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The Lower Silurian Longmaxi Formation has been proven to be an important source rock in the Sichuan
Basin, which not only provides gas from conventional natural gas reservoirs, but also forms shale gas
reservoirs. On the basis of the tectono-thermal history, basin modeling technology was used to restore the
evolution of hydrocarbon kitchens and further identify favorable areas for gas exploration. The results
revealed that the Longmaxi Formation experienced two stages of hydrocarbon generation, corresponding
to the formation of three hydrocarbon kitchens, all of which generated mainly oil, with natural gas as a
supplement. During the early stage of the early Yanshan Movement, the generated oil and gas migrated to
the high parts of the paleo-uplifts to form the Luzhou and Kaijiang paleo-oil reservoirs. With increasing
burial depth and formation temperature, the oil in paleo-oil reservoirs was cracked into natural gas, which
was mixed with the natural gas generated by late kerogen, then adjusted by complex tectonic movements
and finally formed both natural gas and shale gas reservoirs. The two paleo-oil reservoir development
locations and their surroundings are potential areas of conventional gas and shale gas reservoirs. Future
exploration efforts should focus on the two paleo-oil reservoirs and their surroundings.
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exploration efforts, natural gas production in the Sichuan
Basin exceeded 565.0x10% m? in 2021, accounting for 25% of
China’s natural gas production (Wei GQ et al., 2022; Zhang
JZ et al., 2023). According to the fourth oil and gas resources

1. Introduction

With the proposal of the carbon peak and carbon
neutrality actions, global energy is shifting from high carbon

to low carbon (Agyeman SD and Lin BQ, 2023; Moghaddam
H and Kunst RM, 2023). Natural gas has the advantages of
flexibility, safety, and cleanliness. It is indispensable for the
global net-zero emission process (da Silva VO et al., 2023;
Smit DJ et al., 2023; Hou ZY et al., 2024). The Sichuan Basin
is one of the earliest sizeable natural gas-rich basins that has
been used to develop and supply energy from natural gas in
the world (Yang Z et al., 2022; Zhang NN et al., 2024).
Large-scale oil and gas exploration and development in the
Sichuan Basin began in the 1950s. After continuous
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evaluation by PetroChina, the natural gas geological resources
in the Sichuan Basin are 38.18x10'?> m?, with a proven rate of
only 10% (Liu SG et al., 2020; Zheng ZY et al., 2023).
Compared with most large oil and gas basins in the world
(with a proven rate of 60% in the Permian Basin (Saputra W
et al.,, 2021) and 44% in the Anadarko Basin (Fritz RD and
Mitchell JR, 2021), the Sichuan Basin is still in the early-
middle stage of exploration and has enormous potential for
future exploration.

The natural gas in the Sichuan Basin mainly derived from
the cracking of crude oil in paleo-oil reservoirs. The oil source
of the paleo-oil reservoirs came from the source rocks in each
reservoir (Liu SG et al., 2020; Huang SP et al., 2023; Zheng
ZY et al., 2023). Hydrocarbon kitchens generally refer to
mature source rock masses with high organic matter
abundances, good properties, and great hydrocarbon
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generation potential in the study area (Demaison G, 1984;
Thomas BM et al., 1985; Evenick JC, 2023). Many oil and
gas exploration analyses have shown that the previously
discovered large- and medium-sized gas fields are closely
related to the distribution of hydrocarbon kitchens and have
characteristics of being located near hydrocarbon kitchens.
The Xinchang, Puguang, Yuanba, Anyue and other large gas
fields that have been discovered in the Sichuan Basin are all
located in the hydrocarbon generation center and its
surroundings (Ma XH et al., 2019; Evenick JC et al., 2023).
Hydrocarbon kitchens are the most suitable method for
characterizing the hydrocarbon generation centers of basins.
Hydrocarbon kitchens and their surroundings are the main
areas for forming paleo-oil reservoirs and are the critical areas
for discovering large- and medium-sized gas fields (Pang XQ
et al., 2015; Tian XW et al., 2020). In recent years, with the
advancements in computer and seismic exploration
technology, many scholars have used basin modeling
technology to reveal the evolution of hydrocarbon kitchens in
a particular area in combination with organic geochemical
parameters, which has effectively guided petroleum
geological exploration in related basin zones (Yang Z and Zou
CN, 2019; Baniasad A et al.,, 2021; de Almeida dos Reis
MAA et al., 2023; Shabani F et al., 2023).

After years of natural gas exploration and research, it has
been confirmed that the source rock of the Lower Silurian
Longmaxi Formation is the main source rock of the
Silurian—Carboniferous gas-bearing system in the Sichuan
Basin. This source rock not only provided natural gas for the
conventional Carboniferous gas reservoirs but also formed the
Longmaxi Formation shale gas reservoirs. At present, one
large conventional gas field, namely, Datianchi, has been
discovered in the eastern Sichuan Basin, as have 13 medium-
sized conventional gas fields, such as the Dacigan, Qilixia,
Wolonghe, and Gaofengchang gas fields. The proven
geological reserves are 2351x10% m? (Wang K et al., 2016;
Ma XH et al., 2019). Moreover, shale gas reservoirs in Fuling,
Weiyuan, Weirong, Yongchuan, Changning, Wulong,
Pengshui and Zhaotong have been discovered (He ZL et al.,
2020; Wang YM et al., 2020; Nie HK et al., 2024). According
to the prediction of the Strategic Research Center of Oil and
Gas Resources of the Ministry of Land and Resources (2016),
the geological resources of shale gas in China are
123.01x10"* m?, of which the Sichuan Basin and its
surrounding areas represent 57.27x10'2 m®. However, during
conventional gas reservoir exploration efforts, only one large
gas field, Datianchi, has been found in the
Silurian—Carboniferous gas-bearing system at present. Are
there any other large or extra-large gas fields? In addition,
exploration for shale gas in the Longmaxi Formation is still in
its infancy. Studying the basic characteristics of source rocks
and hydrocarbon kitchen evolution is important for exploring
the mechanism of conventional and shale gas accumulations
and optimizing potential areas.

In the study of the Longmaxi Formation, scholars have
focused on the static characteristics of the source rock, such as

the source rock thickness (Hu ZQ et al., 2020; Wang YM et
al., 2021), paleogeographic environment (Tian XW et al.,
2020; Tang X et al., 2021), geochemical characteristics (Qi L
et al., 2020; Xiao B et al., 2021; Wu B, 2022; Liu K and
Zhang C, 2022; Chen L et al., 2023), and current hydrocarbon
generation intensity (Ma XH et al., 2019; Guo XS et al.,
2020). However, there is a lack of systematic research on the
dynamic processes of the Longmaxi Formation, such as
maturity, hydrocarbon generation history, and hydrocarbon
kitchen evolution during geological time, which restricts the
study of the dynamics of natural gas accumulations. The
maturity evolution of the source rocks in the Sichuan Basin
was controlled by the paleogeothermal field (Qiu NS et al.,
2021). Restoring its maturity evolution and hydrocarbon
generation history and clarifying the times, locations, and
migration evolution of hydrocarbon kitchens are essential to
research the natural gas accumulation patterns in such basins.
Therefore, this paper takes the tectono-thermal history of the
Sichuan Basin as a constraint, combines the geochemical
parameters of the source rock, and uses basin modeling
technology to restore the maturity evolution and hydrocarbon
generation history of the Longmaxi Formation. It clarifies the
times and locations of the formation of hydrocarbon kitchens,
reveals the evolution features and resource scales of different
hydrocarbon kitchens, and indicates the matching relationship
between the hydrocarbon kitchens and gas accumulations.
This work further reveals the potential paleo-oil reservoir
areas and highlights favorable directions for gas exploration.
This study provides not only basic parameters but also
favorable support for conventional gas and shale gas
exploration in the Sichuan Basin. However, this study also
provides a reference method for the study of the evolution of
hydrocarbon kitchens and the gas accumulation dynamics in
other sedimentary basins.

2. Geological setting
2.1. Geological background of the Sichuan Basin

The Sichuan Basin is located on the eastern Qinghai—Tibet
Plateau and is geologically situated on the northwest edge of
the Yangtze Plate, with an area of approximately 18 x 10*
km?. It is a superposition basin that has undergone a complex
tectonic evolutionary process. It is surrounded by the Micang
Mountains, Daba Mountains, Longmen Mountains, and Qiyue
Mountains, forming a diamond-shaped distribution. The
structure is characterized by multiple structural boundaries
and systems that are controlled by various deep faults (Fig. 1;
Liu SG et al., 2021; Zuo YH et al., 2024). The Sichuan Basin
contains  Sinian,  Cambrian,  Ordovician, Silurian,
Carboniferous, Permian, Triassic, and Jurassic strata that were
deposited from bottom to top, with large thicknesses and wide
distributions (Fig. 2; Zuo YH et al., 2024). The Sinian to
Middle Triassic strata are a marine sedimentary system that is
composed mainly of carbonate rocks with a thickness of
41007000 m. The Upper Triassic strata are a
marine—continental transitional facies deposit with a thickness
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Fig. 1.
Sichuan Basin. b—Structural unit division of the Sichuan Basin.

of 250-3000 m. The Jurassic to Quaternary strata consist of
continental deposits that have developed mainly terrestrial
clastic rocks with a thickness of 20005000 m. Affected by
the Caledonian Movement, most of the Upper Silurian,
Devonian, and Lower Carboniferous strata are missing in the
eastern Sichuan Basin. At the same time, only the Huanglong
Formation remained in the Middle Carboniferous. Owing to
the Yanshan—Himalayan Movement, the interval from the
Middle Jurassic to Quaternary experienced different degrees
of uplift and erosion (Ma XH et al., 2019; Liu SG et al., 2020,
2021).

2.2. Stratigraphic background of the Longmaxi Formation

The Lower Silurian Longmaxi Formation is a set of
shallow to deep-water continental shelf strata, with black
shale and dark gray mudstone rich in organic and siliceous
matter and graptolites (Guo XS et al., 2020). Owing to
erosion, the areas of exposed Silurian strata in the central and
western parts of the basin are small or nonexistent, and the
source rocks are not well developed (Liu SG et al., 2021). The
source rocks are distributed mainly in the southern, eastern,
and northern parts of the basin. The thickness of the source
rocks varies from 0 to 100 m (revised from Hu ZQ et al.,
2020; Wang YM et al., 2021). There are three high-value
areas in the basin, namely, Kaijiang, Fuling, and Yibin-
Luzhou, with thicknesses greater than 100 m. The distribution

Position and structural unit division of the Sichuan Basin (revised from Liu SG et al., 2021; Zuo YH et al., 2024). a—Position of the

pattern generally consists of greater thicknesses in the
southeast and thinner deposits in the northwest (Fig. 3). The
total organic carbon content (TOC) ranges from 1.0% to 3.2%
(revised from Hu ZQ et al., 2020; Wang YM et al., 2021)
(Fig. 4). This organic carbon is primarily composed of lower
aquatic organisms, and the kerogen is mainly type I, with a
strong hydrocarbon generation ability. The vitrinite
reflectance (R,) values vary from 2.2% to 3.8% (revised from
Wang YM et al., 2021) and the peak temperatures of rock-
eval pyrolysis (T,,,) are between 320 and 590°C, which are
now in the overmature stage.

The tectono-thermal history of different structural units in
the Sichuan Basin varies, but the entire basin has gone
through three stages: (1) before the Early Permian, it
exhibited a stable low heat flow stage, with paleo-heat flow
values ranging from 45 to 55 mW/m? which gradually
decreased from the west to the east Sichuan Basin. (2) From
the Early Permian to the Late Permian, affected by the
thermal effect of the Emeishan mantle plume and the
upwelling of the basement heat flow caused by lithospheric
tension, the paleoheat flow values peaked in the Middle and
Late Permian, with maximum values of 60—115 mW/m?. In
the region, there was a gradual decrease in the paleoheat flow
from the center of the Emeishan mantle plume to the outside.
(3) Since the Early Triassic, heat flow has gradually decreased
and is currently relatively low, ranging from 47 to 60 mW/m?
(Fig. 5; Qiu NS et al., 2022).
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Fig. 2. Stratigraphic column map of the Sichuan Basin (revised from Zuo YH et al., 2024).

3. Methods and parameters

3.1. Methods

The basin simulation software used in this manuscript is
the BasinMod series software provided by Platte River

Associates, Inc., in the United States (including BasinMod
1D, BasinView, and BasinFlow software). This software is
widely used to examine sedimentary basin structural thermal
systems and oil and gas reservoir dynamics and is currently
among the most reliable basin simulation software packages
(Baniasad A et al, 2021). In this work, BasinMod 1D
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software was initially utilized to constrain the tectono-thermal
history. By integrating parameters such as geology,
geochemistry, and paleothermometer data, a three-
dimensional geological model of the Sichuan Basin was
subsequently developed, utilizing the thicknesses of various
strata and source rocks. Additionally, BasinView basin
modeling software was used to explore the maturity evolution
and hydrocarbon generation history of the Longmaxi
Formation. The hydrocarbon generation rate of the Longmaxi
Formation was subsequently calculated by the BasinFlow
software. Finally, on the basis of the results of the maturity
evolution and hydrocarbon generation history, combined with
the thickness, TOC, and tectono-thermal history, the
hydrocarbon evolution of the Longmaxi Formation during key
geological periods was revealed. During modeling, the
hydrocarbon generation kinetics model used the Easy% R,
model (Sweeney JJ and Burnham AK, 1990). This model is
widely used in the field of hydrocarbon generation kinetics,
and the prediction accuracy for R, is also quite high. It is one
of the most reliable hydrocarbon generation kinetic models at
present (Qiu NS et al., 2022).

3.2. Parameters

In basin modeling, numerous fundamental parameters are
essential, and as exploration and geological knowledge
increase, more basic parameters are obtained, and the greater

the number of constraining parameters used in the model, the
more reliable the simulation results are. For the basin
modeling reported in this paper, the required basic parameters
include geological parameters, geochemical parameters of the
source rock, and thermal parameters. The geological
parameters include the thickness, erosion amount, stratum
stratification, and lithology of each stratum. The stratigraphic
isopach map and erosion amount of each layer in the Sichuan
Basin were obtained from the fourth oil and gas resource
evaluation by PetroChina. The rock thermal conductivity
(Table 1; Xu M et al., 2011), tectono-thermal history (Fig. 5;
Qiu NS et al., 2022), and geochemical parameters of the
source rocks were derived from previous studies (Nie HK et
al., 2024; Hu ZQ et al., 2020; Wang YM et al., 2021). The
stratigraphic stratification used actual values measured from
boreholes, and the porosities and compaction
coefficients were obtained through regression using the
method of Slater and Christiec (1980). The paleo-surface
temperature in the simulation process was taken from the
annual average temperature (15°C) of the Sichuan Basin (Yu
Z, 2017). The key geological history periods of the modeling
include: the end of the Caledonian Movement (405 Ma), the
end of the Yunnan Movement (270 Ma), the end of the
Dongwu Movement (256 Ma), the end of the Indosinian
Movement (195 Ma), the end of the Yanshan Movement (100
Ma) and the present (0 Ma).

initial
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Fig. 4. Total organic carbon content (TOC) of the source rock of the Lower Silurian Longmaxi Formation in the Sichuan Basin (revised from

Hu ZQ et al., 2020; Wang YM et al., 2021).
4. Results
4.1. Burial and thermal histories of typical wells

Reconstructing the burial history and thermal history of
single wells is not only the basis for recovering the tectono-
thermal history of a basin but also a verification tool to ensure
the rationality of models during simulations of the maturity
and hydrocarbon generation histories (Qiu NS et al., 2022).
The measured and modeled values of R, were used for fitting
and corrections, with a high degree of fit, indicating that the
modeling results were correct.

Owing to the influence of the Caledonian Movement, the
western and central Sichuan Basin experienced strong
erosion, and most areas lacked Silurian—Carboniferous strata.
Therefore, no research has been conducted on the Longmaxi
Formation in the western and central Sichuan Basin. During
the modeling, 15 typical wells were selected from the
northern, eastern, southwestern, and southern Sichuan Basin
to reconstruct the burial history and thermal history (Fig. 1;
Table 2). The general parameters, including basin geological
parameters and thermal indicators, were input into the
BasinMod 1D software, and the burial and thermal histories
were output during the reconstruction process via BasinMod
1D software. Taking 4 wells as an example, we show the
input parameters of 15 modeling wells as follows (Table 3-6).

The source rock of the Lower Silurian Longmaxi

Formation began to evolve with increasing burial depth in the
Early Paleozoic. Owing to the uplift and erosion caused by the
Caledonian tectonic process, the temperature decreased, and
the evolution of the source rock stopped. During the Permian
period, the strata were deeply buried again, and the
temperature rapidly increased. By the Middle Cretaceous, the
formation temperature had reached a maximum, and the
degree of thermal evolution of the source rock had reached a
maximum. After that, as the strata began to uplift, the
temperature decreased, the level of maturity no longer
increased, and the thermal evolution of the source rock
stopped (Fig. 6).

4.2. Maturity history of source rock

The maturity history of source rocks refers to the maturity
status and evolution process of source rocks at different stages
during geological time (Qiu NS et al., 2021). This history is
the basis for analyzing the development and migration
evolution of hydrocarbon kitchens in a region (Qiu NS et al.,
2021; Karg H and Sauerer B, 2022; Zhang JZ et al., 2023). It
is mainly controlled by the temperature evolution during
geological periods, which in turn depends on the burial
history of the strata and the tectono-thermal history of the
basin. Therefore, on the basis of the burial history and
tectono-thermal history, the temperature history of the strata
was obtained to determine the maturity history of the source
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rock. The maturity evolution stages are divided into five
stages: the immature stage (R, < 0.5%), low-maturity stage
(0.5% < R, < 0.7%), medium-maturity stage (0.7% < R, <
1.0%), high-maturity stage (1.0% < R, < 1.3%), and over-
maturity stage (R, > 1.3%). The high-maturity stage is the
peak period of oil generation, and the over-mature stage is
divided into the wet gas generation stage (1.3% < R, < 2.0%)
and the dry gas generation stage (R, > 2.0%) (Zuo YH et al.,
2017).

The simulation results indicate that the Longmaxi
Formation was in the low-maturity stage, except that the
central Sichuan Basin had not reached the hydrocarbon
generation threshold at the end of the Caledonian Movement
(Fig. 7a). During the Yunnan Movement, the maturity of the
source rock in the central Sichuan Basin did not change
significantly and was still in the immature stage. The maturity
increased and was in the medium-maturity stage in most of
the other areas (Fig. 7b). During the Dongwu Movement, the

maturity increased greatly. The R, in the northern to southern
Sichuan Basin reached 1.0%—1.3%, entering the high-maturity
stage, which was the peak period of oil generation (Fig. 7c).
During the Indosinian Movement, the maturity increased
slightly, the whole region was generally still in the high-
maturity stage, and the eastern part of the eastern Sichuan
Basin reached the wet gas generation stage (Fig. 7d). During
the Yanshan Movement, the maturity rapidly increased, the
whole region entered the dry gas generation stage, and the R,
values in the northern to southern Sichuan Basin reached a
maximum of 3.6% (Fig. 7e). After that, the maturity has not
increased (Fig. 71).

4.3. Hydrocarbon generation history of source rock

The hydrocarbon generation history of source rocks refers
to the process and characteristics of hydrocarbon generation
during geological time, which are usually characterized by
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changes in hydrocarbon generation intensity with geological
time (Qiu NS et al.,, 2021). The hydrocarbon generation
intensity is the amount of hydrocarbon generation per unit
area of source rock, which can reflect the hydrocarbon
generation ability of the source rock (Karg H and Littke R,
2020; Zeng JC et al., 2023). On the basis of the maturity
evolution and geochemical parameters of the source rock, we
used BasinView basin modeling software to restore the
hydrocarbon generation intensities of the Longmaxi
Formation in different geological periods, revealing the
hydrocarbon generation process of the Longmaxi Formation.
At the end of the Caledonian Movement, the Longmaxi
Formation in the Sichuan Basin began to generate
hydrocarbons in the southern area. Nevertheless, the

Table 1. Rock thermal conductivity for strata in the Sichuan
Basin (Xu M et al., 2011).
Stratum Lithology Sample  Thermal Average
numbers conductivity valuetstandard
(W/m-K) deviation
(W/m-K)
Jurassic Sandstone 29 1.827-3.773  2.70+0.52
Mudstone 24 2.004-3.153  2.50+0.26
Limestone 7 2.15-3.65 2.68+0.50
Upper Triassic ~ Sandstone 34 2.244-499  3.46+0.65
Xujiahe Mudstone 6 1.798-3.142  2.44+0.48
Formation
top and Lower ~ Sandstone 5 2.576-4.164  3.62+0.57
Triassic Mudstone 1 3.118 3.12
Dolomite 71 1.905-5.547  3.50+0.67
Limestone 23 1.966-4.636  2.64+0.57
Anhydrite 3 3.463-3.753  3.60+0.12
Permian Sandstone 1 2.335 2.34
Mudstone 4 1.694-3.331  2.36+0.60
Dolomite 5 2.364-3.246  2.91+0.36
Limestone 8 1.742-2.934  2.42+0.35
Carboniferous  Limestone 1 2.216 2.22
Silurian Mudstone 7 2.064-2.795 2.46+0.30
Limestone 16 1.955-2.632  2.38+0.20
Dolomite 4 2.237-3.378  2.64+0.46
Ordovician Limestone 2 2.199-2.302  2.25+0.05
Cambrian Mudstone 2.157-2.868  2.58+0.25
Dolomite 4.585-4.638 4.61+0.03
Sinian Dolomite 20 3.311-4.696 4.01+£0.36

hydrocarbon generation intensity was weak, with a maximum
of only 0.1x10° t/km? (Fig. 8a). During the Yunnan
Movement, hydrocarbon generation occurred rapidly in the
southern basin, and the maximum hydrocarbon generation
intensity reached 3.0x10° t/km? in the Changning area (Fig. 8b).
During the Dongwu Movement, the hydrocarbon generation
intensity increased rapidly, and the generation range further
expanded. The hydrocarbon generation centers were located
mainly in the Yibin-Changning-Luzhou, Fuling, and Shizhu
areas. The hydrocarbon generation intensity in the Yibin-
Changning-Luzhou area was greater, reaching a maximum of
6.0x10° t/km?, and the maximum intensity in the Fuling and
Shizhu areas reached 2.0x10° t/km? (Fig. 8c). During the
Indosinian Movement, the northern Sichuan Basin began to
generate hydrocarbons, while the hydrocarbon generation
intensity did not change much across the whole basin (Fig. 8d).
During the Yanshan Movement, the hydrocarbon generation
intensity significantly increased, and the entire region
generated oil and gas. The hydrocarbon generation intensity in
the Yibin-Changning-Luzhou area increased rapidly, with a
maximum of 7.5x10° t/km? the hydrocarbon generation
intensity in the Fuling area reached 3.5x10° t/km?; and the
Liangping-Kaijiang area also generated hydrocarbons rapidly,
with a maximum intensity of 3.5x10° t/km? (Fig. 8¢). After
that, the source rock no longer generated hydrocarbons (Fig. 8f).

4.4. Hydrocarbon
Formation

kitchen evolution of the

Longmaxi

The parameters used to characterize hydrocarbon kitchens
mainly include the maturity, hydrocarbon generation intensity
(or hydrocarbon generation amount), and hydrocarbon
expulsion intensity (or hydrocarbon expulsion amount) (Yang
MH et al., 2021; Rossello EA et al., 2022). In practical work,

Table 2. Structural unit division, burial and thermal histories
modeling wells in the Sichuan Basin.

Structural units Modeling wells

Northern Sichuan Basin L1,LTI

Eastern Sichuan Basin PG5, WK1, T1, X14,JS1,DY2
Southern Sichuan Basin GS8,YS2, YY1

Southwestern Sichuan Basin ZS1,GS1, YF1, WY35

Table 3. Input data for modeling of depositional and erosional events of Well GS1.

Deposition age (Ma)

Erosion age (Ma)  Denudation

Formation Lithology*

Top (m) Bottom (m) Thickness (m)

From To From To thickness (m)
I i’i‘;‘iﬁ‘:e zl?%s‘lm"“e: 6%, Shale: 80%, o 100 100 0 2658 0 1731 1731
Tsx Sandstone: 45%, Siltstone: 10%, Shale: 45% 208 195 1731 2033 302
T, Shale: 3-%, Limestone: 42%, Dolomite: 28%, 252 209 209 208 635 2033 3143 1110
Evaporite: 27%
P Shale: 5%, Limestone: 95% 270 252 3143 3816 673
C Shale: 30%, Limestone: 70% 405 270 3816 4236 420
S Siltstone: 20%, Shale: 70%, Limestone: 10% 443 407 407 405 230 4236 4411 175
(6] Shale: 25%, Limestone: 75% 485 443 4411 4970 559
€ Siltstone: 13%, Shale: 6%, Dolomite: 81% 541 485 4970 5787 817

# Formation lithology is obtained from logging data
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Table 4. Input data for modeling of depositional and erosional events of Well PGS5.

Formation Lithology ? Deposition age (Ma)  Erosion age (Ma) Denudation Top (m) Bottom (m) Thickness (m)
From To From  To thickness
(m)
J Sandstone: 2%, Siltstone: 6%, Shale: 80%, 195 100 100 0 3471 0 2385 2385
Limestone: 12%
Tsx Sandstone: 45%, Siltstone: 10%, Shale: 45% 208 195 2385 2874 489
T Limestone: 45%, Dolomite: 28%, Evaporite: 27% 252 209 209 208 803 2873 4796 1923
P Shale: 5%, Limestone: 95% 270 252 4805 5508 703
C Shale: 30%, Limestone: 70% 405 270 5509 5865 356
S Siltstone: 18%, Shale: 70%, Limestone: 12% 443 407 407 405 326 5516 5523 7
(¢} Shale: 35%, Limestone: 65% 485 443 6431 6667 236
€ Siltstone: 62%, Shale: 12%, Dolomite: 26% 541 485 6667 7520 853

# Formation lithology is obtained from logging data.

Table 5. Input data for modeling of depositional and erosional events of Well G8.

Formation Lithology ?

Deposition age (Ma)

Erosion age (Ma) Denudation Top (m) Bottom (m) Thickness (m)

From To From To thickness
(m)
J Sandstone: 2%, Siltstone: 16%, Shale: 80%, 195 100 100 0 2725 0 1533 1533
Limestone: 2%
Tsx Sandstone: 40%, Siltstone: 10%, Shale: 50% 208 195 1533 1720 187
T, Limestone: 52%, Dolomite: 28%, Evaporite: 20% 252 209 209 208 700 1720 2970 1250
P Shale: 5%, Limestone: 95% 270 252 2970 3498 528
C Shale: 30%, Limestone: 70% 405 270 3498 3854 356
N Siltstone: 18%, Shale: 72%, Limestone: 10% 443 407 407 405 134 3854 4450 596
(0] Shale: 33%, Limestone: 67% 485 443 4450 4968 518
€ Siltstone: 42%, Shale: 16%, Dolomite: 42% 541 485 4968 6593 1625

# Formation lithology is obtained from logging data.

Table 6. Input data for modeling of depositional and erosional events of Well L1.

Formation Lithology * Deposition age (Ma) Erosion age (Ma) Denudation Top (m) Bottom (m) Thickness (m)
From To From To thickness
(m)

J Siltstone: 16%, Shale: 84% 195 100 100 0 1522 0 3433 3433
Tsx Sandstone: 45%, Siltstone: 10%, Shale: 45% 208 195 3433 4160 727
T, Limestone: 45%, Dolomite: 30%, Evaporite: 25% 252 209 209 208 346 4160 6059 1899
P Shale: 60%, Limestone: 40% 270 252 6059 6651 592
C Shale: 32%, Limestone: 68% 405 270 6652 6856 204
S Siltstone: 21%, Shale: 70%, Limestone: 9% 443 407 407 405 390 6856 7094 238
(0] Shale: 35%, Limestone: 65% 485 443 7094 7236 142
€ Siltstone: 60%, Shale: 15%, Dolomite: 25% 541 485 7237 8414 1177

? Formation lithology is obtained from logging data.

the hydrocarbon generation intensity center and its
distribution range in a specific geological period are
commonly used to characterize hydrocarbon kitchens (Pang
XQ et al., 2015). Hydrocarbon kitchens with low hydrocarbon
generation intensities cannot form oil and gas reservoirs with
industrial value. Medium-sized and small oil and gas fields
can only be found in areas with hydrocarbon generation
intensities greater than 1.0x10° t/km? and large oil and gas
fields can be found in areas with hydrocarbon generation
intensities greater than 2.0x10® t/km?. No industrial oil or gas
reservoirs have been found in areas with hydrocarbon
generation intensities less than 0.45x10° t/km? (Jin ZJ et al.,
2003). Therefore, on the basis of the results of the source rock
thickness, organic carbon content, tectono-thermal history and
maturity history, this paper takes a hydrocarbon generation

intensity of 2.0x10° t/km® as the lower limit, delineates the
locations of effective hydrocarbon kitchens, and reveals the
migration evolution laws for hydrocarbon kitchens in the key
geological stage of the Lower Silurian Longmaxi Formation.
From the end of the Caledonian Movement to the end of
the Yunnan Movement, the source rock of the Longmaxi
Formation in the Sichuan Basin entered the hydrocarbon
generation threshold. The source rocks in the Yibin-
Changning-Luzhou area are thick, with a maximum thickness
of 100 m and a high TOC of 3.2%. This stage reached the
medium-maturity stage; thus, hydrocarbon kitchens began to
develop (HCK 1), with a maximum intensity of 3.0x10°
t/km? (Fig. 9a). From the end of the Yunnan Movement to the
end of the Dongwu Movement, HCK I continued to
develop, and the hydrocarbon generation range expanded. The
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Fig. 6. Burial and thermal histories of typical wells in the Sichuan Basin. The green “o” means measured vitrinite reflectance (R,) datum, and
the broken blue line means modeled result in the right chart. Among them, the modeling well L1 and LT1 is located in the Northern Sichuan
Basin. PG5, WK1, T1, X14, JS1, and DY2 wells are located in the Eastern Sichuan Basin. G8, YS2, and YY1 wells are located in the Southern
Sichuan Basin. GS1, ZS1, YF1, and WY35 wells are located in the Southwestern Sichuan Basin (as shown in Fig. 1).

source rock entered the high-maturity stage, which was the hydrocarbon kitchen formed in the Fuling area (HCK II),
peak period of oil generation, generated large amounts of oil, with a maximum thickness of 80 m and a high TOC of 2.0%;
and the maximum hydrocarbon generation intensity in this in the high-maturity and high-oil generation stages, the
hydrocarbon kitchen reached 5.0x10° t/km?. Moreover, a new maximum hydrocarbon generation intensity in HCK II
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reached 2.5x10° t/km? (Fig. 9b). From the end of the Dongwu
Movement to the end of the Indosinian Movement, the
maturity of the source rock did not change significantly, and
the hydrocarbon generation capacity was weak, with
underdeveloped hydrocarbon kitchens (Fig. 9¢). From the end
of the Indosinian Movement to the end of the Yanshan
Movement, HCK I continued to develop, and the

hydrocarbon generation range expanded further. The source
rock entered the dry gas generation stage, and the kerogen not

only generated oil but also generated natural gas. In addition
to kerogen cracking, many crude oils were cracked to
generate natural gas. HCK Il migrated northward, forming a
new hydrocarbon kitchen in the Kaijiang-Liangping area
(HCK III). Owing to the large thickness of the source rock in
this area, with a maximum thickness of more than 60 m and a
high TOC of up to 2.6%, the highest maturity of the source
rock reached 3.8%, and it had entered the dry gas generation
stage. The newly formed hydrocarbon kitchen had an
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extensive range and high hydrocarbon generation intensity,
with a maximum hydrocarbon generation intensity of 3.0x10°
t/km? (Fig. 9d). Afterward, as the strata began to rise and the
temperature decreased, the thermal evolution of the Longmaxi
Formation in the Sichuan Basin stopped, and hydrocarbon
generation stopped.

To further clarify the main hydrocarbon generation
periods and stages of the Longmaxi Formation and whether
hydrocarbon generation was dominated by oil or gas, based

on the hydrocarbon generation intensity during the key
geological periods, BasinFlow modeling software was used to
simulate the oil and gas generation rates and their amounts in
the Longmaxi Formation and to clarify the specific
hydrocarbon generation stages. The source rock of the
Longmaxi Formation experienced two main stages of oil
generation: the Yunnan Movement-the end of the Dongwu
Movement (Late Carboniferous-Early Permian) and the early
stage of the Early Yanshan Movement (Early Jurassic) (Fig. 10).
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It has gone through three stages of gas generation, namely, the
Yunnan Movement-the end of the Dongwu Movement (Late
Carboniferous-Early Permian), the end of the Indosinian
Movement (Early Triassic), and the early stage of the Early
Yanshan Movement (Early Jurassic). The accumulative oil
generation amount was 5722.4x10% t, and the gas generation
amount was 1527.6x10% m® (Fig. 11). Both periods were
dominated by oil generation and were supplemented by gas
generation. However, as geological time progresses, the burial
depth of the strata continues to increase, the temperature
increases, and the maturity of the source rock increases. The
crude oil that was generated during the Early Yanshan
Movement had a lighter composition than that generated
during the Dongwu Movement, and the contents of
condensate oil, wet gas, and dry gas increased.

5. Discussion

5.1. Contribution of hydrocarbon kitchen evolution to gas
accumulation

Overall, the main hydrocarbon generation period of the

Longmaxi Formation had two stages, and three hydrocarbon
kitchens formed. That is, in the early stage (Yunnan
Movement-end of the Dongwu Movement), two major
hydrocarbon kitchens developed in the Yibin-Changning-
Luzhou area (HCK I ) and Fuling area (HCK 1I). In the late
stage (early stage of the Early Yanshan Movement), HCK [
developed further, and HCK II migrated northward to form a
new hydrocarbon kitchen in the Kaijiang-Liangping area
(HCK III). During geological time, the different degrees of
migration evolution of hydrocarbon kitchens have noticeable
controlling effects on gas accumulations and distributions.
During the Caledonian Movement, under the regional
uplifts of the Sichuan Basin, the central-western Sichuan area
was greatly uplifted to form the Leshan-Longniisi paleo-uplift
(Ma XH et al., 2019). In addition, paleo-depressions formed
around the paleo-uplift. A large area of thick argillaceous
source rock of the Longmaxi Formation is distributed in the
southern to eastern Sichuan Basin (Ma XH et al., 2019; Liu
SG et al., 2020). Notably, paleo-uplifts are typically situated
in elevated sections of the crust, serving as favorable units for
the migration and accumulation of oil and gas. Conversely,
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Fig. 11. Accumulated hydrocarbon generation amount of the source rock of the Longmaxi Formation in the Sichuan Basin.

paleo-depressions reside in areas of subsiding crust,
potentially functioning as development zones for source rocks
and reservoir formations. These two geological features are
interconnected and are mutually influential in terms of their
geological structures (Liu SG et al., 2021). During the
Yunnan Movement to the end of the Dongwu Movement,
with the deep burial of strata, the temperature increased and
was affected by the thermal maturity effect of the Emeishan
mantle plume and the upwelling of basement heat flow caused
by lithospheric tension (Qiu NS et al., 2022; Feng QQ et al.,
2025). The thermal evolution of the source rock increased

rapidly, entering the period of peak oil generation. HCK I
and HCK I generated large amounts of oil, and the
hydrocarbon generation intensity reached 6.0x10° t/km? in
HCK 1. At this time, although the reservoir of the
Carboniferous Huanglong Formation had already been
deposited, the trap had not yet formed (Xu GS et al., 2011;
Ma XH et al., 2019). Thus, it was difficult for the crude oil
that was generated in this stage to accumulate effectively to
form paleo-reservoirs (Fig. 12a). At the early stage of the
early Yanshan Movement, the strata were deeply buried
again, and the temperature increased rapidly. The thermal
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maturity evolution of the Longmaxi Formation accelerated
again, and the whole area entered the dry gas generation
stage. The kerogen not only generated oil but also generated
large amounts of natural gas. The hydrocarbon generation
intensities reached 4.0x10° t/km*> in HCK [ and 3.5x10°
t/km? in HCK III. In addition to the influence of the maturity
evolution of the source rock, this transition was also affected
by the Luzhou paleo-uplift and the Kaijiang paleo-uplift that
formed during the Indosinian period (Liu SG et al., 2021). At
this time, in addition to the Carboniferous reservoirs, the
Permian and Triassic reservoirs had also been deposited, and
under the control of the Luzhou paleo-uplift and Kaijiang
paleo-uplift, multiple types of structural traps had already
developed (Nie HK et al., 2017; Ma XH et al., 2019; Li SG et
al., 2023). The large amounts of oil and gas (mainly oil
supplemented by gas) that were generated from the two
hydrocarbon kitchens migrated to the high parts of the paleo-
uplifts and accumulated in traps to form paleo-oil reservoirs
(Fig. 12b). When the reservoir temperature reaches
150-160°C, crude oil begins to crack and generate natural gas
(Zhu GY et al., 2018), forming paleo-gas reservoirs. Large
amounts of asphalt in reservoirs can be used as evidence for
the formation of natural gas by the thermal cracking of crude
oil in paleo-oil reservoirs (Li H et al., 2023; Ma XH et al.,
2019). In addition, the gas mixture generated from kerogen at
the late cracking stage and secondary cracking of residual
crude oil could provide a natural gas source for the Longmaxi
shale gas reservoir, which is consistent with the results of the
gas composition and isotope analysis of the Fuling shale gas
reservoir (Liu QY et al., 2018). Combined with the migration
and evolution characteristics of the hydrocarbon kitchens, the
location of the paleo-uplifts, and the large- and medium-sized
gas fields that have been discovered, in the early stage of the
early Yanshan Movement, there was an excellent
spatiotemporal matching relationship that was composed of
high structural belts, a large number of hydrocarbon
generation scales, high-quality reservoirs, and good traps,

providing an essential basis for the formation of large-scale
natural gas reservoirs.

5.2. Favorable areas for exploration

The fundamental concept that the distribution of oil and
gas reservoirs is controlled by hydrocarbon kitchens has
become an important theory to guide oil and gas exploration
(Jin ZJ et al., 2003; Fairhurst B et al., 2021; Evenick JC et al.,
2023). After analyzing the distribution characteristics of
hydrocarbon reservoirs in Chinese oil and gas basins, Pang
XQ et al. (2015) reported that over 95% of oil and gas
reservoirs (in terms of quantity and reserves) are distributed
within and around the main hydrocarbon generation ranges of
hydrocarbon kitchens or within radii that are twice those of
hydrocarbon kitchens, and areas that are closer to the center of
hydrocarbon kitchens have greater probabilities of oil and gas
accumulations. The natural gas in the Sichuan Basin has
originated mainly from the crude oil cracking of paleo-oil
reservoirs, which is a consensus view (Liu et al., SG 2020;
Huang SP et al., 2023; Zheng ZY et al., 2023). The paleo-oil
reservoirs were synchronously cracked to form paleo-gas
reservoirs and then synchronously transformed to form the
present gas reservoirs. The areas of paleo-oil reservoir
development reveal areas that are favorable for exploration.
On the basis of this understanding, combined with the
location and evolution characteristics of hydrocarbon
kitchens, tectonic movements, and the locations of discovered
large- and medium-sized gas fields, potential areas for the
development of paleo-oil reservoirs in the Sichuan Basin have
been delineated, including the Luzhou paleo-oil reservoir and
Kaijiang paleo-oil reservoir (Fig. 13).

For the areas with favorable exploration prospects for
conventional natural gas reservoirs that are located in the area
of the Luzhou paleo-oil reservoir, the Permian strata overlying
the Longmaxi Formation served as reservoirs or cap rocks
(Ma XH et al., 2019; Liu SG et al., 2020). The oil and gas
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generated by the Longmaxi Formation in HCK [ could have
accumulated in the Permian reservoir of the Luzhou paleo-
uplift to form the Luzhou paleo-oil reservoir. In the potential
areas of the Kaijiang paleo-oil reservoir, the oil and gas
generated by the Longmaxi Formation in HCK III mainly
migrated to the Carboniferous reservoir combination in the
eastern Sichuan Basin and the Permian reservoir combination
in the northern Sichuan Basin, forming the Kaijiang paleo-oil
reservoir (Ma XH et al., 2019; Liu SG et al., 2020). When the
reservoir temperature reached 150—160 °C, the crude oil in the
paleo-oil reservoirs cracked to generate large amounts of
natural gas (Zhu GY et al., 2018), which were mixed with the
natural gas generated by late kerogen cracking (Nie HK et al.,
2024). On the one hand, it provided a gas source for the
conventional natural gas reservoirs, and on the other hand, it
also supplied gas for the shale gas of the Longmaxi
Formation. Therefore, for exploration efforts to replace the
conventional natural gas produced in the Sichuan Basin, the
focus should be on finding large- and medium-sized natural
gas reservoirs in the high-quality strata of the Luzhou paleo-
oil reservoir and Kaijiang paleo-oil reservoir and their
surroundings. The Longmaxi Formation shale can be used as
both a source rock and a reservoir, and the shale gas reservoir
conditions are good. The two paleo-oil reservoir development
areas and their surroundings are also favorable areas for shale
gas reservoir exploration.

6. Conclusions

(i) The maturity evolution of the Longmaxi Formation
source rock in different structural areas exhibits both common
traits and differences. All regions entered the oil generation

threshold at the end of the Late Caledonian Movement, with
an increase in maturity during the Yunnan Movement. During
the Dongwu Movement, the maturity evolution accelerated,
and reached the dry gas generation stage during the Yanshan
Movement, followed by no further increases in maturity.
Moreover, owing to differences in the tectono-thermal history,
burial history, and source rock characteristics, the maturity
evolution in different structural areas was quite different.

(i1) The source rock of the Longmaxi Formation began to
generate hydrocarbons extensively during the Yunnan
Movement. During the Dongwu Movement, the range of
hydrocarbon  generation further expanded, and the
hydrocarbon generation centers were located mainly in the
Yibin-Changning-Luzhou, Fuling and Shizhu areas, with the
maximum hydrocarbon generation intensity reaching 6.0x10°
t/km? in the Yibin-Changning-Luzhou area. During the
Indosinian Movement, the hydrocarbon generation intensity
did not change significantly. During the Yanshan Movement,
it increased significantly, and the hydrocarbon generation
intensity in the Yibin-Changning-Luzhou area reached
7.5x10° t/km®. Since then, hydrocarbon generation has
stopped.

(iii) The main hydrocarbon generation period of the
Longmaxi Formation consisted of two stages, three
hydrocarbon kitchens were formed, and all of them mainly
generated oil, with natural gas as a supplement. During the
Yunnan Movement to the end of the Dongwu Movement, two
major hydrocarbon kitchens developed in the Yibin-
Changning-Luzhou area (HCK 1 ) and Fuling area (HCK 1I).
During the early stage of the early Yanshan Movement, HCK
[ developed further, and HCK II migrated northward to
form a new hydrocarbon kitchen in the Kaijiang-Liangping
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area (HCK III). The generated oil and gas migrated to the
high parts of the paleo-uplifts and accumulated in traps to
form the Luzhou and Kaijiang paleo-oil reservoirs.

(iv) The identification and migration evolution of
hydrocarbon kitchens are key topics in oil and gas exploration
research. This research can provide direction for predicting
areas with oil and gas potential and establishing well
locations. The natural gas in the Sichuan Basin has originated
mainly from the crude oil cracking of paleo-oil reservoirs, and
the distribution of hydrocarbon kitchens reveals the
development areas of paleo-oil reservoirs, thereby revealing
potential areas for oil and gas exploration. Therefore, for the
replacement exploration of conventional natural gas in the
Sichuan Basin, the focus should be on finding large and
medium-sized natural gas reservoirs in the high-quality strata
of the Luzhou paleo-oil reservoir, Kaijiang paleo-oil reservoir,
and their surroundings. The Longmaxi Formation shale can be
used as both a source rock and a reservoir, and the shale gas
reservoir conditions are good. The two paleo-oil reservoir
development areas and their surroundings are also favorable
areas for shale gas reservoir exploration.
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