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The Anisian period of the Middle Triassic was a recovery period after the end
Permian mass extinction. During this period, a set of organic rich limestone
and shale were deposited in the Gypsum lagoon of the Leikoupo Formation
in the Sichuan Basin, gradually evolving into a self-generated and self-stored
reservoir. This oil and gas reservoir in the 2nd submember of 3rd member
of the Middle Triassic Leikoupo Formation (T,l3?) was excavated by the
CT1l well in the central Sichuan region during recent explorations. However,
the previously drilled limestone in Leikoupo Formation in the adjacent PY area
has low organic matter abundance and not been able to form a reservoir,
and this phenomenon has not been explained yet. To clarify the mechanism
of organic matter enrichment in high salinity environments of T,l5? in the
PY area, conducting comprehensive analysis using organic and inorganic
geochemical techniques. The argillaceous limestone of T2132 in the PY area
is mainly deposited on the edge of the gypsum-limy lagoon, with low TOC
values ranging from 0.11% to 0.34% and the kerogen of type I-ll;. The Ry
value ranges from 1.16 to 1.36, with an average of 1.24, indicating that the
source rock has reached a high maturity stage. Based on the combination
of biomarker compounds and elemental geochemical techniques, it has been
found that organic matter mainly comes from planktonic organisms in reducing
seawater, accompanied by a small amount of terrestrial organic matter, and
the selective enrichment of algae to the environment is also an important
factor contributing to differences in organic matter enrichment in local areas.
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Furthermore, it can be recognized that the low organic matter abundance in
argillaceous limestone in the PY area is controlled by multiple factors. Firstly, dry
climate is not conducive to organic matter enrichment. Secondly, the mismatch
between productivity conditions and organic matter preservation conditions
results in insufficient original organic matter abundance. The decoupling of
organic matter development and preservation conditions is the main cause
of organic matter depletion in the research subjects. Research on the trend
of marine producers towards favorable environments during this period can
provide a case study for the enrichment of organic matter in high salinity

environments.

Earth science, Middle Triassic, limestone reservoir, sedimentary environment, organic
geochemistry, organic matter enrichment

1 Introduction

After the extinction at the turn of the Permian and Triassic
periods, the recovery of the Earth’s marine ecology was relatively
slow (Bottjer et al, 2008). During the Middle Triassic, the
Leikoupo Formation in the Sichuan Basin was characterized by
the widespread development of carbonate platforms, resulting in
high salinity. In previous studies, scholars have primarily focused
on the development of multiple large-scale dolomite reservoirs
in the Leikoupo Formation of Middle Triassic in the Sichuan
Basin (Zeng et al., 2007; Wang et al., 2009; Ruan et al., 2022),
and the majority believe that the Leikoupo Formation does
not develop high-quality hydrocarbon source rocks (Wu et al.,
2020; Miao et al.,, 2022). However, in late 2020, in the Sichuan
Basin, Southwest China (Figure 1a), well CT1 for the first time
encountered a new type of unconventional reservoir in the 2nd
submember of 3rd submember of Lekoupo Formation of Middle
Triassic (T,l3%), a marine mixed shale reservoir. It is a kind of
reservoir with wide distribution, strong hydrocarbon generation
ability, large resources, no fault control, nanoscale porosity, micro-
fracture development, self-generated and self-storage. Previously,
many scholars have proposed that organic rich carbonate rocks
can also be authigenic unconventional reservoirs (Katz etal,
2008; Farouk et al., 2022; Farouk et al, 2023), and typically
have poor porosity and permeability (Farouk et al, 2024b).
The well CT1 of the mixed shale gas reservoir in Leikoupo
Formation has obtained industrial gas flow, and the condensate
produced has created the highest production record of marine
layer condensate in Sichuan Basin, and the exploration potential
is huge. This new breakthrough has aroused great concern among
researchers.

In recent years, researchers have determined that the mixed
shale of T,l;* in central Sichuan Basin is mainly composed
of three kinds of shale and part of argillaceous limestone
(Sun et al,2021; Huo et al, 2022; Zhang et al,2023), among
which the argillaceous limestone segment generally exhibits low
porosity and low permeability. This kind of mixed shale can
be used as source rock or high quality reservoir, and gypsum
rock is used as the “cap” However, due to the complex rock
fabric, variable mineral combinations, low level of understanding,
lack of research materials and other factors of Marine mixed
sedimentary shale, especially the first discovery of Marine mixed
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sedimentary shale in the Leikoupo Formation, Sichuan Basin,
there are still few research results on its deposition and formation
mechanism.

Prior to well CT, well PY3 in the PY area of central Sichuan
also encountered T,l;% which was located at the edge of the
Gypsum-limy lagoon facy during the sedimentation period of
T,1;% (Wanget al., 2023). As the water becomes shallower, it becomes
mainly composed of argillaceous limestone in T,l;* in PY area,
which is also mixed with thick layer of gypsum-salt rock, but the
abundance of organic matter in the rocks is low, and the industrial
oil flow is not generated. The reason for this phenomenon has not
been explained.

The key is that this difference directly leads to a lack of
reliable basis for predicting future desserts, increasing the risk of
predicting favorable areas. Therefore, it is necessary to clarify the
organic matter enrichment mechanism and differential genesis of
the limestone in order to provide reliable evidence for predicting
oil and gas sweet spots. On the other hand, the latest results
report on the muddy dolomite as source rock encountered during
drilling in a gypsum-salt rock of the lst member of Leikoupo
Formation in central Sichuan Basin, which also suggests that there
is a certain influence mechanism on the enrichment of organic
matter in high salinity environments (Li et al., 2025). Therefore, the
coupling relationship between sedimentary environmental factors
such as salinity, productivity, and redox conditions may have
a significant impact on explaining differences in hydrocarbon
generation capacity.

In order to explain the phenomenon of poor organic matter
in the argillaceous limestone of T,l;> near the edge of the
gypsum-limy lagoon, based on previous studies, this paper selected
the cores and debris of the limestone of Leikoupo Formation
in the PY3well in the central Sichuan Basin. TOC values
were used to reflect the degree of organic matter enrichment,
and biomarkers were used to characterize the degree of algae
development. The related factors controlling the development
of organic matter were determined by inorganic geochemistry.
Through the combination of inorganic and organic geochemistry,
this study aims to discuss the causes of organic matter enrichment
differences in T,l%, with emphasis on a method to study
organic matter enrichment differences in semi-restricted lagoon
environments.
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FIGURE 1

The tectonic background and paleogeography of Sichuan Basin (a) Paleogeography of South China Plate tectonics during the sedimentation period of
Leikoupo Formation; (b) Chart of stratigraphy and sedimentary facies of the Leikoupo Formation in the Sichuan Basin (modified from Zhang et al,,
2023); (c) Sedimentary facies map of the Leikoupo Formation in the Sichuan Basin (modified from Wang et al., 2023).

Geological setting

The Sichuan Basin, located in southwest China (Figure la),
is a typical superimposed basin. The basin is surrounded by a
series of mountains, and the interior is dominated by sedimentary
rocks, which record the long geological history from the ancient
sea to the modern land. The Sichuan Basin has experienced
multi-stage and multi-direction deep fault activities since the
Indosinian period, forming a rhomboidal tectonic-sedimentary
basin, and these activities have led to the characteristics of
multi-cycle tectonic and sedimentary evolution of the basin
(Feng et al,, 1997; He et al., 2011).

The peak period of the Anisian period in the Middle Triassic
coincides with the rift action in the Pangaea continent, accelerating
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the recovery of marine ecosystems. Against this backdrop, the
sedimentation of the Leikoupo Formation in the Sichuan Basin
was formed. In this global tectonic context, the South China
and North China blcoks collided (Figure la), and the Mianlue
Ocean gradually closed from east to west. The South China
block began a strong land-building movement (Chu et al., 2012;
Wang et al., 2013), which is characterized by NW trending fold,
thrust fault and post-orogenic granite intrusion. The eastward
intracontinental subduction of the South China block led to the
formation of the Xuefengshan tectonic belt, and the westward
compression and migration led to the formation of the Luzhou
palaeouplift (Huang et al., 2019; Figure 1c). These tectonic events
greatly changed the accumulative environment of the Sichuan Basin
(Feng et al.,, 1997; He et al., 2011).
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During the depositional period of the Leikoupo Formation
of the Middle Triassic, Sichuan Basin was an assemblage of
Paleo-Tethys blocks drifting northward during the Pangaea period
(Li et al,2021). At this stage, a large-scale maritime invasion
occurred in the Sichuan Basin, with some seawater entering
the Upper Yangtze Basin from the Kaiyuan Strait between the
southwestern Kangdian oldland and the northern Vietnam oldland,
and then invading the southwestern Sichuan Basin through the
Qiannan Barrier Reef. Another part of the seawater enters the basin
through the Songpan-Ganzi Trough, through the channel between
the Longmen Mountain island chain, or over the underwater
seawall (Feng et al.,1997). At the end of the Triassic, the Sibumasu
massif collided with the Indian Massif, resulting in the closure
of the Ancient Tethys Ocean. Influenced by the early Indosinian
movement, the Jiangnan oldland was uplifted sharply, and the
topography of Sichuan Basin gradually changed from high in the
west to low in the east (Ruan et al., 2022; Zhang et al., 2023).
From the perspective of the whole Triassic, Sichuan Basin evolved
from Atlantic continental margin in early and Middle Triassic to
foreland basin from Late Triassic to Quaternary (Meng et al., 2005;
Lietal, 2021). According to the current structural distribution, the
Sichuan Basin developed in the northwest of the Upper Yangtze
Craton (Figure 1a), thus forming a multi-cycle superimposed oil-gas
sedimentary basin (Dai, 1981; He et al., 2017).

The Leikoupo Formation of the Middle Triassic in Sichuan
Basin is mainly composed of carbonate and gypsum-salt rocks,
which can be divided into T,l;, T,l,, T,l;, and T,l, from the
bottom to up (Figure 1b). The T,l; experienced a short period
of transgression in the early sedimentary stage, but most of the
period was in the regressive state, which can be divided into three
submembers: T,l;', T, and T,l* and the target limestone
developed in T,l5%.

Controlled by the closure of the eastern segment of the ancient
Asian Ocean and the collision between the North China and
Mongolian blocks, this subduction collision resulted in the uplift of
dolomite flat in the western part of the basin (now around Longmen
Mountain), the uplift of Luzhou paleo-uplift in the southern part,
and the uplift of Kaijiang paleo-uplift in the eastern part. Thus,
a special sedimentary pattern was formed: two uplifted zones
sandwiching a low-lying zone. The slopes of Luzhou and Kaijiang
palaeouplifts in the central Sichuan Basin are relatively steep, the
seawater circulation is limited, and the hydrodynamics are weak. The
sedimentary environment is relatively closed and has high salinity,
which is mainly manifested in the lagoon environment (Xin et al.,
2013; Tan et al,, 2014). During the sedimentary period of the T,l,?,
the Sichuan Basin mainly developed gypsum salt lagoon, gypsum-
limy lagoon, limy lagoon, mud-limy flat, mu-dolomite flat, dolomite
flat (Figure 1c). The T,;* in CT1 well which filled with calcareous
shale is adjacent to the gypsum-salt lagoon facies. And the PY area,
which is developed on the edge of the gypsum-limy lagoon, develops
argillaceous limestone (Figure 1c). And as sedimentation progresses,
the climate gradually changes from humid to semi humid, and the
limitations of water also increase (Huo et al., 2022). Correspondingly
at the top, a thick layer of gypsum rock is developed as a good cover
layer (Sun et al., 2021) (Figure 1b). Obviously, the lithology of the
T,l;% has changed laterally with the position of the sedimentary
facies belt.
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3 Samples and methods

Carbon isotope geochemistry is directly influenced by major
biological fluxes (Maloof et al., 2010). Primary producers prioritize
the use of the lighter 'C isotope in their cellular metabolic
activities. Therefore, during periods of high primary productivity,
the '2C in the water cycle and atmosphere will be depleted, which
increases the inorganic *C content of the carbonate sediments
formed during these periods (Brand and Veizer, 1981). In this study,
we selected the *C high-value interval in the Triassic Leikoupo
Formation of the PY3 well in the central area of the Sichuan
Basin as our research object, which may indicate an active period
of producers development (Brand and Veizer, 1981), it is more
helpful to understand the controlling factors of organic matter
enrichment. Samples were selected at intervals of 0.1 ~ 1.0 m
from bottom to up, and the study was carried out based on well
logging data. All test analysis mainly includes two parts: organic
geochemistry and inorganic geochemistry analysis. The organic
geochemical test section includes total organic carbon (TOC),
kerogen carbon isotope, vitrinite reflectance (Ry,), kerogen maceral
identification, biomarker analysis. The inorganic geochemical test
includes the analysis of major elements and trace elements. Core or
rock fragment samples at the same depth are divided into several
parts and subjected to the following experiments.

3.1 Organic geochemistry

The instrument used in the TOC test is Lectra CS844
carbon and sulfur analyzer, and the GB/T
19,145-2022"Determination of Total Carbon in
Sedimentary rocks”. A total of 21 samples were tested. Firstly, place

standard is
organic

the porcelain crucible in a muffle furnace and burn it at 900°C ~
1,000°C for 2 h. After cooling, store it in a dryer. Grind the sample
to a particle size of 0.075 mm ~ 0.18 mm, place it in a ceramic
crucible, and add hydrochloric acid and distilled water in a 1.7
(volume ratio) hydrochloric acid solution. Heat on a water bath or
electric heating plate, with a temperature controlled between 60°C
~ 80°C, and react for more than 2 h until the reaction is complete.
Wash the dissolved sample with distilled water until neutral. Place
the porcelain crucible containing the sample in an oven at 60°C ~
80°C for drying, and then test it with an instrument.

The instrument used for the carbon isotope test of kerogen is
the MAT 253 stable isotope Mass spectrometer manufactured by
ThermoFisher. The experiment adopts the standard SY/T 5238-2019.
Firstly, evacuate the sample preparation system to above 2.5 Pa and
adjust the oxygen flow rate to 30 mL/min. Introduce the sample
preparation system with a carrier gas and set the carrier gas flow
rate to 30 mL/min. The temperature of the front furnace of the
oxidation furnace rises to 970°C, the temperature of the back furnace
rises to 830 C, and the temperature of the silver wire tube section
is 400°C-450°C. Connect the carbon dioxide sample collection
tube of the sample preparation system, immerse the captured water
in anhydrous ethanol cold solution at —80°C ~ —70°C for about
40 mm, and immerse the captured carbon dioxide cold trap in liquid
nitrogen for about 40 mm. Subsequently, the sample boat is sent
to the high-temperature zone of the front furnace of the sample
preparation device, and after gasification, it is carried by the carrier
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gas into the oxidation furnace for combustion reaction for 10 min.
The carbon dioxide and water generated after the combustion
reaction of the sample are captured by the carrier gas in a cold
trap for capturing water, and then enter the cold trap for capturing
carbon dioxide. Vacuum the cold trap that captures carbon dioxide
to above 2.5 Pa, then transfer the carbon dioxide to the sample tube
for 5 min. Finally, the sample is sent to an isotope mass spectrometer
for analysis.

The reflectance of vitrinite was measured by MSP400
microfluorescence spectrometer based on SY/T 5124-2012. A total
of 6 samples were tested. After slicing the rock, pre grind it with
sandpaper or corundum powder, and polish it with pool polishing
solution. Place the qualified light sheet in the dryer and conduct
reflectance measurement after 12 h.

Molecular geochemical analysis was performed on 8 samples.
The selection of samples was based on the relatively uniform
distribution of the entire source rock. Extraction of about 100 g of
sample was successfully obtained by accelerated solvent extraction
(ASE) using a Dionex ASE 10 (Thermo Scientific Fischer) and 40 mL
dichloromethane as extractant. The extraction was carried out at
100°C and 100 bar for 15 min. After the extract was evaporated,
the residue was dissolved in n-pentane. Then sodium sulphate
(Na,SO,) and active copper powder were added to remove the excess
water and sulphur. Continuously, the extracted organic compounds
were divided into 3 fractions on column chromatography, by using
different polarity eluents: 6 mL pentane to get aliphatic fraction,
6 mL pentane to get aromatic fraction, 6 mL methanol to get
NSO fraction. Composition analysis of aliphatic and aromatic
fractions was performed using gas chromatography (GC-FID) and
gas chromatography mass spectrometry (GC-MS). The analysis
of aliphatic fractions was carried out by GC-FID using Fisons
Instruments GC 8000 with a Zebron ZB-1 fused silica column
(internal diameter: 0.25 mm, film thickness: 0.25 um). Hydrogen
was used as the carrier gas in the experiment. The temperature was
initially set at 70°C for 3 min, then heated at a rate of 5°C per minute,
and finally maintained at 310°C for 20 min. The aliphatic and
aromatic hydrocarbons were analysed by GC-MS with HRGC 5160
(Mega series) gas chromatography, Zebron ZB-5, coupled with fused
silica column (internal diameter: 0.25 mm, film thickness: 0.25 pm)
and connected to a quadrupole mass spectrometer (Thermoquest).
In the single-ion monitoring (Sim) mode, the MS analysis worked in
the electron impact ionization (EI) mode at 70 eV, and helium was
used as the carrier gas. The temperature was initially set at 70°C for
3 min, heated to 160°C at a rate of 10°C-min”", then heated from
160°C to 320°C at a rate of 3°C per minute, and finally maintained
at 320°C for 20 min. The aromatic fraction was heated at an initial
temperature of 70°C for 3 min, then at a heating rate of 3°C per
minute to 320°C, maintained at that temperature for 20 min. Peak
identification was based on published data. Xcalibur software was
used for peak area integration.

The instrument used for the identification of kerogen macerals
was Axio Imager. M 2 m fluorescence microscope, and the detection
was based on SY/T 5125-2014. After obtaining the kerogen macerals,
it is necessary to calculate the TT index to classify the kerogen types.
The formula used is:

TI=(Ax100+Bx50-Cx75-Dx100)/100) (1)
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In Formula 1, A represents percentage content of sapropelic group;
B represents the percentage of chitin; C represents the percentage of
vitrinite; D is the percentage of inertinite.

3.2 Element geochemistry

A total of 26 samples were used for major and trace element
analysis. Firstly, pour 2-3 g of the sample into an envelope and
place it in an open oven at 105 C Celsius for 2 h. After drying,
take out each sample from the oven and place it in a glass dryer.
Weigh about 0.30 g of lithium metaborate in a graphite crucible, then
weigh about 0.05 g of sample, mix evenly, and place the graphite
crucible into a ceramic crucible. Put it into a muffle furnace and
set the temperature to 860°C for melting. Pour into a plastic bottle
containing 30 mL of 5% concentrated dilute nitric acid, place it on
a shaker, shake for about 2 h until the molten salt is completely
dissolved. Dilute Milli-Q pure water to 100 mL. After the sample
preparation is completed, ICP-AES with the model number Thermo
ICAP 7000 is used for testing.

Prior to the experiments, powdered shale samples (200 mesh)
were calcined in a high-temperature furnace (700 C) to completely
remove organic matter. Before the experiments, shale samples were
placed into a polytetrafluoroethylene (PTFE) vessel with a mixed
solution of HCIO,, HF and HNO; to dissolve powdered samples.
After the sample preparation is completed, ICP-MS with the model
number Agilent 7,900 is used for testing and analysis.

After obtaining the oxide Al,O; content, the element content
should be calculated using the formula as follows:

2

— 4
XElement - MElement/MOxides X Woxides X 10

In Formula 2, Xgjoene T€presents the element content in the sample
(1g/€); MEjement Tepresents the molar mass of the element (g/mol);
Mo,ides Tepresents the molar mass (g/mol) of the corresponding
oxide of the element. wny 4. represent the mass percentage (%) of
the element corresponding to the oxide in the sample.

Aluminum is mainly derived from aluminosilicate clay (Murray,
1994; Sageman et al., 2003). Titanium is commonly associated with
clay and heavy minerals, including ilmenite and rutile (Calvert
and Pedersen, 1993). Thus, Al and Ti concentrations are used to
assess the contribution of local terrigenous sources in modern and
ancient Marine systems (Tribovillard et al., 2006). Before the use
of trace element test data, Al or Ti elements are usually used to
correct trace elements, which is used to calculate non-debris or
excess elements, and obtain the corresponding excess value, so as
to eliminate the interference of terrestrial materials. The standard
values of elements in Australian Post-Archean shales (PAAS) were
used for standardization, and the standard values were derived
from Nance and Taylor (1976). In this study, Al is adopted as the
correction element, and the correction formula used is as follows:

XXS = Xsample - Altotal x (X/AI)PAAS 3)

In Formula 3, Xy is the content of elements from non-clastic sources
in the sample; X,
Al
is the ratio of this element to Al in the Post-Archean Australian
Shales (PAAS).

sample 18 the total content of the element in the sample.

| is the content of Al element in the sample. The (X/Al)pygg
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Chemical alteration index (CIA) is often used to indicate
the chemical weathering intensity of clastic rocks (Nesbitt
and Young, 1982), and is often used in clastic rock studies
to determine paleoenvironment, climate change, and sediment
sources. Higher CIA values generally indicate strong weathering
and humid climate conditions, while lower CIA values may reflect
weak weathering or dry climate conditions. In the diagenetic
process, due to the influence of potassium metasomatism, the
CIA index is usually offset, which needs to be corrected by
using the correction formula (Panahi et al, 2000), which is
publicized as follows:

CIA = mole[AL,0,/(Al,05 + CaO* + Na,0 + K,0)] x 100 (4)

For the calculation and correction of CaO, the
formula is adopted:
CaO" = mole CaO — moleP,05 x 10/3 (5)

In Formulas 4, 5, molar fraction is used for each element,
and CaO’represents the molar fraction of CaO in silicates. The
author used the method proposed by McLennan (1993) to correct
CaO™: If the corrected mole of CaO is less than the mole of
Na,O, the corrected mole of CaO is used as the mole of CaO.
In contrast, the mole number of Na,O is used as the mole
number of CaO.

The contents of Fe, Mn, Cr, V, Ni and Co in sedimentary
rocks are higher in humid climate. Under dry conditions, due to
the evaporation of water and the enhancement of alkalinity, Ca,
Mg, K, Na, Sr, Ba are precipitated to form a large number of salts
deposited at the bottom, so their content is relatively high. Using the
ratio of these two elements, the climate index C can be calculated
as follows:

C:Z(Fe+Mn+Cr+V+Ni+Co)/(Ca+Mg+K+Na+Sr+Ba)
(6)

In Formula 6, the unit of content of all elements is ug/g.

The sediment contains detrital particles from different sources
and with different properties that will impact the analysis results.
Therefore, it is necessary to eliminate the influence of detrital
particles (Tang et al,, 2015). The priority is transforming Mo
and U concentrations into the EFy form, using the following
equation:

XEF = (X/Al)sample/(X/Al)PAAS (7)

In Formula 7, X indicates a certain element. The (X/Al)gpp is
the ratio of this element to Al in the sample. The (X/Al)p,gg is
the ratio of this element to Al in the Post-Archean Australian
Shales (PAAS).

4 Result
4.1 Organic geochemistry
4.1.1 Organic compound characteristics

The TOC values of samples of argillaceous limestone in
the PY3 well range from 0.11% to 0.34%, with an average of
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0.21. The Ry value ranges from 1.16 to 1.36, with an average
value of 1.24. The carbon isotope values of kerogen range
from—30.1%0 to —28.2%o, with an average of — 29.425%o. In
the microscopic components of kerogen, all samples are mainly
composed of sapropelinite (60% ~ 73%), appearing orange or
brownish orange, with dispersed shapes; Next is the exinite (24%
~ 36%), which retains the residual appearance of native plants.
The calculated TT index ranges from 72 to 83.75, with an average
value of 78.25.

4.1.2 Biomarker compounds

In the saturated hydrocarbon chromatography results of
PY3 well, nC;; and nC,4 can be identified by using Pr and Ph. The
main peak carbon of n-alkanes is concentrated in nC,4~nC,;, and
the Pr/Ph ratio ranges from 0.22 to 0.57, with an average value of
0.32. The C,, + C,,/C,g + C,4 values range from 14.75 to 26.37, with
an average value of 19.87.

4.2 Element geochemistry

4.2.1 Trace element

The results of trace element testing are shown in Table 1. After
calculating the excess value of elements using the Al content in
PAAS standard, we create a box plot of the distribution of some
key geochemical indicators, which can provide a more intuitive
understanding of the patterns(Figure 2).The V/Cr ratio of the
argillaceous limestone in the Leikoupo Formation ranges from 0.017
to 10.575, with an average value of 2.068; The V/(V + Ni) ratio ranges
from 0.074 to 0.853, with an average value of 0.500; The U/Th ratio
ranges from 2.585 to 59.400, with an average of 17.774 (Figure 2).

4.2.2 Major element

The test results of major elements are shown in Table 2. The
content of Al,O; is 0.094-7.526, with an average of 2.307. After
calculation, the content of Al element is 58.68-1242.06 ug/g, with an
average of 417.58 pg/g. The content of CaO ranges from 23.7 to 52.2,
with an average of 42.410. The content of Na,O ranges from 0.043
to 0.495, with an average of 0.223. The content of K,O ranges from
0.026 to 2.186, with an average of 0.609. The content of P,O5 ranges
from 0.003 to 0.062, with an average of 0.024; The TiO, content
ranges from 0.012 to 0.254, with an average of 0.085.

Using element testing data for calculation (Figure 2), the CIA
index was found to be between 31.126 and 71.661, with an average
value of 60.193; The C index ranges from 0.001 to 0.054, with
an average of 0.018; The ancient productivity index Ni/Al ranges
from 0.0004 to 0.0068, with an average value of 0.0017, and P/Al
ranges from 0.0023 to 0.1099, with an average value of 0.2355; The
paleosalinity index Ca/(Ca + Fe) ranges from 0.9400 to 0.9991, with
an average value of 0.9801.

In well PY3, the salinity growth boundary was preliminarily
identified based on the development positions of dolomite and
gypsum salt rock, and divided into three parts: I, II, and III
(Figure 2). From the boxplot (Figure 2), the distribution of values of
TOC, CIA, Cindex, V/Cr, V/(V + Ni), and U/Th in the limestone in
Part Iis higher than that in Parts IT and III. The distribution of values
of Ca/(Ca + Fe), P/Al, Ni/Al in the limestone in Part I is lower than
that in Parts IT and IIL
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TABLE 1 Data of trace element of argillaceous limestone in T,5? in Sichuan basin.

Samples \' Cr Ni Mo Th ‘ U

Well Depth(m) ra/g ra/g ‘ ra/g ra/g ra/g ‘ ka/g
1 PY3 4,065.0 9.43 481 1.05 4.86 0.44 0.61 2.03
2 PY3 4,066.0 2.30 2.06 0.090 2.07 2.35 0.18 0.35
3 PY3 4,070.0 2.69 5.64 0.10 347 0.17 0.13 0.58
4 PY3 4,071.0 224 11.8 1.36 591 2.72 0.96 2.70
5 PY3 4,072.0 454 2.96 022 2.56 0.53 032 1.76
6 PY3 4,073.0 2.16 66.9 0.14 459 0.26 0.13 0.71
7 PY3 4,074.0 124 3.65 0.82 5.88 0.54 0.46 155
8 PY3 4,075.0 3.10 3.69 0.046 232 0.23 0.19 0.74
9 PY3 4,077.2 3.67 2.84 0.11 3.28 0.90 0.17 0.58
10 PY3 4,079.9 1.10 5.62 0.084 3.75 0.23 0.097 0.1
11 PY3 4,080.6 177 322 0.059 2.10 0.091 0.11 0.11
12 PY3 4,081.1 26.5 13.8 3.10 8.45 1.55 2.61 2.76
13 PY3 4,082 36.3 26.0 5.24 12.7 1.79 3.96 3.50
14 PY3 4,082.2 57.8 38.6 9.05 19.9 1.48 5.77 442
15 PY3 4,082.5 54.1 38.5 8.04 18.1 1.65 5.39 431
16 PY3 4,082.8 45.9 283 6.60 17.1 1.88 430 452
17 PY3 4,083.3 49.2 30.7 6.50 15.4 1.94 4.90 5.97
18 PY3 4,084.2 19.7 12.1 2.55 8.70 0.82 1.84 4.12
19 PY3 4,084.7 13.7 9.14 1.70 7.33 033 1.09 2.94
20 PY3 4,085 37.8 263 4.95 13.4 1.26 3.08 4.89
21 PY3 4,085.3 44.4 87.6 623 37.5 1.94 3.63 5.69
22 PY3 4,085.8 10.9 6.70 1.33 518 0.32 053 2.16
23 PY3 4,086 13.4 9.78 1.79 6.17 0.34 0.61 245
24 PY3 4,086.3 69.4 54.7 9.72 28.0 3.61 6.59 8.57
25 PY3 4,086.7 20.3 9.86 1.60 6.31 0.60 0.78 3.37
26 PY3 4,087 227 11.9 1.86 6.62 0.71 0.97 459

5 Discussion Scanning electron microscopy shows that the interior of the

argillaceous limestone mainly develops intergranular pores of

51 Petrology characteristics calcite and clay (Figure 3¢,d), as well as shrinkage joints formed

by clay dehydration (Figure 3d), and there are also few organic

Under the microscope, it was observed that the main mineral =~ matter pores (Figure 3d).
composition of the argillaceous limestone in T,;* in the PY area There are significant differences in the properties between the
is micritic calcite (Figure 3a), containing some clay (Figure 3a), argillaceous limestone of lagoon facies of T,1;*> and common dolomite
and some samples contain a small amount of gypsum (Figure 3b).  reservoirs. The dolomite reservoir is significant due to its high
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FIGURE 2
Box plot of geochemical indicators of argillaceous limestone of T,l52 in PY3 well.

porosity and permeability, which is attributed to the pore increasing
effect formed by the dolomitization of its original limestone and
various fluid dissolution processes (Wen et al., 2021). In contrast,
the argillaceous limestone of T,l;? exhibits characteristics of low
porosity and low permeability, mainly composed of pore structures
formed by primitive sedimentary minerals as the main storage space,
and does not have microscopic features of foreign fluid dissolution.
The enrichment of clay or organic matter enhances the plasticity of
rocks, making pores more susceptible to compaction effects. Some
clay are partially compacted due to the lack of protection from rigid
minerals, but another portion of clay intergranular pores are still
preserved. Due to the production of natural gas from kerogen after
hydrocarbon generation, the gas expansion rate during the process
can exceed 50% (Ungerer, 1990). Therefore, the maintenance of pore
morphology may be related to the high-pressure gas support generated
by hydrocarbon generation in a closed environment, and the abnormal
ultra-high pressure generated is the key to pore preservation. For
example, The pressure coefficient of T,l;* of CT1 well reaches 1.96,
which may be related to hydrocarbon-generating pressurizatio.

5.2 Organic matter characteristics

TOC value is an evaluation index of organic matter abundance,
which can be used for evaluating source rocks and reflecting
marine productivity during sedimentary periods (Makky et al,
2014; Huo et al, 2022; Qteishat et al, 2024). The total organic
carbon (TOC) content of argillaceous limestone in T,l;* ranges
from 0.11% to 0.34%, with an average value of 0.21. The organic
matter abundance exceeds the minimum threshold for hydrocarbon
generation in carbonate rocks, indicating that argillaceous limestone
in T,l;*> has a certain ability to generate hydrocarbons. But the
quality is obviously not as good as the shale in CT1 (with an
average TOC value of 0.88%; Zhang et al., 2023). The R value of
vitrinite reflectance in source rocks ranges from 1.16 to 1.36, with
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an average of 1.24, indicating that the source rocks have basically
reached a high maturity stage.

However, in terms of logging interpretation, this interval does
not have oil and gas indications. The maturation of hydrocarbons
is the reason that affects the residual abundance of organic matter,
especially when rocks tend towards higher maturity. Under higher
maturity conditions, hydrocarbon generation is mainly dominated
by the production of pyrolysis gas (Figure 4; Nie et al., 2022), and a
large amount of hydrocarbons are broken down into gas and detached
from rocks, resulting in the loss of original organic matter in rocks.
However, previous records have shown that the argillaceous limestone
and calcareous shale of T,/;% in CT1 well have higher R, and their
residual TOC values are still higher than argillaceous limestone of T, ;>
in PY3 well. This indicates that the ability of argillaceous limestone in
PY area of Sichuan Basin to enrich primitive organic matter is indeed
inferior to that in CT area. Therefore, we tend to consider its low
abundance of original organic matter.

After researching multiple oil and gas rich basins in China,
previous researchers have summarized a suitable classification
scheme for kerogen in the Sichuan Basin: Type I kerogen has a
813C value between —35%o and —30%o, Type II, kerogen has a
8"C value between —30%o and —27.5%o, and Type II, kerogen
has a 83C value between —27.5%o and —25%o; The 8'>C value of
type III kerogen is greater than —25%o (Huang, 1998). The carbon
isotopes of kerogen in the argillaceous limestone of T,/;* range from
—30.1%o to —28.2%o, with an average value of —29.425%o. All samples
are mainly composed of sapropelinite (60%~73%), presenting a
brownish orange color with dispersed shapes; Next is the exinite
(24% ~ 36%), which retains the residual appearance of native plants
(Figures 3e, f). In addition, the sample also contains a very small
amount of vitrinite. When the TI index is greater than 80, it indicates
type I kerogen, and 40-80 indicates type II; kerogen (Cao, 1985).
The TI index of kerogen in T,l;*> marine argillaceous limestone
ranges from 72 to 83.75, with an average of 78.25. Based on
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TABLE 2 Data of major element of argillaceous limestone in T,!l3? in Sichuan basin.

Samples SiO, TFe,O; ALO; | CaO K,O Na,O | TiO,
ID | Well Depth % %
(m)

1 PY3 4,065.0 2.122 0.47 0.59 50.000 0.11 1.519 0.14 0.033 0.016 0.009 39.400
2 PY3 4,066.0 0.16 0.048 0.14 42700 | 0.026 0.25 0.043 0.017 0.017 0.002 7.175
3 PY3 4,070.0 0.14 0.038 0.14 42.800 | 0.030 0.28 0.048 0.017 0.018 0.002 8.457
4 PY3 4,071.0 3.184 0.8 1.066 47.100 0.24 2.750 0.15 0.051 0.011 0.009 29.700
5 PY3 4,072.0 0.72 0.14 035 48.600 | 0.095 1.192 0.094 0.021 0.010 0.004 26.000
6 PY3 4,073.0 0.15 0.11 0.13 43100 0.060 031 0.059 0.014 0.008 0.002 8.237
7 PY3 4,074.0 1125 038 0.49 39.400 0.16 4732 0.10 0.027 0.011 0.005 11.900
8 PY3 4,075.0 0.29 035 0.20 41.600 | 0.058 4558 0.092 0.016 0.007 0.004 11.000
9 PY3 4,077.2 030 029 021 46500 | 0.083 4260 0.086 0.019 0.010 0.005 9.472
10 PY3 4,079.9 0.011 025 0.096 42000 0.032 0.61 0.074 0.012 0.004 0.002 2.766
11 PY3 4,080.6 0.074 0.10 0.094 44100 | 0.046 0.88 0.081 0.015 0.007 0.003 3.102
12 PY3 4,081.1 10.200 1.726 2.462 29.400 0.63 14.400 0.29 0.1 0.029 0.015 36.400
13 PY3 4,082 15.100 1.481 4.946 36.600 | 1346 6.011 0.50 0.17 0.053 0.019 32.900
14 PY3 4,082.2 21.600 2,075 7.526 31.800 | 2.186 3.592 043 025 0.060 0.023 29.900
15 PY3 4,082.5 20.500 2.001 6.999 32600 1933 4.078 047 024 0.062 0.022 30.000
16 PY3 4,082.8 16.200 1.524 5.429 38300 | 1351 2.682 0.40 0.19 0.054 0.020 33.200
17 PY3 4,083.3 15500 1.456 5.469 38.800 1363 2231 0.45 021 0.054 0.018 32.900
18 PY3 4,084.2 6.022 0.67 2.189 48.300 0.48 1.386 026 0.076 0.024 0.012 39.800
19 PY3 4,084.7 3.841 0.51 1.448 50.500 029 1.199 0.19 0.052 0.019 0.011 41.500
20 PY3 4,085 14.100 1.231 4.823 40.500 | 1340 2179 030 0.15 0.039 0.016 34.700
21 PY3 4,085.3 15.100 1419 5.368 39.600 | 1.483 2.009 035 0.17 0.047 0.016 33.700
22 PY3 4,085.8 2327 043 0.93 52.200 0.20 0.74 0.15 0.031 0.011 0.008 42.500
23 PY3 4,086 3.341 033 1.018 51.448 0.40 0.57 021 0.014 0.003 0.005 42.200
24 PY3 4,086.3 12.400 1.333 4.624 23700 | 1.192 1.531 033 0.22 0.027 0.014 35212
25 PY3 4,086.7 4248 038 1501 50.600 033 0.66 023 0.043 0.012 0.006 41.400
26 PY3 4,087 4.619 0.48 1.753 50.400 0.38 0.64 0.27 0.052 0.012 0.007 40.800

the comprehensive analysis of carbon isotopes and microscopic
components of kerogen, it is determined that the kerogen type of the
Leikoupo Formation argillaceous limestone is I-II; type sapropelic
humic amorphous form.

When the R, values of type I and II kerogen are between 1.16
and 1.36, the source rock is in the peak period of pyrolysis gas
production and the formation of organic matter pores (Figure 4;
Yang, 2017; Nie et al., 2022). The low porosity and low permeability
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of the argillaceous limestone have to some extent promoted the
in-situ retention of oil and gas. Natural gas cannot migrate through
effective transport channels and is stored in poorly connected
pores, leading to the formation of ultra-high pressure mentioned
above. Therefore, argillaceous limestone of T/, has a certain self-
generation and self-storage capacity, and its tight characteristics are
conducive to the formation of pore overpressure, thus enabling it to
have the ability to preserve pores.
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FIGURE 3

PY3 well, 4,080.6 m.

Micrographs of argillaceous limestone of T2132 in PY3 well. (a) Micrite calcite, PY3 well, 4,082.4 m, single polarization; (b) Micrite calcite and gypsum,
PY3 well, depth 4,080.6 m, orthogonal polarization; (c) Clay shrinkage joints in the mud laminae, PY3 well, 4,082.4 m; (d) Intergranular pores of calcite
and clay, a small amount of organic matter pores, PY3 well, 4,080.6 m; (e) Sapropelinite with exinite, PY3 well, 4,082.4 m; (f) Sapropelinite with exinite,

*Gypsum

However, compared to the argillaceous limestone and shale
interbedded in the CTI well near the center of the lagoon
(Figure 1c), the hydrocarbon generation capacity of this argillaceous
limestone is clearly weaker. The TOC values of T,l,? argillaceous
limestone and shale in CT1 well ranges from 0.11% to 4.00%, with
an average of 0.88% (Zhang et al., 2023), and the organic matter
abundance is much higher than that in PY area.

5.3 Source of organic matter

The use of biomarker compound technology can trace
the
sedimentary environmental characteristics (Marynowski et al.,
2000; Zeman Kuhnert et al.,, 2023). The test results of vitrinite
reflectance (Rg) of argillaceous limestone in T,l,* indicate that

source of organic matter and preliminarily identify

the rock has not reached the overmature stage, and the degree of
organic matter cracking is not high. The UCM peak appears gentle,
indicating a low degree of bitumen cracking (Figure 5). The use
of biomarker compounds to invert sedimentary environments is
still reliable.
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The main peak carbon of n-alkanes of argillaceous limestone
in the PY3 well is concentrated around nC,g, with a low carbon
number advantage, reflecting the similarity in organic matter
sources between the two, mainly from primitive bacteria or algae
in the lagoon (He et al, 2016; Sahoo et al.,, 2020). The ratio of
Pr/nC;; and Ph/nC,g in PY3 and CT1 wells was used for sampling
(Zhangetal., 2023), and the results showed that the organic matter in
all T, 1, samples mainly came from planktonic algae in the reducing
environment, while a small amount of organic matter belonged
to mixed organic matter, that is, mixed with terrestrial organic
matter(Figure 6; Qteishat et al., 2024). Therefore, the organic matter
of the argillaceous limestone in the Leikoupo Formation is mainly
derived from marine sources, mixed with a very small amount of
terrestrial organic matter.

5.4 Environment of organic matter
enrichment
The GR curve and C13 curve exhibit characteristics of slow rise

and rapid decline, indicating the presence of multiple cycles of slow

frontiersin.org


https://doi.org/10.3389/feart.2025.1549411
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Du et al. 10.3389/feart.2025.1549411

Hydrocarbon generating quantity

0
Type I kerogen Type Il kerogen | Type Il kerogen
R A
0.5 0.7% Formative
9% e period
Lo ' ormative] = \ 0.9%
ormative eriod [¢€
o, period
L c'e = = = o - -|0®
1.5 59, .
Development
0\02 . . ..p\‘CI’lOd
B lopment g
m ‘I
ekelopment 000
2.3 S X 17
. |e e
00 ,
3. O : f}hf)oz) (X ) .yl
o000 . 0000 e o Destruction
3. 5K ceceeea. . N period
-3.5% B '
o000 .’," ° @0 @ Destruction ™
...’,fDestrgction . period
L’ period .

1 [ B [e] [Z]

Biogas Pyrolysisgas Oil  Organic pore Organic pore

FIGURE 4
Development and evolution of organic matter pores (according to Yang, 2017; Nie et al., 2022)
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FIGURE 5
Distribution map of n-alkanes of argillaceous limestone in T,(5%. (a) PY3 well, 4,081.2 m: (b) CT1 well, 40774 m.
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Ratio of Pr/nC,, and Ph/nC,g of source rock in T,/5%. (The data of CT1 well comes from Zhang et al., 2023).

and rapid regression during the sedimentary period. Changes in sea
level can affect sedimentary environments, which in turn can impact
the development and composition of organisms (Farouk et al,
2024a). The appearance of the upper gypsum salt rock highlights
the overall trend of regression. Based on the appearance of dolomite
and thick layer gypsum salt at the top, we divided the study
interval in the PY well into three parts: I, II, and IIT (Figure 7).
The sudden appearance of dolomite and gypsum salt rock from
bottom to top reflects the rapid changes in the environment during
this period, which may indicate a rapid increase in salinity and
a rapid drying of the climate as a whole, as shown in relevant
indicators (Figure 7). And the comparative study of this rapidly
changing environmental stage in different drilling wells is conducive
to highlighting the differences in organic matter enrichment ability
in different regions during the same period of environmental
changes. In terms of sedimentary environment research, the
alteration of fine-grained sedimentary rocks by late diagenesis
is weak, and they contain the most complete Earth’s historical
records (Aplin and Macquaker, 2011). Therefore, researchers usually
use their characteristics to restore their sedimentary environment
features (Floyd et al., 1990; Huo et al., 2022). Biological activities
and pyrolysis can degrade organic matter, resulting in complex
structures of hydrocarbons that are difficult to separate, leading
to the formation of bulging UCM peaks in chromatography
(Xiao et al,, 2022). The weak correlation between R, and TOC
(R? = 0.0183; Figure 8a), as well as the flat characteristics of
the UCM peak in saturated gas chromatography (Figure 5),
indicate the reliability of using organic geochemical indicators for
inversion. The distribution characteristics and ratio changes of major
trace elements in sedimentary rocks are important geochemical
indicators for reconstructing ancient sedimentary environments.
By combining organic geochemistry with inorganic geochemistry
techniques, the reliability of research data is ensured.
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5.4.1 Terrestrial input

Zr is usually used as a coarse particle input indicator (Chen et al.,
2003), while Al,O; is usually used as a fine particle input
indicator (Canfield, 1994). Through correlation analysis of terrestrial
input indicators Al,O;, TiO,, Zr and TOC, it was found that
there is a certain positive correlation between organic matter
enrichment and terrestrial input with low content, indicating that
terrestrial input has some impact on organic matter enrichment.
Due to the characteristics of biomarker compounds indicating
that organic matter is mainly derived from marine plankton,
and the degree of terrestrial input is relatively low, it is believed
that the main contribution of terrestrial input to organic matter
enrichment should be reflected in the input of nutrients, rather
than the large amount of terrestrial organic matter carried.
Moderate terrestrial input may carry abundant nutrients into the
water, promote biological growth, and enrich organic matter, but
excessive terrestrial input has a significant dilution effect on organic
matter (Figures 7C,D, 8b). From a vertical perspective, during the
sedimentation process in the lower part of the selected well section,
there was a sudden decrease in terrestrial input. Due to the overall
low abundance of organic matter, the decline in organic matter was
not as severe as indicators such as terrestrial input (Figure 7).

5.4.2 Paleoclimate, paleosalinity, and
paleoproductivity

Chemical weathering is closely related to paleoclimate and
is an effective method for tracking climate change (Fedo et al,
1995; Nesbitt and Young, 1982). The CIA index shows a positive
correlation with Al and TOC values (Figures 8e,f), especially with
strong coupling with terrestrial input indicators. Therefore, it is
inferred that strong chemical weathering produces more debris,
which can input more nutrients into the ocean and promote the
production of organic matter. According to the classification criteria,
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Longitudinal changes of redox, terrigenous input, paleoproductivity, CIA, C index, paleosalinity, and TOC in PY3 well.

a C index between 0-0.2 indicates a dry climate, 0.2-0.4 indicates
a semi dry climate, 0.4-0.6 indicates a semi dry to semi humid
climate, 0.6-0.8 indicates a semi humid climate, and greater than
0.8 indicates a humid climate (Qiu et al., 2015). The C index of the
samples is concentrated between 0.001 and 0.054 (Table 2), all falling
within the dry climate range. Therefore, the climate during the
argillaceous limestone sedimentation period in the study section was
relatively dry, and the chemical weathering intensity represented by
the CIA index is clearly strongly coupled with the climate conditions
represented by the C index (Figure 8). Vertically, the climate during
the sedimentation period became increasingly dry, leading to an
increase in water salinity, which is consistent with the trend of
changes in the paleosalinity index Ca/(Ca + Fe), especially at the
junction of Parts I and II, where paleosalinity and paleoproductivity
rapidly increased simultaneously (Figure 8).

In addition, we found that salinity, productivity indicators, and
TOC are decoupled (Figure 8g,i), but salinity indicators are coupled
with paleoproductivity indicators (Figure 8j). This phenomenon
may indicate that seawater salinity has an impact on productivity,
but due to other factors, organic matter was ultimately not preserved
in large quantities. In saturated hydrocarbon chromatography, the
C,; + C,,/Cyg + Cyg values reflect the degree of enrichment of
lipid rich compounds such as algae in the hydrocarbon parent
material, which can indicate the source of organic matter and
sedimentary environment (Philippi, 1974). In this study, we consider
it as an indicator of the proportion of algae development. The
experimental results indicate that the C,; + C,,/Cys + Cy
values are well correlated with paleosalinity indicators Ca/(Ca +
Fe), paleoproductivity indicators P/Al, Ni/Al, etc. (Figure 8k,m).
Vertically, the C,; + C,,/Cyg + C,9 values also increased with
the increase of paleoproductivity and paleosalinity, indicating a
significant increase in the development of phytoplankton (Figure 7).
This indicates that planktonic algae, as the main source of organic
matter, are to some extent dependent on salinity, and the increase in
salinity promotes the development of algae and facilitates primary
production processes. Even closer to the top of the gypsum salt
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section, there was a further increase in ancient productivity. In
Sections 1, 2, planktonic algae, paleosalinity, and paleoproductivity
remained positively coupled without decoupling, which may
indicate that the salinity changes in seawater remained within
a suitable range for algal development. The above phenomenon
indicates that suitable water salinization can to some extent
stimulate primary productivity such as planktonic algae. The
third section of gypsum salt rock lacks asphalt and there are
no suitable samples for biomarker compound testing, but the
presence of gypsum salt indicates that the salinity of seawater is
also very high.

The terrestrial input also suggests the influence of salinity on
algae. In the higher stage of terrestrial input (I) accompanied by low
salinity, it indicates the possibility of mineral dilution by terrestrial
freshwater input. Under the potential influence of freshwater input,
the values of C,; + C,,/C,5 + C,g are relatively low, indicating that
freshwater input is not suitable for algal development.

Halotolerant microorganisms maintain cell osmotic pressure
balance under high salinity conditions through partial osmotic
adaptation strategies such as intracellular small molecule compatible
solute accumulation, but their biological activity is relatively
low. Halophile microorganisms exhibit good activity under high
salt conditions due to their high osmotic adaptation strategies
such as salt solubility (Chen et al., 2022). However, this study
suggests that in high salinity environments (where dolomitization
occurs and salinity indicators are high), algal lipid synthesis
is enhanced (C,; + C,,/C,s + C,9 values increase), suggesting
that high salinity environments stimulate the activity of related
algae, thereby suggesting that the main response to environmental
changes may be halophilic algae. However, halophilic algae can
only develop rapidly within a relatively narrow range of salinity
and are highly sensitive to changes in salinity (Uratani et al., 2014;
Wang, 2018).

Furthermore, we have to raise a question: during the process
of regression, the shallowing of water is more conducive to the
development of primary producers, but why did the changes in
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FIGURE 8

(a) Correlation plot between TOC and RO; (b) Correlation plot between TOC and Al2O3; (c) Correlation plot between TOC and TiO2; (d) Correlation
plot between TOC and Zr; (e) Correlation plot between TOC and CIA; (f) Correlation plot between Al20O3 and CIA; (g) Correlation plot between TOC
and Ni/Al; (h) Correlation plot between TOC and P/AL; (i) Correlation plot between TOC and (Ca/Ca+Fe); (j) Correlation plot between Ni/Al and
(Ca/Ca+Fe); (k) Correlation plot between C21+C22/C28+C29 and P/AL; (1) Correlation plot between C21+C22/C28+C29 and Ni/Al; (m) Correlation
plot between C21+C22/C28+C29 and Ca/(Ca+Fe); (n) Correlation plot between TOC and V/Cr; (o) Correlation plot between TOC and U/Th; (p)

Correlation plot between TOC and V/(V+Ni).

paleoproductivity, paleosalinity, and TOC values not show a strong
positive correlation? We have to shift our focus to the preservation

conditions of organic matter.

5.4.3 Redox condition

Considering that the synergistic increase in paleoproductivity
and paleosalinity did not respond to changes in TOC values, it is
necessary to consider the preservation conditions of organic matter.
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It is generally believed that the degree of oxidation-reduction in
the sedimentary environment of source rocks is crucial for the
preservation of their organic matter. A single oxidation-reduction
indicator is not reliable and requires a comprehensive analysis using
different indicators. We also need to acknowledge that there are
slight differences between the restorative indicators, so we cautiously
use them to analyze trends rather than conducting high-precision

quantification.
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When the ratio of Prand Ph is less than 1, it usually
indicates a reducing environment, which is consistent with the
ratio of Prand Ph in argillaceous limestone. In addition, it is
generally believed that the significant advantage of Tm content
indicates a reducing environment, while the significant advantage
of Ts content indicates an oxidizing environment. The Ts/Tm
ratio in the sample ranges from 0.66 to 0.77, indicating an
advantage in Tm content and indicating a relatively reduced
seawater environment.

When V/Cr is between 2 and 4.25, it indicates a suboxic
environment. The V/Cr ratio in the sample ranges from 0.017 to
10.575, with an average of 2.068, which is generally consistent with
the suboxic environment (Ernst, 1970). When both V and Ni are
enriched, it indicates that they are in a sulfide rich environment,
but V is more sensitive than Ni. Therefore, changes in the V/(V +
Ni) ratio in sediments can be used to indicate relative changes in
oxygen (Hatch and Leventhal, 1992). When the sediment V/(V +
Ni) is between 0.45 and 0.60, it indicates a suboxic environment;
When it is between 0.54 and 0.82, it indicates a sulfur free reducing
environment. The V/(V + Ni) ratio in argillaceous limestone ranges
from 0.074 to 0.853, with an average value of 0.500, indicating a
suboxic environment as a whole. U is prone to precipitate in a
tetravalent state in a reducing environment. Therefore, the U/Th
ratio can reflect the redox conditions of sedimentary water and is a
commonly used measurement parameter for the redox conditions of
sedimentary environment (Adams and Weaver, 1958; Ahmad et al.,
2019). Many corrected Th elements exhibit negative values, which
may have been heavily influenced by diagenesis and resulted in
losses, The U/Th ratio may be too high, so the reference value of this
indicator is poor.

There are certain differences between organic and inorganic
materials. Considering the impact of terrestrial inputs on
biomarkers, we believe that the overall environment is more
And the water
environment is actually constantly fluctuating between oxidation

inclined towards a suboxic environment.
and reduction (Figure 7).

The GR curve to some extent reflects changes in sea level height.
The V/Cr, U/Th, and V/(V + Ni) ratios match well with the GR curve,
demonstrating the correlation between redox conditions and sea
level changes, indicating that the trend indicated by the indicators
is reliable. The overall performance of Section 1 is characterized by
a more realistic approach. The reducibility of the dolomite section at
the bottom of Section 2 sharply decreased (Figure 7), even showing
suboxic conditions, but the reducibility increased in its upper part.
When entering the third stage of the development of the large
set of gypsum salt rocks, the sea level rapidly drops and enters
the oxidation stage again. The positions of the two GR negative
deviations correspond to the appearance of dolomite and gypsum
salt rocks, as well as a sudden decrease in reducibility. Overall, the
reducibility of water in Sections 2, 3 is not good, and the conditions
for organic matter preservation are unfavorable, which is consistent
with the trend of TOC value changes.

5.4.4 Limitation of seawater

In order to understand the synergy between external seawater
supply and salinity, this paper discusses the limitations of the water
environment in sedimentary areas. Identification through Mo-TOC
and Mogp-Ugp covariant model (Algeo and Lyons, 2006; Baturin,
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2011; Tribovillard et al., 2012; Westermann et al., 2013; Huo et al.,
2022). When the slope of the average trend line in the Mo-TOC
graph decreases, it indicates an increase in the degree of water
restriction. This indicates that in a strongly restricted basin, the
water is renewed slowly and Mo in the basin seawater is depleted,
resulting in relatively low Mo enrichment in the sediment. The
Mo/TOC values of the research samples range from 0.919 to 22.169,
with an average of 5.569 and a trend line slope of 1.914. However,
due to the R? value being only 0.221, it is considered that the
reliability of this indicator is insufficient, and it is not possible to
discuss the limitations of the water (Figure 9). We believe that the
unreliability of this analysis may be related to the low abundance of
organic matter and Mo concentration, making it highly susceptible
to external factors.

Some scattered Mogr and Ugp points in the lower right were
far from the open sea in a strongly restricted area. This indicated
that the argillaceous limestone of T,l;*> was deposited in a basin
that was not strongly restricted (Algeo and Tribovillard, 2009)
and that deposition occurred under suboxic-anoxic conditions
(Figure 10). The overall characteristics of Mo/U were approximately
equal to (0.1-3) x (Mo/U)gy, and mainly distributed in (0.1-1)
x (Mo/U)gy. As the enrichment factor increases, the Mogp/Ugp
ratio continues to increase, and the supply of Mo is not limited,
which differs from the CT region (Huo et al, 2022). This
indicates that although also in a semi-restricted environment, the
seawater activity in the PY3 area is slightly stronger than that in
the CT area.

5.5 Depositional model

Argillaceous limestone of T,l;* was also in a semi-restricted
lagoon environment during the sedimentary period, with the eastern
part restricted by the Luzhou and Kaijiang paleo-uplifts, and the
western part slightly restricted by the dolomite tidal flat.

Based on the analysis of the above indicators, we believe
that the decoupling between the development and preservation
conditions of organic matter is an important factor in the depletion
of organic matter in this argillaceous limestone in PY area. And
this phenomenon is reflected in paragraphs I-IIL. In section I,
lower salinity leads to insufficient algae development and stable
low levels of paleoproductivity, resulting in insufficient organic
matter production capacity in the ocean. Therefore, in this section,
the TOC value can maintain a similar downward trend as the
reducibility (Figures 2, 11a). In the lower part of section II, there
was a sudden increase in salinity and paleoproductivity, and
the level of algal development improved. However, due to the
high oxidation of the water, organic matter enrichment remained
difficult. A large amount of organic matter is rapidly decomposed
during the sedimentation process. Nevertheless, due to the relative
effect of paleoproductivity and redox conditions, the TOC value
remained stable (Figures 2, 11b). When entering the upper part
of section II, the reducibility was restored to some extent, but the
salinity and paleoproductivity decreased to a certain extent, and the
TOC value also decreased (Figures 2, 11c). In Stage III, the water
undergoes severe oxidation, leading to a further decrease in organic
matter content (Figures 2, 11d). It can be seen that throughout the
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TABLE 3 Source rocks in high salinity water in East Asia.

System Stratum ’ Country Region Environment Lithology TOC (%) References
Triassic Leikoupo Fm China Sichuan Basin Gypsum-limy Argillaceous 0.11~0.34 This study
lagoon (edge) limestone (average: 0.21)
Triassic Leikoupo Fm China Sichuan Basin Gypsum-limy Calcareous shale 0.11~4.0 Zhang et al. (2023)
lagoon (average: 0.88)
Ordovician Majiagou Fm China Ordos Basin Gypsum lagoon Dolomitic 0.30~8.45 Tu et al. (2016)
mudstone (average: 1.14)
Cambrian Xishanbulake- China Tarim Basin Shelf and restricted Siliceous shale and 0.44~10.21 Guo et al. (2023)
Xidashan Fm platform calcareous shale (average: 2.11)
Paleogene 4th member of China Bohai Bay Basin Salt lake Mudstone 0.66~13.04 Duan et al. (2022)
Shahejie Fm (average: 3.43)
Permian Fengcheng Fm China Junggar Basin Salt lake Mudstone 0.29~2.49 Bai et al. (2024)
(average: 1.12)

entire sedimentary period, paleoproductivity and redox conditions
remained decoupled.

Based on existing petrological and geochemical evidence,
this decoupling is mainly due to the mismatch between salinity
and reducibility fluctuations caused by changes in sea level and
seawater recharge (Figure 11). In the lagoon environment where
limitations have increased and the climate has shifted from
humid to semi humid, salinity has promoted the growth of
some algae within suitable ranges. This process is accompanied
by a decrease in sea level, an increase in dissolved oxygen in
the water, and an improvement in productivity. However, the
weakening of reduction conditions may promote the decomposition
of organic matter by various bacteria, resulting in constraints on the
preservation conditions of organic matter.
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5.6 Further prospects

5.6.1 Importance of source rocks in high salinity
environments

From a global perspective, the development of source rocks
in high salinity lagoon facies is rare but meaningful (Huo et al.,
2022). Multiple mechanism rich source rocks have been discovered
in high salinity water in East Asia (Tu et al., 2016; Duan et al,
2022; Guo et al, 2023; Zhang et al, 2023; Bai et al, 2024;
Table 3; Figure 12). Although high salinity may lead to organic
matter mineralization, increasing discoveries may indicate a
potential connection between the formation of source rocks in high
salinity environments and life activities induced by water salinity.
For example, the evolution of algae during changes in water salinity.
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Zhang et al., 2023; Bai et al., 2024).

Distribution of source rocks deposited in high salinity environments in East Asia (TOC data from Tu et al.,

2016; Duan et al., 2022; Guo et al., 2023;

Furthermore, the development of source rocks in high salinity water
provides new ideas for oil and gas exploration.

5.6.2 Shortcomings and potential of methods

In this study, a specific method was mainly provided: using
biomarker compound indicators to reflect the degree of algal
development, analyzing the correlation between paleosalinity
indicators and algal development. To clarify the tolerance or
preference of planktonic algae to salinity, and to using TOC values,
paleoproductivity indicators, and algal development for correlation
analysis to discuss their contribution to organic matter enrichment.
However, it should be noted that in the application process, various
potential influencing factors need to be considered and eliminated
to ensure the reliability of the data.

Due to the recent discovery of calcareous shale and argillaceous
limestone gas reservoirs in T,l;* of the Sichuan Basin, research
materials are scarce. Therefore, the author only discussed the
differences in organic matter enrichment in this semi-restricted
lagoon facies formation through existing research materials, mainly
to provide new research ideas. At present, there are still some
relevant issues that need to be addressed, such as applying this
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method to multiphase zones and multi regional comparisons
of contemporaneous strata to trace the migration patterns of
algae producers during this period, or conducting quantitative
analysis through more sophisticated means. With the further
advancement of exploration and development, we hope to have more
research materials in the future to provide further improvement for
this method.

However, these phenomena still provide us with some ideas
for searching for self-generated and self-stored carbonate rocks: (1)
high salinity environments have the potential to promote organic
matter production and form gypsum cap rocks to assist in in-
situ oil and gas accumulation; (2) Although halophilic algae have
poor environmental tolerance, they can rapidly develop in suitable
environments. This characteristic seems to be able to explain the
rapid and sudden development of large sets of source rocks in
high salinity environments. This study and the potential issues
arising from it respond to the relationship between ecological
recovery and organic matter enrichment. At the same time,
providing a possible model for the formation of “source-reservoir-
cap” rock combinations formed by organic rich carbonate rocks
and evaporite.
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6 Conclusion

(1) The lithology of T,l;* in the PY area of the Sichuan Basin
is mainly composed of argillaceous limestone, with the main
reservoir spaces being clay intergranular pores and organic
matter pores.

(2) The kerogen type of argillaceous limestone of T,l;?
is I-II;, and the organic matter mainly comes from
halophilic algae in reducing seawater, mixed with a very
small amount of terrestrial organic matter. Compared to
the source rock of T,l;* inCT1 well, its organic matter
abundance is low and the hydrocarbon generation capacity
is weak.
(3) The organic matter enrichment of argillaceous limestone
of T,l;% in the PY area of the Sichuan Basin is controlled
by a combination of redox conditions, paleosalinity, and
paleoproductivity. The ancient salinity mainly induces the
development of halophilic algae, promotes the improvement
of primary productivity, and provides conditions for organic
matter production. The reducibility of water provides
conditions for the preservation of organic matter. The
decoupling of organic matter development and preservation
conditions is the main cause of organic matter depletion in the
research subjects.
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