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Abstract: Lake-phase organic-rich shales are widely devel-
oped in the fifth member (Xu5 Member) of the Triassic
Xujiahe Formation in the Sichuan Basin. However, due to
the lack of understanding of the paleoclimate and paleoen-
vironment, the mechanism of organic matter enrichment
in the Xu5 Member shale is controversial. To address these
issues, this study takes the X5 Member in the Tianfu area as
a case study. By analyzing its paleoenvironmental charac-
teristics and correlating with organic matter development,
we elucidate the influence of paleoenvironmental condi-
tions on organic matter enrichment patterns in X5 shale.
The results show that: (1) the shale of the Xu5 Member has
high total organic carbon content and the organic matter type is
dominated by type III, which has good potential for anger. (2)
Chemical index of alteration (CIA)-weathering index of Parker
(WIP) cross-plots indicate first-cycle deposition of the Xu5
Member shales with significant terrigenous input. La/Th, Hf,
and Al,04TiO, ratios collectively suggest relatively slow sedi-
mentation rates. Provenance analysis reveals dominant felsic
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igneous sources with minor mafic contributions. C-values and
Sr/Cu ratios consistently indicate semi-humid to humid paleocli-
matic conditions during deposition. Sr/Ba (<0.5) and Al,05/MgO
(>7) ratios constrain paleosalinity to freshwater-brackish
conditions. Redox proxies (Ni/Co, U/Th, V/Cr, Ugp, Mogp) uni-
formly demonstrate oxygenated bottom-water conditions.
Productivity indicators (P/Ti, Cu/Ti, Bay,,) reveal elevated paleo-
productivity in early Xu5® to Xu5?, with lower values in over-
lying intervals. (3) The organic matter enrichment of the shale
in the Xu5 Member is mainly affected by the redox conditions
of the bottom water, paleoproductivity, and paleosalinity, and
the more reducing the bottom water is, the higher the paleo-
productivity and the higher the paleosalinity are, the more
favorable the organic matter enrichment is. In addition, in
the sub-member of Xu5' and Xu5% paleoclimate, land-source
input, and sedimentation rate are also secondary factors
affecting the degree of organic matter enrichment.

Keywords: Sichuan Basin, terrestrial shale, paleoclimate,
paleoproductivity, paleoredox conditions, organic matter
enrichment

1 Introduction

As one of the unconventional oil and gas reservoirs, the
terrestrial organic-rich shale is distributed in major basins
around the world and has been proven to have rich oil and
gas resources and exploration potential [1-4], including the
Triassic Yanchang Formation in the Ordos Basin [5,6], the
Permian Lucaogou Formation in the Santanghu Basin [7,8],
the Triassic Xujiahe Formation in the Sichuan Basin, and the
Jurassic Dongyuemiao Formation [9-12]. At the same time,
shale, as one of the main types of fine-grained sedimentary
rocks, contains a complete sedimentary record of the
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geological period. Because of its overall compactness, it is not
easy to receive external fluid interference. Some elements in
shale can completely inherit the characteristics of the source
rock. Therefore, it is of great significance to analyze the
palecenvironmental conditions of the sedimentary period
and its influence on the enrichment of organic matter
[13-16]. Due to the frequent changes of climatic conditions,
terrigenous input and water properties in the continental
sedimentary environment, the paleoenvironmental condi-
tions, rock types, and organic matter enrichment degree in
the continental shale sedimentary period have strong hetero-
geneity in the vertical direction, and the influencing factors of
organic matter enrichment are more complex, which brings
great challenges to the efficient exploration and development
of oil and gas resources [17-20].

Extensive research has been conducted on shale paleoen-
vironment reconstruction, encompassing key parameters such
as paleoclimate, paleosalinity, paleobathymetry, bottom-water
redox conditions, paleoproductivity, terrigenous detrital input,
and sedimentation rate. These studies have yielded substantial
findings and established numerous robust evaluation proxies
[21-23]. The influence of paleoenvironmental conditions on
organic matter enrichment in shale, particularly continental
shale, remains a subject of ongoing debate. One school of
thought attributes organic matter (OM) enrichment primarily
to individual controlling factors, notably paleoproductivity and
bottom-water redox conditions. Conversely, another perspec-
tive maintains that OM accumulation results from the interplay
of multiple factors, with their relative contributions varying
across different depositional stages [24-28]. Furthermore, var-
iations in shale provenance, sedimentary setting, and regional
tectonic features contribute to differential paleoenvironmental
controls on OM enrichment. Consequently, an integrated
assessment incorporating multiple paleoenvironmental para-
meters is essential for comprehensively evaluating their collec-
tive impact on shale OM accumulation [29-31].

However, rapid paleo-water condition fluctuations during
deposition — driven by sedimentary environment dynamics —
led to frequent shale-siltstone interbedding. This heterogeneity
resulted in spatially variable organic matter enrichment across
sub-members, whose governing mechanisms remain poorly
constrained [32]. Understanding the key controls on organic
matter enrichment is critical for optimizing the exploration
and development of continental shale gas reservoirs. In this
paper, the fifth member of the Xujiahe Formation in the Tianfu
area of the central Sichuan Basin is taken as the research
object. Based on the intensive coring data of the fifth member
of Xujiahe Formation in Well YQ1, the major elements, trace
elements, rare earth elements, and organic geochemical ana-
lysis of the fifth member of Xujiahe Formation shale are car-
ried out. The organic matter content of the fifth member of
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Xujiahe Formation shale and the characteristics of paleocli-
mate, paleoweathering conditions, paleosalinity, paleoredox
conditions, and paleoproductivity during the sedimentary
period are clarified, and the main controlling factors of organic
matter enrichment in each sub-member are discussed in order
to provide reference for the accumulation mechanism of shale
gas in Xujiahe Formation of Sichuan Basin.

2 Geological overview

The Sichuan Basin is located in the southwest of China. It is a
first-order tectonic unit of the Yangtze stable platform. The
north is the Micangshan and Dabashan fold belt, the north-
west is the Longmenshan fold belt, the south is the Emeishan-
Washan fold belt and Laoshan fold belt, and the east is the
Sichuan-Hunan fold belt (Figure 1a) [33-35]. The Sichuan
Basin mainly developed marine sedimentary strata in the
Early Triassic and before. Under the influence of the Indo-
Chinese movement in the Middle Triassic, the basin as a
whole uplifted, and the seawater gradually withdrew from
the basin, gradually changing from marine deposits to con-
tinental deposits. During the sedimentary period of the
Xujiahe Formation, the river-delta-lake sedimentary system
was widely developed in the basin, forming a set of clastic
rock deposits of sand-mudstone interbeds. Since the late
Triassic, the Sichuan Basin has been affected by the multi-
directional compression of the periphery, ending the evolu-
tion stage of the passive continental margin and forming a
series of foreland basins and paleo-uplift slopes [36,37].

The Tianfu area is located in the western part of the
low fold belt in central Sichuan and the slope belt in the
eastern part of the western Sichuan depression. Under
the influence of the foreland basin, the formation of the
Xujiahe Formation is gradually thinning from west to east,
which is divided into six members. Among them, the first,
third, and fifth members of Xujiahe Formation are mainly
lake and swamp facies sedimentary environment. The
lithology is mainly gray black shale and silty mudstone,
with a small amount of thin coal line and siltstone, which is
the main source rock of the Xujiahe Formation [38,39]. The
second, fourth, and sixth members of the Xujiahe Formation
are mainly delta facies deposits. The lithology is mainly thick
gray-white sandstone, with a small amount of gray-black
mudstone, which is the main reservoir member of the
Xujiahe Formation [33,40,41]. The target layer of this study
is the fifth member of the Xujiahe Formation. The overall
thickness is large and can be divided into four sub-members.
The thickness of each sub-member is between 54 and 119, and
the formation thickness is relatively close.
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Figure 1: The structural position of the study area and the histogram of the fifth member of the Xujiahe Formation. (a) Structural location of the study
area and (b) columnar diagram of the fifth member of Xujiahe Formation in the study area.

3 Sample information and
experimental methods

3.1 Sample information

The samples of this study are from the YQI well, and the
sampling depth is between 3,048 and 3576 m. A total of 67
samples were taken, including 18 in the fifth member, 16 in
the second member, 15 in the third member, and 18 in the
fourth member. These samples are mainly gray-black and
black shale and contain a small amount of silty mudstone.
All samples were measured for total organic carbon (TOC)
content and wholerock elements. Thirty-five samples were
selected for rock pyrolysis analysis and whole rock and clay
X-ray diffraction (XRD) analysis.

3.2 Experimental method
3.2.1 TOC

Before TOC determination, the sample needs to be ground
into powder with a diameter greater than 200 mesh, and
12.5% hydrochloric acid solution is used to fully react with
the sample to achieve the purpose of eliminating carbonate
minerals in the sample. Then the sample powder is dried,

and the dried sample is placed in an oven at 1,350°C for
combustion, and the organic carbon content is determined
by the CO, generated by the infrared detector [23,24].

3.2.2 Whole-rock element determination

The content of major elements in the samples was mea-
sured by X-ray fluorescence (XRF) spectrometry. First, the
sample was made into a powder with a diameter of less
than 200 mesh and dried for 12 h. Then the dried sample
powder was heated at 1,000°C for 2 h. After the sample was
cooled to 400°C, the weight loss of the sample was weighed
and recorded. Finally, the sample was mixed with lithium
tateborate (Li,B40,) and melted into glass beads for XRF
elemental analysis. For the analysis of trace elements and
rare earth elements (REEs), powder samples were also
used. First, the sample powder was treated with a high-
pressure polytetrafluoroethylene bomb in HF and HNO;
solutions, and the sample was heated to 150°C and dried
for 12 h, followed by inductively coupled plasma mass spec-
trometry (ICP-MS) [26-28].

3.2.3 Rock pyrolysis analysis

The sample pretreatment method of rock pyrolysis ana-
lysis is consistent with the TOC determination. The
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OGE-VI hydrocarbon evaluation workstation instrument is
used to pyrolyze the rock, and then the flame ionization
detector and the thermal conductivity detector are used to
detect the H2 and CO, gases released by the organic matter
after heating. The measured parameters include free
hydrocarbon content (S1), pyrolysis hydrocarbon content
(S2), S2 maximum temperature peak (Tpax), and hydrogen
index (HI) [43,44].

3.2.4 XRD

In the XRD experiment, the powder sample with a dia-
meter of less than 200 mesh was used for determination.
First, the sample was heated to 150°C for drying for 12 h,
and then, the content of various minerals in the sample
was analyzed by “D8A” X-ray diffractometer [20,21].

3.3 Index calculation method

The paleoclimate and paleoweathering conditions are
characterized by paleoclimate index C, chemical alteration
index CIA, component variation index ICV, and weathering
index WIP [42-45]. The specific calculation formulas are as
follows:

C-value =) (Fe+Mn + Cr+Ni+V

@
+Co)/Y (Ca + Mg+ Sr + Ba + K + Na),
CIA = [ALO;/(AL,05 + CaO* + Na; O + K,0)] x 100%, (2)

ICV = (Fe,03 + K; O+ Na, O+ CaO+* + MgO + MnO
+ TiOZ)/Alzog,

©)

WIP = (Ca0+/0.7 + 2Nay0/0.35 + 2K;0/0.25 + Mg0/0.9)
x 100%.

()]

All the oxides are molar mass, and CaO* is the molar
content of CaO in silicate. The CaO in apatite is corrected by
P205 data (CaO’ = Ca0-10/3 x P,0s5), and then, the molar
number of Ca0’ and Na,O is compared. The value of
CaO* is the smaller value between CaO’ and Na,O.

The enrichment factor XEF is usually used to indicate
the degree of enrichment of elements and can be used to
eliminate the influence of terrestrial debris. It can be cal-
culated using the following formula:

XEF = (X/Al)sample/(X/Al)UCC. (5)
In the formula, X is the concentration of elements and

the upper continental crust (UCC) standard is selected from
Wedepohl [46].
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The biological Ba (Bay,) is usually used to determine
the paleoproductivity of the sedimentary period [47], and
its calculation formula is

Babio = Basample = Alsample X (Ba/Al)paas- 6

4 Results

4.1 Petrological characteristics

According to the mineral content obtained by XRD, the
lithology classification triangle is drawn. The results
show that the shale in the fifth member of Xujiahe
Formation is mainly clay shale and felsic shale, containing
a small amount of mixed shale (Figure 2a). The content of
clay minerals and quartz is high. The content of clay
minerals is between 20.3 and 73.7%, with an average of
46.1%. The content of quartz is between 18.9 and 62.9%,
with an average of 40.1%. The content of feldspar is
between 0 and 11.2%, with an average of 5.7%. The content
of carbonate minerals is relatively small, with an average
of 3.6%. The content of carbonate minerals in individual
samples is relatively high. Up to 25.2%. A small amount of
siderite is also developed in the shale of the fifth member
of the Xujiahe Formation, and its content is between 0 and
6.4%, with an average value of 0.8 (Figure 2b).

4.2 Geochemical characteristics of elements
4.2.1 Major elements

The major elements in the shale of the fifth member of
Xujiahe Formation are mainly SiO,, Al,0s, and Fe,0s,
with an average content of 52.95, 13.64, and 5.92%, respec-
tively, and the remaining oxides are less. The normalized
distribution of major elements in each sub-member of the
fifth member of the Xujiahe Formation using UCC is shown
in Figure 3b. Compared with UCC, most of the major ele-
ments in each sub-member of the fifth member of the
Xujiahe Formation are relatively enriched, among which
P,0s is highly enriched, and the enrichment degree is the
highest in the third sub-member of the fifth member of the
Xujiahe Formation, which may be related to the higher
paleoproductivity during this period. The content of Na,O
in each sub-member is significantly lower than that of UCC,
indicating that the content of plagioclase in the parent rock
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Figure 2: Shale lithology classification triangle (a) and mineral content distribution of some samples (b).

is low and the source may come from acidic magmatic
rocks. The content of CaO is generally low, showing a
weak negative anomaly compared with UCC, which is
related to the low content of carbonate minerals in the
shale of the fifth member of the Xujiahe Formation. There
are some differences in the enrichment degree of the Mn
element in each sub-member. The overall performance is
that the content of the Mn element gradually increases
from Xu5' to Xu5® sub-member, and gradually decreases
to Xu5* sub-member.
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4.2.2 Trace elements

Figure 4c presents the UCC-normalized trace element
distribution patterns. The sub-members exhibit consistent
distribution trends with minor amplitude variations in
localized intervals, suggesting relatively stable provenance
conditions during deposition of the Xu5 Member. Most ele-
ments (e.g., Be, V, Rb, Ba) cluster around the UCC reference
line (value = 1). Distinct geochemical fractionation is
observed: Li, Cd, Sh, Pb, and Bi display significant
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Figure 3: TOC and element distribution characteristics of each sub-member of the fifth member of the Xujiahe Formation. (a) TOC distribution box
diagram; (b) UCC standardized distribution map of major elements; (c) UCC standardized trace element distribution map; and (d) crystal normalized
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Figure 4: Organic geochemical characteristics of the fifth member of the Xujiahe Formation shale. (a) TOC - S1 + S2 crossplot and (b) HI - Trax.

enrichment relative to UCC, whereas Zr, Sr, and Hf show
marked depletion (Figure 3c).

4.2.3 REEs

Figure 3c displays chondrite-normalized REE distribution
patterns. Shale samples from all sub-members of the
Xujiahe Formation Member 5 exhibit consistent REE signa-
tures: (1) light REE (LREE) enrichment, (2) flat heavy REE
(HREE) patterns, and (3) weak negative Eu anomalies.
These characteristics show remarkable similarity to both
UCC and North American Shale Composite (NASC) patterns
[48,49]. There are slight differences in the distribution pat-
terns of REEs between the sub-members. These differences
may reflect that the provenance and sedimentary process
of each sub-member have changed to a certain extent, such
as sedimentary water conditions, rock weathering degree,
or sediment recycling.

4.3 Organic geochemical characteristics

Through the TOC measurement of the shale samples in the
fifth member of the Xujiahe Formation, the results show
that the overall TOC content of the shale in the fifth
member of the Xujiahe Formation is high, but the content
of TOC in each sub-member is different (Figure 3a). The
TOC content of the third sub-member of the Xujiahe For-
mation is the highest, mainly distributed in 1.09-8.63%,
with an average of 3.71%. The TOC content of the remaining
three sub-members is relatively close, which is lower than
that of the Xu5® sub-member. The TOC of the Xu5* sub-
member is mainly between 0.23 and 3.34%, with an average
of 1.92%. The TOC of the Xu5* sub-member is mainly
between 0.75 and 4.18%, with an average of 2.01%. The

TOC of the Xu5' sub-member is mainly distributed in 0.68
and 5.13%, with an average of 2.01%. The TOC content of
individual samples in these three sub-members is high,
which can exceed 8% (Figure 3a), which is related to the
carbonized plant debris in the sample. According to the
discriminant chart of TOC and free hydrocarbon (S1) +
pyrolysis hydrocarbon (S2) (Figure 4a), the results show
that the organic matter content of the shale is high, and
most of the samples have good-very good hydrocarbon
generation potential; only a small number of samples
have general hydrocarbon generation potential. The rock
pyrolysis parameters show that the HI of the shale in the
study area is between 0.38 and 198 mg/g TOC, and the
maximum temperature peak (Tpay) of S2 is between 453
and 521°C, with an average value of 480°C. According to the
HI-Ty.x discriminant chart, the organic matter type of the
shale in the fifth member of the Xujiahe Formation is
mainly type III (Figure 4b), which is consistent with the
previous research on the coal-bearing source rocks of the
Xujiahe Formation.

5 Discussion

5.1 Paleoclimate

The C-value is a common indicator for judging the paleo-
climate during the sedimentary period. The current
research generally believes that Fe, Mn, Cr, Ni, V, and Co
are easily enriched under wet conditions, while Ca, Mg, Sr,
Ba, K, and Na are enriched under dry conditions.
Therefore, C-value of 0.8 is a humid climate. The Sr/Cu ratio
serves as a robust paleoclimate proxy for the depositional
period. Under humid conditions, Cu exhibits higher enrich-
ment affinity, whereas Sr preferentially accumulates
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during arid phases. Consequently, elevated Sr/Cu ratios
indicate drier paleoclimatic conditions. Usually, when the
ratio of Sr/Cu is between 1 and 10, it represents a warm and
humid climate, and when the ratio is greater than 10, it
represents a dry and hot climate [50,51]. It can be seen from
the cross plot of C-value and Sr/Cu (Figure 5a) that the C-
value of the shale in the fifth member of Xujiahe Formation
is generally greater than 0.4, and the Sr/Cu ratio of most
samples is between 1 and 10, only a few samples are
greater than 10, indicating that the paleoclimate of the fifth

Continental shale and its significance to organic matter enrichment
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member of Xujiahe Formation is generally under relatively
humid conditions. These findings align with previous stu-
dies of Member 5 of the Xujiahe Formation across the
Sichuan Basin, reinforcing the regional consistency of
freshwater-brackish depositional environments during
this period [9]. At the same time, the C-value gradually
decreases and the Sr/Cu ratio gradually increases from
Xu5' to Xu5*, indicating that the drought degree of the
paleoclimate during the deposition period of Xu5 gradually
increases (Figure 7).
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5.2 Paleo-weathering conditions and
sedimentary recycling

The CIA is a key geochemical proxy for rock weathering
intensity. Elevated CIA values (85-100) indicate intense
chemical weathering under warm/humid climates with
high precipitation, while values of 65-85 and 50-65 reflect
moderate and weak weathering regimes, respectively
[52,53]. The CIA index in the shale of the fifth member of
the Xujiahe Formation is generally between 60 and 85,
indicating a weak-medium chemical weathering intensity,
and with the increase of C-value, the CIA value increases
slightly (Figure 6b), indicating that as the climate becomes
warm and humid, the degree of chemical weathering gra-
dually increases. The WIP provides enhanced sensitivity to
quartz dilution effects induced by sedimentary recycling
and hydraulic sorting, making it particularly effective for
evaluating weathering intensity in mature sediments [45].
The CIA-WIP intermember diagram shows that there is a
linear negative correlation between WIP and CIA (Figure
5¢), indicating that there is obvious quartz enrichment in
the samples of the fifth member of the Xujiahe Formation,
which is in the primary sedimentary stage as a whole, and
some samples are shifted to the direction of cyclic deposi-
tion, indicating the influence of sedimentary sorting on
quartz content. The compositional variation index ICV
can be used to determine the compositional maturity of
clastic rocks, the intensity of weathering, and re-deposi-
tion. When ICV > 1, the compositional maturity of the
sample is low, indicating that the content of unweathered
minerals in the rock is high and tends to be deposited for
the first time. The ICV-CIA intermember diagram shows
that the ICV values of the samples in the Xu5* sub-member
are generally greater than 1, which is the first deposition.
The ICV values of most samples in the remaining sub-mem-
bers are greater than 1, and the ICV values of a small
number of samples are less than 1, indicating that they
may be affected by weak recycling. Consistent with the
findings of Deng et al. [9], the comparable CIA, WIP, and
ICV values between this study and adjacent areas suggest
uniformly weak-to-moderate weathering intensities for the
Xu5 Member across the Sichuan Basin. These geochemical
signatures support its interpretation as primarily first-
cycle deposits.

The Al,03 - (CaO* + Na;0) - K;0 (A-CN-K) and Al,05 -
(Ca0* + Na,0 + Ky0) - (Fe,03 + Mg0) (A-CNK-FM) triangle
diagrams can also be used to analyze the weathering inten-
sity of rocks. In the A-CN-K triangle diagram (Figure 5e), the
predicted chemical weathering trend is parallel to the A-CN
change and approximately parallel to the trend of sample
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distribution, indicating that the metasomatism of potas-
sium has no obvious effect on the sample. The intermediate
weathering stage is marked by illite. The sample plots
between the UCC and illite compositional endmembers,
suggesting an intermediate weathering stage characteristic
of illite formation. The A-CNK-FM ternary diagram (Figure
5f) shows sample compositions plotting between the plagi-
oclase-FM join and the chlorite-illite trend line, further
confirming moderate chemical weathering in the Xujiahe
Formation Member 5 shales. Integrated analysis suggests
these shales represent primarily first-cycle deposits with
minor recycled components. There is no significant change
in the CIA index from the first sub-member of the fifth
member to the fourth sub-member of the fifth member.
The weathering is generally moderate chemical weath-
ering. The ICV index shows a high value in the early stage
of the second sub-member of the fifth member and the
sedimentary period of the fifth member of the fifth
member, and the composition maturity of the rock is
high (Figure 6).

5.3 Paleosalinity

The salinity of the water during the deposition period has
an important influence on the formation of source rocks
and the preservation of organic matter. Previous studies
have shown that the Sr/Ba ratio has a good effect on the
reconstruction of the paleosalinity of the sedimentary
water, and the Sr/Ba ratio 1 represents the saline water
environment. The content and variation of Mg and Al ele-
ments are also one of the reliable indicators to indicate the
paleosalinity of sedimentary water. The ratio of Al,05/MgO
greater than 7 indicates the freshwater environment, and
the ratio of Al,05/MgO less than 7 indicates the saline water
environment [54,55]. The Sr/Ba and C-value crossplot
(Figure 7a) reveals Sr/Ba ratios predominantly <1, sug-
gesting freshwater to brackish conditions in the Xu5
Member. While paleoclimate typically influences salinity
through evaporative concentration in arid settings, the
lack of correlation and scattered distribution of elevated
Sr/Ba ratios across climate regimes indicate paleoclimate
exerted secondary control on paleosalinity relative to
other factors. The crossplot of Al,03 content and MgO con-
tent (Figure 7b) shows that the Al,03/MgO ratio of the Xu5
samples is generally greater than 7, which also indicates
that the water body salinity is low during the sedimentary
period, which is a freshwater environment. Consistent
with previous studies, the diagnostic geochemical
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Figure 6: Vertical variation of TOC and paleoenvironmental indicators in the fifth member of Xujiahe Formation in Well YQ1.

signatures (Sr/Ba < 0.5 and Al,05/MgO > 7) observed in this
study confirm a low-salinity freshwater depositional environ-
ment for the Xujiahe Formation (Figure 7a) [9]. These ratios
collectively reflect minimal marine influence and predomi-
nant terrestrial freshwater conditions during sedimentation.
On the whole, the Sr/Ba ratio is generally distributed between
0 and 0.5 or close to 0.5, the Al,03/MgO ratio is generally high,
and the paleosalinity of the water body is reduced. The Sr/Ba
increased significantly and the Al,03/MgO ratio decreased in
the sub-members from Xu5*, which represented the gradual
increase of salinity and the gradual transition from fresh
water to brackish water (Figure 6).

5.4 Paleo-redox conditions

Paleo-redox conditions of the water column during deposi-
tion exerted fundamental control on organic matter pre-
servation in sediments. Redox-sensitive trace elements
(Mo, V, U) exhibit valence-state-dependent mobility,
making them particularly sensitive proxies for recon-
structing water redox conditions. Ni element mainly exists
in the form of soluble Ni* * ion in the oxidation environ-
ment, while it is insoluble in water under the reduction
condition. Therefore, it can usually be distinguished by Ni/
Co ratio, U/Th ratio, V/Cr ratio and enrichment factor (EF)
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of U and Mo [56,57]. According to previous studies, Ni/Co
ratio < 5, U/Th ratio < 0.75, V/Cr ratio < 2 represent oxygen-
rich environment, Ni/Co ratio between 5 and 7, U/Th ratio
between 0.75 and 1.25, V/Cr ratio between 2 and 4.5 repre-
sent hypoxic environment, Ni/Co ratio > 7, U/Th ratio > 1.25,
V/Cr ratio > 4.5 represent hypoxic environment, the higher
the enrichment degree of U and Mo, the lower the oxygen
content in the water [58,59]. The statistical results show
that the Ni/Co ratio of the samples in the fifth member of
Xujiahe Formation is generally less than 5, the maximum

value is 3.23 (Figure 8a), the U/Th ratio is less than 0.75, the
maximum value is 0.35 (Figure 8b), and the V/Cr ratio is less
than 2, the maximum value is 1.40 (Figure 8c), indicating
that the water body during the deposition period of the
fifth member of Xujiahe Formation was in an oxygen-
rich environment. There was no significant difference in
the ratios of various types of samples in each sub-member,
and the oxidation-reduction conditions of the bottom
water were basically the same. The intermember diagram
of Mogr and Mogr shows that Mogr is mainly distributed in
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0.42-2.86, with an average value of 1.26, and Ugy is mainly
distributed in 0.41-1.54, with an average value of 0.79. The
overall performance is characterized by relative loss,
which also indicates that the oxygen content of the water
body during the deposition period is high and the reduc-
tion of the bottom water is poor. The Ni/Co and U/Th ratios
exhibit comparable ranges to previous studies, while the
slightly elevated V/Cr values remain within the oxidative
threshold, collectively supporting our interpretation of
oxic depositional conditions (Figure 8) [9]. On the whole,
the bottom water in the sedimentary period of the fifth
member of the Xujiahe Formation is under the condition
of oxygen enrichment. From the end of the fifth member of
Xujiahe Formation to the early stage of the fifth member of
Xujiahe Formation, there is a short-term increase in U/Th
ratio and UEF, and the reducibility of bottom water is
enhanced, and then the overall oxygen-enriched environ-
ment is changed (Figure 6).

5.5 Paleoproductivity

Paleoproductivity serves as a fundamental parameter for
assessing ancient lacustrine systems, exerting significant
control on organic matter formation and accumulation.
Among various geochemical proxies, P/Ti and Cu/Ti ratios

have proven particularly reliable for paleoproductivity
reconstruction. Phosphorus (P), as a key biolimiting nutrient,
directly reflects biological productivity through its sedimen-
tary abundance. Copper (Cu) predominantly associates with
organic matter through organometallic complexation,
making its content an effective tracer of organic matter
flux. At the same time, biological Ba (Bay;,) usually settles
near the interface of water and sediment with organic matter,
resulting in local Ba enrichment. Therefore, Babio is also
considered as one of the indicators for judging paleoproduc-
tivity and is widely used in the discrimination of lake or
marine sediments [43,60-62].The crossplot of P/Ti and Cu/Ti
(Figure 9a) shows that the two ratios of the samples in the
fifth member of the Xujiahe Formation have the same change
trend. The P/Ti ratio is between 0.25 and 0.53, with an average
value of 0.16, and the Cu/Ti ratio is between 0.003 and 0.014,
with an average value of 0.005, indicating that the shale in the
fifth member of the Xujiahe Formation has medium paleo-
productivity. The Babio distribution map (Figure 9b) shows
that the paleoproductivity level of each sub-member is basi-
cally consistent with the TOC distribution characteristics.
Among them, the Babio content of the Xu5® sub-member is
the highest, with an average value of 711.4, and the paleopro-
ductivity is higher. The Babio content of the remaining sub-
members is relatively close, and the paleoproductivity level is
lower than that of the Xu5® sub-member. Regional
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comparison reveals the study area’s paleoproductivity is
moderately lower than adjacent Xu5*, Xu5, and Xu5' sub-
members, with Xu5® exhibiting the highest productivity
levels. This spatial variability likely reflects differences in
nutrient supply and water column conditions across the
paleo-lake. On the whole, Cu/Ti, P/Ti and Babio gradually
increased from the middle to the early stage of Xu5* sub-
member, representing the gradual increase of paleopro-
ductivity. The paleoproductivity level was low from the
middle stage of Xu5* sub-member to the middle stage of
the Xu5® sub-member, and reached the highest level at the
end of the Xu5* sub-member. The TOC content of shale
was also high during this period, and the paleoproduc-
tivity of the Xu5* sub-member returned to a lower level
(Figure 6).

5.6 Terrestrial debris input and provenance

Terrigenous detrital input intensity and provenance con-
stitute fundamental attributes of fine-grained sedimentary
rocks that can be effectively quantified through geochem-
ical proxies. The terrigenous input flux is typically charac-
terized using Ti and Al concentrations, where elevated Al
content indicates enhanced terrigenous contribution,
while increased Ti/Al ratios suggest comparatively higher
sedimentation rates.[51,63]. The Ti/Al versus Ti bivariate
plot (Figure 10a) reveals that samples from the Xujiahe
Formation Member 5 exhibit Ti concentrations predomi-
nantly ranging from 0.4 to 0.8%, indicative of significant
terrigenous detrital input. The strong positive correlation
between these parameters demonstrates terrigenous con-
trol on sedimentation rates throughout Member 5 deposi-
tion. Notably, both sedimentation rates and terrigenous
input intensity show progressive upward increases within
the member, as evidenced by systematic trends in Ti/Al
ratios and absolute Ti contents.

The chemical properties of Al,0; and TiO, tend to be
inert, and their solubility is usually low in low-temperature
liquids. The ratio of Al,03 to TiO, in sediments is usually
similar to that in parent rocks, so they can be used for
provenance analysis of sediments. According to previous
studies [64], the Al,05/TiO, ratio between 21 and 70 repre-
sents the felsic source, the ratio between 8 and 21 repre-
sents the medium source, and the ratio between 3 and 8
represents the mafic source. The intermember diagram of
Al,O3 and TiO, (Figure 10b) shows that the Al,05/TiO, ratio
is between 8 and 70, indicating that the parent rock of the
fifth member of the Xujiahe Formation shale comes from
felsic source rock and medium source rock. Th and Sc
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exhibit minimal geochemical mobility during sedimentary
processes, being exclusively transported via terrigenous
detrital input, thus serving as reliable provenance indica-
tors. Systematic increases in Th/Sc and Zr/Sc ratios are
observed in fine-grained sedimentary rocks transitioning
from mafic to felsic source terrains. The Th/Sc-Zr/Sc dis-
crimination diagram (Figure 10c) reveals elevated ratio
values for the Xu Member shales, demonstrating deriva-
tion from felsic igneous provenances without significant
sedimentary recycling. These findings show excellent con-
sistency with provenance interpretations based on Al,0s/
TiO, systematics.

REE fractionation patterns serve as effective proxies
for both sedimentary residence time and depositional
rates. Under high sedimentation rate conditions, limited
aqueous residence time results in (1) reduced LREE/HREE
fractionation and (2) concurrent deposition of both ele-
ment groups. Conversely, low sedimentation rates promote
extended suspension durations that enhance LREE-HREE
fractionation through differential scavenging processes
[65]. At present, the NASC normalized La/Th ratio is gen-
erally considered to be a reliable indicator for evaluating
the deposition rate of geological periods. The closer the
ratio is to 1, the faster the deposition rate is, and the slower
the deposition rate will make the ratio away from 1 [66,67].
The statistical results show that the La/Th ratio of the shale
samples in the fifth member of the Xujiahe Formation is
between 2.64 and 4.92, reflecting the slow deposition rate.
The La/Th-Hf crossplot (Figure 10d) shows that the samples
of the fifth member of the Xujiahe Formation shale fall in
the felsic source rock area and the felsic/mafic source rock
mixed area, which is basically consistent with the Al,04/
TiO, ratio discrimination method and the Th/Sc-Zr/Sc
crossplot discrimination chart. In summary, the source of
the fifth member of the Xujiahe Formation shale is mainly
from the felsic igneous rock and the felsic/basic source
rock mixed source rock, and there is no significant change
in the Al,05/TiO, ratio and La/Th ratio from the first sub-
member to the fourth sub-member of the Xujiahe Forma-
tion, indicating that the source of each sub-member is basi-
cally the same, and the overall deposition rate is relatively
slow (Figure 6). While depositional rates align with pre-
vious studies, significant provenance differences exist
(Figure 10d). Deng et al. [9] western Sichuan study area
received predominantly felsic detritus from proximal wes-
tern sources, whereas our central-western Sichuan slope
location shows mixed felsic/mafic signatures due to: (1)
longer transport distances allowing greater sediment
mixing and (2) contributions from eastern basic prove-
nances. This spatial variation in source rock composition
reflects the basin’s complex tectonic framework [9].
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5.7 Main controlling factors of organic
matter enrichment

The enrichment of organic matter in continental shale is
usually affected by paleoenvironmental characteristics such
as paleoclimate, paleosalinity, and paleoproductivity. The
organic matter content of each sub-member of the fifth
member of the Xujiahe Formation in the study area and
the evolution of the paleoenvironment during the sedimen-
tary period were analyzed. On this basis, the main controlling
factors of shale organic matter enrichment in each sub-
member were explored by correlation analysis (Figure 11).
The analysis results show that the C-value and CIA value
are positively correlated with the TOC content (Figure 1la
and b), indicating that the humid paleoclimate environment
is more conducive to the enrichment of organic matter. The
larger the C-value and CIA value are, the more humid the
paleoclimate during the sedimentary period is, and the higher
the organic matter content in the shale is.

The correlation coefficient R* of the Xu5' sub-member and

the Xu5* sub-member is significantly higher than that of the
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other two sub-members, indicating that the paleoclimate during
the sedimentary period of the Xu5' sub-member and the Xus5*
sub-member has a stronger control effect on the enrichment of
organic matter. The effect of paleosalinity on TOC was analyzed
by the Sr/Ba ratio. As shown in Figure 1ic, the Sr/Ba ratio is
negatively correlated with TOC content as a whole, indicating
that the environment with high salinity is more conducive to
the enrichment of organic matter. When the salinity of the
water body is high, it is easy to form salinity stratification,
the convection of the water body is limited, and it is easy to
form a reducing environment at the bottom of the water body,
which is conducive to the enrichment of organic matter.

5.8 Effect of redox condition of bottom
water on the enrichment of organic
matter

The UEF and U/Th ratios were selected for analysis. The
results showed that both of these two indicators were
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positively correlated with TOC content (Figure 11d and e),
indicating that redox conditions had a significant effect on
the enrichment of organic matter. The stronger the reduc-
tion of bottom water, the more conducive to the preserva-
tion of organic matter. The Cu/Ti ratio and Babio content
were selected for the analysis of paleoproductivity indica-
tors. The results showed that the Cu/Ti ratio and Babio
content were positively correlated with TOC in the Xu5?
to Xu5* sub-members, indicating that higher paleoproduc-
tivity can promote the enrichment of organic matter, and
high paleobiological productivity will also lead to an
increase in the amount of oxygen consumed by organisms,
resulting in an increase in the reducibility of bottom water,
which is more conducive to the preservation of organic
matter. However, the correlation between paleoproduc-
tivity index and TOC in the first sub-member of Xujiahe
Formation is poor, which may be due to the overall low
level of paleoproductivity during this sedimentary period,
which has little effect on the enrichment of organic matter.
The effects of terrigenous debris input and deposition rate
on the enrichment of organic matter.

The TiO, content and Ti/Al ratio were analyzed. As
shown in Figure 11e and f, TiO, and Ti/Al ratio were posi-
tively correlated with TOC, and the correlation between the
Xu5' sub-member and the Xu5* sub-member was obvious
due to the other two sub-members, indicating that the ter-
rigenous input and deposition rate had a significant effect
on the enrichment of organic matter during the deposition
period of Xu5' to Xu5% With the increase of the intensity of
terrigenous debris input, more terrigenous nutrients
entered the lake basin and were well preserved at a faster
deposition rate, thus enriching organic matter. In sum-
mary, the enrichment degree of organic matter in Xus'
sub-member is mainly affected by paleoclimate, redox of
bottom water, terrigenous clastic input, and deposition
rate, and the enrichment degree of TOC is less affected
by paleosalinity and paleoproductivity. The influencing
factors of the enrichment degree of organic matter in the
second member of Xujiahe Formation are basically the
same as those in the first member of Xujiahe Formation,
and the paleosalinity and paleoproductivity also have a
good control effect on the enrichment degree of shale
organic matter during the deposition period of the second
member of Xujiahe Formation. The degree of organic
matter enrichment of shale in the sedimentary period of
Xu5%Xu5* is mainly controlled by the redox conditions of
bottom water, paleoproductivity, and paleosalinity, and
the paleoclimate, terrestrial input intensity, and deposition
rate have little effect on it.

Stratigraphically, the Xu5' to Xu5* sub-members were
deposited under more humid paleoclimatic conditions
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with higher precipitation, leading to stronger chemical
weathering and greater terrestrial input(Figure 7). The
increased flux of terrigenous detritus delivered more
nutrients to the lacustrine system, while deeper water con-
ditions and higher sedimentation rates promoted excellent
organic matter preservation, resulting in significant OM
enrichment. In the Xu5® to Xu5* interval, OM enrichment
was primarily governed by bottom-water redox conditions,
paleoproductivity, and paleosalinity. Upward-increasing
C-values through Xu5® indicate progressively more humid
conditions, decreasing salinity, and enhanced productivity,
collectively driving TOC enrichment. During Xu5* deposi-
tion, increased aridity and evaporation elevated paleosali-
nity, creating favorable conditions for bottom-water OM
preservation. However, the overall regressive trend from
Xu5® to Xu5* led to reduced paleoproductivity and more
oxic conditions, ultimately resulting in lower TOC contents
in the Xu5* sub-member.

6 Conclusion

The shale of the fifth member of Xujiahe Formation in the
Tianfu area predominantly comprises clay-rich and felsic
lithofacies, exhibiting elevated TOC contents (average
3.71%) dominated by Type II kerogen with substantial
hydrocarbon generation potential. Comparative analysis
reveals significant vertical heterogeneity in organic rich-
ness: Member 3 shows the highest TOC values (1.09-8.63%),
while Members 1, 2, and 4 display relatively lower organic
contents (average 2%).

The shales of the fifth member of the Xujiahe Formation
represent first-cycle deposits that underwent moderate che-
mical weathering, exhibiting high compositional maturity
and significant terrigenous input. Provenance analysis indi-
cates dominant felsic igneous sources with minor mafic con-
tributions, deposited under relatively low sedimentation
rates. Paleoenvironmental reconstruction reveals: (1) semi-
humid to humid conditions during Xu5 Member deposition,
with progressive aridification vertically through the strati-
graphic column; (2) predominantly freshwater to brackish
conditions; (3) generally oxic bottom waters with localized
intervals of reduced conditions; and (4) variable paleoproduc-
tivity, peaking during the late Xu5® and early Xu5* sub-
member intervals.

The Xujiahe Formation Member 5 exhibits distinct
stratigraphic variability in primary controls on organic
matter enrichment across its sub-members. In sub-
member Xu5', organic accumulation is principally gov-
erned by paleoclimatic conditions, bottom-water redox
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state, terrigenous detrital flux, and sedimentation rate.
Sub-members Xu5® and Xu5* demonstrate enrichment pat-
terns primarily controlled by bottom-water redox condi-
tions, paleoproductivity, and paleosalinity. Sub-member
Xu5* displays more complex controls, with primary regula-
tion by bottom-water redox, paleoproductivity, and paleo-
salinity, supplemented by secondary influences from
paleoclimate, terrigenous input, and sedimentation rate.
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