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Abstract

The fifth member of the Upper Triassic Xujiahe Formation (T;x°) in the southwestern
Sichuan Basin and adjacent areas contains widely developed organic-rich source rocks,
which represent a crucial interval for hydrocarbon exploration in the region. Based on 402
core samples from 15 wells, this study systematically evaluates the organic geochemical
characteristics, spatial distribution, and hydrocarbon generation potential of these source
rocks using total organic carbon (TOC) analysis, organic matter typing, vitrinite reflectance
(Ro) measurements, and basin modeling. The TOC content of the T;x® source rock ranges
from 0.50% to 71.73%, with an arithmetic mean of 2.09% (n = 402). Lacustrine mudstones,
which dominate the source rock volume (n = 359), have a mean TOC of 1.25%. Organic
matter is predominantly of mixed sapropelic-humic type (Type II,). The TOC content
generally increases from uplift areas to depressions, reflecting the control of the depositional
environment on organic matter preservation. Thermal maturity exhibits a westward increase
and eastward decrease, with the western Sichuan depression reaching high to over-mature
stages (Ro mostly 1.3-2.0%, locally > 2.0%), while the eastern and southern areas are mainly
mature to low-mature (Ro 0.7-1.3%), locally within the condensate-wet gas window. The
thickness of the upper submember reaches >320 m, with depocenter 120-280 m in the
central-southern part of western Sichuan; the lower submember reaches >240 m, centered
in the Chengdu-Deyang area with central thickness 160-220 m. Basin modeling estimates
a cumulative gas generation of approximately 1.92 x 10'* m? (192 trillion cubic meters),
with the highest generation intensity coinciding with the western Sichuan depression. It
should be emphasized that this value represents the total generated gas over geological
history and does not equate to accumulated or recoverable resources; further evaluation
of the migration, expulsion, and accumulation efficiencies is required. Overall, the T,x°
source rocks possess a favorable material base and significant gas generation potential. Tight
sandstone reservoirs adjacent to the gas kitchen should be prioritized in future explorations,
with differentiated strategies adapted to various maturity zones.

Keywords: Upper Triassic Xujiahe Formation; source rock evaluation; organic geochemistry;
gas-generation potential; southwestern Sichuan Basin

1. Introduction

The Upper Triassic Xujiahe Formation in the Sichuan Basin is one of the most important
coal-measure source rock intervals in southwestern China, hosting significant natural gas
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accumulations [1-3]. In recent years, exploration has gradually shifted from conventional
structural traps to subtle and lithological traps, and increasing attention has been given to
the hydrocarbon generation potential of the Xujiahe Formation, particularly its fifth member
(T5x%) [4]. The southwestern part of the Sichuan Basin and adjacent areas (hereafter referred
to as the study area), which primarily covers the western depression, the southwestern
gentle structural zone, and parts of the central uplift, is a key region for deep natural gas
exploration due to its thick succession of lacustrine dark shales and coaly mudstones [5,6].

However, previous studies mainly focused on the overall source rock characteristics
of the Xujiahe Formation at the basin scale, with limited systematic evaluation specifically
targeting the vertical and lateral variations in organic matter abundance, type, maturity,
and hydrocarbon generation potential of the T;x° member in the southwestern area and
adjacent areas [7-12]. Although recent works have made progress in understanding the
Xujiahe source rocks, no previous study has integrated a large core-based geochemical
dataset with calibrated basin modeling to quantify gas generation intensity for both sub-
members of the T;x° interval across the southwestern Sichuan Basin and adjacent areas.
Guo et al. [13] studied the T;x° source rocks in the western Sichuan depression, but their
work was geographically limited. Furthermore, the thermal evolution history and gas
generation intensity of the T;x° source rocks in the broader southwestern Sichuan Basin
remain poorly constrained [11,13].

Integrated, multi-dataset approaches are increasingly recognized as essential in
petroleum system studies. For example, Ebrahimabadi et al. demonstrated how statis-
tical algorithms and clustering techniques applied to core and log data can improve the
identification of reservoir rock types and flow units [14]. Similar principles apply to source
rock evaluation, where integrating organic geochemistry, petrology, and basin modeling
provides a more robust basis for resource assessment than any single dataset alone. In this
study, we adopt such an integrated approach for the T;x° source rocks.

To our knowledge, no previous study has integrated a large core-based geochemical
dataset with calibrated basin modeling to quantify gas generation intensity for both sub-
members of the T;x° interval across the southwestern Sichuan Basin and adjacent areas.
This study fills this gap by integrating 402 core samples from 15 wells with organic petrology,
TOC, Ro, and basin modeling to provide a comprehensive regional evaluation. The specific
novelties of this work are: (1) a refined spatial distribution of the TOC and source rock
thickness for both the upper and lower submembers; (2) an updated thermal maturity map
based on new Ro data; (3) quantitative gas generation intensity mapping and cumulative
gas generation estimates; and (4) a differentiated exploration strategy adapted to various
maturity zones.

2. Geological Settings

The Sichuan Basin located in southwestern China, covers an area of approximately
1.8 x 10° km? [15,16]. Tectonically, it is a multi-cycle superimposed sedimentary basin
developed on the Yangtze Plate [17]. Based on structural characteristics, the basin can be
subdivided into six tectonic units: the western depression, northern depression, central
uplift, eastern high-steep structural zone, southern low-steep structural zone, and south-
western gentle structural zone [18]. From the Sinian to the Middle Triassic, the basin was
dominated by subsidence and marine carbonate deposition. Due to tectonic inversion
during the Late Triassic to Eocene, the basin experienced uplift and deposited transitional
and continental clastic sequences [17,19,20].

The Upper Triassic Xujiahe Formation is a clastic unit consisting of five members (T;x!
to T3x°). Among these, T;x° is the youngest and corresponds to a period of maximum
lacustrine transgression, with widespread deposition of lacustrine dark mudstones, car-
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bonaceous mudstones, and thin coal seams [21-23]. In the study area, the T;x*> member is
divided into upper and lower submembers based on lithological associations and sedimen-
tary cycles. The sedimentary environments are interpreted to range from shore-shallow
lake and delta front in the upper submember to semi-deep lake in the lower submember,
with locally developed interdistributary bays and lagoons that favored the accumulation of
organic-rich sediments [24,25].

The study area encompassing the western depression, the southwestern gentle struc-
tural zone and parts of the central uplift has preserved the T;x° member from intense
erosion. The present-day burial depth ranges from 300 to 3500 m [26,27]. Within this area,
thermal maturity varies systematically from west to east: the western part has reached high
to over-mature stages (Ro generally >1.3%), while the eastern part remains in the mature
to condensate-wet gas window. The T3x° source rocks are considered to be the primary
gas-generating interval in the southwestern Sichuan Basin and adjacent areas (Figure 1).
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Figure 1. Tectonic division of Sichuan Basin with inset map of China and comprehensive geological
column of well Qiulin2 in T;x® showing upper and lower submembers. Modified from [28].

3. Materials and Methods

A total of 402 core samples were collected from 15 wells in the study area (the south-
western Sichuan Basin and adjacent areas). In addition, several outcrop samples from the
Dujiangyan section were examined for petrographic comparison; these are not included
in the 402-sample core dataset. The samples cover both the upper and lower submembers
of the T3x° member, with lithologies including dark lacustrine mudstones, carbonaceous
mudstones, and coals. Special care was taken to select fresh, unweathered portions of the
cores for analysis. The samples were stored in sealed bags to prevent contamination and
oxidation before laboratory processing.

3.1. TOC Analysis

The total organic carbon (TOC) content of the samples was determined using a Leco-
CS744 analyzer (LECO Corporation, St. Joseph, MI, USA). The samples were ground to
below 200 mesh and washed with 5% dilute hydrochloric acid to remove carbonate. After
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repeatedly washing with distilled water and drying, the samples were combusted at 1100 °C
in the instrument to obtain the TOC. To ensure data accuracy, the instrument was calibrated
with a standard sample after every 10 samples were tested. Quality control was further
ensured by analyzing certified reference materials and running duplicate samples every
20 samples, with a relative standard deviation of less than 5%.

3.2. Organic Petrology Analysis

Organic petrology was performed on 15 core samples using polished blocks and
particulate pellets. Fresh parts were cut perpendicular to the bedding, crushed to <1 mm,
mounted in epoxy resin, and polished with 9, 3, and 1 ym diamond paste. Macerals were
identified and counted under transmitted light, reflected white light, and UV fluorescence
using a Leica DM4500P microscope (Leica Microsystems Limited, Wetzlar, Germany)
equipped with an MPS 200 microphotometer (J & M Analytik AG, Essingen, Germany).
The nomenclature follows the ICCP classification [29]. At least 500 maceral points were
counted per sample, and vitrinite, liptinite (including alginite and amorphous organic
matter), inertinite, and solid bitumen were recorded.

3.3. Vitrinite Reflectance (Ro) Measurement

Vitrinite reflectance (Ro) measurements were conducted on the same polished blocks
used for maceral analysis, under reflected light at a wavelength of 546 nm, using a Leica
DM4500P microscope equipped with a microphotometer. The instrument was calibrated
against a sapphire standard (Ro = 0.589%) and a YAG standard (Ro = 0.889%) before
each measurement session. For each sample, a minimum of 30 valid vitrinite reflectance
measurements were taken from indigenous vitrinite macerals, avoiding recycled vitrinite,
solid bitumen, and vitrinite-like particles. The average Ro value and standard deviation
were recorded for each sample. Quality control included daily calibration checks and
duplicate measurements on a subset of samples, with a reproducibility of £0.05% Ro.

3.4. Thermal Evolution Analysis of Source Rocks

Thermal evolution history modeling of source rocks is based on burial history recon-
struction and includes thermal and maturity history. By simulating the thermal evolution
history, a dynamic understanding of the thermal background, organic matter maturity,
and hydrocarbon generation process in the basin can be obtained, providing a basis for
analyzing the spatiotemporal configuration of petroleum accumulation conditions and
for evaluating petroleum resources. The basin modeling software used in this study is
PetroMod (version 2019, IES GmbH, Munich, Germany), which includes the EASY% Ro
theoretical model established by Sweeney and Burnham [30]. The EASY% Ro model is
currently the most commonly used chemical kinetic predictive model for thermal evolution
analysis of source rocks.

3.5. Thickness Mapping

Thickness maps for the upper and lower T;x> submembers were generated as follows.
Formation tops were picked from well logs for 15 wells, and the net-to-gross ratios for dark
mudstone were calculated from lithology logs and cores. Total thickness was interpolated
using a minimum curvature algorithm, constrained by seismic horizons and published
maps [26,27]. Dark mudstone thickness was calculated by multiplying the total thickness
by the net-to-gross ratio at each well and was then interpolated across the area. Deposi-
tional facies maps were used as a constraint. Erosion or non-deposition areas (e.g., the
northwestern basin) were removed. These maps are first-order approximations, with the
largest uncertainty where well control is sparse.
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4. Results
4.1. Organic Geochemical Characteristics of Source Rocks
4.1.1. Organic Matter Abundance

The TOC content of the T;x° source rocks in the southwestern Sichuan Basin and
adjacent areas was determined on 402 core samples from 15 wells, with values ranging
from 0.5% to 71.73% and a mean value of 2.09%. More than 72.4% of the samples have
TOC contents greater than 1.0%. The main lithologies of the hydrocarbon source rocks are
lacustrine mudstone, carbonaceous mudstone and coal. Among them, lacustrine mudstone
is the main lithology of the hydrocarbon source rocks, accounting for 89.3%, while the
proportions of carbonaceous mudstone and coal are 9.5% and 1.2%, respectively (Table 1).

Table 1. Summary of TOC statistics for the T;x® source rocks in the southwestern Sichuan Basin by
submember and lithology.

Number of . e o o . o Standard Samples with
Category Samples Min (%) Max (%) Mean (%) Median (%) Deviation (%) TOC > 1.0% (%)

Total 402 0.50 71.73 2.09 1.52 2.18 724

Upper submember 186 0.52 71.73 221 1.61 2.31 73.2

Lower submember 216 0.50 38.85 1.98 1.43 2.06 71.8

Lacustrine 359 0.50 12.35 125 112 138 69.1
mudstone

Carbonaceous 38 1.85 38.85 5.23 485 5.23 100
mudstone

Coal 5 18.42 71.73 38.42 35.68 20.15 100

Vertically, the T;x° member has the highest organic matter abundance among all
members of the Xujiahe Formation [7,26]. In the upper submember (n = 186), samples
with TOC > 1.0% account for 73.2%, with TOC values ranging from 0.52% to 71.73%, a
mean of 2.21%, and a median of 1.61%. In the lower submember (n = 216), samples with
TOC > 1.0% account for 71.8%, with TOC values ranging from 0.50% to 38.85%, a mean of
1.98%, and a median of 1.43%. Thus, the upper submember exhibits slightly higher organic
matter abundance than the lower submember, as reflected by both the mean TOC and the
proportion of samples with TOC > 1.0% (Figure 2).
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(a) TOC (%) (0) TOC (%)

Figure 2. TOC histograms of source rocks in the upper submember (a) and lower submember (b) of

T,x® in southwestern Sichuan Basin and adjacent areas.

Laterally, the spatial distribution of the TOC content varies considerably between the
two submembers. In the upper submember, multiple high-TOC areas occur mainly in the
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central-eastern part, which is related to coal development during that period. In the western
lacustrine area, TOC is generally 1.5-2.5%. In the southern area, organic matter abundance
is relatively low, with TOC generally 0.5-1.0%. For the lower submember, high-abundance
source rocks are more extensively developed, particularly in the southwestern part, where
the TOC values are generally above 2.5%. The contrasting spatial patterns are interpreted
as reflecting the influence of the depositional environments, coal and carbonaceous mud-
stones developed along the paleo-shoreline, forming isolated high-abundance centers. In
contrast, the broader distribution of high-abundance source rocks in the lower submember
is associated with more extensive semi-deep to deep lacustrine settings that favored organic
matter preservation. Overall, the distribution of high-abundance source rocks in the lower
submember is broader than that in the upper submember. The planar differences in organic
matter abundance between the two submembers are interpreted as reflecting variations in
sedimentary facies, water depth, and proximity to terrigenous input.

4.1.2. Organic Matter Type

Organic petrology analysis was performed on polished thin sections prepared from
15 core samples collected from representative wells in different structural zones of the
southwestern Sichuan Basin and adjacent areas.

The results show systematic variations in organic matter composition across different
depositional settings. In the western Sichuan depression, which is interpreted as a semi-
deep to deep lacustrine facies based on sedimentary facies analysis, the relatively quiet
water and well-developed aquatic organisms favored the enrichment of sapropelic organic
matter. In well Fushun-1, the content of sapropelic macerals such as alginite and amorphous
organic matter reaches 64%, suggesting predominantly Type II kerogen. In well Qiulin-2,
the T;x> member also contains abundant amorphous algae (sapropelic group accounting for
51%), associated with framboidal pyrite (grain size < 0.5 pm), consistent with a deep-water
environment. Based on these petrographic observations, the organic matter in this well is
classified as Type II (Figure 3).

e

Solid bitumen 40um

Pyrite - ;

-1

Soh»d. bltumen 404

Figure 3. Organic maceral composition of T;x® source rocks of wells Fushun-1 (al-c1) and Qiulin-2
(a2-c2) under transmitted light (a), white reflected light (b) and fluorescent light (c).

In the lower slope area, which is interpreted as a semi-deep to shallow lacustrine
environment, the input of higher plants increases relative to the depression, and the or-
ganic matter type is mainly mixed (humic—sapropelic). The content of amorphous algae
(sapropelic) increases to about 45% in well Jiantan-1, while vitrinite (humic) is still present
in significant amounts (42%), along with 13% solid bitumen. In well Yongqian-7, detrital
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vitrinite and sapropelic amorphous organic matter are developed, with the sapropelic group
accounting for about 35%, vitrinite 42%, and solid bitumen 23% (Figure 4).

B

" Solid:bitumen

Amorphous algae

Figure 4. Organic maceral composition of T;x® source rocks in wells Jiantan-1 (al-c1) and Yonggian-7
(a2-c2) under transmitted light (a), white reflected light (b) and fluorescent light (c).

In the upper slope, uplift areas, and basin margins, fluvial-delta sedimentary systems
are interpreted to dominate, and the organic matter is mainly derived from terrigenous
higher plants, as indicated by the predominance of vitrinite. However, relatively enclosed
environments such as interdistributary bays may also contain variable amounts of sapropelic
organic matter. For example, in well Yin-36, coal fragments and amorphous sapropel are
common, with a measured vitrinite content of 55%, sapropelic group of 25%, and solid
bitumen of 20%. In the Dujiangyan outcrop section, coal seams are developed, and the
organic matter composition consists of 75% vitrinite, 18% sapropelic group, and 7% solid
bitumen, indicating Type III kerogen (Figure 5).

Figure 5. Organic maceral composition of T;x> source rocks in well Yin-36 (al-c1) and the Dujiangyan
outcrop (a2-c2) under transmitted light (a), white reflected light (b) and fluorescent light (c).

Traditionally, the Upper Triassic Xujiahe Formation in the Sichuan Basin is considered
to be coal-measure source rock derived predominantly from higher plants. However, the
organic petrology data indicate that the organic matter composition of the T;x° source rocks
varies considerably with basin structure and depositional setting. Specifically, near the
basin margin toward the provenance, higher plant input is dominant, with organic matter
classified as Type III kerogen. In contrast, in the lake center and interdistributary bays,

https://doi.org/10.3390/pr14213563


https://doi.org/10.3390/pr14213563

Processes 2026, 14, 3563

8 0f 19

where relatively quiet water conditions prevailed, aquatic organisms were well developed,
and sapropelic macerals such as algal and amorphous organic matter are abundant, forming
Type II kerogen-dominated source rocks.

It should be emphasized that the organic petrology results presented here are based
on 15 samples from representative wells. While these samples were carefully selected to
cover different structural and depositional settings, the limited sample size introduces
uncertainty in regional extrapolation. The organic matter type assignments should there-
fore be considered indicative rather than definitive. Future work should include a more
extensive petrographic sampling program, coupled with molecular geochemical analyses
(e.g., saturate and aromatic biomarkers), to validate the kerogen type distribution.

4.1.3. Thermal Maturity of Source Rocks

The thermal maturity of the T;x° source rocks, as indicated by the vitrinite reflectance
(Ro), generally decreases from west to east across the study area (Figure 6). The western
Sichuan depression experienced substantial subsidence, resulting in high thermal maturity,
with Ro values mostly ranging from 1.3% to 2.0% and locally exceeding 2.0% (over-mature
stage). Eastward and southward, the Ro values progressively decrease. The lower slope
area exhibits Ro values generally between 0.9% and 1.3% (mature to locally high-mature
stage), whereas in the central Sichuan and Shunan areas, subsidence was small, and the
maturity remains in the early mature stage to mature stage (Ro 0.7-1.0%). The Weiyuan
and southern areas are in the early mature to mature stage (Ro 0.7-1.1%), locally within
the condensate-wet gas window. Vertically, the lower submember displays slightly higher
Ro values than that of the upper submember, with a more extensive area of high maturity,
which is attributed to its greater burial depth and earlier attainment of maximum pale-
otemperatures. Overall, the western Sichuan depression, with high thermal maturity and
favorable hydrocarbon generation potential, represents a priority exploration target for the
T5x° member.

4.1.4. Thickness Distribution of the Source Rocks

The T5x°> member is dominated by shore-shallow lake and delta front deposits. Dur-
ing this period, the lake basin reached its maximum extent, and the distribution of dark
mudstones was also extensive. Sand bodies and delta lobes from different provenances
exhibit elongate shapes, intersecting to form multiple semi-enclosed bays or lagoons with
relatively quiet water, which were favorable for the deposition of organic-rich source rocks.
Due to uplift and erosion, the T;x*> member is absent in the northwestern part of the basin.

The upper submember dark mudstone is widely distributed in the southwestern,
central, and west-central parts of western Sichuan, with thicknesses of 120-280 m and
a maximum of >320 m. Eastward, the thickness rapidly decreases to about 40 m in the
Leshan—-Zizhong-Hechuan-Guang’an-Sanhui-Yilong area and to less than 20 m in the
Yibin-Chongqing-Liangping area (Figure 7). In the southern part of the study area, the
thickness is generally <20 m, although local depressions may reach 40-60 m (Figure 7).

The lower submember dark mudstone is generally thinner than the upper submember
and is typically 80-180 m in the central-southern part of western Sichuan. The thickness
center is located in the Chengdu-Mianzhu area, with a central thickness of 160-220 m and
a maximum exceeding 240 m. Eastward, the thickness rapidly decreases to 40 m in the
Leshan—Zizhong-Hechuan—Guang’an-Sanhui-Yilong area and to less than 20 m in the
Yibin-Chongqing-Liangping area. Similarly, southern areas are mostly <20 m thick, with
local thickening to 40-60 m (Figure 8).

Laterally, the T;x° source rock thickness exhibits a general decrease from southwest
to northeast, which is interpreted as reflecting the combined influence of foreland basin
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structure and provenance supply. Sediment provenance was supplied from the north, east,
and south, resulting in coarser clastic deposits and relatively poorly developed source
rocks in those directions. In the southwest, toward the foreland depression, the mud con-
tent increases, and source rocks are thick. Near the provenance, local interdistributary
bays contain thick coal seams, which provide hydrocarbon charge for local gas accumula-
tions. It should be noted, however, that even though the T;x> source rocks are relatively
thin in the eastern, northern, and southern Sichuan areas, the development of coal and
carbonaceous mudstones with high organic matter abundance can still contribute to large-
scale hydrocarbon supply and significant exploration potential. Overall, the T;x® source
rocks are thick and widely distributed, providing a favorable material base for large-scale
hydrocarbon generation.

4.2. Evaluation of Hydrocarbon Generation Potential

The hydrocarbon generation potential of source rocks is closely related to the organic
matter type, abundance, and thermal maturity. In this study, we evaluated the gas generation
potential of the T;x° source rocks using integrated basin modeling with PetroMod software
(version 2019, IES GmbH, Munich, Germany), which incorporates the EASY%Ro kinetic
model of Sweeney and Burnham [30] for maturity calibration. The conversion of kerogen to
hydrocarbon was simulated using the gas generation kinetics for Type II/III kerogens [31],
with parameters adjusted for the coal-measure source rocks of the Xujiahe Formation [13,32].
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Figure 6. Present-day thermal maturity maps of the upper and lower submembers of T;x’ in the
southwestern Sichuan Basin and adjacent areas.

4.2.1. Hydrocarbon Generation History

Basin modeling was performed using a 1D stratigraphic framework constructed from
well-log and lithological data. The input parameters included formation ages and thick-
nesses, lithological properties (porosity, permeability, thermal conductivity, and heat capac-
ity), erosion thicknesses constrained by vitrinite reflectance and fission-track data, paleo-
heat flow history calibrated against present-day heat flow measurements and validated by
borehole temperature data, and surface temperature history following the paleoclimatic
curve of Wygrala [33].

The thermal maturity of source rocks is primarily controlled by temperature and time.
Therefore, the basin thermal history (paleogeothermal gradient or paleo-heat flow evolu-
tion) is the key factor influencing the hydrocarbon generation history of source rocks. The
modeled thermal evolution trend is generally consistent with the measured Ro (Figure 9).

The burial and thermal history of the Xujiahe Formation source rocks in the south-
western Sichuan Basin are shown in Figures 10 and 11, with representative wells Pingtan-1
(western Sichuan depression) and Jiantan-1 (lower slope area) illustrating the contrasting
thermal evolution patterns. From the end of the Late Triassic to the end of the Early Jurassic
(ca. 201-175 Ma), the Upper Triassic source rocks in the study area reached the hydrocarbon
generation threshold (early stage), with Ro ranging from 0.5% to 0.7%, generating limited
amounts of early kerogen cracking gas. The threshold depth is estimated at 2100 to 2400 m.
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Figure 7. Predicted source rock thickness distribution of the upper submember of T;x® in the south-
western Sichuan Basin and adjacent areas.

By the end of the Late Cretaceous (ca. 66 Ma), the T;x source rocks in the western
Sichuan depression reached the mature stage, with Ro ranging from 0.9% to 1.3%, generating
significant amounts of kerogen cracking gas, with primary migration initiating and gas
being preserved in adjacent reservoirs. By the end of the Paleogene (ca. 23 Ma), the organic
matter of the T;x® member in the western Sichuan depression reached the high-mature stage,
with Ro > 1.3%, entering the late gas generation stage, which represents the key period for
natural gas generation. Subsequently, the Himalayan movement (from ca. 23 Ma to present)
caused uplift and erosion, reducing the burial depth of the Xujiahe Formation source rocks.
As a result, in the central and southern Sichuan areas, the organic matter did not evolve to
higher thermal maturity stages and has essentially maintained the maturity it attained at
the end of the Paleogene. Only in the main body of the western Sichuan depression did the
organic matter continue to evolve to higher stages, reaching the over-mature stage.

In the lower slope area, the T;x> source rocks entered the mature stage during the Early
Cretaceous (ca. 135 Ma) (Figure 11), after which the burial depth continued to increase
gradually. Following uplift at the end of the Late Cretaceous, thermal evolution largely
ceased, and the source rocks have essentially remained in the mature stage (Ro ~1.0-1.2%)
since then.

Two 1D basin models (Pingtan-1 and Jiantan-1) were calibrated using the measured Ro
and borehole temperatures, giving local burial and thermal histories. To extend these models
to the whole study area, we used a multi-step approach. First, maturity zones were defined
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from the present-day maturity map (Figure 6) based on the Ro from 15 wells and published
data. Second, calibrated thermal parameters (paleo-heat flow, thermal conductivity, and
erosion thickness) were interpolated with kriging, constrained by regional structures and
seismic data. Third, the burial history for each grid cell was reconstructed from thickness
maps (Figures 7 and 8) and erosion data. Finally, gas generation was modeled in PetroMod
for each cell, with TOC and kerogen type assigned from our maps and petrology data.
This assumes smooth thermal variation across the basin, which is a reasonable first-order
approximation, but local heat-flow variations may exist, and future work should include
more calibration points.
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Figure 8. Predicted source rock thickness distribution of the lower submember of T;x in the south-
western Sichuan Basin and adjacent areas.

4.2.2. Natural Gas Generation Intensity and Volume

The main input parameters included source rock volume (derived from thickness
maps in Figures 7 and 8), organic matter abundance (TOC mean values per submember),
organic matter type (kerogen type assignments based on maceral composition), thermal
maturity (Ro from measurements and model calibration), and gas generation kinetics [31].
Coal and mudstone were modeled separately. Coal (TOC > 30%) used Type III coal-
measure kinetics [31], density 1.3 g/cm?®, and HI 150-200 mg HC/g TOC. Mudstones
(TOC < 30%) used mixed Type II/III kinetics [30], density 2.5 g/ cm?, and HI 300-500 mg
HC/g TOC. Sensitivity analysis shows that the gas generation estimate is most sensitive to
TOC in mudstone intervals, which dominate the source rock volume. After determining the

https://doi.org/10.3390/pr14213563


https://doi.org/10.3390/pr14213563

Processes 2026, 14, 3563 13 of 19

relevant parameters, this study used the PetroMod software to calculate the gas generation
intensity and volume of the T;x> source rocks.
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Figure 9. Fitting of simulated thermal evolution and measured Ro in southwestern Sichuan Basin
and adjacent areas.

The cumulative gas generation was calculated with PetroMod (version 2019) using
a volumetric source rock model. The modeled area covers approximately 2.3 x 10* km?,
based on the T;x° thickness maps (Figures 7 and 8), with the upper and lower submembers
modeled separately. The TOC means are from Table 1; coal was assigned Type III kinetics
and a density of 1.3 g/ cm?, while mudstone used mixed Type II/III kinetics [31] adjusted
for Xujiahe coal measures [13,32]. Thermal history follows the calibrated 1D models in
Section 4.2.1.
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Figure 11. Burial and thermal evolution history of well Jiantan-1.

The main uncertainties are the extrapolation of two 1D models, thickness interpolation
between wells, TOC and kerogen-type assignment (especially for coal), and paleo-heat flow
reconstruction, giving an estimated uncertainty of approximately +30% on the cumulative
gas volume.

Overall, the T;x® gas generation intensity is highest in the central-southern section
of the western Sichuan depression, with a maximum value exceeding 70 x 108 m3/km?.
The gas generation intensity in the Qiulin, Jinhua, Jianyang, and southwestern Sichuan
areas is generally greater than 20 x 10% m®/km? The area with gas generation
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intensity >20 x 108 m3/km? covers about 2.3 x 10* km?, representing the most favor-
able zone for gas accumulation. In the central Sichuan area, the intensity is generally
10-12 x 108 m3/km?, and in the area around well Mo-208 to well Tongnan-105, where coal
seams of considerable scale are developed, the gas generation intensity is higher, reaching
15-20 x 108 m®/km? (Figure 12). According to the simulation results, the cumulative gas
generation from the T;x° member is approximately 1.92 x 10'* m? (192 trillion cubic meters).
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Figure 12. Gas generation intensity map of the T;x® source rocks in the southwestern Sichuan Basin
and adjacent areas.

This value represents the total gas generated over geological history. It does not
represent accumulated gas, technically recoverable gas, or economic resources. Conversion
to recoverable resources would require evaluation of the expulsion, migration, accumulation,
and preservation efficiencies, which is beyond the scope of this study.

Gas generation intensity maps for the T;x° interval have been presented previously
for parts of the Sichuan Basin [13]. The maps presented here differ in that they cover
the southwestern Sichuan Basin and adjacent areas, treat the upper and lower submem-
bers separately, and are based on the updated TOC and thickness datasets. They should
therefore be regarded as a refinement and extension of earlier maps rather than as entirely
new products.

Considering the near-source accumulation characteristics of the T;x*> member areas
with moderate to low gas generation intensity may still have considerable exploration
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potential where effective traps and reservoir quality are present. However, further research
on the expulsion, migration, and accumulation efficiencies is needed to refine the resource
assessment. In summary, the southwestern Sichuan Basin and adjacent areas exhibit high
gas generation intensity and favorable gas source conditions for forming large gas fields,
making it the preferred area for further exploration.

5. Discussion

The Upper Triassic Xujiahe Formation in the Sichuan Basin has traditionally been
interpreted as a coal-measure source rock succession dominated by terrigenous higher-plant
input [1,2,21,22]. In contrast, the organic petrological data obtained in this study indicate
that the T;x° source rocks contain a substantial sapropelic component, particularly in deep
lacustrine and interdistributary bay settings. This observation is broadly consistent with
recent studies by Zheng et al. [4] and Wang et al. [7], which also documented mixed Type
I1/11I kerogen within the T;x° interval. The apparent discrepancy with earlier interpretations
may be attributed to several factors, including: (1) the spatially biased sampling in previous
studies, which were commonly focused on marginal or coal-bearing facies; (2) differences
in analytical approaches, such as Rock-Eval pyrolysis versus organic petrology; and (3) the
pronounced lateral and vertical heterogeneity of the Xujiahe Formation. These findings
underscore the necessity of integrating organic petrological observations with geochemical
data for robust kerogen typing.

The novelty of this study does not rest on sample number alone. It is therefore useful
to specify what previous studies utilized and what new information the present dataset
provides. Guo et al. examined hydrocarbon generation and expulsion of the T;x° source
rocks in the western Sichuan depression but did not report well-by-well sample counts,
depth coverage, or submember-level resolution and did not extend their analysis beyond
that depression [13]. Zheng et al. evaluated the T;x° organic geochemistry at the basin
scale but did not integrate thickness mapping, maturity mapping, and quantitative basin
modeling [4]. Wang et al. characterized the source rock geochemistry but did not quantify
the gas generation intensity [7]. In contrast, the present study is based on 402 core samples
from 15 wells, treats the upper and lower submembers separately, and integrates the TOC,
organic petrology, Ro, thickness mapping, and calibrated 1D basin modeling. The new
information provided therefore includes: the submember-scale TOC and the thickness
statistics for the southwestern Sichuan Basin and adjacent areas; the separate maturity maps
for the two submembers; and the quantitative gas generation intensity and cumulative gas
generation for the T;x° interval across this broader area.

The principal strengths of this study include the large TOC dataset (402 samples), the
integration of multiple organic geochemical and petrological proxies, and the application
of basin modeling to quantify gas generation. Nevertheless, several limitations should be
acknowledged. The organic petrology dataset remains relatively small (n = 15), and the
resulting kerogen type assignments should therefore be regarded as preliminary. In addition,
the basin modeling is based on 1D models extrapolated across a broad region, which may
not fully capture lateral variations in the thermal history. The estimated gas generation
volume represents the total generated gas over geological time and does not account for the
expulsion, migration, or accumulation efficiencies. These limitations should be addressed in
future studies through expanded petrographic sampling, molecular geochemical validation,
additional calibration wells, and integrated 2D /3D basin modeling.

6. Conclusions

(1) The T5x° source rocks in the southwestern Sichuan Basin and adjacent areas have
high organic matter abundance, with TOC values ranging from 0.5% to 71.73% and a mean
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of 2.09% (n = 402). Lacustrine mudstones, which dominate the source rock volume, have a
mean TOC of 1.25%. The upper submember (mean 2.21%) is slightly more abundant than
the lower submember (mean 1.98%). High-abundance source rocks are mainly distributed
in the western lacustrine area along the paleo-shoreline.

(2) Organic matter types vary with depositional setting: Type II kerogen dominates in
the deep lacustrine settings, Type II-IIl mixed types in the lower slope, and Type III kerogen
near the basin margin. These classifications are based on organic petrology and would
benefit from complementary molecular geochemical validation.

(3) Thermal maturity increases westward. The western Sichuan depression reached
high to over-mature stages (Ro mostly 1.3-2.0%, locally >2.0%), while the eastern and south-
ern areas are mainly mature to low-mature (Ro 0.7-1.3%), locally within the condensate-wet
gas window.

(4) The T;3x° source rocks are thick (up to 320 m) and widely distributed, with the
thickness decreasing from southwest to northeast. The southern areas are generally thin
(<20 m) but locally reach 40-60 m.

(5) Basin modeling estimates a cumulative gas generation of 1.92 x 10 m? (192 trillion
cubic meters), with high intensity (>20 x 108 m?®/km?) covering an area of 2.3 x 10* km?.
This value represents the total generated gas, not recoverable resources. Nevertheless,
the southwestern Sichuan Basin exhibits favorable gas source conditions and is a priority
exploration target.
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