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Triassic Xujiahe source rocks, the main gas source of shallow tight gas, are the most typical continental coal-bearing source rocks
in the Sichuan Basin, South China. However, the organic matter enrichment section cannot be identified easily, leading to limited
progress in the exploration of coal-bearing tight gas. This paper reveals the main controlling factors of the organic matter
enrichment, reconstructs the evolution process of the Xujiahe palaeosedimentary environment, proposes a dynamic enrichment
mechanism of the organic matter, and determines the organic matter enrichment section of the high-quality coal-bearing
source rocks by geochemical characteristics of the source rocks, major elements, and trace elements. The results show that the
Xujiahe sedimentary environment can be divided into a fluctuating stage of transitional sedimentation, stable stage of
transitional sedimentation, fluctuating stage of continental sedimentation, and stable stage of continental sedimentation. The
Xujiahe source rocks were featured with high-quality coal-bearing source rocks with high total organic carbon and maturity
and good parent material in the stable stage of transitional sedimentation and fluctuating stage of continental sedimentation, in
which the water was connected with the Palaeo-Tethys Ocean with abundant terrestrial organisms. The water was shallow in
the fluctuating stage of transitional sedimentation with a low sedimentation rate, leading to poor organic matter enrichment.
The Palaeo-Tethys Ocean withdrew westward from the Yangtze plate in the late period of the fluctuating stage of continental
sedimentation, leading to the absence of algae and dinosteranes and a decrease in biological productivity in the stable stage of
continental sedimentation. Therefore, high terrestrial inputs and biological productivity and high sedimentation rate were
conducive to the organic matter preservation in the coal-bearing source rocks.

1. Introduction

The Xujiahe source rocks are the most typical continental
coal-bearing source rocks in South China with high organic
matter abundance and large sedimentary thickness. It is con-
sidered the largest potential development target of the conti-
nental coal-bearing tight gas in the Sichuan Basin [1, 2].
Xujiahe natural gas resources reached 2.41 trillion cubic feet.
The restoration of the palaeoenvironment and organic mat-
ter evolution in the Xujiahe source rocks are vital for analyz-
ing the palaeoenvironmental evolution and the formation of

the high-quality coal-bearing source rocks. However, the
dominant organic matter enrichment factors hinder the
progress of continental coal-bearing tight gas exploration
in the continental source rocks.

Initially, the global climate was considered to be warm
and humid during the Triassic period [3, 4]. Subsequently,
the distinct global climate was identified in the Triassic
period with the further study of different regions. For exam-
ple, Tian et al. [5] found that a cold climate period exists in
the Triassic based on a new fossil wood species. Tanner et al.
[6] analyzed the carbon isotope of calcite in soil and
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suggested that the carbon dioxide and climate temperature
increase at the end of the Triassic. Hochuli and Vigran [7]
analyzed palynological records and found that the South
Pole is ice-free. Moreover, anoxic events have been widely
discussed at the end of the Triassic [8–12].

The closure of the Palaeo-Tethys Ocean (PTC) was also
an important global event at the end of the Triassic [13–15].
The specific time of the PTC withdrawal of the Xujiahe
sedimentary period affected the space-time pattern of the
Eastern PTC and the reconstruction of the Pangaea in
Southeast Asia [16, 17]. Previous studies on the PTC closure
from the Yangtze plate were mainly characterized by sedi-
mentary characteristics, tectonic deformation, and paleonto-
logical flora in the Xujiahe sedimentary period [18–20].
However, these studies do not give a specific time when
the PTC ocean completely withdrew from the Xujiahe water
in the Yangtze plate.

Furthermore, the main controlling factors of organic
matter enrichment were debatable because of the distinct
sedimentary environments in different regions. For example,
Xiao et al. [21] and Yan et al. [22] reported that organic mat-
ter enrichment is controlled by water redox conditions. Nie
et al. [23] proposed that palaeoclimatic conditions control
organic matter enrichment. Wakefield [24] argued that
organic matter enrichment is controlled by biological pro-
ductivity. Mohialdeen and Hakimi [25] believed that organic
matter enrichment is mainly controlled by palaeoproductiv-
ity and water salinity. Li et al. [26] suggested that organic
matter enrichment is mainly influenced by terrestrial inputs
or high productivity. However, current research focuses on
the marine source rocks. Moreover, the environment is more
complex in the continental or transitional facies comparable
with the ocean sedimentary environment, leading to a more
uncertain mechanism of organic matter enrichment.

This work studies the main controlling factors of the
organic matter enrichment, reconstructs the palaeoenviron-
mental evolution of the Xujiahe period in the Sichuan Basin,
and proposes the dynamic mechanism of the high-quality
coal-bearing organic matter enrichment by organic and
inorganic geochemical methods. The results further reveal
the time of the PTC withdrawal from the Xujiahe sedimen-
tation and its impact on the coal-bearing organic matter
enrichment in the lake basin. This study has vital reference
value for the spatial and temporal evolution pattern of the
PTC, and the exploration and development of the coal-
bearing natural gas in the Sichuan Basin and similar basins.

2. Geological Setting

The Sichuan Basin is a large intracratonic basin in southwest
China that formed after the uplift of the Yangtze plate owing
to the collision between the Indian and Eurasian plates [27].
The Sichuan Basin was initially surrounded by mountains at
the end of the Triassic [28]. Furthermore, the northern mar-
gin of the Yangtze block was always a passive continental
margin during the Late Paleozoic, characterized by the
development of shallow sea shelves, slope clastic, and car-
bonate deposits [28]. The Yangtze block collided with the
outer block in the Middle to Late Triassic, and the Mianlue

suture eventually joined North China and the Yangtze block.
The Mianlue suture (the boundary between the Yangtze
plate and the Qinling-Dabie Mountains) was formed by
the PTC closure from east to west [29]. The flysch was also
developed in the Diebu-Songpan area in the north of the
Yangtze plate as the Yangtze plate moved northwest and
subducted diagonally under the Qinling-Dabie Mountains.
Moreover, the continental molasse was also first formed in
the northern Yangtze plate in response to the initial colli-
sion. The Triassic sediments entered the continental sedi-
mentary stage because the Palaeo-Tethys Ocean also
withdrew from the Yangtze plate from west to east at the
end of the Late Triassic [30]. The Longmenshan tectonic belt
was also formed in the Late Triassic [31]. Additionally, the
Sichuan Basin is the largest natural gas-producing area in
China, and the Xujiahe source rocks are the only coal-
bearing source rocks [29, 32, 33]. The study area is located
in the middle of the Sichuan Basin and is tectonically
located in the uplift belt of the Centre Sichuan, sandwiched
between Chengdu and Chongqing (Figure 1). The widely
discovered coal-bearing tight gas fields are mostly distrib-
uted in this area [27, 34].

Upper Triassic Formations include the Maantang,
Xiaotangzi, and Xujiahe Formations (Figure 1). The Xujiahe
Formation is divided into the second, third, fourth, fifth, and
sixth members (henceforth referred to as Mb. 2, Mb. 3, Mb.
4, Mb. 5, and Mb. 6, respectively). Noting that in China, the
Xiaotangzi Formation is equal to the first member of the
Xujiahe Formation (Mb. 1). The Maantang and Xiaotangzi
Formations are mainly featured by limestones and mud-
stones, and sandstones and mudstones, respectively [35].
The 2nd, 4th, and 6th Mbs. are mainly developed in sand-
stones. In contrast, the 1st, 3rd, and 5th Mbs. are mainly char-
acterized by mudstones. Biohillocks, oolitic shoals, and
mudstones were mainly developed in the Maantang sedi-
mentary period [36]. The terrigenous debris increased with
the expansion of the sea area during the period of the Mb.
1 in which mudstones and sandstones were developed [32,
36]. The Mb. 3 was characterized by transitional sediments
[37]. The sedimentary centre was not consistent with the
sedimentary-subsidence centre. The sedimentary-subsidence
centre was located in the Wushan-Longfengchang area in
the Western Sichuan; the sedimentary centre was located in
the Bajiaochang-Jinhua area of the Centre Sichuan, where
the calcite rocks (limestone or marl) were relatively devel-
oped with the relatively deep water depth [38]. The area con-
nected with the seawater might also develop in the vicinity of
the Anxian and Beichuan, where limestones were developed
[38, 39]. The Mb. 5 was mainly characterized by continental
deposits owing to the uplift of the Longmenshan belt. The
surrounding mountains were also relatively quiet in the 3rd

Mb. sedimentary period [32, 40]. Briefly, mudstones are
developed in the Mb. 1, Mb. 3, and Mb. 5 because the source
supply rate is less than the basin subsidence rate. Sandstones
are developed in the Mb. 2, Mb. 4, and Mb. 6 because the
source supply rate is higher than the basin subsidence rate
[37, 41]. Moreover, the source rocks are mainly developed
in the Mb. 3 and Mb. 5 in the study area. The mudstones
are thinned in the Mb. 1 in the Centre Sichuan, whereas the
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sandstones develop. The thick sand bodies of the study area
are widely developed in the Mb. 2, Mb. 4, and Mb. 6
(Figure 1).

3. Samples and Experimental Methods

3.1. Samples. Twenty-eight source rock samples were
selected from the core of well J31 in the Centre Sichuan for
organic geochemical characteristics according to the charac-
teristics of various lithologies (Tables 1 and 2). Twenty-eight
samples were selected to test trace and major elements
(Tables 3 and 4), 6 samples from the Mb. 3, 17 samples from
the Mb. 5, and 3 samples from the Mb. 1. The 1st Mb. mud-
stone debris was only obtained without collecting the core
owing to the low development degree of the 1st Mb. mud-
stone in the Centre Sichuan. Two sandy mudstones were
also selected from the Mb. 4.

3.2. Geochemical Analysis of Source Rocks. The total organic
carbon (TOC) and kerogen maceral tests were conducted at
the State Key Laboratory of Oil and Gas Reservoir Geology
and Development Engineering, Southwest Petroleum Uni-
versity. The test instrument for TOC was a Leco CS-200 car-

bon and sulfur detector. The samples were first ground to
particle sizes less than 0.2mm, and the inorganic carbon in
the samples was then removed with dilute hydrochloric acid.
Finally, the TOC was converted to carbon dioxide by com-
bustion using high-temperature oxygen flow. The TOC con-
tent was calculated using an infrared detector. Specific
operation methods can be referred to as the Chinese national
standard GB/T 19145-2003.

Initially, 50 g of the mudstone sample was taken as pul-
verized powder in the determination of kerogen macerals.
The hydrofluoric acid and hydrochloric acid were then used
for repeated dissolution, and the kerogen was separated by
centrifugation and dried subsequently. The prepared kero-
gen sample was coated on a glass sheet to form a thin sheet.
The macerals in the kerogen were observed, identified, and
counted under a microscope. The type index (TI) of kerogen
samples was obtained using different weighting coefficients
for different macerals, and the kerogen samples were divided
into types I, II1, II2, and III.

The rock samples in the chromatographic experiment
were firstly extracted with trichloromethane by a conven-
tional Soxhlet extractor for seventy-two hours, and the
asphaltenes were precipitated by petroleum ether. The
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Figure 1: Location and lithology column of the study area. (a) Global Palaeogeographic World Map of the Late Triassic, modified from
Golonka et al. [82]. (b) Location of the study area and outline of the Sichuan Basin. (c) Stratigraphic structure and lithology of Xujiahe
Formation in the Sichuan Basin. The orange area represents the central part of Sichuan in the study of the oil-gas fields.
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extracted liquid was then placed in the chromatographic col-
umn in which silica gel and aluminum oxide were mixed in a
3 : 2 ratio. The liquid in the column was rinsed with n-
hexane to obtain the saturated hydrocarbons, aromatic
hydrocarbons, and nonhydrocarbons. The chromatographic
and chromatographic values of saturated hydrocarbons were
determined by separating the saturated hydrocarbons. The
chromatographic column was the SE-54 quartz elastic capil-
lary column with a length of 30m and a shunt ratio of 20 : 1.
The heating process of saturated hydrocarbon was as fol-
lows: the temperature was kept constant for 2min with the
initial temperature (10°C), and the final temperature was
kept constant for 30min with the heating rate (4°C/min
from 10°C to 220°C; 2°C/min from 220°C to 300°C). The
conditions of mass spectrometry were as follows: ion source
display temperature 180°C, ionization energy 70 eV, interfa-
cial furnace temperature 275°C, and mass scanning range
50-550m/z.

3.3. Major and Trace Elements. Major elements were tested
at the Australian Mineral Laboratory in Australia. The ele-

ments were determined using the ME-XRF26 X-ray fluores-
cence (XRF) spectrometer. First, two samples were weighed.
A sample was fully mixed with a nitrate lithium borate-
lithium nitrate melt flux containing lithium nitrate and
then melted at high temperature. The melt was poured
into a platinum mould to form a flat glass sheet and ana-
lyzed using an XRF spectrometer. Simultaneously, the
other sample was placed in a muffle furnace and burned
at 1000°C. Subsequently, it was cooled and weighed. The
weight difference was due to the burning loss before and
after heating. The total content was obtained by adding
the loss of combustion results to the element oxide results
measured by XRF.

Trace elements were also tested at the Australian Min-
eral Laboratory. Ultratrace elements and rare earth elements
were determined by Inductively Coupled Plasma-Atomic
Emission Spectroscopy (ICP-AES) and mass spectrometry
(MS) using ME-MS61R digestion. The samples were first
digested with perchloric acid, nitric acid, hydrofluoric acid,
and hydrochloric acid, then diluted with dilute hydrochloric
acid, and analyzed by ICP-AES. If the Bi/Hg/Mo/Ag/W ratio
was high, the sample was diluted accordingly and then ana-
lyzed by ICP-MS. The final analysis result was obtained by
correcting the spectral interference between the elements.

4. Results

4.1. Geochemical Characteristics of Source Rocks. There are
differences between TOC and S1+S2 in the 1st, 3rd, and 5th

Mbs. source rocks (Table 1). The TOC and S1+S2 of the
source rocks in Mb. 1 are 0.88%-2.08% and 0.15mg/g-
9.78mg/g, respectively (Table 1). The source rocks in Mb.
3 have the highest TOC and S1+S2 content with an average
of 1.78% and 6.88mg/g, respectively. The TOC and S1+S2
of the 3rd Mb. source rocks are relatively low with an average
of 1.53% and 4.42mg/g. The TOC and S1+S2 of the 3

rd Mb.
source rocks are the lowest with an average of 0.93% and
1.45mg/g. The organic matter types are featured with type
II2 and type III in the Xujiahe source rocks (Table 2;
Figure 2). The organic matter types are type II2 in the source
rocks from Mb. 1 and Mb. 3, and the organic matter is typed
II2 and III in the 5th Mb. source rocks. The Ro values of the
Xujiahe source rocks range from 1.28% to 1.87% (Table 1).
The average Ro values are 1.85%, 1.50%, and 1.35%, respec-
tively, in the 1st, 3rd, and 5th Mbs. source rocks.

4.2. Biomarker Characteristics of Source Rocks. The source
rocks were characterized by low Pr/Ph ratios and abundant
dinosteranes in the study area. A Pr/Ph ratio was commonly
used to reflect the sedimentary environment of source rocks
[42]. The Pr/Ph ratio was less than 1 in the marine or lacus-
trine source rocks [43]. In contrast, the Pr/Ph ratio was
greater than 2 in the coal-bearing source rocks of the swamp
environment [44]. The Pr/Ph values are mainly less than 1 in
the Xujiahe source rocks (Table 1), ranging from 0.65 to 1.11
(average = 0:81), and the Pr/Ph values of 65.38% of source
rocks are distributed in 0.6-0.8. The Pr/Ph values of few
samples are greater than 1 (Table 1). N-alkanes have a
bimodal distribution and abundant n-alkanes with low

Table 1: Characteristics of organic geochemistry and biomarker of
the source rocks in well J31, Sichuan Basin.

Member Depth (m) TOC S1+S2 Ro Pr/Ph

Mb. 5 2821.1 1.17 1.06 1.28 1.01

Mb. 5 2833.21 1.31 1.83 1.28 0.97

Mb. 5 2866.12 0.97 0.78 1.30 1.11

Mb. 5 2901.12 0.92 0.15 1.32 0.98

Mb. 5 2923.53 1.42 2.87 1.33 1.07

Mb. 5 2935.91 1.12 0.43 1.33 1.07

Mb. 5 3001.72 1.61 7.40 1.36 0.65

Mb. 5 3003.11 1.73 6.11 1.36 0.65

Mb. 5 3005.51 1.82 5.17 1.36 0.67

Mb. 5 3007.92 1.67 3.32 1.36 0.65

Mb. 5 3010.31 2.08 6.51 1.36 0.71

Mb. 5 3015.72 1.63 6.23 1.36 0.72

Mb. 5 3025.11 1.66 6.06 1.36 0.72

Mb. 5 3031.12 1.62 4.62 1.37 0.75

Mb. 5 3035.14 1.47 4.57 1.37 0.76

Mb. 5 3037.32 1.97 8.31 1.40 0.78

Mb. 5 3039.45 1.77 9.78 1.40 0.71

Mb. 4 3042.14 0.59 0.27 1.40 1.35

Mb. 4 3087.32 0.61 0.32 1.38 1.35

Mb. 3 3182.12 1.71 6.09 1.42 0.77

Mb. 3 3194.11 1.63 7.73 1.42 0.76

Mb. 3 3216.52 1.91 5.47 1.44 0.73

Mb. 3 3247 2.06 8.26 1.44 0.65

Mb. 3 3263 1.67 7.33 1.51 0.66

Mb. 3 3291 1.71 6.39 1.78 0.67

Mb. 1 3373 0.98 1.12 1.81 0.92

Mb. 1 3386 0.93 1.83 1.86 0.97

Mb. 1 3393 0.88 1.39 1.87 1.03

4 Lithosphere

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2022/7185107/5665141/7185107.pdf
by guest
on 16 December 2022



carbon numbers (Figure 3). The dinosterane is also known
as 4,23,24-trimethyl cholestane. The peak sequence of the
dinosterane with strong M/Z 213 fragments is located after
C29 sterane with 8 isomers [45]. Figure 4 shows that the
source rocks contain the high dinosteranes in the Mb. 1,
Mb. 3, and Mb. 5.

4.3. Major Element Geochemistry. The main average
enriched oxides are SiO2 (46.79%), Al2O3 (14.02%), CaO
(10.30%), Fe2O3 (5.74%), K2O (3.06%), and MgO (3.35%)
in the Xujiahe Formation. The contents of MnO, P2O5,
Na2O, and TiO2 are less than 1.5% (Table 3). Compared
with high-quality oil-bearing source rocks, the Xujiahe

Table 2: Kerogen macerals of the Xujiahe coal-bearing source rocks in well J31, Sichuan Basin.

Depth (m) Member
Kerogen maceral content (%)

TI value Type
Liptinite Exinite Vitrinite Inertinite

2833.21 Mb. 5 28 / 22 50 -38.50 III

2901.12 Mb. 5 23 / 29 48 -46.75 III

3031.12 Mb. 5 58 / 13 29 19.25 II2
3039.45 Mb. 5 47 / 29 24 1.25 II2
3182.12 Mb. 3 60 / 17 23 24.25 II2
3247.19 Mb. 3 62 / 12 26 27 II2
3263.27 Mb. 3 48 / 22 30 1.5 II2
3386.83 Mb. 1 55 / 16 29 14 II2

Table 3: Major element values (%) of the Xujiahe coal-bearing source rocks in well J31, Sichuan Basin.

Member Depth (m) SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Ca Na Mg Al P Ti K

Mb. 5 2821.1 57.36 0.61 17.25 5.75 0.10 2.57 2.82 0.26 2.85 0.10 2.01 0.19 1.54 9.13 0.05 0.36 2.36

Mb. 5 2833.21 51.62 0.65 17.31 7.00 0.16 2.62 4.65 0.26 3.17 0.12 3.32 0.19 1.57 9.16 0.05 0.39 2.63

Mb. 5 2866.12 51.11 0.52 17.75 5.82 0.08 2.69 9.72 0.27 2.99 0.05 6.94 0.20 1.61 9.40 0.02 0.31 2.48

Mb. 5 2901.12 54.23 0.69 12.03 4.36 0.06 5.80 9.82 0.22 1.62 0.07 7.01 0.16 3.48 6.37 0.03 0.42 1.34

Mb. 5 2933.53 56.18 0.60 20.87 5.40 0.02 2.13 0.27 0.34 3.99 0.07 0.19 0.25 1.28 11.05 0.03 0.36 3.31

Mb. 5 2965.91 52.44 0.67 18.90 4.70 0.02 1.76 10.29 0.25 2.42 0.10 7.35 0.18 1.05 10.00 0.04 0.40 2.00

Mb. 5 3001.72 34.46 0.55 10.99 4.75 0.13 4.11 18.83 0.19 2.18 0.13 13.45 0.14 2.46 5.82 0.06 0.33 1.81

Mb. 5 3003.11 36.96 0.63 11.49 4.85 0.11 5.00 15.90 0.19 2.26 0.11 11.36 0.14 3.00 6.08 0.05 0.38 1.87

Mb. 5 3005.51 33.44 0.57 10.70 4.83 0.13 4.37 18.73 0.18 2.12 0.12 13.38 0.13 2.62 5.67 0.05 0.34 1.76

Mb. 5 3007.92 56.96 0.70 19.76 6.63 0.07 2.14 0.56 0.33 3.81 0.09 0.40 0.25 1.28 10.46 0.04 0.42 3.17

Mb. 5 3010.31 82.78 0.17 7.81 2.06 0.01 0.51 0.29 1.03 1.94 0.04 0.21 0.76 0.31 4.14 0.02 0.10 1.61

Mb. 5 3015.72 47.68 0.69 15.16 4.84 0.08 3.61 6.20 0.25 3.04 0.12 4.43 0.18 2.17 8.03 0.05 0.41 2.52

Mb. 5 3025.11 36.37 0.59 12.18 23.92 1.23 1.26 1.94 0.25 2.40 0.11 1.38 0.18 0.76 6.45 0.05 0.36 1.99

Mb. 5 3031.12 57.86 0.61 19.83 6.36 0.08 1.92 0.28 0.33 3.72 0.07 0.20 0.25 1.15 10.50 0.03 0.37 3.08

Mb. 5 3035.14 56.85 0.78 14.06 4.61 0.05 3.21 5.07 0.24 1.81 0.11 3.62 0.18 1.93 7.44 0.05 0.47 1.50

Mb. 5 3037.32 62.79 0.91 18.20 5.43 0.06 1.84 0.37 0.29 3.59 0.06 0.26 0.21 1.10 9.64 0.03 0.55 2.98

Mb. 5 3039.45 56.46 0.72 13.81 6.05 0.11 3.16 4.47 0.58 2.74 0.13 3.20 0.43 1.90 7.31 0.05 0.43 2.27

Mb. 4 3042.14 72.14 0.40 11.12 3.26 0.06 1.33 1.36 1.11 2.60 0.07 0.97 0.82 0.80 5.88 0.03 0.24 2.16

Mb. 4 3087.32 57.68 0.77 15.23 6.07 0.07 3.29 2.32 0.49 7.06 0.13 1.66 0.36 1.97 8.06 0.05 0.46 5.86

Mb. 3 3182.12 25.35 0.36 12.06 4.86 0.13 4.44 16.82 0.16 2.52 0.07 12.01 0.12 2.66 6.39 0.03 0.22 2.09

Mb. 3 3194.11 25.84 0.33 7.95 3.59 0.19 4.86 25.71 0.12 1.70 0.07 18.37 0.09 2.92 4.21 0.03 0.20 1.41

Mb. 3 3216.52 28.11 0.39 6.87 3.06 0.19 5.36 25.61 0.11 2.62 0.09 18.29 0.08 3.22 3.64 0.04 0.24 2.17

Mb. 3 3247.19 38.36 0.41 8.32 3.93 0.16 4.82 26.78 0.09 3.12 0.12 19.13 0.07 2.89 4.40 0.05 0.25 2.59

Mb. 3 3263.27 27.53 0.36 9.37 3.67 0.16 4.75 24.77 0.11 2.53 0.08 17.69 0.08 2.85 4.96 0.03 0.22 2.10

Mb. 3 3291.26 28.12 0.32 11.23 3.55 0.19 4.81 18.92 0.11 3.02 0.07 13.51 0.08 2.89 5.95 0.03 0.19 2.51

Mb. 1 3373.47 53.67 0.98 16.38 6.89 0.13 3.13 5.92 0.67 2.84 0.23 4.23 0.50 1.88 8.67 0.10 0.59 2.35

Mb. 1 3386.83 52.23 1.00 17.21 6.32 0.09 3.24 6.13 0.59 3.03 0.20 4.38 0.44 1.94 9.11 0.09 0.60 2.51

Mb. 1 3393.81 51.70 0.89 17.14 5.89 0.11 3.07 6.40 0.55 2.32 0.19 4.57 0.41 1.84 9.07 0.08 0.53 1.93
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Table 4: Race elements (ppm) of the Xujiahe coal-bearing source rocks in well J31, Sichuan Basin.

Member Depth (m) Ba/Al P/Ti Sr/Cu C U/Th V/(V+Ni) Sr/Ba Rb/K CIA (La/Yb)N Zr/Rb Zr/Al Ba(bio)
Mb. 5 2821.1 58.19 0.12 4.16 1.60 0.23 0.70 0.25 70.34 72.91 16.57 1.49 27.11 531.21

Mb. 5 2833.21 62.14 0.13 4.97 2.43 0.21 0.71 0.29 70.27 66.73 15.88 1.25 25.20 569.13

Mb. 5 2866.12 55.60 0.07 3.62 1.19 0.22 0.72 0.23 67.44 56.83 16.12 1.52 27.09 522.57

Mb. 5 2901.12 52.92 0.08 4.98 1.41 0.27 0.71 0.24 66.02 48.71 15.41 1.82 25.36 337.05

Mb. 5 2933.53 59.10 0.09 3.37 0.64 0.28 0.74 0.21 72.10 79.79 20.57 0.98 21.19 652.97

Mb. 5 2965.91 52.70 0.11 3.51 0.81 0.25 0.68 0.23 67.04 57.68 16.68 1.84 24.72 526.93

Mb. 5 3001.72 73.77 0.17 11.16 1.76 0.25 0.62 0.53 62.59 33.75 15.26 1.57 30.58 429.30

Mb. 5 3003.11 75.15 0.12 7.22 1.55 0.26 0.63 0.41 61.11 38.03 15.97 1.63 30.70 456.87

Mb. 5 3005.51 73.42 0.15 7.27 1.89 0.26 0.66 0.53 64.96 33.36 15.68 1.63 32.78 416.25

Mb. 5 3007.92 53.79 0.10 3.22 1.29 0.22 0.74 0.20 65.71 78.67 17.94 1.21 24.06 562.56

Mb. 5 3010.31 97.61 0.18 17.62 0.36 0.22 0.61 0.17 38.05 68.54 29.88 2.37 35.15 404.07

Mb. 5 3015.72 65.94 0.13 5.20 1.30 0.22 0.68 0.34 65.53 60.27 19.95 1.26 25.91 529.44

Mb. 5 3025.11 77.77 0.14 3.25 17.13 0.30 0.67 0.27 84.67 70.97 11.49 1.14 29.75 501.57

Mb. 5 3031.12 62.10 0.08 5.26 1.23 0.30 0.71 0.20 73.52 80.02 17.91 1.12 24.19 651.97

Mb. 5 3035.14 59.47 0.11 3.42 1.22 0.26 0.63 0.28 75.57 63.27 15.78 1.86 28.34 442.40

Mb. 5 3037.32 64.93 0.05 5.19 0.96 0.32 0.70 0.18 69.06 80.05 16.66 1.25 26.71 625.85

Mb. 5 3039.45 71.73 0.13 1.23 1.72 0.21 0.55 0.21 53.99 62.60 14.51 2.18 36.56 524.29

Mb. 4 3042.14 44.67 0.13 12.44 1.24 0.22 0.50 0.19 42.42 69.22 22.54 2.49 38.75 262.62

Mb. 4 3087.32 39.05 0.12 4.58 2.48 0.24 0.48 0.23 31.97 69.52 15.73 1.62 37.63 314.68

Mb. 3 3182.12 81.22 0.14 10.94 1.67 0.28 0.55 0.41 64.61 37.72 16.86 1.27 26.82 518.96

Mb. 3 3194.11 112.98 0.15 12.83 2.67 0.25 0.50 0.73 57.12 22.23 14.61 1.67 31.98 475.62

Mb. 3 3216.52 132.16 0.18 18.02 3.14 0.24 0.62 0.86 60.49 20.08 14.08 1.16 41.83 481.05

Mb. 3 3247.19 133.99 0.21 15.33 3.04 0.28 0.63 0.79 56.37 22.31 15.34 1.32 43.82 589.52

Mb. 3 3263.27 111.59 0.16 16.57 2.89 0.27 0.62 0.83 58.31 25.94 14.83 1.43 35.33 553.43

Mb. 3 3291.26 84.40 0.17 15.32 2.73 0.28 0.58 0.76 57.62 34.89 14.32 1.31 31.80 502.16

Mb. 1 3373.47 57.83 0.17 5.86 1.37 0.24 0.46 0.36 54.85 61.49 18.31 1.86 27.69 501.32

Mb. 1 3386.83 56.33 0.15 6.07 1.43 0.25 0.47 0.37 55.23 62.54 17.68 1.73 26.37 513.10

Mb. 1 3393.81 54.99 0.15 6.18 1.52 0.25 0.46 0.39 56.85 62.03 17.97 1.92 23.21 498.69

(a) (b) (e) (f)

(g)(d)(c) 20 𝜇m (h)20 𝜇m 20 𝜇m 20 𝜇m

20 𝜇m20 𝜇m20 𝜇m20 𝜇m

Figure 2: Fluorescence images of the kerogens in the Xujiahe coal-bearing source rocks of well J31, Sichuan Basin. (a) Transmitted light,
2833.21m, 1 × 500, SSCS; (b) fluorescence, 2833.21m, 1 × 500, SSCS; (c) transmitted light, 3031.12m, 1 × 500, FSCS; (d) fluorescence,
3031.12m, 1 × 500, FSCS; (e) transmitted light, 3182.12m, 1 × 500, SSTS; (f) fluorescence, 3182.12m, 1 × 500, SSTS; (g) transmitted light,
3386.83m, 1 × 500, FSTS; (h) fluorescence, 3396.83m, 1 × 500, FSTS.
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coal-bearing source rocks have higher CaO, Fe2O3, and
MgO contents and lower contents of other oxides
(Figure 5).

In contrast, the Mb. 3 has a high average content of
CaO (23.10%) and a relatively low content of terrestrial
minerals (Al2O3, Fe2O3, MgO, K2O, and SiO2). The Mb.

(a) Mb. 5, source rock, 2833.21 m (SSCS)

(c) Mb. 3, source rock, 3182.12 m (SSTS)

M/Z = 85

M/Z = 85

M/Z = 85
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(b) Mb. 5, source rock, 3031.12 m (FSCS)

(d) Mb. 1, source rock, 3386.83 m (FSTS)
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Figure 3: Chromatograms of source rocks in well J31, Sichuan Basin.

(c) Mb. 5, source rock, 3182.12 m (SSTS) (d) Mb. 1, source rock, 3386.83 m (FSTS)
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Figure 4: Mass spectrograms of dinosteranes in the source rocks of well J31, Sichuan Basin. A: 4α-Methyl, 24-ethyleholestane; B: 4β-methyl,
24-ethyleholestane; l: 4α,23S,2S-trimethyleholestane; 2: 4α,23S,24R-trimethyleholestane; 3: 4α,23R,24R-trimethyleholestane; 4: 4α,23R,24S-
trimethyleholestane; 5: 4β,23S,24S-trimethyleholestane; 6: 4β,23S,24R-trimethyleholestane; 7: 4β,23R,24R-trimethyleholestane; 8:
4β,23R,24S-trimethyleholestane.
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1 and Mb. 3 have a low content of CaO (6.15% and
6.48%) and high terrestrial minerals. The inverse ratio
between CaO and terrestrial minerals indicates that the
CaO is not exotic but an authigenic mineral in the basin.

4.4. Trace Element Geochemistry. The average trace elements
are Mn (1205 ppm), Ba (496 ppm), Zr (213 ppm), Sr
(191 ppm), Rb (143 ppm), V (102 ppm), Cr (105 ppm), Ce
(75 ppm), Zn (64.4 ppm), and Ni (63.5 ppm) in the Xujiahe
Formation. The trace element content of other elements is
less than 50%. Compared with high-quality oil-bearing
source rocks, the Xujiahe source rocks are more enriched
in Cr, Mn, Cs, and Zr (Figure 6). The contents of other trace
elements are lower than those of oil-bearing source rocks.

In contrast, the 1st and 5th Mbs. source rocks are more
enriched in Be, V, Cu, Zn, Ga, Rb, Y, Nb, Zr, Cs, La, Ce,
and Cd. Additionally, the 3rd Mb. source rocks have higher
Co, Sr, and Mo contents. The enrichment degrees of Cr,
Mn, and Ba are similar in three Xujiahe source rocks.

5. Discussion

5.1. Palaeoproductivity. Biological productivity referred to as
the rate of carbon sequestration by photosynthesis plays an
essential role in the organic matter enrichment [46]. Ele-
ments sensitive to productivity include Ba, Cu, Ni, Cd, and
Zn. Moreover, palaeoproductivity is positively correlated
with organic matter enrichment [46–48]. Ba(bio) can be
regarded as an indicator of productivity [49, 50]. BaðbioÞ = B
aðtotalÞ − ðAl × Ba/AlalusilicateÞ; Ba/Alalusilicate = 0:0075 [21, 51,
52]. Thus, Ba(bio) can exclude the impact of abiotic Ba on
the index. As Ba is usually precipitated as biological barite,
barite is relatively stable under oxidation conditions and
readily soluble under reduction conditions. Attention should
be paid to the impact of the sedimentary environment on the
Ba accuracy in representing productivity. Moreover, the

enrichment of Ba, Cu, and other vital elements is controlled
by lithology. Therefore, these elements need to be corrected
in the productivity evaluation. As an important component
of organisms, P is enriched in sediments in the form of
organic complexation to represent productivity [53]. In
short, the enrichment coefficients of P/Al or P/Ti, rather
than the content of these elements, are often used to describe
the palaeoproductivity to eliminate the influence of changes
in lithology and clastic composition.

Ba/Al, Ba(bio), and P/Ti are used to describe the palaeo-
productivity in the work. As presented in Table 4, the aver-
age Ba(bio) value of the Xujiahe source rocks is 512.24 ppm
(~337.05-652.97 ppm), and the average Ba/Al content is
74.69 (~52.70-133.99). The Ba(bio) content ranges from
1000 ppm to 5000 ppm in the high-productivity areas of
the modern equatorial Pacific [54]. The biological productiv-
ity of the Xujiahe source rocks is at a medium palaeoproduc-
tivity level (200-1000ppm). The average P/Ti value is 0.13
(~0.05-0.21) in the Xujiahe source rocks. However, the ratio
of P/Ti is much lower than that of highly productive regions
of the modern equatorial Pacific (~2-8) [54]. Furthermore,
the P element may be influenced by the redox degree of pore
water (oxidation to secondary oxidation conditions promote
its retention) and the availability of adsorbed iron when rep-
resenting palaeoproductivity. In contrast, biological produc-
tivity is the highest in the 3rd Mb. source rocks, with the
average of Ba(bio) and Ba/Al values reaching 520.13 ppm
and 109.39, respectively, followed by those of the 5th Mb.
source rocks (average BaðbioÞ=510:85 ppm; Ba/Al = 65:67). The
1st Mb. source rocks have the lowest biological productivity
(average BaðbioÞ=504:37 ppm; Ba/Al = 56:38).

A positive correlation was found between TOC and
palaeoproductivity from the Xujiahe source rocks (Figure 7).
Therefore, palaeoproductivity is the main controlling factor
affecting organic matter enrichment in the Xujiahe coal-
bearing source rocks.
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Figure 5: Distribution of major elements in different coal-bearing source rocks, Sichuan Basin. Note: distribution of major elements: the
ratio of major elements of Xujiahe coal-bearing source rocks to high-quality oil-bearing source rocks. Average shale composition from
Wedepohl [88, 89].
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5.2. Palaeoenvironment

5.2.1. Palaeoclimate Conditions. Changes in the composition
and relative content of sediments can reflect climatic charac-
teristics [55]. Fe, Mn, Cr, Ni, V, and Co are enriched in wet
conditions, while Ca, Mg, Sr, Ba, K, and Na are more
enriched in dry conditions. Zhao et al. [56] established a
palaeoclimate index (C =∑ðFe +Mn + Cr + Ni + V + CoÞ/
∑ðCa +Mg + Sr + Ba + K + NaÞ). However, it is still debat-
able whether the threshold established in the Junggar Basin
can be applied to the Sichuan Basin. The climate is corre-
spondingly divided into arid (C < 0:2), semiarid (0:2 ≤ C <
0:4), subhumid (0:4 ≤ C < 0:6), subhumid (0:6 ≤ C < 0:8),
and humid (C ≥ 0:8), according to the C values [21, 35].
Additionally, the Sr/Cu ratio is used to evaluate the palaeo-
climate. A Sr/Cu ratio between 1 and 10 indicates a warm

and wet climate, and that greater than 10 indicates an arid
climate [57].

The ratio of Sr/Cu is between 1.23 and 18.02, and the C
value is between 0.36 and 17.13 in the Xujiahe Formation
(Table 4). This indicates that the climate change of the
Xujiahe Formation is relatively frequent, and both arid and
humid climates exist. The average Sr/Cu and C values of the
Mb. 5 are 5.57 and 2.26, respectively, indicating a humid cli-
mate. The average Sr/Cu value is 14.83 in theMb. 3, indicating
an arid climate, whereas the C value is 2.69, indicating a humid
climate. The increase in the C value may be caused by the
enrichment degree of various elements in the oxygen-rich sed-
imentary environment. The high salinity of the Mb. 3 is also
caused by climate drought, which would be discussed in Sec-
tion 5.2.3 (Table 4). The average Sr/Cu and C values are 6.04
and 1.44 in the Mb. 1, indicating a humid climate (Table 4).
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Figure 6: Distribution of trace elements in different coal-bearing source rocks, Sichuan Basin. Note: distribution of trace elements: the
ratio of trace elements of Xujiahe coal-bearing source rocks to high-quality oil-bearing source rocks. Average shale composition from
Wedepohl [88, 89].
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Additionally, we did not find a correlation between
palaeoclimate indicators and TOC in the cross plot
(Figure 8). Therefore, the palaeoclimate is not the main con-
trolling factor affecting organic matter enrichment in the
Xujiahe coal-bearing source rocks.

5.2.2. Redox Conditions and Palaeowater Depth. The Th
content is barely affected by redox conditions in the water.
The U/Th ratio is used to reflect the redox conditions of
the water. A U/Th ratio lesser than 0.75 indicates water oxi-
dation, a U/Th ratio (0.75-1.25) suggests a transitional envi-
ronment, and a U/Th ratio greater than 1.25 suggests an
oxygen-deficient environment [58]. Additionally, V and Ni
are preferentially enriched in anoxic water, and V/ðV +NiÞ
can be used to evaluate the palaeoenvironment [59]. A V/
ðV +NiÞ ratio greater than 0.77 indicates stratification and
reducibility, while a V/ðV +NiÞ ratio below 0.6 indicates
weak stratification and an oxygen-rich environment [60].
Moreover, Rb can easily be deposited in a low-energy envi-
ronment. Rb/K reflects the water depth. The higher the Rb/
K value, the deeper the water is [21].

The average values of U/Th and V/ðV +NiÞ are 0.25
(~0.21-0.32) and 0.63 (~0.46-0.74), respectively, in the
Xujiahe Formation. This shows that the water was oxidized
to a high degree in the Xujiahe period, belonging to a semi-
oxidized and oxidized sedimentary environment. The aver-
age values of U/Th and V/ðV +NiÞ values are 0.25/0.46,
0.27/0.58, and 0.25/0.67, respectively, in the 1st, 3rd, and 5th

Mbs. (Table 4). The average Rb/K values are 55.64, 59.09,
and 66.35, respectively, in the 1st, 3rd, and 5th Mbs.
(Table 4). Therefore, the Xujiahe Formation is an evolution-
ary process wherein the reducibility of water became stron-
ger and the water gradually deepens from Mb. 1 to Mb. 5.

The U/Th, V/ðV +NiÞ, and Rb/K did not correlate with
TOC in the cross plot (Figures 9(a)–9(c)). This shows that
redox conditions and water depth are not the main control-
ling factors affecting organic matter enrichment in the
Xujiahe coal-bearing source rocks.

5.2.3. Salinity Conditions. Strontium (Sr) and barium (Ba)
are widely distributed in the crust and exist in the water in

the form of bisulfates. When the salinity of water gradually
increases, Ba first precipitates in the form of barium sulfate,
followed by Sr in the form of strontium sulfate [61]. The Sr/
Ba ratio reflects the salinity of the water. The higher the Sr/
Ba ratio, the higher the salinity of the water is. A Sr/Ba ratio
lesser than 1 represents a freshwater environment and vice
versa [62, 63]. The average value of Sr/Ba is 0.40 (~0.17-
0.86) in the Xujiahe Formation, indicating that the water
comprised freshwater to brackish water environments in
the Xujiahe Formation. The average Sr/Ba values were
0.37, 0.73, and 0.28, respectively, in the 1st, 3rd, and 5th

Mbs. (Table 4). The water salinity was variable in the
Xujiahe Formation. The water became saltier during the 1st

and 3rd Mbs. sedimentary periods under the background of
a freshwater sedimentary environment.

Additionally, there was no significant correlation
between palaeosalinity index and TOC (Figure 9(d)). There-
fore, the palaeosalinity of water is not the main controlling
factor affecting organic matter enrichment in the Xujiahe
coal-bearing source rocks.

5.2.4. Weathering Conditions. The chemical index of alter-
ation (CIA) reflects the weathering degree and palaeoclimate
of the source area. CIA is defined as ½ðAl2O3Þ/ðAl2O3 + N
a2O + CaO + K2OÞ� × 100. Furthermore, Deng et al. [35]
reviewed the most detailed and widely accepted chemical
weathering indices and suggested that the classical CIA
values were affected by nonweathering factors such as the
sedimentary cycle, hydrodynamic sorting, diagenetic alter-
ation (especially illite), and little provenance lithologic trans-
formation by applying the CIA index to the study of the
Xujiahe black shale. Therefore, conventional default CIA
values are not recommended to evaluate the degree of
weathering and palaeoclimate without identification and
correction. Yang et al. [64] directly used CIA values and pro-
posed that the climate is hot and humid (high CIA) in the
1st, 3rd, and 5th Mbs. deposition periods, while that is cold
and dry (low CIA) in the 2nd, 4th, and 6th Mbs. deposition
periods. This perspective should not be accepted because
the CIA index might be more obviously controlled by the
grain size rather than climate. Moreover, Xu et al. [65] also
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found that the Xujiahe sedimentary period is characterized
by a humid and hot tropical-subtropical climate based on
pollen and clay mineral analysis. The average CIA of the
Mb. 3 (27.20) is lower than those of the Mb. 1 and Mb. 5,
which may be influenced by the grain size, hydrodynamic
conditions, and lithology in the sedimentary period
(Table 4). The CIA cannot be applied to evaluate the weath-
ering of the source area in the study area. Moreover, the ratio
of rare earth elements can also determine the degree of
weathering. (La/Yb)N was positively correlated with the
degree of weathering [21]. This parameter provides reliable
evaluation to evaluate the degree of weathering.

The average value of (La/Yb)N is 16.78 (~11.49-29.88) in
the Xujiahe sediments (Table 4). This shows that the Xujiahe
sediments experienced moderate to high weathering. The
average values of (La/Yb)N are 17.99, 15.01, and 17.19 in
the 1st, 3rd, and 5th Mbs. sediments. These results show that
the weathering intensity decreases initially and then
increases from Mb. 1 to Mb. 5, and the weathering is the
weakest in the Mb. 1.

There was no significant correlation between weathering
index and TOC (Figure 10(a)). Weathering conditions are
not the main controlling factors affecting organic matter
enrichment in the Xujiahe coal-bearing source rocks.

5.2.5. Terrestrial Inputs and Hydrodynamic Conditions. Sta-
ble terrestrial elements (TiO2 and Al2O3) have indicated ter-

restrial inputs [66]. Moreover, other terrestrial elements
(K2O, Na2O, and SiO2) were positively correlated with
TiO2 and Al2O3 [67]. The Zr element with stable chemical
properties reacts well with hydrodynamic conditions [68].
High Zr content is mainly formed in the strong hydrody-
namic sedimentary environment [68]. However, Rb is charac-
terized by low-energy sedimentary environments because it is
deposited mainly in silicates at low energies. A higher Zr/Rb
ratio implies strong hydrodynamic conditions [69, 70].

In contrast, the content of terrestrial inputs is the highest
in the Mb. 1 with SiO2 and TiO2 accounting for 52.53% and
0.75%, respectively, followed by the Mb. 5 (SiO2 = 52:09%
and TiO2 = 0:63%). The content of terrestrial inputs is the
lowest in the Mb. 3 with SiO2 and TiO2 accounting for
28.89% and 0.36%, respectively, (Table 3). The average Zr/
Rb values are 1.84, 1.36, and 1.54, respectively, in the Mb.
1, Mb. 3, and Mb. 5 (Table 4), indicating that the hydrody-
namic force weakens first and then increases from Mb. 1
to Mb. 5.

Moreover, the higher terrestrial inputs only show the
higher organic matter content in the Xujiahe terrestrial
inputs. However, it does not mean that the TOC is higher
in the Xujiahe sediments, determined by the palaeoproduc-
tivity and palaeoenvironment of organic matter [21]. How-
ever, terrestrial inputs are correlated to organic matter
content in the cross plot (Figures 10(b) and 10(c)). This
indicates that the terrestrial inputs are the main controlling

2.30

1.90

1.50

TO
C 

(%
)

1.10

0.70
0.19 0.23 0.27

U/�

0.31 0.35 0.80.70.60.50.4

V/(V+Ni)
(a) (b)

(c) (d)

1.00.80.60.40.01008060

Rb/K

4020 0.2

Sr/Ba

2.30

1.90

1.50

TO
C 

(%
)

1.10

0.70

2.30

1.90

1.50

TO
C 

(%
)

1.10

0.70

2.30

1.90

1.50

TO
C 

(%
)

1.10

0.70

Mb. 5 source rock
Mb. 3 source rock
Mb. 1 source rock

Figure 9: Cross plot of TOC with (a, b) redox, (c) water depth, and (d) salinity. TOC does not correlate with redox, water depth, and
salinity.

11Lithosphere

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2022/7185107/5665141/7185107.pdf
by guest
on 16 December 2022



factor affecting organic matter enrichment in the Xujiahe
coal-bearing source rocks. However, no correlation between
hydrodynamic parameters and TOC indicates that hydro-
dynamic conditions are not the controlling factor affect-
ing organic matter enrichment in the Xujiahe sediments
(Figure 10(d)).

5.2.6. Sedimentation Rate. The sedimentation rate is closely
related to organic matter preservation. The fast sedimenta-
tion rate is conducive to the rapid deposition and burial of
organic matter and the rapid separation from the overlying
oxidized water and sedimentary materials, to avoid the oxi-
dation or degradation of the organic matter. In contrast,
organic matter is deposited and buried at a very low sedi-

mentation rate, which is not conducive to organic matter
preservation owing to the occurrence of much oxidative deg-
radation during the process. Ding et al. [71] proposed that
the organic matter enrichment is controlled by the sedimen-
tation rate under oxidation conditions at the sedimentation
rate exceeding 10 cm/kyr and determined by the palaeo-
productivity and redox at the sedimentation rate low than
10 cm/kyr. It is worth noting that the sedimentation rate
proposed by Chen et al. [72] is close to our study area,
so it can be used to discuss the sedimentation rate in the
study area.

Moreover, the Zr/Al ratio could be regarded as a substi-
tute index of sedimentation rate [73]. The 3rd Mb. sedimen-
tation rate is the highest (Zr/Al = 35:26), followed by the
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Mb. 5 (Zr/Al = 27:96) (Table 4). The Zr/Al value is the low-
est at 25.76 in the Mb. 1. The sedimentation rate is consis-
tent with the index Zr/Al values in the Xujiahe sediments.
The higher sedimentation rates of Mb. 3 and Mb. 5 are,
the more enriched organic matter is. Zr/Al was also posi-
tively correlated with TOC (Figure 10(e)). Moreover, the
1st Mb. sedimentation rate less than 10 cm/kyr should be
controlled by palaeoproductivity and redox. However, it
has a good correlation with the sedimentation rate, which
is contrary to the result done by Ding et al. [71]
(Figure 10(e)). This may be related to the threshold values
of sedimentation rate in different basins. In short, it can be
deduced that sedimentation rate is the main controlling fac-
tor affecting organic matter enrichment in the Xujiahe coal-
bearing source rocks.

5.3. Evolution of the Palaeoenvironment

5.3.1. Xujiahe Palaeosedimentary Environment. The Xujiahe
palaeoenvironment was characterized by a humid to arid
climate, oxygen-rich, fresh-brackish water environment,
shallow water depth, moderate terrestrial inputs, hydrody-
namic and weathering conditions, and high sedimentation
rates. Moreover, the Xujiahe climate was warm and humid
in the Sichuan Basin (Figure 11). However, there was a
hot climate interval during a short geological period
(Figure 11). This supports the view that the global climate
is complex in the Late Triassic. The water in the Sichuan
Basin was rich in oxygen during the Xujiahe period, indi-
cating that the global Late Triassic anoxic event did not
spread to continental lake basins.

Additionally, the sedimentary environment of Xujiahe
source rocks has been analyzed by many scholars. The Mb.

1 was formed in a transitional period, which was featured
with normal marine pelecypod fossils, marine tidal reverse
cross-bedding and cross-laminae [74]. Moreover, the 1st

Mb. source rocks have a thin thickness owing to the tectonic
frequent changes in the sedimentary period. The 3rd Mb.
source rocks are developed in the stable stage of transitional
facies with a certain thickness and large distributed area
because of the relatively stable structure in which marine
sedimentary structures, glauconite, and brackish Lamelli-
branchiata fossils were found [74–76]. The previous scholars
suggested that the 5th Mb. source rocks with large thickness
are developed in the continental sedimentary facies owing to
the relatively stable structure [37]. However, Zhao and
Zhang [74] and Shi et al. [41] believed that the Mb. 5 is char-
acterized by transitional sediments because of the occur-
rence of marine sedimentary structures and high salinity.
However, this viewpoint is debatable because the limited
samples of 5th Mb. source rocks taken by these scholars are
not sufficient to evaluate the overall 5th Mb. sedimentary
characteristics. However, it can be deduced that the Mb. 5
has marine sedimentary characteristics, which may be
caused by the unstable structural activity during the Mb. 4
to Mb. 5 sedimentary transitional periods [77].

According to the longitudinal variation of geochemical
parameters and the previous study of sedimentary character-
istics (Figure 11), the Xujiahe sedimentary environment can
be divided into four sedimentary stages: (1) fluctuating stage
of transitional sedimentation (FSTS) (Mb. 1) (3370m-
3405m): the high salinity, shallow water depth, low sedi-
mentation rate, and strong hydrodynamic force; (2) stable
stage of transitional sedimentation (SSTS) (Mb. 3)
(3000m-3050m): the highest salinity, hot weather, appro-
priate water depth, weak hydrodynamic force, and high
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deposition rate; (3) fluctuating stage of continental sedimen-
tation (FSCS) (Mb. 5) (3180m-3310m): the transgressions
and terrestrial inputs resulting in frequent changes in the
water salinity, water depth, degree of oxidation, terrestrial
inputs, and hydrodynamics because of the unstable Long-
menshan tectonic movement and unclosed estuary; (4) sta-
ble stage of continental sedimentation (SSCS) (Mb. 5)
(2820m-3000m). The further uplifted Longmenshan struc-
ture leads that the Xujiahe Formation completely entered
the continental sedimentation with the water salinity signif-
icantly reduced, the water depth deepened, and the terres-
trial inputs increased.

5.3.2. Sedimentary Evolution. The sedimentary evolution is
determined in different Xujiahe sedimentary periods accord-
ing to the analysis of the Xujiahe sedimentary environment
and geological background.

The climate was humid, and the water was shallow
with high salinity and strong hydrodynamics and high oxi-
dation and connected to the PTC during the 1st Mb. sed-
imentary period (Figure 12(a)). Moreover, the strong
weathering led to more terrestrial inputs. The terrestrial
inputs increased during the 1st Mb. sedimentary period
because the Centre Sichuan area was far away from the
estuary with a thinner source rock and higher terrestrial
inputs [37]. In contrast, the closer the source rocks were
to the estuary of the Longmenshan, the higher the reduc-
ibility and salinity of the water, and the lower the terres-
trial inputs [78].

Some areas were connected to the PTC in the 3rd Mb.
sedimentary period because the northern part of Longmen-
shan was uplifted [30]. The climate of the 3rd Mb. was
slightly hot and dry comparable with the 1st Mb. sedimentary
period, leading to the increase of the water depth, reducibility
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Figure 12: Sedimentary environment evolution model of Xujiahe Formation, Sichuan Basin.
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and salinity, and the reduction of the hydrodynamic force,
weathering, and terrestrial inputs (Figure 12(b)).

The PTC was not connected to the lake in the Sichuan
Basin owing to the uplift of the Longmenshan [79]. Com-
pared with the 3rd Mb. sedimentary period, the climate was
humid with the increased water depth and reducibility and
the decreased water salinity in the Mb. 5. Moreover, the
hydrodynamics, weathering, and terrestrial inputs increased.
The Mb. 5 was characterized by two sedimentation stages,
including FSCS and SSCS. Compared with the SSCS, the
water has higher salinity and deposition rate in the FSCS
(Figures 12(c) and 12(d)).

5.4. Connection between Xujiahe Source Rocks with the PTC.
The 1st and 3rd Mbs. sedimentary periods were characterized
by the high water salinity, high palaeoproductivity, abundant
dinosteranes, low Pr/Ph ratios, and high low carbon number
n-alkanes according to the analysis in Sections 5.1 and 5.2
(Tables 1 and 4; Figures 2–4). Low Pr/Ph ratios and high
low carbon number n-alkanes are very rare in the terrestrial
source rocks, indicating that they are affected by transgres-
sion (Table 1; Figure 3). The dinosterane is a biomarker in
the marine environment [45, 80, 81]. These organic and
inorganic geochemical indicators all prove that the water
was connected with the PTC in the 1st and 3rd Mbs. period.

Additionally, the source rocks had high TOC content,
palaeoproductivity, and dinosteranes and lower Pr/Ph values
in the FSCS (Tables 1 and 4). Furthermore, abundant algae
and dinosteranes were found under fluorescence (Figures 2
and 4). This indicates that the PTC was still connected with
the water of Mb. 5 in the FSCS. Although the Longmenshan
was uplifted, the Late Triassic giant monsoon environment
led to the intermittent connection between the PTC and
water of Mb. 5 in the FSCS [82]. However, the TOC content
decreased with the decreased palaeoproductivity, undevel-
oped dinosteranes, low algal substance, and higher Pr/Ph
ratios in the SSCS (Tables 1 and 4; Figures 2 and 4). This
indicated that the PTC was completely disconnected with
the water of Mb. 5 at the end of the FSCS owing to the fur-
ther uplift of the Longmenshan.

5.5. Dynamic Formation Mechanism of the Organic Matter.
Although the water of Mb. 1 was connected with the PTC
in the FSTS, the shallow water depth, strong hydrodynamic
force, and low sedimentation rate were not conducive to
the organic matter preservation. The Mb. 3 was still con-
nected with the PTC in the SSTS, which brought abundant
marine organic matter to the Xujiahe water. Moreover, the
weak hydrodynamic force and high deposition rate were
conducive to the large organic matter accumulation. The
continental sedimentation showed distinctive characteristics.
One period was characterized by high Ba/Al, Sr/Cu, Zr/Rb,
and Sr/Ba and low SiO2 in the FSCS (Figure 11). This sug-
gested a connection between the lake basin and the PTC
during the 5th Mb. sedimentary period. Moreover, the inter-
mittent transgression increased the salinity of the Xujiahe
water and brought abundant marine organisms, facilitating
the temporary development of organisms. The other period
was characterized by high Ba/Al, SiO2, and Zr/Rb and low

Rb/K and Sr/Ba in the FSCS (Figure 11). This showed that
terrestrial inputs brought abundant terrestrial organisms
and increased biological productivity in a sedimentary
period. Moreover, the structure and palaeoproductivity
tended to be stable in the SSCS. The organic matter was
derived from terrestrial inputs, resulting in decreased biolog-
ical productivity.

The TOC was positively correlated with the biological
productivity, terrestrial inputs, and sedimentation rate in
the Xujiahe sediment according to Section 5.2. Climate,
water depth, redox, salinity, weathering, and hydrodynamics
were not the main factors for organic matter enrichment in
the Xujiahe sedimentary period. The dynamic mechanism
of the organic matter enrichment (input-rapid subsidence
model) was established according to the Xujiahe palaeoenvi-
ronment (Figure 13).

The weak orogeny led to a stable sedimentary environ-
ment in the 1st, 3rd, and 5th Mbs. deposition, which supports
the conditions for the development of source rocks. A stable
environment was favorable for the organic matter enrich-
ment. Moreover, abundant marine organic matter led to an
increase in the organic matter content in the Xujiahe Forma-
tion owing to the connection between the Xujiahe water with
the PTC. Strong terrestrial inputs and high sedimentation
rate also reduced the oxidation and decomposition of the
organic matter, which was beneficial to its preservation,
thereby resulting in the formation of the source rocks.

5.6. High-Quality Coal-Bearing Source Rocks. The evaluation
of source rocks mainly includes the organic matter abun-
dance, kerogen type, and maturity. The organic matter
abundance is mainly used to present the organic matter con-
tent, and the relationship between TOC and S1+S2 is gener-
ally used to represent the organic matter content in source
rocks. According to the evaluation criteria of coal-bearing
source rocks [83], Figure 14 shows that the good source
rocks are well developed in the SSTS and FSCS, which is
consistent with the organic matter enrichment sections in
Figure 11. The Ro values of the Xujiahe source rocks range
from 1.28% to 1.87%, indicating that the source rocks are
in the mature to high maturity stage, characterized by pro-
ducing wet and dry gas.

Coal-bearing source rocks contain more liptinites and
exinites, which can produce more oil and gas [84]. The
inertinites show black opacity and no fluorescence under
transmitted light [85]. The vitrinites are transparent to semi-
transparent under transmitted light with a weakly fluores-
cent rod. The liptinites are transparent under transmitted
light with yellow or yellowish-brown colors and strong fluo-
rescence. Table 2 shows that the kerogen types include two
types (type II2 and type III) in the 5th Mb. source rocks.
The TI values of type II2 kerogen range from 1.5 to 27 in
the 1st and 3rd Mbs. source rocks. The kerogen is type III
in the SSCS with many opaque black inertinites (over 48%)
and no fluorescence under a microscope according to the
kerogen macerals (Figure 2). In contrast, the kerogen is type
II2 with more liptinites in the FSCS. The kerogen macerals
show similar microscopic characteristics under transmitted
light and fluorescence in the FSTS, SSTS, and FSCS, wherein
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many amorphous and transparent liptinites exist (Figure 2).
However, many studies have reported that the kerogen of the
Xujiahe source rocks is type III in the Sichuan Basin [86, 87].
In contrast, the OM in the study area is characterized by
type II2 kerogen, which produces more oil and gas [84].

The Xujiahe source rocks are comprehensively evaluated
as the high-quality coal-bearing source rocks in the SSTS
and FSCS with the high TOC and maturity, and good parent
material, which can produce large amounts of gas. The for-
mation of high-quality coal-bearing source rocks is closely
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related to the connection of the PTC and Xujiahe water, the
terrestrial inputs, and the sedimentation rate.

6. Conclusions

The climate of the Xujiahe Formation was generally warm
and humid in the Sichuan Basin, whereas a hot climate
existed for a short geological period. This supports the view
that the global Late Triassic climate is complex. The global
ocean anoxic climate did not spread to the continental lake
basin in the Late Triassic. The Palaeo-Tethys Ocean with-
drew westward from the Yangtze plate in the late period of
the fluctuating stage of continental sedimentation.

(1) The Xujiahe sedimentary environment can be divided
into a fluctuating stage of transitional sedimentation,
stable stage of transitional sedimentation, fluctuating
stage of continental sedimentation, and stable stage
of continental sedimentation. The Xujiahe water was
connected with the Palaeo-Tethys Ocean in the stable
and fluctuating stages of transitional sedimentation.
The Xujiahe sediments were influenced by multiple
intermittent transgression and terrestrial inputs
owing to the incomplete withdrawal of the PTC and
tectonic fluctuation in the fluctuating stage of conti-
nental sedimentation. The Xujiahe water was not
connected with the Palaeo-Tethys Ocean because of
the continuous tectonic uplift in the stable stage of
continental sedimentation

(2) The source rocks with type II2 kerogen have abun-
dant algae and dinosteranes and low Pr/Ph ratios
owing to the connection with the Palaeo-Tethys
Ocean in the stable and fluctuating stages of tran-
sitional sedimentation and fluctuating stage of con-
tinental sedimentation. The presence of these
materials is closely related to the inputs of marine
materials. However, the water was not connected
with the Palaeo-Tethys Ocean in the stable stage
of continental sedimentation, leading to no algae
in the source rocks with type III kerogen

(3) The Xujiahe source rocks are high-quality coal-
bearing source rocks in the stable stage of transitional
sedimentation and fluctuating stage of continental
sedimentation with high total organic carbon and
maturity and good parent material. The abundant
marine organic matter increased the Xujiahe organic
matter content. The strong terrestrial inputs and high
sedimentation rate simultaneously increased the
organic matter deposition and reduced the oxidative
decomposition of organic matter, which was beneficial
to the organic matter preservation
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