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During Late Ordovician to Early Silurian, global geological events such as volcanic activity, glaciation, and mass
extinction affected sedimentary environments and organic matter (OM) accumulation, and controlled the
development of organic-rich shales. Taking the Wufeng-Longmaxi Formation (WF-L Fm) shales in southern
Sichuan Basin as the research object, based on the core, thin section and scanning electron microscopy (SEM)
observations, combined with X-ray fluorescence (XRF) two-dimensional element distribution maps, X-ray
diffraction (XRD), trace elements, carbon isotope composition and total organic carbon (TOC) data, the rela-
tionship between geological events and sedimentary environments, OM accumulation as well as rock types
development are analyzed, and the sedimentary environments response to geological events is elaborated. Eight
rock types have been identified, and the minerals occurrence model has been characterized. By using Cu content,
Mo content, §'°C and TOC to measure paleoproductivity, Sr content and Sr/Cu to judge paleoclimate, Sr/Ba to
measure paleosalinity, and U/Th, V/Cr, V/Ni, and Ni/Co to analyze redox conditions, the sedimentary envi-
ronments of the WF-L Fm shales can be furtherly divided into 7 intervals. In general, the deep water hypoxic-
anoxic environments from Interval I to Interval V is conducive to the formation of organic-rich shales. The
organic-rich shales formed in the anoxic environments from Interval I to Interval V are related to the fact that
volcanic activities not only release a large amount of nutrients, promote biological prosperity and improve
productivity, but also make the water in a sulfide anoxic environment, which is conducive to the preservation of
OM. The rapid rise and fall of sea level caused by the Hirnantian glaciation harmed the living environments of
organisms, led to the mass extinctions and provided material sources for OM accumulation, resulting in high TOC
in the rock types of Interval IV. Irregular gravity flow can enhance terrigenous input in deep water for a short
time and dilute OM, which is one of the reasons for the low TOC in the rock types of Interval VI to Interval VIIL.
Upwelling current enhances nutrient flux in surface water and improves primary productivity of water, thus
affecting the development of WF-L Fm organic-rich shales. Based on the aforementioned interpretations, the
sedimentary model of the southern Sichuan Basin was established.

1. Introduction (Brenchley et al., 2003; Zou et al., 2018; Li et al., 2020). Volcanic ash

and gas caused sulfurized anoxia environments in water bodies, volcanic

The Late Ordovician to Early Silurian was an important global
geological transition period, during which many global comparable
geological events occurred, such as global volcanic events, glaciation,
mass extinctions, and so on (Finnegan et al., 2011; Algeo et al., 2016; Lu
etal., 2019; Yang et al., 2021). These geological events undoubtedly had
important impacts on the sedimentary environments, which in turn
affected the sediments and organic matter (OM) accumulation

ash clouds obscured the sunlight resulting in the decrease of surface
temperature (Haeckel et al., 2001; Cooper et al., 2018). Meanwhile, the
nutrients released by the hydrolysis of volcanic ash were beneficial to
algae growth and reproduction (Duggen et al., 2007; Langmann et al.,
2010; Olgun et al., 2013). The large-scale glaciers formed during the
glacial period caused the sea level to fall and the water depth to become
shallower, which made the Yangtze Sea in a relatively high oxygen
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Fig. 1. Tectonic division and geographical location map of Sichuan Basin (modified from Yan et al., 2022; the tectonic division of the Sichuan Basin data comes from

Wang et al., 2019b).

content environment during the glacial period and destroyed the pres-
ervation environments of organic-rich sediments (Hammarlund et al.,
2012; Yan et al., 2012; Chen et al., 2021; Zhang et al., 2021). After the
glacier melting, a large amount of fresh water was generated and
injected into the ocean, which caused the sea level to rise significantly,
and the water deepened and formed a stable anoxic environment
conducive to the preservation of OM (Lambeck and Chappell, 2001). The
mass extinctions provided material sources for the accumulation of OM,
and the anoxic water environments formed by volcanic activity and
glacier ablation made the enriched OM well preserved (Oman et al.,
2005; Jones et al., 2017). With the increase of terrigenous material
input, the content of sandy detrital material in sediments would in-
crease, and the hydrodynamic environments would be more turbulent,
which was not conducive to the preservation of organic matter in sedi-
ments (Wu et al., 2019b).

From the Late Ordovician to Early Silurian, superior marine source
rocks of the Wufeng-Longmaxi Formation (WF-L Fm) were deposited in
the southern Sichuan Basin because of two global transgressions (Zhao
et al.,, 2016; Potter, 2018; Chen et al., 2021; Wang et al., 2021).
Organic-rich shales of the WF-L. Fm have strong heterogeneity (i.e.,
variations in mineral composition, sedimentary structure, element
enrichment and OM content), which is the result of synergistic effects of
sedimentary environments and sedimentary processes changes caused
by specific geological events (Jiang et al., 2015; Liang et al., 2017; Hu
et al., 2019; Wu et al., 2019a; Lu et al., 2019; Qiu et al., 2022; Wu et al.,
2022). To clarify the sedimentary environments response to different
geological events is the basis of shales sedimentary environments anal-
ysis, further elucidating the characteristics of rock types development
and establishing a sedimentary model.

In this study, we selected the southern Sichuan Basin as the study
area, systematically observed and identified the cores and thin sections,
and examined the scanning electron microscopy (SEM) data, X-ray
fluorescence (XRF) two-dimensional element distribution maps, X-ray
diffraction (XRD) whole-rock mineral analysis, carbon isotope

composition, and total organic carbon (TOC) data to describe the macro
and microscopic characteristics of the rock types in detail, exploring
their sedimentation processes. We also used the trace elements and
geochemical indicators to reconstruct the paleo-sedimentary environ-
ments. The goals of this study is to explore the impacts of volcanic ac-
tivity, glaciation, mass extinction and other geological events on the
development of organic-rich shales in the Late Ordovician-Early Silu-
rian, and clarify the mechanism of the influence of geological events on
the development of rock types in southern Sichuan Basin and even on
the global scale.

2. Geological setting

Southern Sichuan Basin is on the southwestern edge of the Upper
Yangtze Platform and its main body is located in the southwestern gentle
structural zone and the southern gentle structural zone of Sichuan Basin
(Fig. 1; Zhao et al., 2017; Wang et al., 2019; Yan et al., 2022). During the
Late Ordovician-early Silurian, the South China Block separated from
Gondwana Continent and only attached to the northwest margin of
Gondwana Continent, and the South China plate is composed of Yangtze
and Cathaysia blocks (Zhang et al., 2013; Ge et al., 2019; Yang et al.,
2020; Xiao et al., 2021). The Yangtze block merged with the Cathaysia
Block to form the Cathaysia Old Land, and then the Cathaysia Old Land
continued to expand to the northwest, forming the Central Guizhou
Uplift and Hunan-Hubei Uplift in the southern margin of the Upper
Yangtze region (Zhang et al., 2013; Gong et al., 2017; Dong et al., 2019;
Liu et al., 2022). The main sedimentary area of the Yangtze block was
surrounded by Chuanzhong Uplift, Central Guizhou Uplift and Kangtien
Old Land, forming a semi-restricted shallow sea basin, which developed
a deep water environment of stagnant flow and anoxia, and deposited a
set of black siliceous shale and mudstone (Zou et al., 2010; Yang et al.,
2016; Li et al., 2019; Fan et al., 2020).

The Yangtze Block was located near the equator during the Late
Ordovician (Torsvik and Cocks, 2018; Zhang et al., 2019; Liu et al.,
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Fig. 2. Stratigraphy of the WF-L Fm in the Sichuan Basin (modified from Lu et al., 2022; sea level data comes from Zhu et al., 2021).

2022). The warm and humid climate makes weathering effect strong,
producing a large number of debris substances and clay substances, and
deposits thick WF-L Fm shales (Xi et al., 2019; Zhao et al., 2022). The
WF-L Fm shales are underlain by thick, shallow Ordovician marine
limestone and capped by mid-Silurian Luoreping Formation light gray to
yellow siltstone (Fig. 2; Liang et al., 2012; Ran et al., 2015; Feng et al.,
2021; Zhu et al., 2021). A large number of volcanic ash layers in the
Wufeng Formation and lower part of the Longmaxi Formation imply that
volcanic activities were frequent in these deposition periods. Although
the volcanic activity tended to diminish during the deposition period of
the Longmaxi Formation, its influence still existed (Lu et al., 2021).

3. Data and methods

For this research, we collected the data from 10 wells within the
southern Sichuan Basin (Well H202, Well L204, Well L205, well N222,
Well N227, Well W211, Well W213, Well W214, Well Y101, and Well
7203, locations see Fig. 1B). For observations and tests, a total of 126
well-core samples were collected from the target interval of the WF-L Fm
shales.

Thin sections were prepared at a thickness of 0.03 mm, and the op-
tical observations were performed using a Zeiss microscope (Axio
Imager A2m) (Table 1). The mineralogical characteristics observations
were performed on platinum-coated, thin sections by using a Scanning
electron microscope (Zeiss Crossbeam 550), and the samples for SEM
observations were platinum-coated. The XRD analyses were conducted
using an X-ray diffractometer (Panalytical X’Pert PRO) comprising a

copper source, 40 kV operating voltage, and 40 mA measuring current,
the measurement angle range was 5°-70° (Table 1). The XRF two-
dimensional element distribution samples were conducted using a
high performance micro area X-ray fluorescence spectrometer (Bru-
kerM4 TORNADO) comprising 50 kV operating voltage, 600 pA
measuring current, and 25 pm dot distance(Table 1). Samples were also
analyzed for trace element content, carbon isotope composition, and
TOC. The trace element content analyses were conducted using a plasma
mass spectrometer (NexION 300D). The ambient temperature was
22.3 °C and the humidity was 19%. The carbon isotope composition
analyses were conducted using a gas isotope mass spectrometer (MAT-
253) (Table 1). The TOC analyses were conducted using a total organic
carbon analyzer (LECO CS744) by inducing sample combustion in an Og
atmosphere to convert total organic carbon to CO5 (Wu et al., 2019b).
Among them, the optical observations, the SEM observations, the TOC
analyses, and the XRF two-dimensional element distribution analyses
were conducted at the Key Laboratory of Deep Oil and Gas, China
University of Petroleum (East China), and the trace element analyses,
the XRD analyses, and the carbon isotope composition analyses were
conducted at Beijing Research Institute of Uranium Geology.

4. Results
4.1. Petrological characteristics

According to the well core characteristics, thin section and SEM
observation, and XRD analyses data, the mineral composition and
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Table 1

Main analytical methods of samples from wells in southern Sichuan Basin.

Analytical item

Analytical processes

Instruments Samples

quantity

Optical
observations

SEM
observations

XRD analyses

XRF two-
dimensional
element
distribution

Trace element
content

The 0.03 mm thick thin
sections was placed on
the loading platform,
pressed and focused,
Zeiss microscope
observation (Axio
Imager A2m) was used
to record the
observations, and the
microscope camera is
Axiocam 506 color.
The surface of the
sample was polished by
an argon ion polishing
machine (Gatan 685)
and coated with
platinum film. After
completion, the sample
was put into a scanning
electron microscope
(Zeiss Crossbeam 550)
for observation. The
usual magnification is
1000-5000 times, and
the maximum
magnification is
400,000 times.

5 g rock powder (200
mesh) was loaded into
the groove of the XRD
sample table and the
surface was pressed flat
with plate glass to avoid
the preferred crystal
orientation. X-ray
diffractometer
(Panalytical X ‘Pert
PRO) was used for
testing, XRD patterns
were obtained,
HighScore Plus was
used for qualitative
processing and then K-
value method was used
for quantitative
processing of minerals.
Polish the surface of the
sample to be tested,
keep it flat, and keep
the sample surface dry.
Keep the surface level in
X-ray fluorescence
spectrometer
(BrukerM4 TORNADO),
and scan after
vacuuming. Generally,
single point scanning
time is set at 3-5 ms,
and point spacing is
30-35 pm. After
scanning, the target
element or element
combination is selected
to obtain the two-
dimensional
distribution diagram of
the element or element
combination.

Weigh 500 mg of rock
powder (200 mesh) and
place in an oven

(105 °C) for 2 h. Then
cool it to room

Zeiss microscope (Axio 126
Imager A2m)

Argon ion polishing 20
machine (Gatan

685), Scanning

electron microscope

(Zeiss Crossbeam 550)

X-ray diffractometer 17
(Panalytical X'Pert
PRO)

X-ray fluorescence 20
spectrometer

(BrukerM4

TORNADO)

Plasma mass 17
spectrometer (NexION
300D)

Table 1 (continued)
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Analytical item

Analytical processes

Instruments Samples

quantity

Carbon isotope

TOC analyses

temperature. The 100
mg sample was weighed
and added into the
microwave digestion
tank with 2 ml HF, 2 ml
HCI and 6 ml HNOs.
After 20 min reaction,
the sample was heated
to 185 °C for 45 min
digestion according to
the microwave
digestion procedure,
then transferred to the
acid catcher (160 °C)
for 90 min, and then
transferred to the 50 ml
plastic quantitative
tube for constant
volume. Let it stand
overnight and take the
supernatant to be
measured. A plasma
mass spectrometer
(NexION 300D) was
used to determine the
content of trace
elements.

10 mg of rock powder
(200 mesh) was placed
in a weighing bottle and
dried in an oven

(100 °C) for 4 h. The
treated samples were
put into a headspace
bottle, and the air in the
headspace bottle was
purged with high purity
helium gas (purging for
10 min). After that,
phosphoric acid was
added for a full reaction
for 20 h, and constant
temperature of 25 °C
was maintained
throughout the whole
process. After that, gas
isotope mass
spectrometer (MAT-
253) was used for
testing.

Weigh 140-150 mg of
rock powder (200
mesh) into a carbon-
sulfur analysis crucible.
Firstly, use 10%
hydrochloric acid
solution by volume
fraction to remove
inorganic carbon
(carbonate mineral),
and then wash the
remaining hydrochloric
acid in the crucible with
distilled water. The
samples were dried in
an oven hood for 8 h
and then in an oven
(60 °C) for 2 h. The
samples were then
analyzed using a carbon
and sulfur analyzer
(LECO CS744).

Gas isotope mass 17
spectrometer (MAT-
253)

Carbon and sulfur 109
analyzer ( LECO
CS744 )
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Fig. 3. Main mineral content of fine-grained sedimentary rocks from Well L204 in southern Sichuan Basin Abbreviations: Qtz-Quartz, Pl-Plagioclase, Fsp-Feldspar,
Dol-Dolomite, Cal-Calcite, Cly-Clay mineral, LOME-The Late Ordovician mass extinction.

sedimentary structure characteristics of the fine-grained sedimentary
rocks of the WF-L Fm are described in detail, which lays a foundation for
the rock types classification.

4.1.1. Mineral composition

The WF-L Fm fine-grained sedimentary rocks are mostly grayish-
black to black in the hand specimens. Among the 109 TOC analysis
data obtained in the study area, the overall average TOC value was
3.73%, among which there were 70 samples with TOC exceeding 3%,
mostly concentrated in 3%-5.5% (60 samples, average:4.33%). The
main mineral components of the shales are clay minerals, quartz, calcite,
dolomite, feldspar, and pyrite (Fig. 3), primarily the clay minerals and
quartz (Fig. 3). The clay mineral content ranges from 12.90% to 52.20%
(average: 31.36%). Illite is the dominant clay mineral species (Fig. 4A); a
small amount of kaolinite and chlorite is also present. The quartz content
ranges from 10.20% to 60.70% (average: 34.20%), including terrige-
nous quartz (Fig. 4B), biological quartz (Fig. 4C), and authigenic quartz
(Fig. 4D). The feldspar content is from 1.80% to 15.80% (average:
5.44%). It is mainly composed of plagioclase, with a small amount of
potassium feldspar (Fig. 4E). In general, the content of felsic minerals is
the highest, accounting for 14.30%-63.00% (average: 39.64%). Car-
bonate minerals are mainly calcite (Fig. 4F), whose content is 3.30%—
62.00% (average: 14.83%); the second abundant carbonate mineral is
dolomite (Fig. 4G), whose content is 5.50%-24.90% (average: 11.22%).
The overall content of carbonate minerals ranges from 14.60% to
67.50% (average: 26.05%). The shales also contain a small amount of
pyrite, whose content is generally less than 5.00% (average: 3.14%),
including idiomorphic pyrite (Fig. 4H) and framboidal pyrite (Fig. 41).

4.1.2. Sedimentary structures

The WF-L Fm fine-grained sedimentary rocks are mainly developed
with laminated structures and massive structures, with a few concre-
tionary structures and bioturbation structures. The laminae can be

classified into 4 types: clay-rich laminae, silt laminae, calcite laminae,
and biosiliceous laminae. The clay-rich laminae are dark in color, and
their mineral components are dominated by clay minerals, followed by
quartz and calcite. The mineral particles are sub-angular to sub-
rounded, with a diameter of less than 30 pm (Fig. 5A2). The silt
laminae with mixed detrital grains have light colors, and quartz is
dominated mineral. The detrital grains are in point contact or line
contact, and the lamina thickness is 100-500 pm (Fig. 5A2). The calcite
laminae are pure white on the core, a distinct and easy-to-recognize
feature; they are developed as layers of columnar calcite, usually
intercalated with a small amount of black clay material (Fig. 6B2). The
biosiliceous laminae exhibit a grayish-white color, with visible biolog-
ical fossils such as radiolarians and algae (Fig. 5C2). The massive
structures have a grayish-white color on the cores, and are mainly
composed of evenly distributed clay minerals, quartz, and feldspar. The
concretionary structures are mainly developed in parallel between the
silt laminae, bending the laminae above and below the concretion.

4.2. Rock types and characteristics

By systematically analyzing the core and thin-section samples and
examining the SEM data, combined with the mineral compositions and
content, XRF two-dimensional element distribution images and results
of previous studies (Liang et al., 2012; Wang et al., 2020; Feng, 2019,
2022), the WF-L Fm shales can be classified into 4 categories: mixed
fine-grained sedimentary rocks, siltstones, limestones, and claystone.
Then, according to the sedimentary structures and characteristic min-
erals, the WF-L Fm shales can be subdivided into 8 rock types.

4.2.1. Laminated siliciclastic mixed fine-grained sedimentary rocks (RT1)

RT1 is the most common and widely distributed rock type in the WF-
L Fm. The core is grayish-white and significantly hard (Fig. 5A1). The
rock types are developed with laminated structures, assemblages of
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Fig. 4. Occurrence of various minerals in WF-L Fm shales in southern Sichuan Basin A. Illite (SEM), Well L204, 3851.86 m; B. Terrigenous quartz (SEM), Well L204,
3805.75 m; C. biological quartz-radiolarian (SEM), Well L204, 3845.45 m; D. Authigenic quartz (SEM), Well L204, 3843.37 m; E. Feldspar (SEM), Well 1204,
3851.97 m; F. Calcite (SEM), Well L204, 3839.34 m; G. Dolomite (SEM), Well L204, 3839.34 m; H. Idiomorphic pyrite (SEM), Well L204, 3851.97 m; I. Framboidal
pyrite (SEM), Well L204, 3838.40 m. Abbreviations: Qtz-Quartz, Fsp-Feldspar, Cal-Calcite, Dol-Dolomite, Cly-Clay mineral, Py-Pyrite, I-Illite.

Table 2
Main rock types of fine-grained sedimentary rocks from Well L204 in southern Sichuan Basin.
Rock types Mineral content TOC/%
Qtz/% Fsp/% Cal/% Dol/% Py/% Cly/%
RT1 26.30 — 40.40 1.80 —12.20 5.00 — 22.90 7.40 — 24.90 1.40 - 5.70 12.90 — 47.00 0.80 — 5.48
33.08 5.97 10.85 11.67 3.25 34.57 3.18
RT2 23.4-39.10 2.30-5.50 3.30-15.7 11.00 — 13.40 2.20 - 5.00 27.30 - 52.2 3.61 —4.43
29.57 4.20 9.63 11.90 3.53 41.17 3.99
RT3 33.30 4.50 10.90 9.20 4.90 37.20 5.18
RT4 41.50 — 42.70 2.40 — 3.50 14.00 — 19.50 13.60 — 16.90 2.70 — 3.00 17.00 — 23.20 3.81 -4.38
42.10 2.95 16.75 15.25 2.85 20.10 4.10
RT5 33.90 - 60.70 2.30 - 15.80 5.80 — 23.10 9.10 - 12.90 1.80 — 2.60 13.60 — 29.70 1.32-4.33
47.33 7.30 11.60 10.70 2.47 20.60 3.24
RT7 10.20 4.10 62.00 5.50 2.10 16.10 1.53
RTS8 24.50 4.00 16.90 7.70 5.00 46.90 0.68
26.30 — 40.40  Min — Max
33.08 " Average

Abbreviations: Qtz-Quartz, Fsp-Feldspar, Cal-Calcite, Dol-Dolomite, Cly-Clay mineral.

light-colored mixed silt laminae and dark clay-rich laminae, and occa-
sionally developed with concretionary structures (Fig. 5A2). The min-
eral composition mainly includes clay minerals, quartz, calcite,
dolomite, and feldspar (Fig. 5A3). Clay minerals and quartz are the
dominant components (Table 2), whose average content is 34.57% and
33.08%, respectively. The quartz grains are 30-60 pm in diameter,
angular to sub-angular. The feldspar grains are 2045 pm in diameter,
sub-angular to sub-rounded. The overall content of felsic minerals is
relatively high, with an average of 40.92% (Fig. 7A). Calcite and dolo-
mite are present, with particle sizes less than 40 pm, sub-angular to sub-

rounded. The average content of calcite is 10.85%, and that of dolomite
is 11.67%.

4.2.2. Massive siliciclastic mixed fine-grained sedimentary rocks (RT2)
RT2 is mainly developed in the lower part of the WF-L Fm, with small
deposition thickness; they have a pelitic texture and are weakly strati-
fied, showing a grayish-white to grayish-black color (Fig. 5B1). Clay
minerals are their dominant mineral components, with an average
content of 39.40% (Fig. 5B2). The content of detrital particles is rela-
tively small and mainly quartz, calcite, and dolomite (Table 2). The
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Fig. .7. Mineral occurrence of fine-grained sedimentary rocks for the WF-L Fm in southern Sichuan Basin.

quartz has a particle size of less than 30 pm and an average content of
29.57%, with sub-angular to sub-rounded grains (Fig. 5B3). The calcite
has an average content of 9.63%, with sub-angular particles of about 20
pm in diameter. The dolomite is mostly micritic, with an average content
of 11.90%. A small amount of mica is also present, with a particle length
of 15-50 pm. The mica particles are short strip-shaped, severely frag-
mented, and scattered in the rock formations (Fig. 7B).

4.2.3. Laminated biosiliceous mixed fine-grained sedimentary rocks (RT3)

RT3 has laminar distribution in the lower part of the WF-L Fm, with
high TOC content and a thickness varying from 0.2 to 1 cm. The rock
type above and below them is RT2, with abrupt contacts. The core ex-
hibits a gray or grayish-white color, with bedding structures (Fig. 5C1).
Abundant siliceous organisms can be seen under the microscope, mainly
radiolarians and sponges. The radiolarians have a yellowish-brown color
and various shapes with a clear siliceous ring-shaped body structure
(Fig. 5C2), randomly distributed in the rock type. Radiolarian’s content
is about 10.00%, with a particle size of 30-80 pm, mostly around 50 pm.
Clay minerals are the dominant mineral components (Fig. 5C3), with a

content of about 37.20%. The detrital material is mainly quartz, which is
sub-angular, with a particle size of less than 30 pm, mostly mixed with
the clay minerals and OM. The content of carbonate minerals is low,
mostly calcite and dolomite. The calcite is in the form of detrital parti-
cles, with content of approximately 10.90% and a particle size of less
than 25 pm. The calcite appears as well idiomorphic crystals with a
content of 9.20% and a particle size of mostly 80-120 pm, filling in the
radiolarian cavities (Fig. 7C).

4.2.4. Massive calcareous mixed fine-grained sedimentary rocks (RT4)
RT4 is mainly developed in the lower part of the Longmaxi Forma-
tion (Fig. 5D1), with high OM content (Table 2). They are mostly
grayish-brown or grayish-black, with a pelitic texture (Fig. 5D2). The
detrital materials are locally aggregated in point contact with a silty
texture. The dominant mineral component is quartz, with a particle size
of less than 30 pm and an average content of 42.10%, and the grains are
sub-angular to sub-rounded. Clay minerals are the second most abun-
dant, with an average content of 20.10%. The carbonate minerals are
mainly calcite, followed by dolomite (Fig. 5D3). The particle size of
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calcite is less than 40 pm, and its average content is 16.75%, with sub-
angular to sub-rounded grains. The dolomite grains are mostly well
idiomorphic, with a diameter of 10-40 pm and an average content of
15.25%. A tiny amount of mica can be found suspended in clay materials
(Fig. 7D).

4.2.5. Massive carbonate-bearing siliceous siltstones (RT5)

RT5 is mainly distributed in the middle and lower part of the Wufeng
Formation, with a silty texture and gray to grayish-white color
(Fig. 6A1). Felsic minerals are the dominant mineral components of
detrital grains (Fig. 6A2), with an average content of 54.63%. The
particles are mostly 25-60 pm in diameter, a few of which are up to 100
pm, angular to sub-angular. The carbonate minerals are mainly dolomite
and calcite (Table 2). The calcite has an average content of 11.60% and a
particle size less than 40 pm, with sub-angular grains. The dolomite
mainly exists as well idiomorphic crystal grains, and the average content
of dolomite is 10.70%, and the diameter of the idiomorphic particles is
70-150 pm. There is a small amount of mica in short and thin strip
shapes, with a particle length of 40-120 pm; it is randomly distributed
between quartz and feldspar grains (Fig. 6A3), with a content of less
than 5.00%. Bioturbation structures are occasionally developed, where
locally enriched quartz, feldspar, and calcite grains are cemented by
micritic dolomite into clusters, shown as white irregular spots with a
diameter of 200-700 pm. These structures indicate frequent biological
activities, a shallow water depth, and intense terrestrial input during
deposition (Fig. 7E).

4.2.6. Laminated siliciclastic limestones (RT6)

RT6 is less distributed, and their OM content is low. They are char-
acterized by pale yellow to pure white bands on the core, forming a
lamina assemblage with the clay-rich laminae (Fig. 6B1). Their main
component is calcite, whose content is approximately 62.00%
(Fig. 6B2). The calcite layers are formed parallel to the laminae

(Fig. 6B3), composed of columnar calcite with suitable crystalline form
and high purity. The layers are 70-250 pm thick, intercalated with
argillaceous clasts, and surrounded by many calcite grains that are sub-
angular to sub-rounded and less than 50 pm in diameter (Fig. 7F). The
dolomite content is about 5.50%, and the dolomite crystals are well
idiomorphic. The following abundant components are clay minerals and
detrital quartz. The clay mineral content is about 16.10%. The quartz
particles have a diameter of less than 30 pm and a content of roughly
10.20%; they are sub-angular to sub-rounded. A small amount of pyrite
is also present, albeit randomly distributed.

4.2.7. Massive clayey shell limestones (RT7)

RT7 is developed in the Guanyinqiao Member at the top of the
Wufeng Formation (Fig. 6C1), indicating intense biochemical effects.
The Hirnantia shells developed during the Hirnantian glaciation are
abundant in this strata (Fig. 6C2). These rocks have a gray to grayish-
white color, marking the boundary between the Wufeng Formation
and the Longmaxi Formation. The dominant mineral component is
calcite (Fig. 6C3), whose particles maintain the residual shapes of the
shells. The following abundant minerals are quartz and clay minerals. A
small amount of dolomite developed with a suitable crystalline form.
Some pyrite particles also developed (Fig. 7G), with grain sizes less than
30 pm.

4.2.8. Massive carbonate-bearing felsic claystone (RT8)

RTS8 is distributed at the bottom of the Wufeng Formation with a
small amount (Fig. 6D1). The core shows a grayish-white color, and the
OM content is low. The dominant mineral component is clay minerals
(Fig. 6D2), with a content of around 46.90%. The detrital materials are
evenly distributed among the clay minerals (Fig. 6D3), with a relatively
low content of about 28.50%. They are mainly quartz, whose particle
size is less than 40 pm. A small amount of carbonate minerals and
feldspar is also present, whose particle sizes are all less than 30 pm
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(Fig. 7H).

In addition, a small amount of bentonite is frequently developed in
the lower part of the WF-L Fm, which thins and shows up less frequently
upward. Its dominant mineral compositions are clay minerals and py-
rite. Pyrite is densely distributed throughout the bentonite layer
(Fig. 71), giving the entire stratum a golden yellow color distinct from
the upper and lower shales. The particle size of pyrite is generally less
than 30 pm. In general, the rock types variations in the lower part of the
WEF-L Fm in the well L204 are more frequent than in the upper part.
From bottom to top, the content of detrital grains decreases, and the
content of clay minerals increases. The OM content is higher at the
bottom than at the top; this shows that the sedimentary environments of
the bottom of the WF-L Fm was frequently changing, resulting in
frequent variations in rock types.

4.3. Geochemical characteristics

The results show that TOC content of WF-L Fm shales samples ranges
from 0.68% to 5.48% (average: 3.31%), mainly concentrated in the
range of 1.32%-4.43%. TOC always shows an upward trend, and then
shows a downward trend, from the highest value of 5.48%-0.80%
(Fig. 8). The variation trend of Cu and Mo content was consistent with
TOC. The content of Sr ranged from 94.90 ppm to 325 ppm (average:
181.46 ppm), and the changing trend of Sr content and Sr/Cu ratio was
similar. The bottom of WF-L Fm showed an upward trend, then
decreased, and then decreased rapidly after a short upward trend, and
then kept a low level (Fig. 8). Sr/Ba ratio is between 0.05 and 0.34
(average: 0.11), which is generally at a low level, and its variation trend
is similar to that of Sr/Cu. U/Th ratios ranged from 0.17 to 3.00
(average: 1.09), V/Cr ratios ranged from 1.25 to 5.44 (average: 2.52), V/
Ni ratios ranged from 0.99 to 3.19 (average: 2.12), and Ni/Co ratios
ranged from 2.86 to 29.57 (average: 7.69). The U/Th, V/Cr, V/Ni and
Ni/Co change trends are similar. On the whole, WF-L Fm shows an up-
ward trend, and then shows a downward trend (Fig. 8). The content of
carbonate minerals slightly decreases upward with minor changes,
consistent with the variations of §'°C. The plagioclase content is up-
wardly increasing, and a small amount of potassium feldspar is present
in the upper part. The pyrite content has minor changes, with a stable
overall distribution trend.

5. Discussions
5.1. Sedimentary environments evolution

Using geochemical elements and characteristic element ratios as
indicators to distinguish paleo-sedimentary environments is a common
method for studying fine-grained sedimentary rocks. Cu in water body is
easy to combine with OM and deposit to the seafloor, and Mo is easy to
enter the sediment in sulfide environments and its deposition flux is
proportional to the accumulation rate of OM. When organisms flourish,
they preferentially use '2C, resulting in the relative enrichment of 13C in
nature and positive excursion of 518C. Therefore, the Cu content, Mo
content, 5'3C and TOC are applied to evaluate the paleoproductivity
comprehensively (Calvert and Pedersen, 1993; Lyons et al., 2003; Shen
et al., 2011); Sr is precipitated to the water bottom in large quantities
under dry conditions, while Cu is deposited rapidly under wet condi-
tions, so that Sr content and Sr/Cu are used to determine paleoclimate
(Nesbitt and Young, 1982; Li et al., 2019; Wang et al., 2022a); Both Sr
and Ba can enter the water in the form of soluble salts and are sensitive
to paleosalinity changes, while Ba2" has a lower solubility than Sr?*, so
Ba®" will precipitate before Sr?*, and Sr?" will precipitate when the
salinity increases further, making Sr/Ba suitable for judging paleo-
salinity (Yan et al., 2012; Liang et al., 2017; Li et al., 2020); U, Co, V, Ni
and Cr are often enriched in black shale formed under anoxic environ-
ments, while Th is not affected by redox conditions. Therefore, the
element ratios of U/Th, V/Cr, V/Ni, and Ni/Co can be used to measure
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redox conditions (Kimura and Watanabe, 2001; Algeo et al., 2011; Algeo
etal., 2016; Liu et al., 2019; Algeo and Li, 2020a; Algeo and Liu, 2020b).
Based on the above geochemical indicators and the rock types, we
analyzed the sedimentary environments in the southern Sichuan Basin
(Fig. 8). We divided the evolution process of the sedimentary environ-
ments of the Well L204 into 7 intervals, including 3 intervals corre-
sponding to the Wufeng Formation and 4 intervals corresponding to the
Longmaxi Formation.

Interval I is 3851.80-3847.30 m. In this interval, the Sr content is
low, Sr/Cu < 5, Sr/Ba is relatively low, U/Th < 1, V/Cris 1.3-2.1, V/Ni
is relatively low, and the 613C, the Cu content and TOC are relatively
high. The climate was warm and humid, with high oxygen content in the
water body. The sedimentary environments were relatively oxidizing.
The paleosalinity declined first and then rose but generally stayed at a
low level. TOC remained at a high level, implying high productivity. The
rock types are dominantly RT2, RT4, and RT5, with a small amount of
RT3 and RT8. In this interval, the clay mineral content is high in the rock
type combination, the clastic content is low, and massive structures are
developed, indicating a weak hydrodynamic condition. The sedimen-
tation was dominated by the suspension effect. The OM was preserved,
and the shales show a dark color.

Interval II is 3847.30-3844.20 m. In this interval, the Sr content
increased; Sr/Cu is 3.2-9.1, larger than in Interval I; Sr/Ba >0.3, a high
level; U/Th > 1.25; Ni/Co > 6; V/Cr is 2.64-3.57, higher than Interval I;
and the Mo content, Cu content and TOC decrease first and then in-
crease, the 8!3C also has a positive excursion, generally at a relatively
high level. The climate during this period was relatively hot and dry, the
water body was in hypoxic-anoxic conditions, and the paleosalinity was
high. The dominant rock type is RT1 interbedded with a small amount of
RT3 and RT6. The terrigenous detrital materials increased first and then
decreased. The water body temporarily became shallower, and the OM
was damaged, resulting in the low TOC value. Large quantities of
nutrient elements conducive to the bloom of organisms entered the
water body. Thus, microorganisms such as algae flourished, productivity
increased, and the OM was enriched, leading to a high Mo content and
TOC value.

Interval III is the Guanyingiao Member between 3844.20 and
3843.10 m. This period was during the Hirnantian glaciation when the
climate was cold and dry. The water body became shallow, and organ-
isms such as the Hirnantia shells were prosperous; the productivity was
high, but the water body was highly oxidizing, damaging the OM and
lowering the TOC value. Additionally, the biochemical effects were
intense, and RT7 was developed.

Interval IV is 3843.10-3839.00 m, entering the Rhuddanian period.
The Sr content and Sr/Cu value are relatively high; Sr/Ba has a declining
trend, roughly at a relatively high level; U/Th > 1.25; Ni/Co > 7; V/Cr is
2.7-3.7, at a relatively high level; the content of Cu and Mo is high to
low, the TOC is about 4%, and 8'°C has a negative excursion. These
factors indicate that the climate was relatively dry and hot. The water
body was in anoxic-hypoxic conditions, with large water depth and
relatively high productivity. The rock type developed was mainly RT4,
with a small amount of RT1 and RT2. The hydrodynamics were weak,
and the sedimentation was dominated by the suspension effect.

Interval V is 3839.00-3827.30 m. In this interval, the Sr content and
Sr/Cu value decreased, Sr/Ba continually declined, U/Th > 1.25, Ni/Co
>7,V/Cr > 2, and the content of Cu and Mo was generally high, and the
513C has a negative excursion. This shows that the climate changed from
relatively dry and hot to warm and humid. The water body was in
hypoxic-anoxic conditions, the salinity was low, and the water body was
relatively closed, with large water depth and weak hydrodynamics. The
OM was well preserved, with a TOC value of about 5% and high pro-
ductivity. The developed rock type was RT4 in the early interval and
dominantly RT1 with a small amount of RT2 and RT6 later. In the later
interval, the clastic materials dominated by carbonate minerals
increased, the terrestrial input was enhanced; however, the sedimenta-
tion was still dominated by the suspension effect.
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Interval VI is 3827.30-3825.90 m. In this interval, the Sr/Cu value
and Sr content increase first and then decrease; Sr/Ba increases to the
maximum and then drops. Meanwhile, U/Th < 0.75, Ni/Co < 5, V/Cr <
2, the content of Cu and Mo is relatively low, the TOC has a low value,
and the 8'3C shows a strong negative excursion, indicating that the
climate was relatively dry and hot during the deposition, the water body
became shallower, and the salinity was relatively high. The oxygen
content in the water increased, damaging the organic matter, and the
TOC declined. The productivity was relatively low. The rock types are
mainly RT1 and RT6.

Interval VII is 3825.90-3806.10 m. In this interval, Sr/Cu < 5; the Sr
content increases slightly but generally at a low level; Sr/Ba also has a
slight increase but is relatively low in general; the indicators, U/Th, Ni/
Co, and V/Cr, all have a declining trend, and in general, U/Th < 0.75,
Ni/Co < 5, and V/Cr < 2; the content of Cu and Mo gradually decreases;
and the TOC continuously decreases from 3.6% to 0.8%. Compared with
the Interval VI, the §'3C have a positive excursion, but still at a lower
level. These factors indicate that the climate was warm and humid, and
the water body was shallow, with relatively low salinity. The oxygen
content of the water was high, and the water body was in a relatively
oxidizing condition, where the OM was not easy to preserve. Moreover,
the productivity gradually decreased. The water body was poorly closed,
with intense terrestrial input. The siliciclastic materials gradually in-
crease upward, their particle size increases, and the rock color becomes
lighter. The dominant rock type is RT1, with a small amount of RT5. The
sedimentation was dominated by the suspension effect, undersets, and
turbidity currents.

In general, Intervals I to VII were dominated by a warm and humid
climate, and the paleoclimate experienced an evolution process of
warm-humid, relatively hot-dry, cold-dry, hot-dry, warm-humid, rela-
tively hot-dry, and warm-humid. At the same time, the salinity of the
water body gradually increased from intervals I to III, generally
decreasing trend from intervals IV to VII, only temporarily increasing in
Interval VI. The paleo-redox conditions exhibited an evolution trend
from relatively oxidizing to anoxic from Intervals I to IV. Except for
Interval III during the Hirnantian glaciation when the water body
became shallow and oxidizing, there was a hypoxic-anoxic environment
with large water depth from intervals II to V. From intervals VI to VII,
the water became shallower, showing a relatively oxidizing environ-
ment. The paleoproductivity was at a high level from intervals I to V,
with a high TOC content. From intervals VI to VII, the paleoproductivity
decreased, with only a slight increase at the beginning of Interval VII.

5.2. Impacts of different geological events

5.2.1. Environmental response

The frequent global geological events in late Ordovician to early
Silurian had a great impact on the sedimentary environments of shales
and the accumulation of OM. In the sedimentary environments evolu-
tion of Well L204, from interval I to II, the U/Th ratio rises from 0.17 to
1.40, the V/Cr ratio rises from 1.27 to 3.57, the V/Ni ratio rises from
0.99 to 3.19, and the Ni/Co ratio rises from 3.28 to 10.11, all indicating
that the sedimentary environments have changed to anoxic reduction
environments. The §'°C decrease from —0.90%o to —15.20%o, this is
because the reduction of 12C absorbed by OM leads to the relative deficit
of 13C in the natural carbon pool, which leads to the negative excursion
of 8'3C (Kump and Garrels, 1986; Berner, 1987). Meanwhile, the con-
tents of Cu and Mo also increased, and TOC increased from 0.68% to
5.18%, indicating that marine productivity was also on the rise. These
changes may be related to the intense volcanic activity during the
sedimentary period of Wufeng Formation from interval I to II. The vol-
canic eruption of gas contains a large amount of gases such as CO3, No,
and NO,, promoting carbon, nitrogen, and other nutrients in ocean
circulation (Olgun et al., 2013; Wu et al., 2018; Zhang et al., 2021; Lu
et al., 2022; Yang et al., 2022). Volcanic ash falls into the ocean and
hydrolyzes, causing Fe, Cu, and other nutrients and part of SiOy to
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dissolve into water, creating good conditions for sea creatures to flourish
(Duggen et al., 2007; Langmann et al., 2010; Xiao et al., 2021; Lu et al.,
2022). The gases such as SO, and H,S emitted by volcanoes form acid
rain in the stratosphere and then fall into the ocean, resulting in sulfu-
rized anoxia in water bodies (Haeckel et al., 2001; Hammarlund et al.,
2012; Cooper et al., 2018; Zhang et al., 2021). A large amount of gas
sprayed out in a volcanic activity forms an aerosol through a photo-
chemical reaction in the stratosphere (Robock and Matson, 1983;
Robock, 2000; Self et al., 2014). The aerosols can spread globally in a
short time and remain suspended in the atmosphere for 1-2 years,
Aerosols and volcanic ash work together to reflect some of the solar
radiation back into space before they reach the surface, causing the
surface to receive less solar radiation and thus lower surface tempera-
tures (Oman et al., 2005; Watson et al., 2017; Cooper et al., 2018; Wang
et al., 2019a). This effect inhibits the growth of biological reproduction
and reduces productivity, coupled with a cooling of the surface that
promotes glaciation, which may have contributed to the first pulse of the
Late Ordovician mass extinction (LOME-1) (Chen et al., 2004; Jones
et al., 2017; Zou et al., 2018; Hu et al., 2020; Lu et al., 2021).

Interval III is in Hirnantian glaciation, cold water of benthic Hir-
nantia fauna creatures flourish, productivity rising, and RT7 develop-
ment. The Hirnantian glaciation led to global regression and a
significant drop in sea level, rising water salinity, and the cold and dry
climate favors carbonate mineral deposits (Yan et al., 2012; Jin et al.,
2020; Chen et al., 2021). In Interval IV, the U/Th ratio, V/Cr ratio, and
Ni/Co ratio reached the highest value of 3.00, 5.43, and 29.57, after the
end of the Hirnantian glaciation, indicating that the sedimentary envi-
ronments were in the state of deep water and extreme hypoxic reduc-
tion, and TOC also reached 4.33%. At the end of the late Hirnantian
glacial period, the glaciers rapidly melted and injected a large amount of
fresh water into the ocean, resulting in a wide range of transgression and
the rapid rise of sea level. Water salinity decreased and water depth
increased, resulting in water hypoxia (Jones et al., 2017; Zou et al.,
2018; Wu et al., 2019b; Lu et al., 2021). The rapid rise and fall of sea
level caused seriously disturbed the stability of the ecosystem, leading to
the mass death of organisms represented by the Hirnantia fauna,
resulting in the second pulse of Late Ordovician mass extinction
(LOME-2) (Sheehan, 2001; Hammarlund et al., 2012; Wang et al.,
2019a).

5.2.2. Sediment deposition rate

By analyzing the geochemical characteristics and mineral charac-
teristics can be concluded that Interval VII mainly develops RT1 with
low TOC content. RT1 presents rich-clay laminae and clastic particles
interbed characteristics, rich-clay laminae often appear larger felsic
mass particles. It shows that the hydrodynamic force was strong when
RT1 was deposited. The climate was warm and humid with strong
weathering and terrigenous input, thus accelerated deposition rate and
diluted OM in Interval VII. Meanwhile, the water body present an
oxidation environment, and the deposited OM is destroyed, resulting in
alow TOC content. The main rock types of Interval III and Interval IV are
RT7 and RT6, with low TOC content. Interval III was in the Hirnantian
Glaciation, the cold and dry climate weakened the weathering greatly,
the deposition rate decreased and the OM was oxidized due to the
shallow water, so the TOC content of RT7 formed at this time was low.
The rock types developed from Interval I to II and from Interval IV to V
mainly developed RT2 and RT4, with high TOC content and massive
structure, indicating that the sedimentary environments were in a long-
term stable state, with weak hydrodynamics and stable deposition rate.
Large water depth resulted in low oxygen content in the water, which
was conducive to the preservation of OM.

From Interval I to V, high productivity, the anoxic reductive envi-
ronments formed by large water depth, and a stable deposition rate
make the OM well preserved, which is conducive to the development of
organic-rich shales. High-quality organic-rich shales are often developed
in deep water reductive environments that are conducive to OM
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Fig. 10. Trace elements content and ratios, mineral content, and TOC rendering map in the study area.

accumulation and preservation, but the gravity flows can carry organic
debris from shallow water into deep water, as well as the surface of
terrigenous clastic and oxygen into deep waters, accelerate deposition
rate and change the deep-water area’s stable anoxic environments, have
certain destruction of OM (Ghadeer and Macquaker, 2012; Li et al.,
2020; Feng et al., 2021).

The Mo/TOC ratio and Cd/Mo ratios are used to assess the degree of
restriction of the water body (Algeo and Lyons, 2006; Algeo and Rowe,
2012; Sweere et al., 2016; Lu et al., 2020). In the study area, Mo/TOC
ratio of the Wufeng Formation shales samples is between 0.8 and 10.76
(average: 3.80), Mo/TOC ratio of the Longmaxi Formation sample is
between 1.88 and 13.15 (average: 7.57) (Fig. 9A), and 3 samples have
Cd/Mo ratios larger than the 0.1 threshold (Fig. 9B), which indicate that
the restrictions of the water body from the Wufeng Formation to Long-
maxi Formation have weakened, and it is affected by upwelling. The
upper part of the Interval II has the upwelling, and a large number of
algae and radiolarians can be seen in the development of RT3, which
provides a rich OM. TOC increased from 2.34% to 5.18%, indicating that
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organisms flourished, productivity increased, and OM accumulation.
The upwelling current brings a lot of nutrients from deep water to the
surface of the water body, enhances the flux of surface nutrients and
promotes the increase of primary productivity, thus accelerate deposi-
tion rate of OM (Anderson et al., 2009; Scholz et al., 2011; Yang et al.,
2021).

5.3. Accumulation process of OM

OM accumulation is mainly controlled by productivity, preservation
conditions, and deposition rate, of which productivity and preservation
conditions are mainly affected by environmental factors such as climate
and reducibility.

The higher Sr/Cu ratio, the drier climate, and the higher Sr/Ba, the
higher salinity of water (Liang et al., 2017; Li et al., 2019; Wang et al.,
2022a). Based on the analysis of rock type evolution and sedimentary
environments in southern Sichuan Basin, we find that Sr/Cu and Sr/Ba
are positively correlated (Fig. 10A), while Sr/Cu and carbonate mineral
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Fig. 11. Trace elements ratio, mineral content and TOC rendering map in the study area.

content are positively correlated (Fig. 10B), Sr/Cu and the siliciclastic
material content are negatively correlated (Fig. 10C). It indicate that
compared with the warm and humid climate, the dry and hot climate
can improve the salinity of water, which is conducive to the develop-
ment of carbonate minerals and the reduction of siliciclastic material.
Meanwhile, Sr/Cu and TOC are negatively correlated (Fig. 10D), TOC
and quartz content are positive correlation (Fig. 10E), indicating that a
dry and hot climate will lead to a significant decrease in TOC and quartz
content. From Intervals IV to VII, the climate changed from warm and
humid to dry and hot, the quartz content decreased (Fig. 3), productivity
decreased, and TOC decreased gradually (Fig. 8).

Mo content and Cu content are proportional to the level of primary
productivity (Lyons et al., 2003; Shen et al., 2011). In Fig. 10F, Mo
content and TOC are positively correlated, while Cu content and TOC are
positively correlated, indicating that the higher the marine primary
productivity is, the higher the TOC is in the sedimentary rocks formed

Silt laminae :

Siltlaminae

(Fig. 10F). The OM content is generally high in the fine-grained sedi-
mentary rocks of the WF-L Fm in the study area. The rocks have dark
colors, indicating that a large quantity of inorganic carbon in the
paleo-ocean was converted into organic carbon during the development
of the fine-grained rocks. Organisms flourished in the surface seawater,
with relatively high productivity. For instance, from Intervals I to II, the
paleoproductivity had an overall increasing trend, and the RT3 is
frequently developed, the TOC was relatively high. Interval III was
within the Hirnantian glaciation when the cool-water benthic Hirnantia
fauna was prosperous with high productivity (He et al., 2019; Lu et al.,
2019; Jin et al., 2020), and the RT7 was developed. After that, from
Intervals IV to V, the paleoproductivity was maintained at a high level,
the TOC was relatively high, and the core color was dark. The developed
rock type was mainly the RT4. From Intervals VI to VII, the water body
became shallow, and the terrestrial input increased. The productivity
exhibits a decreasing trend, and the TOC declines continually, the core

Biosiliceous laminae

Biosiliceous laminae

Fig. 5. Characteristics of RT1-RT4 of fine-grained sedimentary rocks in southern Sichuan Basin A-Laminated siliciclastic mixed fine-grained sedimentary rock, Al.
Core features, Well L204, 3790.10 m; A2. Microscopic characteristics, Well L204, 3790.22 m, (—); A3. Element distribution of Si and Ca (XRF), Well L204, 3790.17 m;
B-Massive siliciclastic mixed fine-grained sedimentary rock, B1. Core features, Well L204, 3851.90 m; B2. Microscopic characteristics, Well L204, 3851.09 m, (—); B3.
Element distribution of Si and Ca (XRF), Well L204, 3851.88 m; C-Laminated biosiliceous mixed fine-grained sedimentary rock, C1. Core features, Well 1204,
3847.80 m; C2. Microscopic characteristics, radiolarians in the core, Well L204, 3847.70 m, (+); C3. Element distribution of Si and Ca (XRF), Well L204, 3847.80 m;
D-Massive calcareous mixed fine-grained sedimentary rocks, D1. Core features, Well L204, 3848.82 m; D2. Microscopic characteristics, Well L204, 3839.34 m, (+);

D3. Element distribution of Mg and Ca (XRF), Well N222, 4331.05 m.
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Fig. 6. Characteristics of RT5-RT8 of fine-grained sedimentary rocks in southern Sichuan Basin A-Massive carbonate-bearing siliceous siltstone, Al. Core features,
Well 1L.204, 3849.80 m; A2. Microscopic characteristics, Well L204, 3849.85 m, (—); A3.Element distribution of Si and Ca (XRF), Well L204, 3849.80 m; B-Laminated
siliciclastic limestone, B1. Core features, Well L204, 3838.40 m; B2. Calcite laminae and clay-rich laminae, Well L204, 3838.40 m, (++); B3. Element distribution of Si
and Ca (XRF), well N227, 3598.17 m; C-Massive clayey shell limestone, C1. Core features, Well L204, 3843.20 m; C2. Microscopic characteristics, Well L204,
3843.20 m, (—); C3. Element distribution of Si and Ca (XRF), Well L204, 3843.20 m; D-Massive carbonate-bearing felsic claystone, D1. Core features, Well 1L.204,
3851.93 m; D2. Microscopic characteristics, Well L204, 3851.95 m, (—); D3. Element distribution of Si and Ca (XRF), Well L204, 3851.95 m.

color becomes lighter, and the RT1 is more frequently developed.

The larger the ratio of U/Th and V/Cr, the more the water body is
inclined to the anoxic reduction environments (Algeo et al., 2011; Algeo
and Li, 2020a; Algeo and Liu, 2020b). We find that U/Th and TOC are
positively correlated (Fig. 11A), V/Cr and TOC are positively correlated
(Fig. 11B), indicating that the reducing environments are conducive to
the preservation of OM. At the same time, there is a negative correlation
between U/Th and clay mineral content, and a positive correlation be-
tween U/Th and felsic debris content(Fig. 11C), indicating that the rocks
formed under reduction environments have a higher content of felsic
debris and a lower content of clay material. In the early Rhuddanian
period, the earth rapidly entered a greenhouse period (Wu et al., 2019b;
Chen et al., 2021; Zhang et al., 2021), and the glaciers melted. The
rapidly rising sea level turned the water body into an anoxic environ-
ment, where the OM was well preserved. Meanwhile, the water depth
was large, and the deposition rate was low. The rock types formed at this
time have high TOC, the content of detrital particles is high, and the clay
mineral content is relatively low. From Interval II to V, the water body
was generally in an anoxic reducing condition, the water depth was
large, and the rock types developed were mainly the RT4, with a small
amount of RT2; the TOC values are generally high. In Interval I and from
Interval VI to VII, the water body was shallow and oxidizing, and the
terrestrial input was intense. The clay mineral content is relatively high,
and the content of clastic materials is relatively low. The rocks devel-
oped are mainly the RT1 and RT5. The corresponding TOC values are
relatively low.

5.4. Sedimentary model

The development of the rock types of the WF-L Fm was controlled by
multiple factors. The paleoclimate played a decisive role and was
interrelated with paleoproductivity and paleo-redox conditions. Sedi-
mentary events such as volcanic activities and the Hirnantian glaciation
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interrupted the normal deposition process. The gases and ash released
by the volcanoes could alter the water environments; the cold and dry
climate during the Hirnantian glaciation triggered the first mass
extinction in geological history.

In the study area, when the relative strong terrigenous input enters
the water body, under the influence of sedimentary differentiation, silt
laminae are mainly composed by coarse-grained detrital sediments and
clay-rich laminae are mainly composed by clay minerals under sus-
pension, then two laminae interbedded to form RT1 (Fig. 5A; Wang
et al., 2019a; Shi et al., 2020). A large number of clay minerals and
small-size detrital grains enter the water body and are deposited under
suspension to form RT2 (Fig. 5B). Upwelling carries nutrients and dis-
solved silica to the surface of the water, which promotes the flourishing
of surface organisms and the growth of siliceous organisms, so that a
large number of siliceous biological shells can overcome the dissolution
and settle to the seabed, and are preserved to form RT3 (Fig. 5C; Bolton
et al., 2010; Wittke et al., 2010; Liu et al., 2017; Yang et al., 2021). The
debris particles in RT4 mainly consist of carbonate particles, quartz,
feldspar, indicating RT4 may have been formed by mixed deposition of
carbonate rocks debris from Guizhou Uplift and siliceous debris and clay
minerals from other provenances (Fig. 5D). The size of the debris in RT5
is generally over 60 pm, and some of the debris is over 100 pm, and the
debris is disorderly and the long axis of the particles is not oriented,
indicating that the turbidity current brings a large number of debris
sediments from shallow water into the deep water and rapidly deposits
to form RT5 (Fig. 6A; Liang et al., 2016). The calcite laminae of RT6 may
be precipitated by diagenetic fluid intruding into rock fractures (Fig. 6B;
Nie et al., 2020; Luo et al., 2021; Wu et al., 2021). RT7 is a kind of shell
limestone deposited by the cold-water benthic Hirnantia fauna during
the Hirnantian glaciation when the glacier developed and the waterbody
became shallow (Fig. 6C; Kiipli et al., 2020; Rong et al., 2020; Wang
et al., 2022b). RT8 has a very low TOC content (TOC is 0.68% in Well
L1204, 3851.95 m), which indicates that the deposition rate is fast and
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Fig. 12. The geological events and rock types development for the WF-L Fm in southern Sichuan Basin.

the enrichment process is rapid. It may be related to the rise of the early
sea level of the Wufeng Formation, a large number of clay minerals and
fine-grained debris particles accumulate to form RT8 (Fig. 6D). At the
same time, the volcanic ash produced by volcanic activity fall into the
ocean through the atmosphere or move through the river, and sedi-
mentation to form bentonite (Fig. 7I; Watson et al., 2017; Plunkett and
Pilcher, 2018; Yang et al., 2022).

Through the analysis of the relationship between geological events
and rock types development of Well N222, Well L204 and Well W213 in
southern Sichuan Basin, it is found that continuous volcanic activity
promotes the formation of more anoxic environment in water bodies of
the Katian-early Rhuddanian period. The climate is generally in warm
and wet environment, and there is also a short dry and hot climate. The
salinity of water bodies is at a high level, and the primary productivity is
at a high level. RT3, RT4 and a small amount of RT2 were developed,
and TOC content was generally high (Fig. 12). More RT7 was developed
in dry and cold shallow water during the Hirnantian glaciation. Along
with the decrease of sea level in the later Rhuddanian period, the water
becomes shallower, the primary productivity decreases, the water oxi-
dizability increases, the terrigenous input increases, the water salinity
decreases, the climate tends to warm and wet environment, the main
deposits of RT1 and RT5, and the TOC content is generally low. In
addition, the formation of RT6 is related to the hydrothermal process.
The hydrothermal intrusion along the weak interlaminar surface pre-
cipitates columnar calcite, forming columnar calcite layer parallel to the
laminar. The bottom of Wufeng Formation in well L204, the top of
Longmaxi Formation in well N222 and the bottom of Wufeng Formation
in well W213 are all in water environment with strong oxidation, and
RT8 with very low TOC content is developed. These results indicate that
the geological events of the Late Ordovician-Early Silurian changed the
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sedimentary environment in southern Sichuan Basin, and then affected
the development process and distribution of rock types in the WF-L Fm.
The volcanism, glaciation, mass extinction and other geological events
occurred in Late Ordovician-Early Silurian have global characteristics,
which may mean that the geological events at that time affected the
development of rock types all over the world.

We proposed the sedimentary models of the WF-L Fm in the southern
Sichuan Basin based on a comprehensive analysis of the rock types
characteristics and their assemblages, the evolution of sedimentary en-
vironments, the features of sedimentary structures, and mineral
component characteristics. During the deposition of the WF-L Fm, the
early water body was anoxic and reducing, the water depth was large,
and the TOC in the strata was high. The development of the fine-grained
sedimentary rocks was controlled by some factors such as the upwelling
current, turbidity currents, and suspension sedimentation (Fig. 13). At
the same time, irregular volcanic activities also affected the sedimentary
environments, and the deposition process of the WF-L Fm shales were
jointly controlled by multiple factors.

6. Conclusions

(1) Eight rock types have been identified, and the minerals occur-
rence model has been thoroughly characterized. The sedimentary
environments of the WF-L Fm shales can be further divided into 7
intervals. The results show that Interval I to Interval V represents
an anoxic environment with large water depth, high salinity, and
high productivity, and Interval VI to Interval VII represents an
oxidizing environment with shallow water depth, lower salinity,
and lower productivity.
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Fig. 13. Conceptual sedimentary model for the WF-L Fm in southern Sichuan Basin.

(2) Palaeoclimate interacted with redox condition, paleosalinity, and
paleoproductivity, thus controlling rock types development and
OM accumulation. Volcanic activity can make the water body
anoxic, and the hydrolysis of the ash releases a lot of nutrients
and improves productivity, and is beneficial to the accumulation
and preservation of OM. The rapid rise and fall of sea level caused
by the Hirnantian glaciation disturbed the stability of the
ecosystem, resulting in mass extinctions and providing material
sources for OM accumulation. Gravity flow can enhance terrige-
nous input in deep water for a short time, accelerate deposition
rate and dilute OM. The upwelling current enhances nutrient flux
in surface water and improves the primary productivity of water,
thus affecting the development of WF-L Fm shales.

The development of rock types is the result of the interrelation-
ship between a stable sedimentary environment and sudden
geological events. In a given time interval, geological events can
also play a leading role in the formation of rock types.

This study reveals the influence mechanism of geological events
on the formation of complex rock types and the OM accumulation
in Late Ordovician-Early Silurian, southern Sichuan Basin, which
provides a comparison of environmental impact mechanisms of
geological events occurring in different regions at different pe-
riods. Meanwhile, this study clarifies the impacts of geological
events on ecological environments, and it is significant to eluci-
date the global environmental impacts of geological events
occurring today.
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