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ABSTRACT

Eastern Sichuan Basin is a critical region for oil and gas production in China, and the thermal effect of
the Emeishan Mantle Plume (EMP) on the basin remains unclear, which limits the study of the Paleozoic
hydrocarbon accumulation process. Thus, clarifying the thermal history is crucial for oil and gas eval-
uation and exploration. This study combines zircon fission track (ZFT), zircon (U-Th)/He (ZHe), and
vitrinite reflectance analyses to reconstruct the thermal history since the Paleozoic and investigate the
maturity evolution of Paleozoic source rocks in the eastern Sichuan Basin. Additionally, the contributing
factors of the Permian abnormal heat flow and the thermal effect range of the EMP were analyzed.
Thermal history results show a stable low heat flow phase (45-55 mW/m?) from the Cambrian to
Permian, a rapid increase to peak values (62-70 mW/m?) during the Middle Permian, and a gradual
decline to current stable values (47-62 mW/m?) from the Triassic onward. Thermal evolution revealed
that Paleozoic source rocks exhibited maturation stagnation due to tectonic events, while the Permian
peak heat flow and the Jurassic-Late Cretaceous rapid burial accelerated maturation. The Cambrian
Qiongzhusi Formation and Silurian Longmaxi Formation source rocks began generating hydrocarbons
(Requ = 0.5%) in the Late Cambrian-Late Ordovician and Late Silurian-Early Devonian, respectively, while
it was Late Permian-Early Triassic for Permian source rocks. Peak maturity (Requ > 2%) occurred in the
Late Cretaceous, with natural gas as the dominant product. The EMP significantly influenced the thermal
regime of the western and central Sichuan Basin, with a thermal effect radius of ~600-650 km. In
contrast, the Permian thermal anomaly in the eastern Sichuan Basin is attributed to the lithospheric
extension associated with the Middle Permian Kaijiang-Liangping trough. These findings provide critical
insights for deep and ultra-deep gas exploration and enhance the understanding of the EMP's regional

thermal impacts.
© 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

extensively studied LIPs in China. Geochronological data indicate
that magmatic emplacement of ELIP occurred over ~4 Ma from 261

Hydrothermal activity and enhanced heating from Large
Igneous Provinces (LIPs) can accelerate the maturation of source
rocks, even degrading their hydrocarbon-generating capacity. The
Emeishan Large Igneous Province (ELIP), located in the southwest
of the Sichuan Basin, linked to the Emeishan Mantle Plume (EMP;
Jiang et al., 2023a; Shellnutt, 2014; Zhang et al., 2024), is the most
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to 257 Ma (Huang et al., 2022; Jiang et al., 2023a; Shellnutt et al.,
2020). Thermal evolution studies show that the ELIP has pro-
foundly influenced the Permian thermal regime (He et al., 2011;
He, 2022; Liu et al., 2018; Qiu et al., 2022; Xu et al., 2018) and
the maturation of Paleozoic source rocks in the basin (Feng et al.,
2021, 2022; Liu et al., 2018; Qiu et al.,, 2021, 2022; Zhu et al.,
2018). Boreholes in the Sichuan Basin have penetrated the
Permian igneous rocks that are geochemically consistent with the
ELIP (Li et al., 2017; Liu et al., 2022; Meng et al., 2023). Permian
igneous rocks cover an area of 11 x 10* km? with a thickness
exceeding 200 m in the western Sichuan Basin (Ma et al., 2019;
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Meng et al., 2023; Peng et al., 2022) and less than 80 m in the
eastern Sichuan Basin (Feng et al., 2022; Li et al., 2017; Liu et al.,
2022; Zhu et al., 2018) (Fig. 1(b)).

Discrepancies persist regarding the spatial extent of the ELIP's
thermal effect. Li et al. (2017) estimated a thermal effect radius of
600-700 km, while Jiang et al. (2018) proposed 800-900 km based
on paleo-heat flow anomalies. In contrast, numerical simulations
by He (2022) constrained the radius to 600-650 km, concluding
that the EMP did not influence the eastern Sichuan Basin. These
estimates exceed the plume head radius (400-500 km) inferred by
He et al. (2006) from erosion thickness analyses of Guadalupian
Maokou Formation. Geochemical evidence suggested that the
Permian igneous rocks in the eastern Sichuan Basin originated
from decompression melting at the plume head's periphery (Liu
et al., 2022), implying a potential link to EMP activity. However,
geophysical studies identified a hidden hotspot track from the
eastern Sichuan Basin to the eruption center (Hu et al., 2023; Liu
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et al., 2021b). These discrepancies raise critical questions. Did
the EMP influence the eastern Sichuan Basin? What mechanisms
drove the Permian thermal regime in the eastern Sichuan Basin?
Thermal history studies have revealed the Permian abnormal
high heat flow (85-114 mW/m?) in the western Sichuan Basin,
which significantly accelerated the maturation of Paleozoic source
rocks (Feng et al., 2021; Qiu et al., 2021, 2022). In contrast, the
eastern Sichuan Basin exhibited lower Permian heat flow values
(62-75 mW/m?) (Feng et al., 2021; Qiu et al., 2021, 2022; Zhu et al.,
2018). However, Well T1 in the eastern Sichuan Basin penetrated
Permian igneous rock and recorded an abnormal high heat flow of
110 mW/m? during the Permian (reported by Jiang et al., 2018; Zhu
etal., 2018). Feng et al. (2022) inferred that the abnormal heat flow
accelerated the maturation of Paleozoic source rocks. Conversely,
other studies argued that no such high heat flow event occurred in
the eastern Sichuan Basin, with no discernible impact on Paleozoic
source rocks maturity (Liu et al, 2023, 2024; Qiu et al., 2022).
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Fig. 1. (a) Tectonic location of the Sichuan Basin. (b) Schematic map of the ELIP and tectonic zoning of the Sichuan Basin (modified after Meng et al., 2023). The inner, inter-
mediate, and outer zones in the ELIP are defined by He et al. (2006) and Li et al. (2017). The Permian volcanic rock distribute in the Sichuan Basin are modified after Ma et al.,

(2019). KL: Kaijiang-Liangping trough.
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These conflicting interpretations highlight persistent un-
certainties, whether Permian abnormal high heat flow existed in
the eastern Sichuan Basin, and the potential role in the thermal
evolution of Paleozoic source rocks. Resolving these questions is
critical for understanding the hydrocarbon generation processes in
deeply buried, highly matured source rocks and advancing
exploration strategies for deep and ultra-deep gas resources.
This study reconstructs the thermal history of the eastern
Sichuan Basin since the Paleozoic using zircon fission track (ZFT),
zircon (U-Th)/He (ZHe) and vitrinite reflectance analyses, and
obtains the thermal history of typical wells in the study area. Based
on the thermal history, we clarify the maturity evolution of the
Paleozoic source rocks, analysis the contributing factors of the
Permian abnormal heat flow and the spatial extent the of EMP's
thermal effect, discuss the different influences of the EMP on the
Paleozoic source rocks in the Sichuan Basin. Finally, we propose a
conceptual geodynamic model to explain the origin of the Permian
thermal regime in the eastern Sichuan Basin. This study advances
the exploration of deep to ultra-deep gas resources in the Sichuan
Basin and provide a novel insight into the thermal effect of ELIP.

2. Geological background

The Sichuan Basin is a large petroliferous basin located in the
Yangtze Block, with an area of 2.6 x 10° km? (Dai et al., 2021) (Fig. 1
(a)). Current geothermal gradients range from 17.7 °C/km to
33.4 °C/km, with the average of 22.7 °C/km, and terrestrial heat
flow values of 40-70 mW/m? with average of 53.8 + 7.6 mW/m?
(Jiang et al., 2019; Qiu et al., 2022; Zhu et al., 2022). Notably, the
eastern Sichuan Basin exhibits relatively lower heat flow, about
40-55 mW/m?, increasing gradually from the northeast to south-
west (Cao et al., 2015; Zhu et al., 2017). Structurally, the basin is
divided into the northern gentle structural zone, the central uplift,
the southwestern gentle low-steep structural zone, the southern
gentle low-steep structural zone, the western depression, and the
eastern steep structural zone (Fig. 1(b)). The study focuses on the
eastern steep structural zone, bounded by the Huayinshan Fault to
the west and the Dabashan Tectonic Belt to the north (Fig. 2(a)).

Multiple tectonic movements have shaped the basin's evolu-
tion. The Tongwan movement triggered extensive uplift and
denudation in the Late Sinian (Liu et al.,, 2021a). The Caledonian
Movement in the Late Silurian resulted in significant denudation
of Devonian-Carboniferous strata, with a thickness of
1200-1400 m in the central and western zones and 200-400 m
elsewhere (Xu et al., 2018; Yuan et al., 2013). The Dongwu Move-
ment in the Permian induced crustal uplift in the Yangtze Block,
with denudation decreasing westward in the Sichuan Basin, with
thickness of 100-200 m in the study area (Zhu et al., 2009). In the
late Triassic, the Indosinian Orogeny further modified the basin's
architecture (Zhu et al., 2009). In the Late Cretaceous, the Yanshan-
Himalayan Movement caused intense denudation of 3000-4500 m
(Feng et al., 2023; Zhu et al., 2017).

Geochronology and geochemistry evidences suggest that the
South Qinling Ocean, located in the northern margin of the
Yangtze Block, underwent eastward expansion and subduction
beneath the North China Block during the Late Carboniferous to
Early Triassic (Cheng et al., 2022; Dong et al., 2021; Wang et al.,
2024). This process established a passive continental margin,
placing the Sichuan Basin in a pronounced extensional tectonic
regime (Xu et al.,, 2021b; Xiao et al, 2023; Zhang et al., 2022).
During the Middle Permian, the EMP impinged on the Yangtze
Block. The Yangtze Block experienced significant thermal pertur-
bations during the Permian due to ELIP, which elevated heat flow
in the Sichuan Basin to ~85-114 mW/m? (Feng et al., 2021, 2022;
He et al, 2011; Qiu et al, 2022). The ELIP spans an area of
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2.8 x 10° km? across Sichuan, Yunnan, and Guizhou provinces
along the western margin of the Yangtze Block, SW China (Fig. 1
(b)). Bounded by the Longmenshan Fault to the northwest and the
Ailaoshan-Red River Fault to the southwest (Shellnutt, 2014). The
ELIP is widely attributed to mantle plume activity (Zhang et al.,
2024). It is divided into outer, intermediate, and inner zones
(Fig. 1(b)) (He et al., 2006). Geochronological, paleontological, and
paleomagnetic data indicate that magmatism of ELIP emplaced in
a main pulse of ~4 Ma from ~261 Ma to ~257 Ma, with protracted
activity spanning ~17 Ma (Huang et al., 2022; Jiang et al., 2023a;
Shellnutt, 2014; Shellnutt et al., 2020; Xu et al., 2021a; Zhu et al,,
2021). Permian igneous rocks buried within the Sichuan Basin
are concentrated in the southwestern region, the Jianyang-Santai
area, and the eastern region, with thicknesses decreasing west-
ward to eastward from 80-300 m to 20-65 m (Fig. 1(b)) (Ma et al.,
2019). These rocks unconformably overlie the Maokou Formation
and underlie the Longtan Formation (Fig. 2(b)). Geochemical and
geophysical evidence confirms their genetic linkage to the ELIP
(Hu et al., 2023; Li et al., 2017; Liu et al., 2021b, 2022).

The Paleozoic strata in the eastern Sichuan Basin are predom-
inantly composed of marine carbonate rocks and shales inter-
bedded with minor clastic deposits, with erosional removal of
Upper Silurian, Middle-Upper Devonian, and Upper Carboniferous
strata (Fig. 2(b)). Well-developed Paleozoic marine source rocks in
this region include the Upper Permian Longtan Formation, Middle
Permian Qixia-Maokou Formation, Lower Silurian Longmaxi For-
mation, and Lower Cambrian Qiongzhusi Formation (Fig. 2(b)) (Dai
et al., 2021; Jiang et al., 2023b; Li et al., 2021; Sun et al., 2021). The
Upper Permian Longtan Formation, widely distributed across the
basin, comprises coal seams and dark shales with a thickness of
50-160 m (Chen et al., 2018a; Liu et al., 2015). These rocks exhibit
high total organic carbon (TOC >2%) and abundant sapropelic
organic matter (Chen et al., 2018b; Li et al., 2021; Liu et al., 2015;
Luo et al.,, 2019). The Middle Permian Qixia-Maokou Formation
in the eastern Sichuan Basin consists of marlstone-dominated li-
thologies, with a thickness of 50-200 m, and the TOC values
ranging from 0.3% to 3.0%, with an average of 0.8% (Chen et al.,
2018b; Chen et al., 2023). The Lower Silurian Longmaxi Forma-
tion, predominantly developed in the eastern and southern re-
gions, features black shales and mudstones averaging 203 m in
thickness (Hong et al., 2020; Jiang et al., 2023b; Zhao et al., 2023).
It is classified as a good-high quality source rock due to its elevated
TOC (1.0%-4.0%, average 1.52%) and dominance of Type I kerogen
(Hong et al., 2020; Jiang et al., 2023b; Sun et al., 2021). The Lower
Cambrian Qiongzhusi Formation comprises dark mudstones and
shales (30-150 m thick) with sapropelic organic matter in the
study area (Jiang et al., 2023b; Li et al., 2021; Qiu et al., 2021; Sun
et al,, 2021).

3. Samples and methods
3.1. Samples

This study employed ZFT, ZHe, and Reqy analyses to reconstruct
the thermal history. For natural evolution samples in the sedi-
mentary basins, the partial annealing zone (PAZ) temperature
ranges of ZFT and ZHe are 170-390 °C (Yamada et al., 1995, 2007)
and 140-200 °C (Cai et al., 2020), respectively. These methods are
particularly suitable for reconstructing the thermal history of
deeply buried, ancient strata.

Due to the absence of exposed Lower Paleozoic strata in the
eastern Sichuan Basin and the ease of separating zircon from
clastic rocks, five outcrop samples were collected from the pe-
riphery of the basin. These include clastic rocks from the Lower
Cambrian Canglangpu Formation, Lower Ordovician Meitan
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Fig. 2. (a) Geological map and samples distribution in the eastern Sichuan Basin (modified after Zheng et al.,, 2017). (b) General stratigraphic column and source rocks of the

eastern Sichuan Basin (modified after Feng et al., 2022; Li et al., 2023).

Formation, Lower Silurian Xiaoheba Formation and Upper Devo-
nian Shuicheping Formation at the periphery of the basin (Fig. 2
(a)-Table 1). The ZFT analysis was omitted for Sample CJJW due to
insufficient zircon grains. Unexpectedly, apatite was identified
during mineral separation for sample X]G, prompting additional
apatite fission track (AFT) analysis.

3.2. Fission track

The AFT and ZFT analyses were performed in the State Key
Laboratory of Petroleum Resources and Engineering, China Uni-
versity of Petroleum (Beijing). After mineral separation, apatite
and zircon grains were prepared as targets through grinding and
polishing to expose crystal surfaces. Etching protocols were
rigorously applied to reveal fission tracks: apatite targets were
treated with 5.5 mol/L HNOs3 at 21 £ 0.5 °C for 20 s, while zircon
targets were etched using a 1:1 KOH-NaOH mixture at 228 °C for

Table 1
The strata, lithology, elevation and location of the outcrop samples.

12 h. After etching, density of spontaneous fission tracks (ps) were
measured by TrackWorks 3.0 software under a microscope. Ura-
nium (U) concentrations within the track regions were quantified
via laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS), and original data processing utilized Iolite 4.0 (Paton
et al., 2011). The fission track ages were calculated by IsoplotR
(Vermeesch, 2018).

3.3. Zircon (U-Th)/He

The ZHe analyses were conducted at two facilities: The State
Key Laboratory of Petroleum Resources and Engineering, China
University of Petroleum (Beijing), and the “°Ar/>°Ar and (U-Th)/
He chronology laboratory of the Institute of Geology and
Geophysics, Chinese Academy of Sciences. Euhedral zircon grains
exceeding 60 pm in diameter were selected, and their physical
characteristics (length, width, height, cone length, morphology,

No. Sample Strata Lithology Elevation, m Longitude-latitude Analysis methods
1 aw €1c Muddy siltstone 1701 N29°47'15", E108°15'02" ZHe

2 LB oym Muddy siltstone 595 N28°53'11", E106°56'00" ZFT, ZHe

3 HC Six Siltstone 245 N29°20'17", E107°56'26" ZFT, ZHe

4 XJG Six Siltstone 1280 N29°53'03", E108°17'18" AFT, ZFT, ZHe

5 HJWC Dss Quartz sandstone 384 N31°03'28", E109°57'35" ZFT, ZHe
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cracks, and inclusions) were documented. Selected grains were
encapsulated in 1 mm x 1 mm niobium capsules and analyzed
for helium content using the Alphachron MK II helium extraction
instrument. After that, the capsules were transferred into Teflon
bottles, where they were digested in a mixture of concentrated
hydrofluoric acid (HF) and a diluent solution containing known
concentrations of 2>°U and 23°Th. Multiple digestion cycles in the
autoclaves ensured complete dissolution. The resulting solutions
were evaporated to dryness, mixed with ultrapure water, and
analyzed for uranium (U) and thorium (Th) concentrations via
ICP-MS. (U-Th)/He ages were calculated using HelioPlot
(Vermeesch, 2010) and corrected following the method of
Gautheron & Tassan-got. (2010).

3.4. Organic matter paleothermometers

Organic matter paleothermometers, including vitrinite reflec-
tance (R,) and equivalent vitrinite reflectance (Requ), are the most
commonly used in the thermal history reconstruction. The vitri-
nite reflectance (R,), bitumen reflectance (Ry), and vitrinitelike
reflectance (Ry) data of typical wells (Well X14, DS1, JY8, CY1,
JianS1, Tail, and JS1) were obtained from previous researches
(Feng et al., 2021, 2023; Jiang et al., 2018; Li et al., 2021; Liu et al.,
2023; Qiu et al., 2021; Wang et al., 2022; Zhu et al., 2017, 2018), and
Ry and Ry had been calculated to Reqy with the corresponding
empirical formulae (Petersen et al., 2020; Schmidt et al., 2019; Wu
et al.,, 2023a).

4. Results
4.1. Fission track

The AFT results of sample XJG are summarized in Table 2,
yielding a central age of 44.9 + 3.6 Ma and a mean track length
(MTL) of 10.98 + 2.30 pm (Fig. 3). The high P(;%) value (>0.05) and
low age dispersion (<15%) indicate that the apatite grains under-
went the same thermal history. The central age is significantly
younger than the stratigraphic age, indicating that the peak paleo-
geothermal temperature exceeded the AFT annealing temperature
(>120 °C), resulting in full resetting of the fission track system.

The ZFT data are summarized in Table 2, with central ages
ranging from 277.8 + 37.9 Ma to 335.3 + 35.1 Ma. These ages are
consistently younger than their respective stratigraphic ages
(Table 2), indicating post-depositional annealing. The low P (x?)
values (<0.05) and high age dispersions (>15%) suggest hetero-
geneous grain-age populations, with ages resolving into 2 to 4
distinct peaks (Fig. 4). Samples LB, HC, and XJG exhibit two peaks
at 275.7 £ 36.0 Ma and 445.9 + 55.7 Ma, 193.2 + 29.8 Ma and
4974 + 55.1 Ma, and 209.3 &+ 254 Ma and 398.9 + 44.9 Ma,
respectively. Sample HJWC reveals four peaks at 19.9 + 56.6 Ma,
225.6 &+ 47.3 Ma, 366.8 + 34.1 Ma, and 565.2 + 63.6 Ma. These
peaks correlate with major tectonic events in the Sichuan Basin:

Table 2
The measured fission track ages.

Petroleum Science 22 (2025) 4428-4445

the Sinian-Early Cambrian Tongwan movement
(565.2 + 63.6 Ma-497.4 + 55.1 Ma), Silurian-Late Devonian Cale-
donian movement (445.9 + 55.7 Ma-366.8 + 34.1 Ma), Middle
Permian Dongwu movement (275.7 + 36.0 Ma), Late Triassic
Indosinian orogeny (225.6 + 47.3 Ma-209.3 + 254 Ma), and
Jurassic-Early  Cretaceous Yanshan-Himalayan = movement
(193.2 + 29.8 Ma-119.9 + 56.6 Ma). A significantly negative cor-
relation between single-grain ZFT ages and uranium contents
(Fig. 5) suggests that radiation damage in zircon grains likely
contributed to the age dispersion.

4.2. Zircon (U-Th)/He

The ZHe data are presented in Table 3. Single-grain ZHe ages
range from 91.9 + 1.1 Ma to 279.7 + 4.5 Ma, significantly younger
than their stratigraphic ages. This discrepancy indicates helium
diffusion during the peak paleo-geothermal temperatures or
maximum burial conditions, with peak temperatures exceeding
the ZHe annealing temperature (200 °C). The observed age
dispersion is attributed to radiation damage effects, as evidenced
by a pronounced negative correlation between single-grain ZHe
ages and effective uranium concentrations (eU) (Fig. 6(a)). In
contrast, no correlation exists between ages and grain radii (Fig. 6
(b)), consistent with radiation-induced lattice defects rather than
crystal size controlling helium retention (Flowers et al., 2009;
Gautheron et al., 2013).

4.3. Vitrinite reflectance

The Requ values range from 0.55% to 4.60%, exhibiting a broadly
linear positive correlation with depth (Fig. 7). In this study, the
maturity of source rocks can be divided into six stages, the
immature (Reqy < 0.5%), early mature (0.5% < Requ < 0.7%), middle
mature (0.7% < Requ < 1.0%), late mature (1.0% < Requ < 1.3%), main
gas generation (1.3% < Requ < 2.6%), and over-mature (Requ > 2.6%).

5. Thermal evolution of the eastern Sichuan Basin
5.1. Thermal history modeling

The thermal modeling was invert by the Hefty software with the
Monte Carlo approach. The fanning curvilinear model was used for
the AFT data (Ketcham et al., 2007), the parallel curvilinear model
was used for the ZFT data (Yamada et al., 2007), and the radiation
damage accumulation and annealing model was used for ZHe data
(Guenthner et al., 2013). Initial and current temperatures were
20 + 5 °C, while tectonic movement timings and erosion amounts
served as constraints. A total of 10>°-10° time-temperature (t-T)
paths were simulated. Results for the five clastic rock samples
(Fig. 8) reveal four heating-cooling phases since the Cambrian: (1)
The Early Cambrian — Late Silurian heating, followed by the Late
Silurian — Late Carboniferous cooling about 10 °C linked to the

Analysis methods Sample Grain ps, 10°/cm? Ns U, ppm P(x%) Central age+2c, Ma
No.
AFT XJG 23 24.7 624 80.3 0.45 449 + 3.6
ZFT LB 33 110.0 958 162.6 0 3353 +35.1
HC 26 115.5 882 1729 0 304.2 + 65.5
XJG 32 100.3 1146 129.8 0 277.8 £ 379
HJWC 62 108.4 2990 117.1 0 291.8 + 34.1

Note: ps represent density of spontaneous tracks. Ns represent the sum of spontaneous fission-tracks. U is the mean uranium concentration. P(x?) is chi-square probability.

The central ages are calculated by IsoplotR (Vermeesch, 2018).
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Table 3
The measured ZHe ages.
Grain Radius, pm “He, nmol.g~! Mass, pg Ft U, ppm Th, ppm eU, ppm Corrected age+1c, Ma
No.
CJJW, Lower Cambrian muddy siltstone
1 41.6 53.8 2.3 0.73 80.7 94.9 103.0 1324 + 1.7
2 41.2 57.6 2.0 0.73 424 39.8 51.8 279.7 £ 4.5
3 435 66.7 24 0.74 103.4 89.8 1245 1332 +£19
4 34.0 45.7 1.2 0.67 87.6 1154 114.7 109.7 £ 1.5
LB, Middle Ordovician muddy siltstone
1 37.5 95.7 1.5 0.71 182.2 68.1 198.2 1259 £ 1.9
2 40.5 49.4 1.9 0.73 140.7 53.7 153.3 819+ 1.1
3 36.2 102.3 14 0.70 170.8 64.1 185.9 145.5 £ 2.0
HC, Lower Silurian siltstone
1 384 29.4 1.8 0.70 435 51.5 55.6 1382 + 1.8
2 383 39.6 1.7 0.71 68.3 36.5 76.9 133.6 £ 2.0
3 354 237.6 13 0.69 446.5 198.9 493.2 1289 £ 2.1
4 36.0 123.8 1.5 0.69 254.0 83.1 273.5 120.1 £ 1.8
XJG, Lower Silurian siltstone
1 40.9 55.5 2.0 0.73 129.1 24.9 1349 1039 £ 1.6
2 40.9 89.0 2.0 0.73 169.9 51.6 182.0 1236 +£1.9
3 423 161.6 2.26 0.73 301.1 226.7 3544 1145+ 1.9
4 39.5 124.6 1.8 0.72 226.9 85.9 2471 129.1 £2.0
HJWC, Upper Devonian quartz sandstone
1 65.4 83.2 8.4 0.82 144.8 80.6 163.7 1134 + 1.7
2 64.9 443 9.1 0.82 50.3 53.5 62.8 157.7 £ 2.0
3 63.1 914 9.5 0.82 153.7 80.6 172.6 1190 £ 1.6

Note: Ft: alpha correction factor (Ketcham et al., 2011); eU: effect uranium concentration, eU = U+0.235Th (Flowers et al., 2007).

Caledonian movement; (2) The Late Carboniferous — Middle
Permian heating, succeeded by the Middle Permian — Early Triassic
cooling (~10-15 °C) during the Dongwu movement; (3) The Early
Triassic — Late Triassic heating, with subsequent the Late Triassic —
Early Jurassic cooling ~ 10-20 °C driven by the Indosinian
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movement. (4) The Late Cretaceous thermal peak, where maximum
paleotemperatures reached 260-280 °C for Cambrian strata,
230-260 °C for Ordovician strata, 220-260 °C Silurian strata, and
200-240 °C for Devonian strata. Post-Cretaceous cooling, attributed
to the Yanshan-Himalayan movement.
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Fig. 7. The vitrinite reflectance data of typical wells in the eastern Sichuan Basin.

5.2. Thermal history of typical wells

Well T1 in the eastern Sichuan Basin penetrated the Permian
basalt at a depth of 4762-4772.5 m. (Zhu et al., 2018; Fig. 9(a) and
(b)). Requ data near the basalt exhibit discontinuities, with the
values in the Middle Permian Maokou Formation significantly
exceeding those in the Upper Permian Longtan Formation and
Middle Permian Qixia Formation (Fig. 9(b)). Previous studies
attributed this anomaly to Permian high temperature (~150 °C)
and elevated heat flow (110 mW/m?) affecting Carboniferous and
Middle Permian strata (Feng et al., 2022; Jiang et al., 2018; Zhu
et al, 2010, 2018; Fig. 9(c)). While magmatic intrusion can
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thermally perturb adjacent strata, the thermal effect diminishes
with distance from the intrusion (Duan et al., 2023; Jiang et al.,
2021; Tang et al., 2013), typically extending up to twice the
magmatic intrusion's thickness (Bulguroglu and Milkov, 2020;
Feng et al., 2018). For T1's 10.5-m-thick basalt, this implies a
maximum thermal effect of ~21 m, insufficient to impact the
~400 m-thick Qixia Formation (Fig. 9(a)). Low-temperature ther-
mochronology indicates that Devonian strata beneath Carbonif-
erous strata experienced temperatures of 100-120 °C during the
Middle Permian (Fig. 8(i)), constraining Carboniferous and Middle
Permian strata to lower than 100-120 °C. To reconcile discrep-
ancies, anomalous Reqy data (highlighted in Fig. 9(b)) were
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excluded, and simulation was rerun using the burial history (Fig. 9
(a)) and the EasyR,% model. Revised result (Fig. 9(d)) yield Middle
Permian temperatures of ~100 °C and peak heat flow of 65 mW/m?
for these strata, aligning with thermal modeling (Fig. 8(i)). Post-
correction, measured and simulated Reqy values exhibit markedly
consistency (Fig. 9(e)), validating the revised thermal history.

Under the constraint of the thermal histories modeled by the
ZFT and ZHe paleothermometer (Fig. 8), the burial and thermal
evolution of the seven typical wells in the study area were
reconstructed using BasinMod 1D software. The compaction and
porosity exponential reducing factors (Sclater and Christie, 1980)
and EasyR,% model (Sweeney and Burnham, 1990) were chosen in
the software. Results of the integrated burial-thermal histories are
presented in Fig. 10. Notably, the simulated Reqy values demon-
strate consistency with measured data.

The heat flow histories of the typical wells are shown in Fig. 11.
From the Cambrian to the Carboniferous, the eastern Sichuan Basin
was in a steady thermal state by low heat flow (45-55 mW/m?).
Then, the heat flow increased rapidly from the Early Permian to the
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Middle Permian, and the heat flow peaked in the Middle Permian
with heat flow values of 62-70 mW/m?. The heat flow declined
precipitously in the Early-Middle Triassic because of thermal state
of the Sichuan Basin is gradually stabilizing, and reached its cur-
rent stable value of 47-62 mW/m?.

5.3. Maturity evolution of the Paleozoic source rocks

The Qiongzhusi Formation source rocks initiated hydrocarbon
generation (Requ = 0.5%) during the Late Cambrian to Late Ordo-
vician. Maturation progressed slowly thereafter because of tec-
tonic events associated with the Caledonian and Indosinian
movements. A pronounced increase in maturity occurred from the
Late Permian to Early Triassic due to the peak heat flow, followed
by sustained maturation during the Jurassic to Late Cretaceous
owing to continuous deposition of strata. This protracted thermal
evolution culminating in peak maturation (Requ = 4%-4.5%.) during
the Late Cretaceous. Subsequent intense uplift during the
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Yanshan-Himalayan movement halted further maturation, leaving
source rocks in an over-mature state at present (Fig. 12(a)).

The Longmaxi Formation source rocks attained early maturity
in the Late Silurian to Early Devonian. Their maturation was sub-
dued during the Caledonian and Indosinian orogenies, but accel-
erated markedly in the Late Permian — Early Triassic and Jurassic to
Late Cretaceous. Peak maturity (Requ = 3%-4%) was reached in the
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Late Cretaceous, followed by stagnation due to Yanshan-
Himalayan tectonic activity, resulting in present-day over-matu-
rity (Fig. 12(b)).

For Lower Permian source rocks, hydrocarbon generation
commenced in the Late Permian, progressing to mid-maturity by
the Early Triassic. Maturity stalled during the Indosinian orogeny
but resumed rapidly with renewed subsidence until the Jurassic.
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Fig. 10. The burial and thermal history of typical wells in the eastern Sichuan Basin.

Peak maturity (Requ = 2.5%-3%) was achieved in the Late Creta-
ceous. However, widespread uplift and erosion linked to the
Yanshan-Himalayan orogeny terminated further maturation
(Fig. 12(c)). The Upper Permian Longtan Formation source rocks

reached early maturity in the Early Triassic, following a matu-
ration trajectory similar to the Lower Permian source rocks. The
peak maturity was about 2%-3% in the Late Cretaceous (Fig. 12

(d)).
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6. Discussion

6.1. Contributing factor to Permian abnormal heat flow in the
eastern Sichuan Basin

Tectonic evolution indicates that the Yangtze Block underwent
the EMP and lithospheric extension during the Permian (Li et al.,
2017; Liu et al., 2022; Wang et al., 2024; Xiao et al., 2023). This
study constrains the Permian abnormal heat flow in eastern
Sichuan Basin to 62-70 mW/m?, representing a 15-17 mW/m?
increase above the stable Paleozoic heat flow values (45-55 mW/
m?) (Figs. 11 and 13). Notably, no evidence supports localized heat
flow exceeding 100 mW/m? in the study area. In contrast, the
western and central Sichuan Basin experienced significantly
higher Permian abnormal heat flow of 75-114 mW/m? (Fig. 13),
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exceeding Paleozoic values (50-60 mW/m?) by 20-64 mW/m?
(Feng et al., 2021, 2022; Qiu et al., 2022; Zhu et al., 2010). Geo-
dynamic simulations using a multiple episode stretching model
suggest lithospheric extension during rifting could elevate heat
flow by ~20% of initial values in the basins (He et al., 2011).

In the eastern Sichuan Basin, Middle-Late Permian lithospheric
extension associated with the Kaijiang-Liangping trough (Fig. 1(b))
generated syn-rift magmatism, evidenced by basalts interbedded
Maokou Formation limestone, volcanic carbonates, and mud-rich
breccias. These basalts were emplaced prior to EMP activity (Deng
et al., 2024), and records hydrothermal activities and thermal
anomalies linked to trough formation. Numerical simulations
confirm that EMP-derived material did not reach the eastern Sichuan
Basin, and the Permian basalts in the eastern Sichuan Basin are
distinct from the EMP (He, 2022). Thus, the Permian abnormal heat
flow in eastern Sichuan Basin likely originated from lithospheric
extension during the Kaijiang-Liangping trough development.

However, the western and central Sichuan Basin's higher
Permian abnormal heat flow necessitate EMP involvement. This
study infers an EMP's thermal effect radius of 600-650 km,
consistent with estimates by He (2022).

6.2. Thermal effects of the EMP on the maturity evolution of
Paleozoic source rocks in the Sichuan Basin

Mantle plumes, characterized by narrow, buoyant upwellings
of high-temperature material with hundred(s)-kilometer scale
from thermal boundary layers (Koppers et al., 2021), exert thermal
effects through three primary mechanisms: (1) Ascending plume
heads transfer heat from the deep mantle to the lithosphere,
generating surface heat flow anomalies (He, 2022; Wang and Li,
2021). (2) High-temperature magmas exploit crustal faults to
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Fig. 12. (a) The maturity evolution of the Lower Cambrian Qiongzhusi Formation source rocks in the eastern Sichuan Basin. (b) The maturity evolution of the Lower Silurian
Longmaxi Formation source rocks in the eastern Sichuan Basin. (¢) The maturity evolution of the Lower Permian source rocks in the eastern Sichuan Basin. (d) The maturity
evolution of the Upper Permian Longtan Formation source rocks in the eastern Sichuan Basin.
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intrude and thermally alter surrounding rocks (Jiang et al., 2021;
Tang et al., 2013). (3) Rapid eruptions (<1 Ma) of mantle-derived
mafic-ultramafic lavas induce transient of underlying strata (He
et al,, 2011; Hu et al,, 2020; Zhu et al., 2010).

Numerical simulations indicate that the EMP dominantly
affected the lithosphere above its plume head (inner and inter-
mediate zones), with heat flow decreasing radially from
>100 mW/m? in the inner zone to lower values outward (He et al.,
2011; He, 2022). In the western Sichuan Basin, 300-m-thick EMP-
derived lava flows increased temperatures in underlying Permian
strata by > 100 °C within a 600 m vertical range (Wu et al., 2023D).
Low-temperature thermochronology further reveals that
Cambrian strata (~3000 m depth) experienced >200 °C heating
when overlain by > 1500 m lavas (Hu et al., 2020). Notably, no
geophysical or drilling evidence supports large-scale magmatic
intrusions in the Sichuan Basin linked to the EMP, restricting its
thermal effects to mechanisms (1) and (3).

The western and central Sichuan Basin, situated within the
EMP's intermediate to outer zones (Fig. 1(b)), experienced Permian
peak heat flows of 75-114 mW/m? by the first mechanism (Fig. 13)
(Feng et al., 2021; Qiu et al., 2021, 2022). This thermal effect drove
rapid maturation of deeply buried Cambrian Qiongzhusi Forma-
tion and Silurian Longmaxi Formation source rocks, with Reqy
increased by 0.5%-1.5% for Cambrian (e.g., Wells YF1, W28, GS6)
and 0.3% for Silurian (e.g., Well YF1) over ~ 1-2 Ma (Fig. 14). In areas
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with thick EMP lavas (~300 m) (Fig. 1(b)) (Liu et al., 2022; Ma et al.,
2019), Lower Permian source rocks (e.g., Wells H1, YT1) matured
rapidly from immature to over-mature (Reqy > 2.6%) at ~ 260 Ma
(Fig. 14). Conversely, regions with thinner lavas (<80 m; e.g., Wells
W28, GS6) (Fig. 1(b)) show no rapid maturation at ~ 260 Ma
(Fig. 14), as insufficient lava thickness limited conductive heating
(Bulguroglu and Milkov, 2020; Feng et al., 2018).

Located beyond the EMP's outer zone, the eastern Sichuan
Basin exhibited low Permian heat flows (62-70 mW/m?) and
minimal thermal influence (Fig. 13). Sparse, thin basalts (20-65 m)
in the eastern Sichuan Basin (Fig. 1(b)) (Liu et al., 2022; Ma et al.,
2019) generated localized heating <50-80 m (Wu et al., 2023b),
insufficient to affect the >300-m-thick Permian strata (Fig. 9).
Consequently, Paleozoic strata show no thermal anomalies (Fig. 8)
and source rocks matured gradually (Fig. 14), while Upper Permian
Longtan Formation maturity remained unaffected due to its
younger depositional age (Fig. 14).

In summary, the EMP's thermal effects exhibited distinct
spatial zonation across the Sichuan Basin. In the western Sichuan
Basin, rapid maturation of source rocks was driven by combined
the first and third mechanism. The central Sichuan Basin experi-
enced predominantly thermal effect driven by the first mecha-
nism, while the EMP did not affect the eastern Sichuan Basin.
These results align with the inferred EMP's thermal effect radius of
600-650 km.
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6.3. Geodynamic model of the Permian thermal regime in the
eastern Sichuan Basin

Previous study suggests that the Kaijiang-Liangping trough
initiated during the Middle Permian Qixia Stage, expanded
through the Maokou Stage, gradually subsided after the Maokou
Stage, and closed by the Middle Triassic (Deng et al., 2021). This
evolutionary timeline aligns with the Early Permian- Middle
Triassic heat flow trends in the eastern Sichuan Basin. Building on
this framework, we present a geodynamic model to explain the
Permian thermal regime (Fig. 15).

In the Middle Permian Qixia Stage, transient asthenospheric
upwelling collided with the lithosphere beneath the eastern Sichuan
Basin carbonate platform. Limited lithospheric extension prevented
magma ascent to the surface (Fig. 15(a)). During the Early Maokou
Stage (~272 Ma), lithospheric extension remained relatively sub-
dued, facilitating the deposition of carbonate strata with several
hundred meters thick. Until the Middle Maokou Stage (~267 Ma),
both lithospheric extension and asthenospheric magmatic upwell-
ing intensified (Deng et al., 2021). This enhanced magmatic up-
welling activated the Huayinshan Fault in the eastern Sichuan Basin,
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allowing transient small-scale magma ascent to the Middle Permian
Maokou Formation. Associated thermal perturbations generated a
peak heat flow of 62-70 mW/m? (Fig. 15(b)), reflecting syn-rift
magmatism preceding the main phase of EMP activity.

During the Middle Permian, the upwelling of the EMP beneath
the southwestern of the Yangtze Block triggered crustal uplift,
formation of the Kangdian paleohigh, and intense erosion of the
Maokou Formation. Concurrent lithospheric extension and thin-
ning activated multiple basement faults. As the mantle plume
continuously collided with the lithosphere, its head expanded
northeastward by 600-650 km, terminating near the central
Sichuan Basin. By the Late Maokou Stage (~260Ma), high-
temperature magmas intruded and erupted along these faults,
producing lava flows from several kilometers to dozens of meters
in thickness across the inner to outer zones (Fig. 15(c)). This mantle
plume activity generated peak heat flow values of 75-114 mW/m?,
driving rapid maturation of Paleozoic source rocks and mass high-
temperature methane release in the western and central Sichuan
Basin (Feng et al., 2025). In contrast, lavas in the eastern Sichuan
Basin, far from the inner zone, underwent rapid solidification
within a few million years.
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burial in the Jurassic-Late Cretaceous accelerated matura-
tion. The Cambrian Qiongzhusi, Silurian Longmaxi, and
Permian source rocks began generating hydrocarbons

7. Conclusions

(1) The heat flow evolution in the eastern Sichuan Basin since

the Paleozoic is characterized by three distinct stages: the
stable low heat flow stage from the Cambrian to Permian,
with heat flow values ranging from 45 to 55 mW/m?; the
heat flow escalation stage in the Permian, reaching peak
values of 62-70 mW/m?; the heat flow attenuation and
stabilization stage from the Triassic to present day, during
which heat flow returned to 47-62 mW/m?.

(2) The thermal evolution of Paleozoic source rocks in the

eastern Sichuan Basin is tectonically controlled. Multi-phase
tectonic movements (Caledonian, Indosinian, and Yanshan-
Himalayan orogenies) caused multi periods maturation
stagnation, while peak heat flow in the Permian and rapid
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(Requ=0.5%) during the Late Cambrian-Late Ordovician, Late
Silurian-Early Devonian, and Late Permian-Early Triassic,
respectively. These source rocks reached peak maturity (4%-
4.5% for the Qiongzhusi Formation source rock, 3%-4% for
the Longmaxi Formation source rock, 2%-3% for the Permian
source rocks) in the Late Cretaceous. Present-day over-
maturity dominates across these source rocks.

(3) The EMP's thermal effect significantly influenced the west-

ern and central Sichuan Basin, with rapidly maturation of
Paleozoic source rocks. The radius of the thermal effect is
estimated at ~600-650 km. However, the eastern Sichuan
Basin's Permian thermal regime was governed by
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lithospheric extension during the Middle Permian Kaijiang-
Liangping trough rifting, independent of EMP's thermal
effect.
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