructed.

2. Geological setting

The Zhu IIl Sub-basin is a continental margin fault basin located
west of the Pearl River Mouth Basin (PRMB) (Fig. 1(a)). It covers
approximately 3600 km? from a longitude of 124°30' to 127°00’
and latitude of 19°00’ to 31°59’ (Fu et al., 2011). Structurally, the
Zhu Il Sub-basin can be subdivided into 11 subunits: the Wen-
chang A, B, C, D, and E depressions; the Qionghai Depression; the
Yangjiang Depression; the Yangchun Uplift; the Yangjiang Uplift;
the Qionghai Uplift and the Shenhu Uplift (Quan et al., 2017, Fig. 1
(b)). Currently, oil and gas exploration in sub-basins is mainly
concentrated in the Wenchang A and B Depressions; oil is pri-
marily generated in the Wenchang B Depression, whereas gas is
primarily generated in the Wenchang A Depression (Huang et al.,
2003; Gan et al., 2009; Quan et al., 2017). The Wenchang A and B
depressions are situated in the central part of the Zhu III Sub-basin,
which exhibits a general NE-SW trend (Fig. 1(b)). The tectonic
evolution of the Zhu III Sub-basin is subdivided into two stages: a
syn-rifting stage from the Palaeocene to the early Oligocene, and a
later subsiding stage from the late Oligocene to the present (Gong
and Li, 2004; Cai, 2005).
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The Cenozoic strata in the Zhu IIl Depression have a maximum
thickness of 10000 m and include nine formations: Shehu, Wen-
chang, Enping, Zhuhai, Zhujiang, Haijiang, Yuehai, Wanshan and
Qionghai (Jiang et al., 2009) (Fig. 2). The main effective source
rocks are distributed in the Eocene Wenchang and Oligocene
Enping formations, with the main reservoirs in the Oligocene
Zhuhai and Miocene Zhujiang formations and the main seals in the
Miocene Haijiang and Yuehai formations (Zhu et al., 1999; Gong
and Li, 2004; Cheng et al., 2013).

This study focuses on the Eocene Wenchang Formation, which
was deposited in a lacustrine sedimentary environment (Jiang
et al., 2009; Li et al., 2020). The formation primarily comprises
sandstone and mudstone, which have a cumulative thickness of
800-1500 m.

3. Material and methods
3.1. Samples

It is not possible to obtain samples from the Wenchang For-
mation in the Wenchang A Depression due to the reasons dis-
cussed in the Introduction section. However, the Wenchang A and
B depressions are adjacent and have undergone the same
geological evolutionary process with minimal variations in source
rock characteristics between the two depressions (Gong and Li,
2004; Cheng et al., 2015; Zhou et al., 2018). Therefore, samples
from the Wenchang B Depression were selected, as these are
representative of the Wenchang A Depression. Ten mudstone
samples were obtained from the Wenchang B Depression,
including one sample from Well L-1, four samples from Well L-2
and five samples from Well L-3 (Table 1). The specific locations of
the wells are shown in Fig. 1.

All the selected samples were ground to 200 mesh for organic
geochemical analysis. In addition, a 200-mesh mudstone sample
(A-1) was selected for confined pyrolysis experiments. The
mudstone samples required further preparations. First, HF and
HCL treatments were applied to remove inorganic minerals from
the mudstone and produce initial kerogen (named I-kerogen). I-
kerogen was then divided into two parts: the first part was directly
used in a confined pyrolysis experiment to reproduce the entire
gas generation process from the total organic matter, and both
kerogen- and oil-cracking gases were obtained. The other part
(1012.01 mg) was kept at 350 °C for 72 h in a glass tube to obtain
extracted oil (320.90 mg) and de-oiled kerogen (683.06 mg)
(Fig. 3). In this respect, the oil was extracted using a Soxhlet
extractor with a methanol: acetone: benzene mixture (MAB:
1:2.5:2.5 viv:v) over 72 h. The extracted oil was composed of two
parts: oil expelled from kerogen collected by the cold trap, and oil
retained in the heated kerogen. The extracted oil (named E-oil) and
de-oiled kerogen (named D-kerogen) were used to study trends in
the evolution and amount of oil cracking gas and kerogen cracking
gas, respectively. This simple experimental procedure is illustrated
in Fig. 4.

3.2. Organic geochemistry analysis

Total organic carbon (TOC), Rock-Eval pyrolysis, and vitrinite
reflectance (R,) organic geochemical analyses were performed
using a LECO €230, an OGE-II instrument and a Leica DMRX mi-
croscope, respectively, at the Guangzhou Institute of Geochem-
istry, Chinese Academy of Sciences, and the procedures followed
were based on the GB/T19145-2003, GB/T18602-2001 and
GBT6948-2008 guidelines, respectively. The Rock-Eval pyrolysis
data included free hydrocarbons (S1), pyrolysis hydrocarbons (S2)
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Fig. 1. Map showing the structural elements of the Pearl River Mouth Basin (a) and geological structure of the Zhu III Sub-basin (b) (modified from Quan et al., 2017; Wang et al.,

2020).
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Fig. 2. Columnar section showing the stratigraphy, tectonics and petroleum geology of the Cenozoic in the Zhu III Sub-basin (modified from Gong and Li, 2004; Jiang et al., 2009).

Table 1
Organic geochemistry data of mudstones.
Well Sample name Ro, % TOC, % S1, mg/g S2, mg/g S1+4S2, mg/g Tmax °C HI, mg/g-TOC
L-1 A-1 0.72 3.12 0.18 19.78 19.96 434 633.97
I-kerogen 0.72 53.70 1.95 340.13 342.08 434 633.39
D-kerogen 1.08 49.56 0.12 121.79 121.91 467 245.98
E-oil / 75.87 / / / / /
L-2 A-2 / 1.42 0.31 8.20 8.51 443 578.72
A-3 / 1.84 0.84 8.87 9.71 442 480.85
A-4 / 1.90 0.66 10.91 11.57 443 574.47
A-5 / 2.57 1.72 18.90 20.61 443 736.17
L-3 A-6 / 0.57 0.15 2.33 2.49 443 410.71
A-7 / 1.89 1.17 11.61 12.78 446 613.10
A-8 / 2.46 1.15 12.16 13.31 445 494.05
A-9 / 2.67 1.31 14.49 15.80 449 541.67
A-10 / 3.20 3.31 16.93 20.24 453 529.76
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and the temperature corresponding to the peak value of hydro-
carbon generation (Tmpax)-

3.3. Confined pyrolysis experiments

The confined and anhydrous pyrolysis experiments were con-
ducted at the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences. The I-kerogen, D-kerogen and E-oil samples
were divided into 34, 24 and 24 aliquots, respectively. These were
sealed into gold tubes (5.5 mm outer diameter, 0.25 mm wall
thickness, and 60 mm length) in an argon atmosphere and then
placed into stainless-steel pressure vessels. Pyrolysis was per-
formed at a constant confining pressure of 50 MPa with a
permitted error of less than 1 MPa. The vessels were heated in an
oven from 20 °C to 200 °C over 10 h, and then from 200 °C to
600 °C at a rate of 2 °C/h and 20 °C/h. Following pyrolysis, the gold
tubes were taken out, cooled, placed in a vacuum container and
then pierced to release the gas, which was directly injected into a
gas chromatograph (GC5890) to conduct a quantitative analysis of
the methane (Cy), ethane (C;), propane (C3), butane (C4) and
pentane (Cs) components. When analysing variations in the
gaseous hydrocarbon yields, the sum of the individual heavy hy-
drocarbon gases was defined as the total heavy hydrocarbon gases
(C2-Cs), and the sum of C; and C,—Cs was defined as the total
gaseous hydrocarbon (C;—Cs). In addition, owing to the low C4 and
Cs yields, the pattern of variation in the sum of these two products
(C4—Cs) was analysed.

The carbon isotopic composition of the gaseous hydrocarbons
was ascertained using a Delta Plus XL gas chromatography-isotope
ratio mass spectrometer (GC-IRMS). For the GC, we employed a
Poraplot Q capillary column (30 m x 0.32 mm x 0.25 pm) and
helium carrier gas. The samples were placed in a GC oven, main-
tained at 40 °C for 5 min, heated to 190 °C at a rate of 15 °C/min,
and then held for 15 min at 190 °C. The obtained isotopic data
included methane carbon isotope (53C;), ethane carbon isotope
(613C3) and propane carbon isotope (5'3C3) data.

3.4. Burial and geothermal history reconstruction

The first step in studying the hydrocarbon generation process of
a region involves examining and reconstructing the burial and
thermal evolution processes (Hakimi et al., 2010; Liu et al., 2015; Li
et al., 2022). Detailed geological parameters of the Wenchang A
Depression were obtained from the China National Offshore Oil Co
Research Institute Co. Ltd.

We used PetroMod (1D) modelling software to reconstruct the
burial and geothermal history of Well L-4 in the Wenchang A
Depression of the Zhu III Sub-basin within the PRMB (the specific
location is shown in Fig. 1). The detailed geological parameters of
the well, including the formation thickness, burial depth, rock

Sample

Liquid nitrogen

Cold trap

Fig. 3. Diagram of simple device used to obtain D-kerogen and E-oil samples.
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density, initial porosity, compaction factor, lithological composi-
tion, Ry, and bottom hole temperature (BHT) were obtained from
the China National Offshore Oil Co Research Institute Co. Ltd.

4. Results
4.1. Organic geochemical data

Organic geochemical data from the mudstones of the Wen-
chang Formation are presented in Table 1. The TOC, S1 and S2
ranged from 0.57% to 3.20%, 0.12 mg/g to 3.31 mg/g and 2.33 mg/g
to 19.78 mg/g, respectively. The hydrogen index (HI = 100 x S2/
TOC) was used to evaluate the hydrocarbon potential of the source
rocks (Espitalié et al., 1985), and the HI values of the mudstones
ranged from 410.71 to 736.17 mg/g-TOC.

Mudstone sample A-1, which was selected for the confined
pyrolysis experiment, had a relatively low Ro value of 0.72% with
TOC, S1, S2 and HI values of 3.12%, 0.18 mg/g, 19.78 mg/g and
633.97 mg/g-TOC, respectively. For I-kerogen, the Ro value
remained unchanged at 0.72%, and the TOC, S1, S2 and HI values
were 53.70%, 1.95 mg/g, 340.13 mg/g and 633.39 mg/g-TOC,
respectively. For D-kerogen, the measured R, value, TOC, S1, S2 and
HI values were 1.08%, 49.56%, 0.12 mg/g, 121.79 mg/g and
245.98 mg/g-TOC, respectively.

4.2. Gaseous hydrocarbon yields

Trends in variations of the methane (C;) yield generated were
the same for I-kerogen, D-kerogen and E-oil (Table 2, Fig. 5(a) and
(b)), and the methane yield gradually increased with increasing
temperature during the pyrolysis experiments. Taking the exper-
imental run of 2 °C/h as an example, the C; yields of I-kerogen, E-
oil and D-kerogen were 1.28 mL/g-I-kerogen, 0.07 mL/g-I-kerogen
and 0.59 mlL/g-I-kerogen, respectively, at the set initial tempera-
ture. The yields then gradually increased with the increasing
temperatures, reaching 28710 mL/g-I-kerogen, 48.46 mL/g-I-
kerogen, 192.32 mL/g-I-kerogen at 600 °C, respectively.

There were differences between the trends in methane and
heavy gaseous hydrocarbons (C,, C3 and C4-Cs) from I-kerogen, D-
kerogen and E-oil (Table 2; Fig. 5 (c), (d), (e), (f), (g) and (h)). The
yields of Cy, C3 and C4-Cs increased with increasing pyrolysis
temperature until they reached their maximum values, and then
decreased in relation to cracking effects. Notably, the yield of
heavy hydrocarbon gases varied with the number of carbon atoms.
The higher the number of carbon atoms in the heavy hydrocarbon
gas, the lower the temperature corresponding to the maximum
yield. Taking the yields of C,, C3 and C4—C5 generated by I-kerogen
at 20 °C/h as an example, the maximum yields of C;, C3 and C4—Cs
were 49.12 mL/g-I-kerogen at 551.0 °C, 21.59 mL/g-I-kerogen at
517.0 °C and 7.58 mL/g-I-kerogen at 500.3 °C, respectively.

For C;—Cs, the C; yield accounted for the largest proportion, and
the C; yield accounted for the largest proportion of C,—Cs. There-
fore, the variation trend in the C;—Cs yield was the same as that of
C; (Table 2, Fig. 5(k) and (1)), and the trend in the Co—Cs yield was
similar to that of C; (Table 2, Fig. 5(i) and (j)).

4.3. Kinetic parameters of gaseous hydrocarbon

A set of parallel first-order reactions with a single frequency
factor (A) and activation energy (E) distribution are used to
describe the petroleum generated by kerogens (Espitalié et al.,
1988; Behar et al., 1997). The frequency factor is the total num-
ber of effective collision frequencies of the activated molecules,
and the activation energy is the minimum energy required for a
chemical reaction. The frequency factor is correlated with the
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experiments flow at 350 °C > De-oiled
for 72 h NEICHET
C,—Csgas -
1yielsds, o¥C of C=Cs Confined pyrolysis

Expelled oil

NS

experiments
Retained oil
in heated
kerogen
C,—Cs gas
yields 0"C of C,—-C;

Extracted oil

Confined pyrolysis
experiments

O\

C,—Cs gas
yields

o"C of C—Cs

Fig. 4. Flowchart of confined pyrolysis experimental procedure and associated products.

hydrocarbon generation activation energy (Pelet, 1994; Waples,
2000; Pan et al, 2012). The higher the activation energy, the
greater the energy required for conversion and the higher the
temperature required for the reaction, and the faster the particle
moves, the higher the frequency factor. In this study, the discrete
model in KINETICS 2000 software (Burnham and Braun, 1999) was
used to calculate the kinetic parameters of hydrocarbon genera-
tion. When calculating kinetic parameters of hydrocarbon gener-
ation, it is necessary to determine the maximum hydrocarbon
yield of the sample (Liu and Tang, 1998). However, due to the
incomplete pyrolysis experiments conducted in this study, the
maximum yield of each gaseous hydrocarbon was not obtained.
Therefore, maximum values for different gaseous hydrocarbons
were iteratively assumed and used as input into the KINETICS 2000
software to calculate the total error between the experimental
data points and the theoretical curve. The maximum hydrocarbon
yield values were then determined when the error was minimal.
The assumed maximum values of Cq, C;—Cs and C;—Cs generated by
I-kerogen, D-kerogen and E-oil are shown in Table 3. The kinetic
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parameters and fitting curves for Cy, C;—Cs and C1-Cs generated by
I-kerogen, D-kerogen and E-oil are shown in Table 3 and Figs. 6-8.

The characteristics of the variations in the kinetic parameters
C4, C,—Cs and C1-Cs for I-kerogen, D-kerogen and E-oil differed. The
frequency factor and activation energies of the gaseous hydro-
carbons from E-oil were the largest, followed by those from I-
kerogen, whereas those of D-kerogen were the smallest. Taking the
kinetic parameters of C; as an example, the frequency factor from
E-oil was the largest (1.11 x 10 s~1), that from I-kerogen had an
intermediate value (2.21 x 10'> s~1) and that from D-kerogen was
the smallest (1.49 x 10" s~1). The same was true for the variations
in the activation energies of C; for all three samples: the average
activation energy (Ea) of E-oil was the largest (67.15 kcal/mol), that
of I-kerogen was moderate (60.36 kcal/mol) and that of D-kerogen
was the smallest (54.52 kcal/mol).

Through further inversion, we found that the fitting effect be-
tween the yields of C, C—Cs and C1-Cs calculated from the kinetic
parameters and those measured from the confined pyrolysis ex-
periments was excellent, indicating that the obtained kinetic
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Table 2
Measured cumulative yields of the C; Cy, C3, C4—Cs, C-Cs and C;-Cs components generated by I-kerogen, D-kerogen and E-oil.
Heating rate Sample No. T G Cy C3 Cy4—Cs Hy, CO, H,S
°C mlL/g-I-kerogen
20 °C/h I-kerogen-1 341.8 0.96 0.21 0.14 0.08 0.06 27.11 0.08
I-kerogen-2 361.1 1.07 0.34 0.19 0.08 0.04 28.63 0.20
I-kerogen-3 373.0 2.81 0.95 0.54 0.24 0.19 3532 0.32
I-kerogen-4 388.8 434 1.77 1.00 0.47 0.31 36.07 0.35
I-kerogen-5 405.4 7.07 2.53 1.78 1.08 0.55 52.37 0.43
I-kerogen-6 422.0 1117 5.08 2.92 1.76 0.78 44.18 0.54
I-kerogen-7 437.9 15.61 7.27 423 233 1.05 46.93 0.81
I-kerogen-8 454.0 19.15 9.61 5.82 4.10 1.28 49.40 1.36
I-kerogen-9 470.8 28.32 13.31 8.97 4.39 1.50 65.58 231
I-kerogen-10 485.3 39.89 18.84 12.70 6.68 2.10 67.24 2.82
I-kerogen-11 500.3 53.08 26.57 17.70 7.58 2.44 67.05 3.09
I-kerogen-12 517.0 78.91 37.71 21.59 5.88 2.98 52.35 241
I-kerogen-13 533.9 116.30 48.56 21.54 3.09 4.61 65.02 2.67
I-kerogen-14 551.0 155.19 49.12 12.04 0.99 5.25 61.85 2.67
I-kerogen-15 567.3 188.63 46.81 4.68 0.25 6.77 66.58 2.76
I-kerogen-16 583.5 227.38 43.92 1.32 0.07 8.66 73.65 2.85
I-kerogen-17 599.9 246.18 26.99 0.24 0.01 10.34 68.37 2.61
2°C/h I-kerogen-18 343.6 1.28 0.29 0.48 0.18 0.37 29.14 0.10
I-kerogen-19 357.6 4.61 1.89 1.07 0.53 0.20 38.94 0.14
I-kerogen-20 373.0 6.95 3.20 1.74 0.86 0.38 44.52 0.18
I-kerogen-21 389.8 14.25 6.54 3.71 2.29 0.67 48.05 0.49
I-kerogen-22 406.0 21.90 9.63 5.64 3.79 0.87 48.05 0.59
I-kerogen-23 4224 31.19 14.24 8.86 5.43 1.18 56.55 1.05
I-kerogen-24 438.6 40.35 20.29 13.05 7.23 1.49 65.61 1.71
I-kerogen-25 454.7 54.97 2841 18.81 7.84 1.85 68.03 2.19
I-kerogen-26 471.1 78.08 39.11 25.64 9.68 233 67.68 2.81
I-kerogen-27 487.0 101.06 45.69 26.06 6.99 2.89 69.55 2.78
I-kerogen-28 502.6 134.99 52.86 25.13 4.52 3.58 7417 291
I-kerogen-29 519.2 170.44 49.76 11.21 0.89 4.96 66.68 2.62
I-kerogen-30 536.0 21537 38.83 1.18 0.05 6.36 70.00 2.49
I-kerogen-31 551.8 24447 27.10 0.26 0.01 7.30 72.54 2.28
I-kerogen-32 568.6 268.96 13.53 0.10 0.00 8.16 73.83 2.34
I-kerogen-33 584.7 280.02 4.86 0.03 0.00 8.51 77.04 2.08
I-kerogen-34 600.0 287.10 1.17 0.01 0.00 9.30 80.27 2.05
Heating rate  Sample No. T C C, Cs C4-Cs H CO, H,S Sample No. T C; Cy Cs C4-Cs Hy CO, H,S
°C mL/g-I-kerogen °C mL/g-I-kerogen
20 °C/h D-kerogen-1 3344 0.04 0.00 0.00 0.00 0.00 0.63 0.01 E-oil-1 3344 0.21 0.05 0.05 0.01 0.01 0.81 0.16
D-kerogen-2 358.0 0.04 0.01 0.00 0.00 0.00 0.85 0.07 E-oil-2 358.0 0.46 0.09 0.07 0.02 0.01 1.06 0.33
D-kerogen-3 3823 0.13 0.02 0.00 0.00 0.00 1.14 0.15 E-oil-3 3823 0.79 0.21 0.15 0.06 0.02 1.02 044
D-kerogen-4 405.7 0.70 0.16 0.02 0.00 0.00 2.02 032 E-oil-4 405.7 1.72 0.58 041 020 0.04 156 0.74
D-kerogen-5 430.3 266 074 0.11 0.01 0.02 3.23 0.58 E-ail-5 430.3 4.09 1.58 1.22 0.77 0.12 198 0.91
D-kerogen-6 4543 6.14 138 0.27 0.03 0.13 3.96 1.04 E-oil-6 4543 9.44 4.24 339 272 0.28 243 094
D-kerogen-7 4783 1338 194 0.20 0.02 0.15 6.26 233 E-oil-7 478.3 20.29 10.84 8.64 6.79 0.62 291 1.02
D-kerogen-8 503.2 2151 1.76 0.13 0.01 0.36 7.20 2.73 E-oil-8 503.2 3840 2140 14.80 7.42 1.24 3.08 1.19
D-kerogen-9 5272 28.64 086 0.02 0.00 031 828 262 E-oil-9 527.2 6457 3582 19.16 431 172 421 1.03
D-kerogen-10 551.1 34.66 040 0.01 0.00 0.64 8.96 3.21 E-oil-10 551.1 99.01 3692 11.16 1.20 2.03 390 1.26
D-kerogen-11 575.0 39.27 0.17 0.00 0.00 063 11.70 2.75 E-oil-11 575.0 134.04 29.80 2,50 0.19 244 403 1.13
D-kerogen-12 599.1 43.19 0.11 0.00 0.00 0.79 11.99 2.07 E-oil-12 599.1 162.10 1928 049 0.03 4.12 467 0.82
2°C/h D-kerogen-13  335.0 0.07 0.01 0.00 0.00 0.00 1.28 0.27 E-o0il-13 335.0 0.59 0.21 0.25 0.03 0.02 123 038
D-kerogen-14 359.0 0.36 0.09 0.02 0.00 0.02 2.07 0.29 E-oil-14 359.0 1.37 0.43 031 0.13 0.04 1.51 0.59
D-kerogen-15 383.0 149 039 0.08 0.01 0.04 2.66 038 E-oil-15 383.0 3.15 1.16 0.81 045 0.09 192 0.84
D-kerogen-16  407.1 5.01 121 0.20 0.03 0.08 431 0.84 E-oil-16 407.1 7.26 2.79 2.01 132 0.18 2.12 1.06
D-kerogen-17 431.1 11.52 1.85 0.23 0.02 0.15 563 1.29 E-oil-17 431.1 16.48 7.14 5,64 4.62 0.36 3.10 0.99
D-kerogen-18 455.2 20.62 1.97 0.14 0.01 0.26 7.92 227 E-oil-18 455.2 3090 16.23 12.60 8.50 0.77 3.52 1.00
D-kerogen-19 490.0 3254 090 0.02 0.00 0.24 10.17 250 E-0il-19 479.4 5472 2794 1631 533 1.00 335 1.18
D-kerogen-20 504.3 36.63 047 0.00 0.00 046 1031 242 E-0il-20 504.3 8747 3564 1355 1.54 143 3.77 1.05
D-kerogen-21 528.0 40.63 0.12 0.00 0.00 044 9.86 242 E-oil-21 528.0 123.26 33.49 4.02 034 1.89 4.89 1.02
D-kerogen-22 552.1 45.17 0.02 0.00 0.00 0.70 11.65 233 E-oil-22 552.1 16143 21.26 0.55 0.05 240 429 092
D-kerogen-23 576.1 47.51 0.01 0.00 0.00 0.73 12.67 170 E-o0il-23 576.1 178.40 8.29 0.14 0.01 266 3.72 0.84
D-kerogen-24 599.6 4846 0.00 0.00 0.00 082 13.69 1.17 E-oil-24 599.6 192.32 2.04 0.03 0.00 292 348 0.3

parameters were reliable and could be effectively used to simulate
the hydrocarbon generation process under geological conditions
(Peters et al., 2018).

4.4. Carbon isotope compositions

The carbon isotope values of C;, C; and C3 from the I-kerogen,
D-kerogen and E-oil exhibited the same trend with increasing

pyrolysis temperature (Fig. 9 and Table 4). With an increase in the
thermal evolution, Cy, C; and C3 were gradually enriched in s'2C.
They also reached their respective minimum §'3C values prior to
becoming gradually enriched in §3C, and their respective 5>C
values then began to increase, as described by Hill et al. (2003).
Taking the Cy, C; and C3 carbon isotope values at 20 °C/h from I-
kerogen as examples, the minimum §>Cy, 5'3C, and §'3C3 values
were reached at 454.0 °C, 470.8 °C and 454.0 °C, respectively, and
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Fig. 5. Variations in C; Cy, C3, C4-Cs, Co-Cs and C;1-Cs yields with temperature at heating rates of 20 °C/h (a, ¢, e, g, i and k) and 2 °C/h (b, d, f, h, j and 1).
Table 3
Kinetic parameters of gaseous hydrocarbons from I-kerogen, D-kerogen and E-oil.
Name Max, mL/g-I-kerogen Er, kcal-mol ™! Ea, kcal-mol~! A !
C; (I-kerogen) 290 48-66 60.36 221 x 10'?
C, (D-kerogen) 50 47-65 54.52 1.49 x 10!
C; (E-oil) 200 54-73 67.15 111 x 10"
C,-Cs (I-kerogen) 86 42-60 52.31 2.11 x 10"
C,-Cs (D-kerogen) 2.5 48-52 48.77 1.07 x 10!
C,-Cs (E-oil) 62 50-68 61.69 1.21 x 10
C4-Cs (I-kerogen) 295 44-64 55.68 3.90 x 10"
C1-Cs (D-kerogen) 51 47-64 54,06 1.15 x 10"
C;-Cs (E-oil) 205 50-74 64.71 1.00 x 10
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Fig. 6. Kinetic parameter distributions of C; (a, ¢ and e) and fitting curves between the calculated (Sim) and measured (Exp) values of the C; yield (b, d and f) from I-kerogen, D-

kerogen and E-oil.

they then began to gradually increase. This phenomenon is pri-
marily attributed to the maturity of thermal evolution, the acti-
vation energy difference in chemical bond breakage, and the
isotopic fractionation effect (Tang and Jenden, 1998; Tang et al,,
2000; He et al., 2018). In the early pyrolysis stage, the p-fracture
of long-chain alkyl molecules and the decomposition of non-
hydrocarbons (NSO) are the main processes, leading to the pref-
erential release of lighter carbon isotopes and a gradual decrease
in 8'3C values. At the same time, the activation energy of the

reaction is low, and the isotopic fractionation effect is small,
resulting in a potentially lighter isotopic composition of the
generated products. In the later pyrolysis stage, the cracking of
short-chain alkyl molecules becomes the primary process, leading
to a preference for heavier carbon isotopes to remain in the
products, resulting in a gradual increase in §'3C values. Addition-
ally, the high activation energy in the reaction and the significant
isotopic fractionation effect may also contribute to the gradual
increase in §'3C values.
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and E-oil.

In addition, at the same pyrolysis temperature, the values of
513¢y, 63C5 and §'3C3 from the E-oil were the smallest among the
three pyrolysis samples. This was primarily due to the stronger
isotopic fractionation effect in the oil cracking gases, resulting in
products with a higher '?C content (Xia et al., 2013). In the low
pyrolysis temperature stage, C; and C, from I-kerogen were more
enriched in 13C than those from D-kerogen. However, the opposite
occurred in the high pyrolysis temperature stage: C; and C; from I-
kerogen were more enriched in '2C than those from D-kerogen.

Taking C; and C; at 20 °C/h as examples, 513C1 and 513C2 from I-
kerogen were heavier than those from D-kerogen at temperatures
below 422 °C, whereas the 5'3C; and §'3C, values from I-kerogen
were lighter than those from D-kerogen at temperatures above
422 °C. For 5'3C3, the evolutionary trend was less clear for I-kerogen
and D-kerogen due to the lack of data at low temperatures. In
addition, the gas carbon isotopes exhibited a positive sequence
distribution of 5'3C; < §13C; < 6'3C3, such as the heavy hydrocarbon
gases from I-kerogen, in the range of 388.8-533.9 °C, the difference
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between 5'3C; and 5'3C, ranged from 10.43%o to 13.08%o and that
between §'3C, and §'3C; ranged from 0.09%o to 8.35%o.

4.5. Burial history and geothermal history

To study the gaseous hydrocarbon generated by the mudstones
from the Wenchang Formation in Wenchang A Depression, a
representative well (L-4) was selected to reconstruct the burial

3522

and geothermal history using PetroMod (1D) modelling software
(Fig. 10). The paleo-temperature and R, values of the Wenchang
Formation were 216-268 °C and 2.5%-4.2%, respectively.

The fitting between the measured R, and BHT values and the
simulated R, and palaeotemperature curves obtained using Pet-
roMod (1D) modelling software was good, indicating that the
reconstructed burial

reliable.

and palaeotemperature histories were
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5. Discussion
5.1. Hydrocarbon generation potential

Organic matter contained in source rocks provides the material
basis for the formation of oil and gas and is the main factor
determining the hydrocarbon generation ability of the source
rocks (Tissot and Welte, 1984; Espitalié et al., 1985). TOC, S1 + S2
and HI are typically used to evaluate the hydrocarbon generation
potential of source rocks.
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mperatures at heating rates of 20 °C/h (a, ¢ and e), and 2 °C/h (b, d and f).

Plots of HI versus Tnax (Mukhopadhyay et al., 1995; Hunt, 1996)
and S2 versus TOC (Hunt, 1991; Pepper and Corvi, 1995) were used
to effectively determine the organic matter type of the source
rocks. The two plots showed that the studied mudstones fell in the
type I and II regions, indicating that the mudstone samples from
the Wenchang Formation contained type I and Il organic matter
(Figs. 11 and 12). Additionally, the HI values (410.71-736.17 mg/
g-TOC) place them in oil-prone and very-oil-prone regions, indi-
cating that mudstones from the Wenchang Formation have strong
oil generation potential.
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Table 4
Stable carbon isotope ratios of Cy, C; and Cs generated from I-kerogen, D-kerogen and E-oil.

I-kerogen D-kerogen E-oil

Heating rate T,°C 5'3C4, %o 5'3C,, %o 5'3C3, %o T,°C 5'3C4, %o 5'3C2,%o 5'3C3, %o T,°C 5'3C4, %o 5'3C,, %o 5'3C3, %o

20°C/h 341.8 —35.74 3344 -37.34 —28.72 —-25.21 3344
361.1 —36.92 -25.16 358.0 -37.76 —-29.23 -25.37 358.0 —40.21 —29.92
373.0 -37.12 -25.18 3823 —38.48 —29.56 -25.17 3823 —40.73 -30.66 -28.11
388.8 —-37.89 —-25.26 —-25.17 405.7 —38.88 —28.45 —24.05 405.7 —41.03 -31.10 -28.20
405.4 —38.56 —25.48 -25.25 430.3 —-38.73 —-26.31 —22.86 430.3 —-41.09 -31.33 —28.49
422.0 —38.85 —26.81 —-25.69 454.3 -37.04 —24.00 -20.21 454.3 —40.89 -31.60 —28.69
437.9 —-39.20 -27.07 —25.85 478.3 —34.28 -21.89 —-18.22 478.3 —40.05 -31.06 —-27.56
454.0 -39.60 —28.52 -26.35 503.2 -31.76 -18.20 503.2 —39.03 -30.04 —24.52
470.8 -39.39 —28.96 -26.35 527.2 —28.77 —-11.25 527.2 -37.31 —26.90 —18.41
485.3 —38.87 —28.42 -26.25 551.1 —-27.06 551.1 -36.07 -23.16
500.3 —38.43 —-27.52 —24.48 575.0 —26.65 575.0 —34.23 —18.24
517.0 —-37.24 —26.23 -19.65 599.1 -26.30 599.1 —-32.84
533.9 —36.61 -25.19 -16.84
551.0 —35.72 —-22.37
567.3 —-34.37 -19.15
583.5 —33.60
599.9 —31.68

2°C/h 343.6 —-37.00 —-25.13 335.0 -38.16 -27.39 -25.17 335.0
357.6 -37.70 —25.58 -25.11 359.0 -38.89 —28.75 —25.25 359.0 —41.41 -30.50
373.0 —38.78 —-25.75 —25.11 383.0 —38.89 —27.74 —-23.31 383.0 —-41.31 -31.13 —28.41
389.8 -39.20 —26.53 —25.24 407.1 -38.15 -25.09 -21.01 407.1 —-40.20 -31.90 —28.43
406.0 —-39.61 —-27.53 —-25.84 431.1 —-35.47 —-22.21 -19.26 431.1 —39.75 —32.01 —28.89
4224 —39.58 —28.25 —26.05 455.2 —32.52 -17.64 —-15.28 455.2 —39.08 -30.71 —26.50
438.6 —-39.11 —-29.35 —25.86 479.4 —28.88 —-12.49 479.4 —38.21 —28.78 —-21.78
454.7 —38.60 —28.38 —24.87 504.3 -27.26 504.3 —-36.59 —-24.07
471.1 —-37.59 -27.09 —-21.75 528.0 —26.95 528.0 —-34.17 —18.21
487.0 —36.80 —26.06 —-17.85 552.1 —26.54 552.1 —32.63
502.6 —-36.00 -23.75 576.1 -26.31 576.1 —-30.64
519.2 —-34.30 —-19.75 599.6 —26.26 599.6 —29.75
536.0 —32.96 —15.47
551.8 —-31.94
568.6 —30.46
584.7 —-29.99
600.0 —-28.25

Based on the magnitude of S1 + S2 and TOC values, Peters and
Cassa (1994) and Hakimi et al. (2010) classified the hydrocarbon
generation potential of source rocks into five levels: poor (TOC <
0.5% and S1 + S2 < 2 mg/g), fair (TOC 0.5%-1.0% and
S1 + S2 = 2-6 mg/g) good (TOC = 1%-2% and S1+S2 = 6-10 mg/g),
very good (TOC = 2%-4% and S1 + S2 = 10-22 mg/g), and excellent
(TOC > 4% and S1 + S2 > 22 mg/g). The TOC and S1 + S2 values of
the samples in the present study mostly ranged from 1.42% to
3.12% and 9.71 mg/g to 20.61 mg/g, respectively, and the plot of
S1 + S2 versus TOC showed that most of the mudstones from the
Wenchang Formation were good to very good source rocks
(Fig. 13).

5.2. Gas source identification

Based on the geochemical characteristics of natural gas
generated from source rocks of different organic matter types,
various natural gas composition indicators and plots have been
used to identify gases obtained from the primary cracking of
kerogen or the secondary cracking of oil (Prinzhofer et al., 2000;
Cramer, 2004; Dai et al., 2017).

In the plot of §'3C,-6'3C3 versus In(C,/C3) (Fig. 14(a)), the gases
produced from D-kerogen and E-oil were clearly separate due to
their distinct evolutionary trends. The §'3C,-5'3C3 values of gas
from D-kerogen showed minimal variation, ranging from —2.95%o.
to —4.5%.. However, the In(C,/Cs3) values showed large variations
ranging from 1.4 to 2.65, exhibiting a sub-horizontal line. The
513C,-5'3C5 values of gas from E-oil showed large variations
of —2.55%0 to —8.49%., whereas the variation in In(Cy/C3) was
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small at 0.22 to 0.63, exhibiting a sub-vertical line. As shown in
Fig. 14(b), the gases produced from D-kerogen and E-oil had a
similar evolutionary trend to §3C,-63C3 versus In(Cy/C3):
increasing 5'3C; values, and slight increases in §'3C,-6'3C3 for the
D-kerogen derived gases (exhibiting a sub-horizontal line) but
rapid decreases for E-oil derived gases (exhibiting a sub-vertical
line). However, certain data overlap indicated that two types of
gases in the plot of 513C,-5"2C3 versus 5'3C; could not be effectively
separated. Similarly, in the plots of In(Cy/C3) versus In(Cq/Cy)
(Fig. 14(c)) and 5'3C;-6'3C, versus In(Cq/Cy) (Fig. 14(d)), although
the gases generated by D-kerogen and E-oil exhibited different
evolutionary trends, there was a data overlap phenomenon
(indicated by the yellow shaded area in the figure). Compared with
the parameters In(C;/Cy), 6'3C1-6'3C, and §'3Cy, the gaseous hy-
drocarbons from the primary cracking of kerogen and the sec-
ondary cracking of oil are more sensitive to changes in §13C,-5'3C3
and In(C,/C3) values. Therefore, the plot of 5'3C,-5'>C3 versus In
(C2/C3) effectively distinguished the origin of the gas, while the
other three plots (Fig. 14(b), (c) and (d)) were not entirely effective.
This further indicates the C,, fraction is more reliable than the C;
fraction as a genetic signature of a gas (Prinzhofer and Lorant,
1997; Prinzhofer et al., 2000).

In addition, the evolutionary trend of the I-kerogen gas was
similar to that of E-oil within four gas source identification plots,
showing that the gaseous hydrocarbon generated by the oil-prone
mudstones was mainly derived from the secondary cracking of oil;
this is consistent with previous results showing that gaseous hy-
drocarbons generated by I- and II-kerogen are mostly derived from
the secondary cracking of oil (Behar et al., 1995; Zeng, 2020).
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kinetic parameters of the I-kerogen, D-kerogen and E-oil to the
burial geological conditions of the Wenchang A Depression from
the Zhu Il Sub-basin in the Pearl River Mouth Basin (PRMB). We
then reconstructed the gases generation process of mudstones

from the Wenchang Formation.

To illustrate the ratio of gas generated from oil cracking to the
gas generated from I-kerogen, the ratio of gaseous hydrocarbons

(GRyoj1) was calculated according to Eq. (1),

GRoil = YE—oil - YI-kerogen
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Fig. 13. Plot of S1 + S2 versus TOC for mudstones from the Wenchang Formation

within the Wenchang A Depression.

formation process can be ascertained by integrating a kinetic
model with geothermal history under real geological settings
(Tissot et al., 1987; Ungerer and Pelet, 1987; Sweeney and
Burnham, 1990; Peters et al., 2018). In this study, we applied the
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Fig. 14. Gas source identification plots. (a) In(C,/C3) versus 5'>C,-5">C3, modified from Prinzhofer and Huc (1995); (b) plot of 5'3C; versus §'>C,~5'>C3, modified from Tian (2006);
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where Yg_oil and Yi_kerogen are the gas yields generated from the oil

cracking and I-kerogen, respectively.

The gaseous hydrocarbon generation process of the mudstone
from the Wenchang Formation in the Wenchang A Depression is
shown in Fig. 15. The gaseous hydrocarbons generated by I-
kerogen, D-kerogen and E-oil began at approximately 33 Ma. For
Cq generation from I-kerogen and E-oil cracking, there were two
distinct turning points at 22 Ma and 16 Ma (Fig. 15(a)); the C; yield
of these two samples increased significantly from 22 Ma to16 Ma,
and then began to increase slowly after 16 Ma. To date, the C;
yields have reached 232.03 mlL/g-I-kerogen and 145.91 mL/g-I-
kerogen, respectively. The yield of C,—Cs generated from E-oil was
much higher than that generated from D-kerogen (Fig. 15(b)), with
GRojj values of C,—-Cs ranging from 65% to 81% (Fig. 15(d)),
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Wenchang A Depression.

indicating that the C,—Cs generated by mudstones from the
Wenchang Formation is mainly derived from oil cracking. This
agrees with past research (Guo et al., 2009; Tian et al., 2010)
showing that the primary cracking of oil-prone kerogen contrib-
utes little to the C,—Cs content, primarily because primary and
secondary oil cracking have different gas-generation mechanisms.
Kerogen cracking gases mainly originate from demethylation or
dealkylation reactions and contain a small amount of heavy hy-
drocarbon gases, whereas oil cracking gases are mainly related to
the depolymerization reactions of non-hydrocarbons and the C-C
bond cracking of Cg, saturates, and they contain large amounts
of heavy hydrocarbon gas (Behar et al., 1999; Lorant et al., 2000).
The maximum GRyj of the C;—Cs was 69% (Fig. 15(d)), which is
slightly lower than the maximum value (75%) in Burnham's (1989)
type-I kerogen gas generation model.

6. Conclusions

1) Mudstones from the Wenchang Formation contain type I and Il
organic matter, with TOC ranging from 0.57% to 3.20%, S1 + S2
from 9.71 to 20.61 mg/g and HI from 410.71 to 736.17 mg/g-TOC,
respectively. These mudstones are oil-prone, classified as good
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to very good source rocks, and exhibit strong oil generation
potential.

2) The plots of In(Co/C3) versus 5'2C2-5'3C3 can effectively distin-
guish the origin of the gases. Oil cracking gas is the primary
source of gaseous hydrocarbons generated from mudstone in
the Wenchang Formation.

3) The gaseous hydrocarbon generation from the mudstones
began at approximately 33 Ma, with a maximum of 69% of total
gaseous hydrocarbons (C1-Cs) generated by oil cracking. The
total heavy hydrocarbon gases (C,-Cs) generated are mainly
derived from oil cracking, accounting for 65%-81%.
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