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Abstract: During the Rhuddanian—Aeronian interglacial period, global geological events such as
glacial melting, synsedimentary volcanic activity, biological resurgence, and large-scale marine
transgressions caused frequent fluctuations in paleoproductivity, climate changes, and sea level
variations. These paleoenvironmental transitions directly influenced the development characteristics
of shale lithofacies. This study investigates the Longmaxi Formation shale in the Changning area
in the Southern Sichuan basin, focusing on 28 core samples from Well N1. Using scanning electron
microscopy, QEMSCAN, TOC, XRD, and major and trace element analyses, we reconstructed the
paleoenvironmental transitions of this period and explored their control over shale lithofacies types
and mineral compositions. Four shale lithofacies were identified: carbonate rich lithofacies (CRF),
biogenic quartz-rich lithofacies (BQRF), detrital clay-rich lithofacies (CRDF), and detrital quartz-
rich lithofacies (DQRF). During the Rhuddanian period, rising global temperatures caused glacial
melting and rapid marine transgressions. The low oxygen levels in bottom waters, combined with
upwelling and abundant volcanic material, led to high paleoproductivity. This period primarily
developed BORF and CREF. Rich nutrients and abundant siliceous organisms, along with anoxic to
anaerobic conditions, provided the material basis and preservation conditions for high biogenic
quartz and organic matter content. High paleoproductivity and anoxic conditions also facilitated the
precipitation of synsedimentary calcite and supplied Mg?* and SO4>~ for the formation of iron-poor
dolomite via sulfate reduction. From the Late Rhuddanian to the Mid-Aeronian, the Guangxi orogeny
caused sea levels to fall, increasing water oxidation and reducing upwelling and volcanic activity,
which lowered paleoproductivity. Rapid sedimentation rates, stepwise global temperature increases,
and the intermittent intensification of weathering affected terrigenous clastic input, resulting in the
alternating deposition of CRF, CRDF, and DQRF. Two favorable shale gas reservoirs were identified
from the Rhuddanian—Aeronian period: Type I (BORF) in the L1-L3 Layers, characterized by high
TOC and brittleness, and Type II (DQRF) in the L4 Layer, with significant detrital quartz content.
The Type I-favorable reservoir supports ongoing gas production, and the Type II-favorable reservoir
offers potential as a future exploration target.

Keywords: Rhuddanian—Aeronian stage; paleoenvironment; shale; lithofacies; sea level variation

1. Introduction

During the Late Ordovician to Early Silurian time (455-430 Ma), a series of global
geological events occurred, including mass extinctions, the Hirnantian glaciation, rapid
global sea-level changes, and marine anoxia events [1-3]. These significant events caused
dramatic changes in the paleogeographic environment, which influenced shale mineral
composition and organic matter accumulation [1-3]. The large-scale melting of glaciers in
the Early Silurian led to significant freshwater input into the ocean, causing a substantial
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rise in sea level and the formation of anoxic environments conducive to the preserva-
tion of organic matter [4,5]. Moreover, mass extinctions and volcanic ash-induced algal
blooms significantly increase paleoproductivity, providing a rich material basis for organic
matter accumulation [6-9]. The warming climate has also led to a significant increase
in siliceous plankton, such as radiolarians and sponge spicules, which absorb Si** from
water and transform it into unstable opal-A during growth, eventually forming a sub-
stantial amount of biogenic microcrystalline quartz with increasing burial temperature
and pressure [10-13]. High-content biogenic quartz substantially increases reservoir com-
pressive strength, preserving primary porosity [10-13]. Biogenic quartz aggregates not
only provide ample storage space for organic matter but also enhance the compressive
strength of shale reservoirs, thus protecting primary porosity [14,15]. Consequently, the
Early Silurian global transgression resulted in the widespread development of thick, sta-
ble, highly brittle, and porous organic-rich shales worldwide, such as in the Southern
Uplands of Scotland [16-18], the deep shelf of northern England [19,20], deep shelf basins
in Poland ([21], Holy Cross, peri-Baltic, Carpathian), southern Sweden and Bornholm
Island [22], Nevada’s Vinini Creek [23,24], southeastern Alaska [25,26], northern Yukon
in Canada [27-29], South China’s Sichuan basin [30-34], the Prague Basin in the Czech
Republic [35-37], and the Victoria back-arc basin in Australia [38,39]. Among these, the
Longmanxi Formation organic-rich shales in the southern Sichuan basin are characterized by
high TOC (2%-7%), significant thicknesses (30—40 m), good reservoir properties (porosity
2%-8%), and high gas contents. This formation is the only shale layer in China that has
achieved commercial shale gas development [40—42]. The enrichment of shale gas depends
on the accumulation of organic matter and the mineral composition of the reservoir, with
the TOC content determining the gas generation potential and mineral composition di-
rectly controlling the reservoir properties and brittleness [9,41-43]. Therefore, studying the
paleoenvironmental changes in the Early Silurian provides a theoretical basis and guidance
for exploring the distribution patterns of organic-rich shales and evaluating the conditions
for shale gas enrichment.

The Longmaxi Formation organic-rich shale exhibits significant heterogeneity in min-
eral composition, sedimentary structure, chemical elements, and organic matter enrichment,
which is reflected in the frequent changes in lithofacies types [44—46]. Global geological
events, such as frequent volcanic activity, the end of the Hirnantian glaciation, the de-
velopment of upwelling currents, and mass extinctions, collectively caused shifts in the
paleoenvironment and sedimentary processes during the Early Silurian, leading to rapid
lithofacies changes [46,47]. Scholars generally believe that the main controlling factors
of Early Silurian shale lithofacies include (1) the suspension sedimentation process of
fine-grained sediments [44,45], (2) high paleoproductivity [44,46,48], (3) anoxic bottom
water conditions [45,47,48], (4) secondary sea-level rises [3,49], (5) low terrigenous clastic in-
put [50,51], (6) cold and dry paleoclimate [8,49], and (7) the coupling of various depositional
events, such as turbidite and bottom current deposits [47,52]. However, these individual
paleoenvironmental factors alone cannot fully explain the processes and mechanisms of
lithofacies changes. Clarifying the relationships among paleoproductivity, redox conditions,
terrigenous clastic input, paleoclimate, and the coupling of depositional events is crucial
for understanding lithofacies development in the lower Silurian.

Furthermore, current research predominantly focuses on the transition period from
the Late Ordovician to the Early Silurian, especially the influence of paleocenvironmental
changes on organic matter accumulation mechanisms and lithofacies development during
the Hirnantian and Rhuddanian stages [1,5,40,41,52]. Research on how paleoenvironmental
changes during the Rhuddanian to Aeronian stages influenced lithofacies development is
limited, with the effects of small-scale transgressive events often being overlooked [6-12].
Numerous studies have validated that organic-rich and biogenic quartz-rich shales formed
under rapid transgression during the Early Rhuddanian (which is widely called the “L1
Layer”) and can serve as significant targets for shale gas exploration and development in
the southern Sichuan basin (hereinafter referred to as “southern Sichuan”). The L1 Layer
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achieved a state appropriate for commercial development in the Early Rhuddanian [7-9].
However, the current recovery rate of shale gas from the Early Silurian is only 23.4%
to 24.8%. This low recovery rate indicates that relying solely on a thin, 1-5 m, shale
gas layer from the Early Rhuddanian stage is insufficient for effective exploration and
development [4,7,8]. Moreover, understanding whether the frequent, small-scale sea
level rises during the Rhuddanian—Aeronian period could have controlled the large-scale
formation of organic-rich shale lithofacies is crucial for identifying potential successor layers
to the L1 Layer. To ensure stable shale gas production in mature blocks from the Early
Silurian, it is essential to identify whether other favorable shale gas layers or organic-rich
lithofacies, such as the replacement interval of the L1 Layer during the Rhuddanian—
Aeronian period, are present in the lower Silurian strata. This identification is crucial for
enhancing recovery rates, supporting integrated development, and evaluating resource
potential while discovering new prospective exploration areas.

To address these issues, this study collected 28 marine shale samples from the Longmaxi
Formation in Well N1 of the Changning area, southern Sichuan, for lithofacies analysis, TOC
testing, mineral content testing, and major and trace element analysis. We analyzed the
paleoenvironmental changes from the Rhuddanian to Aeronian stages in the Changning area
and explored the control of these paleoenvironmental changes on lithofacies development.

2. Geological Settings

The South China Block, which includes the Yangtze and Cathaysia plates, was attached
to the edge of the Gondwana supercontinent during the Early Silurian [8,9,42,47]. During
the Ordovician-Silurian transition, the Yangtze Block experienced the deposition of black
shales, the South China Basin disappeared, and the South China orogenic belt formed [9].
After the Late Ordovician, a large-scale orogenic event known as the Guangxi Orogeny
occurred along the southeastern margins of the Cathaysia and Yangtze blocks [42,47]. As
the Aeronian stage began, the Guangxi Orogeny intensified, accompanied by significant sea-
level fluctuations during this period [5]. The South China craton is near the paleoequator
within the active tectonic zone of northwestern Gondwana [41]. The Caledonian orogeny
was most intense during this time, causing compressional conditions in the Upper Yangtze
platform and the formation of several uplifts around the platform, such as the “Central
Sichuan uplift” to the northwest, the “Central Guizhou Uplift” to the south, and the
Jiangnan-Xuefeng uplift to the southeast [53,54].

During the Late Ordovician to Early Silurian, global sea levels underwent significant
fluctuations, resulting in one second-order relative sea-level cycle and four third-order
relative sea-level cycles [53,54]. In the Early Silurian, rapid sea-level rise (corresponding
to the second-order relative sea-level rise event), combined with the expansion of the
Cathaysia Plate and uplift across much of South China, led to substantial changes in the
distribution of land and sea in the region [53,54]. At this time, global climate began to
warm, ice sheets gradually retreated, marking the onset of a new interglacial period [41].
The resulting restricted paleogeographic configuration created a low-energy, anoxic de-
positional environment in the Inner Yangtze Sea, leading to the formation of organic-rich
Longmaxi Formation shales [53,54].

The study area is located in the southwestern Changning block of southern Sichuan
(Figures 1 and 2). All samples for this study were collected from the Longmaxi Formation
shale cores of Well N1 in the Changning block (Figures 1 and 2). This well penetrated a
complete and continuous stratigraphic sequence from the Upper Ordovician Baota Forma-
tion to the lower Silurian Longmaxi Formation. The Wufeng Formation, deposited during
the Katian and Hirnantian stages [55], consists of dark gray to black clay-rich shales and
black siliceous shales [53,54]. The overlying Guanyingiao Bed is composed of bioclastic
limestone [55]. The base of the Longmaxi Formation (444.43-438.13 Ma) consists of black
siliceous shales, gradually transitioning upward to gray silty shales and siltstones [55].
According to the development of graptolite zones, the Longmaxi Formation is divided
into six units from bottom to top [55]: L1 (graptolite zone LM1, Persculptog. perculptus), L2
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(LM2, LM3 Akidograptus ascensus, Parakidogr. acuminatus), L3 (LM4, Cystograptus vesiculo-
sus), L4 (LM5, Coronograptus cyphus), L5 (LM6, Demirastrites triangulates), and L6 (LM7-9,
Spirograptus guerichi, Stimulograptus sedgwickii, Lituigraptus convolutus).
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Figure 1. (a) The Upper Yangtze platform’s position during the Rhuddanian-Aeronian period,
adapted from [53]. (b) Geographical distribution of the Sichuan basin within China, adapted from [8].
(c) The distribution of the research area (Changning Block) in the Sichuan Basin, adapted from [33].
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Figure 2. Stratigraphic framework, mineral composition, sample locations, and lithofacies classifi-
cation for the Rhuddanian—Aeronian stage of Well N1. GR—natural gamma ray logging; Mem.—
Member; LMX. Fm.—Longmaxi Formation; WE. Fm.—Wufeng Formation.

3. Samples and Methods
3.1. Samples

The N1 Well, located on the southern flank of the Changning Anticline in the eastern
part of the Changning block, provided 53 shale samples from the black shales of the
Wufeng-Longmaxi Formation (Figure 2). Among these samples, 38 are siliceous shales, 10
are clay-rich shales, and 5 are calcareous shales. All 53 samples underwent X-ray diffraction
analysis (XRD), thin-section examination, field emission—-scanning electron microscopy
(FE-SEM) analysis, scanning electron microscopy analysis (QEMSCAN), and total organic
carbon testing (TOC). Additionally, 28 samples were tested for major and trace elements,
followed by paleoenvironmental index calculations.
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3.2. Methods
3.2.1. Mineral Composition Measurements

The XRD analysis was carried out via a X-Pert-ProMPD X-ray diffractometer (Panalyt-
ical company, Amsterdam, Dutch). This process adhered to the analysis method for clay
minerals and ordinary nonclay minerals in sedimentary rocks by X-ray diffraction ([5-7],
SY/T5163-2018). The core samples were ground to pass through a 325-mesh sieve and
tested at 20 °C, with a voltage of 40 kV and a current of 40 mA. The diffractometer was
equipped with a Cu target (focus size: 12 mm X 0.4 mm) and a goniometer with a radius of
150 mm (Panalytical company, Amsterdam, Dutch).

To study the mineral size, content, and morphology, FE-SEM coupled with an EDAX
energy-dispersive X-ray spectrometer was employed (EDAX Incorporated, New York, NY,
USA). Forty-nine shale samples underwent mechanical polishing followed by ion polishing
on a Gatan 600 DuoMill instrument (Gatan Incorporated, New York, NY, USA) at 4 kV and
alow angle (7.5°) for 2 h. Further details on the milling and SEM observations are available
in previous studies.

The QEMSCAN analysis was conducted by iCore Group Inc., Shenzhen, China, follow-
ing the General Rules for Measurement of Length at the Micron Scale by SEM ([5-7], GB/T
16594-2008). The QEMSCAN test utilized a Quanta 650 SEM (Thermo Fisher Scientific,
Prague, Czech Republic), operating at a voltage of 20 kV and a working distance of 13 mm,
with backscatter mode imaging. All the experiments mentioned above regarding mineral
characteristic analysis were carried out at the State Key Laboratory, Peking University,
Beijing, China.

3.2.2. TOC Measurements

We measured the TOC content in all the powdered samples (200-400 mesh) at Peking
University via a LECO CS-400 carbon/sulfur analyzer ([5-7], LECO, New York, NY, USA).
The process followed these steps: the samples were decarbonated by soaking them in 4 M
hydrochloric acid (HCI) at 60 °C for at least 24 h, rinsing with distilled water to remove
impurities and HCl, and then drying the samples. The precision of the TOC analysis was
less than 0.10%, as verified by repeated standard sample tests. Additionally, the equivalent
vitrinite reflectance was measured for 28 samples.

3.2.3. Major and Trace Elements

We collected 28 relatively fresh and unweathered samples from Well A1l for major
element concentration analysis via X-ray fluorescence (XRF, [14]). The samples were ground
to 200 mesh and dried in an oven. Each sample, which was precisely weighed to 1.2 g,
was mixed with 6 g of Li;B4O7 as a flux. This mixture was placed in a platinum crucible
and melted at 1100 °C to form a homogeneous glass bead. The major elements analyzed
included SiO,, Al,O3, Fe,O3, CaO, MgO, K70, NayO, TiOy, P05, MnO, MnO;, BaO, and
SO;3. The analysis was performed via a ThermoFisher X-ray fluorescence spectrometer
(New York, NY, USA). The precision of the major element analysis was less than 5%.

In this study, we analyzed the trace element concentrations of 28 samples via an
inductively coupled plasma mass spectrometer ([14], ICP-MS, AMETEK, Berlin, Germany).
Each 100 mg sample was dried at 105 °C and then dissolved in a mixture of 0.5 mL of
HCIOy, 2.5 mL of HE and 0.5 mL of HNOs3, followed by the addition of 1 mL of HNOj3 and
3 mL of HyO. The solution was then diluted and measured via ICP-MS. The analysis was
monitored via standard samples OU-6 (shale), AMH-1 (andesite), and GBPG-1 (plagioclase),
ensuring a precision of less than 0.5%. The testing was conducted at the School of Earth
and Space Sciences, Peking University, China.

3.2.4. Paleoenvironmental Index Calculation

The degree of elemental enrichment in sediments is often represented by the enrich-
ment factor (EF). The enrichment factor (EF) is calculated via the formula provided by
Munnecke [3]:
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EF = (E/Al)sample/(E/Al)PAAS (1)

where E represents the concentration of an element normalized to the post-Archean Aus-
tralian shale (PAAS) standard [2,3]. An EF > 3 indicates apparent enrichment, 1 < EF <3
suggests moderate enrichment, and EF < 1 denotes depletion, all in comparison to the
PAAS standard [2,3].

In this study, 2 indicators, namely, Sixs and Bay,;,, were employed to characterize the
changes in paleoproductivity [56,57]. The Siys index is used to determine the content of
biogenic silica, and the excess 5iO; content can be computed as follows:

Sixs = Sitotal - Altotal X (Si/ Al)detrital (2)

To elucidate paleoproductivity via Ba, it is essential to subtract the terrigenous compo-
nents. The calculation for Bay,, is as follows [56,57]:

Bay,, = Basample - Tisample x (Ba/Ti)paas 3)

The chemical index of alteration (CIA) and the index of compositional variability (ICV)
are commonly used to reflect the degree of source weathering and paleoclimate conditions.
The CIA, proposed by Nesbitt and Young [58], is calculated via the following formula:

CIA = [(ALLO3)/(AL,O3 + CaO + NayO + K,0)] x100 (4)

CIA values less than 60 indicate a cold, dry, and weakly weathered paleoenvironment.
CIA values between 60 and 80 suggest a warm, humid, and moderately weathered envi-
ronment, whereas CIA values above 80 represent a hot, humid, and strongly weathered
environment. The ICV is used to distinguish between recycled and first-cycle sediment
sources. The calculation formula is as follows:

ICV = (Fe,05T + K>0 + NayO + CaO* + MgO + MnO + TiO,)/Al,05 )

An ICV value less than 1 indicates compositionally mature sediments derived from
recycled sources, whereas an ICV value greater than 1 represents compositionally immature
sediments from first-cycle sources [50].

4. Results
4.1. Lithofacies Classification

Based on XRD and TOC data, samples with similar mineral compositions and TOC
contents were selected for comparative analysis using hierarchical clustering methods.
Furthermore, by integrating the analysis of QEMSCAN images, thin-section images, and
FE-SEM images, four main lithofacies were identified during the Rhuddanian-Aeronian
stage in the Changning area: detrital clay-rich lithofacies (CRDF), carbonate-rich lithofacies
(CRF), biogenic quartz-rich lithofacies (BQRF), and detrital quartz-rich lithofacies (DQRF).
These lithofacies exhibit significant differences in mineral composition, physical properties,
and geochemical characteristics (Table 1, Figures 3-6).

The BOREF is mainly composed of siliceous shale, with quartz predominantly in the
form of biogenic quartz. There are two types of biogenic quartz: quartz with biological
structures and quartz without biological structures (Figures 5a—c and 6a—c). Quartz with
biological structures retains the original biological framework, including radiolarians,
sponge spicules, and fragments of thin-shelled mollusks, ranging from 2 to 600 um in
size (Figures 5a—c and 6a,b). Quartz without biological structures is formed through
the dissolution and reprecipitation of unstable biogenic silica in sediments, resulting in
cryptocrystalline, microcrystalline, and microcrystalline aggregates with 6 um (Figure 6a—c).
The quartz content often exceeds 60%, with the biogenic quartz content often above 25%.
The average carbonate content is 14.2%, the average clay mineral content is 15.2%, and
the average TOC content is 3.7% (Figures 3 and 4, Tables 1 and S1). DQREF also consists
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mainly of siliceous shale, with a high content of amorphous detrital quartz (often above
25%, Figures 3, 4, 5d—f and 6d—f).

Table 1. Mineral composition, TOC, and distribution characteristics of four shale lithofacies developed
during the Rhuddanian—Aeronian period.

Mineral Composition

Primary . .
Typical Mineral TOC Content
Lithofacies St.ratl_grap‘hm Clay Mineral Quartz o onale Characteristics (%)
Distribution (%) (%) Minera
(%)
Enriched in recrystallized
Biogenic quartz with biological
quartz-rich L1-L3 Layers 56.3-70.0 56.3-70.0 9.7-25.4 structures and 3242
facies (BQRF) biogenic microcrystalline
quartz.
Quartz-rich Enrlchegl1 in l;’:mhedral,
detrital facies  L4-L6 Layers 260436  37.5-56.8 7.8-17.4 A 0.9-35
detrital quartz with
(QRDF) . L
variable grain sizes.
High content of
Detrital amorphous,
clay-rich facies L1-L3 Layers 40.1-48.5 32.0-43.3 6.9-14.8 oriented detrital clays that 1.0-25
(CRDF) strongly obstruct
intergranular pores.
Carbonate Detrital calcite and early
cement-rich L4-L6 Layers 19.1-25.1 31.0-46.8 7.2-43.7 diagenetic carbonate 0.7-32
facies (CCF) cement widely developed.
55
I I I I
I . 1 . . | L . .
50 = T . = Biogenic
. T : T I : : . T : : quartz-rich
45 — T — facies
4 O 1 1 - 1 = I|
- - 1 I| I
I I 1
é._)' 35 I - | - I I|
,D I - - I - I I .
g — —— : Quartz-rich
= 30 — S E—— detrital
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% 20 I : I | - I I . - I
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I 1
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: i — : L ' . I. facies
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Mineral Content (%)
“ | Clay| |QuartZ | K-feldspaf | Plaioclase] | Calcite] | Dolomite

Figure 3. Mineral composition of four shale lithofacies developed in the Longmaxi Formation,
N1 Well.
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[ ]Quartz [ mite [ Dolomite [] Albite [l Biotite [ Pyrite  [__] Calcite [ Chlorite
Bl smectite B Muscovill] K-Feldspar [l Rutile  [[] Apatite [__] Pores B Kaolinite [ Gypsum
I Pyrophyll[] Andesin[lll] Glauconite [__] Paragonite

Figure 4. QEMSCAN image characteristics of four typical lithofacies developed in the Longmaxi
Formation, N1 Well. (a) Representative sample image for carbonate rich lithofacies (CRF), 2566.9 m.
(b) Representative sample image for biogenic quartz-rich lithofacies (BQRF), 2576.76 m. (c) Represen-
tative sample detrital clay-rich lithofacies (CRDF), 2532.82 m. (d) Representative sample image for
quartz-rich detrital lithofacies (QRDF), 2531.72 m.
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0044 n .
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Figure 5. Thin-section images of representative shale samples from four lithofacies. (a) Abundant
radiolarians with a diameter of approximately 50 um developed in the BQRF shale sample, under
plane-polarized light, 2576.08 m; (b,c) radiolarian shells filled with biogenic quartz, BQRF repre-
sentative sample, under plane-polarized light and cross-polarized light, 2551.04 m; (d,e) anhedral,
irregularly shaped, and variably sized detrital quartz grains irregularly distributed, with detrital clay
dispersed throughout, under plane-polarized light and cross-polarized light, DQRF representative
sample, 2556.61 m; (f) detrital siltstone clasts are well-developed in the QRDF sample, under plane-
polarized light, 2563.24 m; (g,h) amorphous detrital clay minerals are diffusely distributed, under
plane-polarized light and cross-polarized light, CRDF representative sample, 2579.74 m; (i) some
detrital clay minerals are distributed in clumps, CRDF representative sample, under cross-polarized
light, 2545.09 m; (j) blocky detrital calcite distributed between minerals, stained with alizarin red, un-
der plane-polarized light, CRF representative sample, 2580.71 m; (k,1) detrital calcite and non-ferroan
rhombohedral dolomite, under plane-polarized light and cross-polarized light, CRF representative
sample, 2580.71 m.
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Figure 6. Scanning electron microscope images of representative samples of four lithofacies from the
Rhuddanian-Aeronian period in Well N1. The marked points within the red circles in the scanning
electron microscope (SEM) images represent the locations where energy-dispersive spectroscopy
(EDS) data were collected. For detailed EDS data, please refer to Table S1 (a) Siliceous biogenic debris
coexists with biogenic microcrystalline quartz, BORF representative sample, 2576.08 m; (b) pyri-
tized sponge spicules in association with biogenic microcrystalline quartz, representative sample,
2551.04 m; (c) intergranular pores in biogenic microcrystalline quartz filled with organic matter,
representative sample, 2559.72 m; (d) anhedral detrital quartz is relatively well-developed in the
QRDF representative sample, with occasional bent and striped detrital clay observed, 2563.24 m;
(e) irregularly shaped detrital quartz and detrital calcite with concavo-convex grain contacts, QRDF
representative sample, 2556.61 m; (f) a large amount of detrital quartz and detrital calcite exhibit
irregular contact with low euhedral degree, QRDF representative sample, 2555.29 m; (g) detrital
clay minerals are significantly affected by compaction, resulting in oriented alignment, CRDF rep-
resentative sample,2579.74 m; (h) densely packed detrital clay minerals filling intergranular pores,
CRDF representative sample, 2551.75 m; (i) detrital clay deformed by compaction, bending and filling
intergranular pores, CRDF representative sample, 2545.09 m; (j) syntaxial calcite cementation filling
intergranular pores during syndiagenesis, CRF representative sample; (k) syndepositional calcite
cement in a basal pattern filling the spaces between detrital quartz grains, CRF representative sample,
2580.71 m; (1) basal calcite cement filling intergranular pores with developed dissolution pores, CRF
representative sample, 2578.08 m; (h) pyrite coexisting with early diagenetic non-ferroan dolomite,
CREF representative sample, 2569.21 m. SS: sponge spicules; OM: organic matter; BQ: biogenic quartz;
DC: detrital calcite; CC: calcite cement; DQ: detrital quartz; IPD: iron-poor dolomite; DCL: detrital
clay; PY: pyrite.
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The CRDF is characterized by poorly defined clay mineral boundaries and a high
degree of detrital origin (Figures 5g—i and 6g—i). This facies consists mainly of gray-black
or gray clayey shale, with clay mineral contents often exceeding 40% (Figures 3 and 4,
Tables 1 and S1). The primary clay minerals identified are illite, illite—smectite mixed layers,
and chlorite, with minor amounts of kaolinite. These clay minerals predominantly exhibit
an amorphous morphology, with poorly developed crystal shapes (Figures 5g—i and 6g-i).
They are significantly affected by compaction, often showing a tendency to align or tightly
fill intergranular pores, and mostly consist of detrital calcite (Figures 5g—i and 6g-i). The
average clay mineral content is 42.9%, the average quartz content is 39.1%, the aver-
age carbonate content is 10.2%, and the average TOC content is 2.1% (Figures 3 and 4,
Tables 1 and S1). The CRF primarily comprises calcareous shale with a high content of
detrital calcite and early diagenetic carbonate cement (Figures 5j-1 and 6j-1). The detrital
calcite typically appears as anhedral blocks with irregular edges. Early diagenetic carbonate
cementation is mainly characterized by basal intercrystalline calcite and blocky to zoned
dolomite (Figures 5k-1 and 6j-1). The calcite content ranges from 8.1% to 24.3%, and the
dolomite content ranges from 5.0% to 35.6%, with an average clay mineral content of 22.3%,
an average quartz content of 38.2%, and an average TOC content of 4.3% (Figures 3 and 4,
Tables 1 and S1).

4.2. Paleoenvironmental Proxies
4.2.1. Paleoredox Conditions

The redox conditions of mass water are critical factors influencing the preservation
of organic matter [59]. In anoxic environments, organic matter can be well preserved
and enriched [60]. Previous studies have shown that the presence and concentration of
redox-sensitive elements such as U, Mo, and V in sediments vary with redox conditions [57].
Therefore, these elements are used to reconstruct the redox state of water during sedimen-
tation. In this study, we used indicators such as V/Cr, Ni/Co, U/Th, V/Sc, Mogf, and
Ugr to characterize the redox conditions of paleowater [60]. In Well N1 of the Longmanxi
Formation, the U/Th ratio ranges from 0.20 to 2.63, the V/Cr ratio ranges from 1.3 to 6.0, the
Ni/Co ratio ranges from 2.6 to 15.6, and the V/Sc ratio ranges from 8.3 to 49.2. The Mogp
values range from 4.4 to 173.3, and the Ugp values range from 1.8 to 22.6 (Tables S2 and S3,
Figure 7). These redox indicators generally tend to decrease from the bottom L1 Layer to
the top L6 Layer, with slight increases in the V/Cr and Ni/Co ratios at the base of the L6
Layer (Figures 7 and 8). Specifically, in Layers L1-L3, the U/Th ratio ranges from 1.0 to 2.6,
V/Cr from 6.0 to 2.2, Ni/Co from 0.59 to 0.70, and V/Sc from 17.0 to 49.2 (Figures 7 and 8).
Mogr values range from 52.7 to 173.3, and Ugrp from 6.2 to 22.6 (Figures 7 and 9a,b). In
Layer L4, the U/Th ratio ranges from 0.4 to 1.0, V/Cr from 2.0 to 3.0, Ni/Co from 3.8 to 6.4,
and V/Sc from 10.6 to 18.7 (Figures 7 and 8). Mogg values range from 11.2 to 57.3, and Ugp
from 3.0 to 6.2 (Figures 7 and 9a,b). In Layers L5-L6, the U/Th ratio ranges from 0.2 to 0.5,
V/Cr from 1.3 to 2.3, Ni/Co from 3.31 to 6.19, and V/Sc from 8.3 to 12.0 (Figures 7 and 8).
Mogr values range from 4.4 to 17.1, and Ugp from 1.8 to 3.3 (Figures 7 and 9a,b).
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Aeronian transition in Well N1: (a) Mo-TOC relationships compared to modern anoxic stilled-basin
environments; (b) Mogg vs. Ugg; (¢) Co*Mn vs. Al; (d) TOC vs. Co*Mn.

4.2.2. Degree of

Seawater Restriction

The Mogp-Ugr diagram is often used to characterize the degree of water mass restric-
tion [1,61,62]. Typically, higher Mo/U ratios in sediments indicate stronger water mass
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restriction, whereas lower Mo/ U ratios suggest weaker restriction and an environment
more similar to seawater [1,61,62]. In Well N1, the Mogg—Ugf ratios from the L1 to L6
Layers mostly fall between 1 and 3 x SW, indicating a gradual increase in water mass
restriction and oxidation levels (Tables S2 and S3, Figure 9a,b).

Similarly, the Mo-TOC diagram is frequently used to assess water mass restrictions.
Under stronger restrictions, the Mo/TOC ratio tends to be lower, whereas in less restricted
environments, where the molybdenum (Mo) supply is more ample, the Mo/TOC ratio is
usually greater (Figure 9a,b, [1,61,62]). Consistent with the Mopr—Ugr diagram results, the
average Mo/TOC ratios for Layers L1 to L6 are 17.0, 11.3,7.7, 5.0, 5.4, and 4.8, respectively,
showing a decreasing trend from L1 to L6 (Figure 9a). The depositional environment
from Layers L4 to L6 corresponds to a sedimentary model similar to that of the Black Sea
(Figure 9a, [61,62]).

In this study, the Co*Mn ratio was used to indicate the influence of upwelling on the
deposition of the Longmaxi Formation in Well N1 [63]. Scholars generally believe that the
stronger the influence of upwelling on sediments is the greater the extent to which Co*Mn
values are less than 0.4 [63]. In Well N1, the Co*Mn values range from 0.23 to 14.04 in the
lower parts of Layers L1 to L2, whereas in Layer L3, the Co*Mn values exceed 2.5, ranging
from 0.3 to 4.7 (Figure 9c). The Co*Mn values in Layers L4 to L6 gradually increase and
are all greater than 0.4 (Figure 9¢). According to Figure 9d, there is a significant negative
correlation between the TOC and Co*Mn values in the Longmaxi Formation samples from
Well N1, indicating a close relationship between upwelling and organic matter enrichment
in the Longmaxi Formation shales (Figure 9d).

4.2.3. Paleoproductivity

Paleoproductivity is closely related to nutrient levels in water, as a relatively high
nutrient supply leads to increased biological activity [56,57]. This, in turn, enhances the
ability of organisms to fix carbon through photosynthesis, thereby increasing productivity.
Factors affecting paleoproductivity include upwelling, hydrothermal activity, and volcanic
activity [56,57]. Geochemical indicators often used to indicate changes in paleoproductivity
include stable carbon and nitrogen isotopes, molecular biomarkers, TOC content, and the
abundance of trace elements such as Ba, P, Cu, Ni, and Zn [56,57].

In this study, paleoproductivity was estimated using the Cu/Al ratio, excess silica
(Sixs), and biogenic barium (Bay;,) content ([56,57], Tables S2 and S3, Figure 7). From the
L1 to L5 Layers in Well N1, Cu/Al, Siyxs, and Bay;, values generally decrease, with a slight
increase from mid-L5 to the top of L6 (Figure 7). Specifically, the Siys ratio and Bay;, values
range as follows: 10.0-21.6 and 0.02-0.09 in L1-L3; 3.8-14.4 and 0.04-0.14 in L4; 1.6-7.1 and
0.01-0.07 in L5; and 7.0-8.2 and 0.03-0.07 in L6 (Figure 7).

4.2.4. Terrigenous Inputs

Terrigenous detrital input plays a role in injecting nutrients, diluting organic matter,
and controlling burial rates. Therefore, the composition and amount of detrital input
directly affect organic matter enrichment in black shales [59]. Elements such as Al, Ti,
K, and Zr, owing to their high stability and minimal influence from postdepositional
weathering and diagenetic processes, are commonly used to reflect the input of terrigenous
materials [1,50]. K and Al originate from clay minerals in aluminosilicates, Ti is present as
ilmenite and TiO, in sediments, and Zr often comes from stable heavy minerals [1,50].

In this study, variations in Al, Ti, K, and Zr contents were used to track changes in ter-
rigenous detrital input in the Longmaxi Formation of Well N1 (Figures 7 and 10). From Lay-
ers L1 to L2, the input remained low, gradually increasing from L1 to L4 (Figures 7 and 10).
In Layer L5, the element contents stabilized, with a slight decrease at the bottom of L6
(Tables S2 and S3, Figures 7 and 10). Specifically, the average contents of Al, Ti, Zr, and
K were 4.3%, 0.21%, 32.6 ppm, and 1.8% in Layers L1 to L3; 7.4%, 0.34%, 59.9 ppm, and
3.0% in L4; 7.7%, 0.40%, 62.2 ppm, and 3.4% in L5; and 7.5%, 1.6%, 2.3 ppm, and 2.9% in L6
(Figures 7 and 10).
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Figure 10. Correlation analysis of TOC with terrigenous detrital input indicators: (a) TOC vs. Ti;
(b) TOC vs. Zr; (c) TOC vs. K; (d) TOC vs. AL

Additionally, the contents of Al, Ti, Zr, and K are negatively correlated with TOC,
with Al and Ti exhibiting stronger negative correlations than K and Zr do (Figure 10).
This indicates that the terrigenous detrital supply mainly comes from clay minerals and
Ti-bearing detrital minerals (Figures 7 and 10).

4.2.5. Paleoclimate

In this study, the CIA, ICV, and Rb/Sr ratio were used to characterize the paleocli-
mate changes during the deposition of the Longmaxi Formation in Well N1 ([3,50,58,62],
Figures 5 and 9, Tables S2 and S3). The average CIA value for the Longmaxi Formation in
Well N1 is 72.1 (Figure 11a), and the average ICV value is 1.7, indicating moderate chemical
weathering (Figure 11b). From Layers L1 to L5, the CIA gradually increased, whereas
the ICV continuously decreased, suggesting that the sediments were primarily first-cycle
deposits with increasing chemical weathering (Figures 7 and 11). In Layer L6, the CIA
slightly decreases, and the ICV slightly increases, indicating a minor shift in weathering
intensity (Figures 7 and 11).

Specifically, in Layers L1 to L3, the CIA values range from 69.8 to 74.2, and the ICV
values range from 1.4 to 4.1 (Figures 7 and 11). In Layer L4, the CIA values range from 72.8
to 74.0, and the ICV values range from 1.1 to 1.3 (Tables S2 and S3, Figures 7 and 11). In
Layer L5, the CIA values range from 66.9 to 74.6, and the ICV values range from 1.1 to 1.9
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(Figures 7 and 11). In Layer L6, the CIA values range from 68.0 to 68.9, and the ICV values
range from 1.3 to 1.4 (Figures 7 and 11) [53].
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Figure 11. Weathering intensity diagrams: (a) A-CN-K weathering intensity plot; (b) ICV-CIA
weathering degree plot. The CIA and ICV identification diagrams were modified in [50,58]. Ka:
kaolinite; Chl: chlorite; Gi: gibbsite; Sm: smectite; Mu: muscovite; Pl: plagioclase (P1); Kfs: k-feldspar;
CIA: chemical index of alteration; ICV: index of compositional variability; A: content of Al,O3; CN:
content of CaO + Na,O; K: content of K,O.

5. Discussion
5.1. Changes in the Paleoenvironment during the Rhuddanian—Aeronian Stages
5.1.1. Early Rhuddanian: Anoxia and High Paleoproductivity Driven by Rapid Sea
Level Rise

Following the Hirnantian period, global temperatures rose rapidly in the Early Rhud-
danian, causing the glaciers on the Gondwana continent to melt and triggering rapid
marine transgression [5,52,53]. During this time, black shales began to be deposited in
deep-water shelf areas [53]. The rapid transgression led to rapid increases in the concentra-
tions of V, Ni, and U, as the redox conditions of the bottom water shifted from low oxygen
to strongly anoxic. V/Cr ratios above 4.25, Ni/Co ratios above 7, and U/ Th ratios above
1.25 indicate an anoxic environment during the Rhuddanian (Figures 7 and 8). The rapid
increase in water column anoxia, the sudden appearance of large quantities of radiolarians
and sponge spicules, and the abrupt fining of grain size in the siliceous shale indicate
a rapid sea-level rise (Figures 2, 5a—c, 6a,b and 7). The rapid rise in sea level increased
the connectivity between the Middle Yangtze Sea and the Qinling Ocean, reducing the
degree of basin restriction [8,9,51,52]. This resulted in a rapid increase in the Mo/ U ratios
and Co*Mn values compared with those of the Hirnantian stage (Figure 9). The end of
the Hirnantian glaciation caused a temperature gradient between the bottom and surface
waters, leading to stratification [42]. The rapid consumption of dissolved oxygen in surface
waters significantly increased the anoxic conditions in the bottom waters, while upwelling
currents developed ([64,65], Figure 9¢,d). High values of Siys, Bap;,, and Cu/Al suggest
high paleoproductivity levels during the Rhuddanian, likely due to the postglacial bloom of
plankton and the upwelling of nutrient-rich deep waters ([56,57], Figures 7 and 9¢,d). The
low terrigenous input during the Rhuddanian may have resulted from weaker chemical
weathering due to the lower global temperatures during the Hirnantian glaciation [3,61,62].
This period is characterized by rapid sea level rise, anoxic water conditions, high paleo-
productivity, moderate upwelling intensity, rising paleotemperatures, and low terrigenous
input (Figure 7). These combined environmental factors facilitated the rapid deposition and
preservation of biogenic remains and siliceous skeletons under anoxic—euxinic conditions,
leading to the widespread formation of BQRF [44—48].
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5.1.2. Late Rhuddanian to Early Aeronian: Increased Terrigenous Input and Oxidation
during Sea-Level Regression

During the Late Rhuddanian period (L4 Layer deposition), the Kwangsian Orogeny
progressed, causing the Upper Yangtze Plate to slowly uplift and resulting in a significant
drop in sea level [5,52,53]. This led to the mixing of oxygenated surface waters with anoxic
bottom waters, greatly increasing the oxygen content of the water column. The values of
V/Cr, Ni/Co, U/Th, V/Sc, Mogg, and Ugp rapidly decreased, indicating a transition in
redox conditions from anoxic to dysoxic (Figures 7 and 9). Concurrently, the decrease in
the Mo/ U ratio suggested an increase in water mass restriction, likely due to further uplift
of the Central Guizhou uplift, Central Sichuan uplift, and Xuefeng uplift influenced by the
Kwangsian orogeny ([7,64—66], Figures 7 and 9). As the intensity of upwelling and volcanic
activity weakened, the amount of nutrients from the seabed significantly decreased ([4],
Figure 7). This led to a slowdown in the growth rate of lower organisms and a decline in
primary productivity, as reflected in the rapid decreases in the Siys, Bap;o, and Cu/Al values
(Figure 7). The rapid increase in CIA, Al, Ti, Zr, and K contents indicates an increase in
paleotemperature and enhanced chemical weathering, resulting in a significant increase in
terrigenous detrital input, reflecting the onset of an interglacial period with global warming
and increased chemical weathering ([8], Figures 7, 10 and 11).

During the L5 Layer deposition (the Early Aeronian stage), the intensity of the
Kwangsian orogeny significantly weakened, leading to a slower uplift of paleouplifts
and regional tectonic elevation [67,68]. The depositional environment remained highly
restricted and oxidized, with slight increases in Siys, Bap;,, and Cu/Al values during the
middle-L5 Layer deposition, indicating a minor increase in paleoproductivity (Figure 7).
The stable contents of Al, Ti, Zr, and K suggest consistent terrigenous input, whereas
increasing CIA and decreasing ICV values indicate a continued increase in paleotempera-
ture and enhanced chemical weathering (Figures 7, 10 and 11). Thus, the Early Aeronian
period was characterized by high sedimentation rates, increased oxygen levels in bottom
waters, and substantial terrigenous input [5,40,52]. The continuous increase in terrigenous
input led to the widespread development of the DORF and CRDF. The dilution effect of
terrigenous detritus and poor preservation conditions resulted in a lower organic matter
content in these shales.

5.1.3. Middle Aeronian: Paleoenvironmental Changes Driven by Interglacial Sea
Level Fluctuations

During the Middle Aeronian period (L6 Layer deposition), the V/Cr and Ni/Co ratios
slightly increased, and the shale grain size generally became finer (Figures 2, 5, 6 and 8).
Combined with the decrease in !0 and the increase in 5!°C, these changes indicate a slight
and relatively stable rise in sea level, accompanied by a minor decrease in oxygen levels
in the water column, briefly creating dysoxic conditions ([6,53,65,66], Figures 7 and 8b).
The degree of water mass restriction remained strong (Figure 9). At this time, the values
of Siys, Bapio, and Cu/Al continued to fluctuate, indicating a slight overall increase in
paleoproductivity during the middle to Late Aeronian period (Figure 7). Moreover, the
terrigenous detrital input indicators, i.e., Al, Ti, Zr, and K, slightly decreased, suggesting
a gradual reduction in terrigenous detrital input (Figures 7 and 10). The slight decrease
in the CIA indicates localized cooling during this period (Figures 7 and 11). The overall
environment was characterized by frequent and unstable climate disturbances typical of an
interglacial period, with a slight rise in sea level, a modest increase in paleoproductivity, and
a decrease in terrigenous detrital input (Figures 7 and 10. During this time, the predominant
shale lithofacies were CRF and CRDF [45,48].

5.2. Impacts of Paleoenvironmental Transformations on Lithofacies
5.2.1. BQRF Formation in Anoxic, High-Paleoproductivity Deep-Water Shelves

In the shale samples from the L1-L6 Layers, quartz can be morphologically classified
into three types: microcrystalline quartz, recrystallized quartz within siliceous biogenic
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shells, and detrital quartz (Figures 5a—f and 6a—f). The BQRF shale samples are characterized
by the extensive development of microcrystalline quartz, which is preliminarily attributed
to biogenic activity. This inference is supported by three main lines of evidence: (1) The
TOC content positively correlates with the excess Si content in the L1-L6 Layers, indicating
a significant contribution of biogenic silica to the total silica content (Figure 12a). Similar
findings have been reported in other studies [11]. Notably, the correlation between Siys
and TOC is significantly stronger in BQRF compared to other lithofacies, confirming that
biogenic silica is the predominant source of excess Si in BQRF (Figure 12a). In contrast, the
CRDF and CRF show no clear positive correlation between TOC and Siys, suggesting that in
these lithofacies, TOC may have other non-biogenic sources, such as organic matter from
terrigenous detritus (Figure 12a). (2) The majority of BQRF samples in this study exhibit a
negative correlation, further suggesting that much of the silica is of biogenic origin ([10-15],
Figure 12b). Conversely, DQRF, CRF, and a small number of CRDF samples align with
the detrital trend, indicating a minor contribution of silica from the detrital sediment frac-
tion ([10-15], Figure 12b). (3) In the excess Si-enriched intervals of the L1-L3 Layers, a
large amount of siliceous bioclastic material is often observed, frequently associated with
microcrystalline quartz and organic matter (Figure 6a—c). In Well N1, the Siys values in the
samples of L1-L3 Layers often exceed 15%, while in the L4 Layer, six values mostly exceed
10%, confirming the enrichment of excess Si in the L1-L4 Layers (Figure 7). Siliceous bio-
clasts, including radiolarians, sponge spicules, and fragments of thin-shelled mollusks, are
commonly observed in the L1-L4 Layers (Figures 5a—c and 6a,b). These siliceous bioclasts
are often associated with equigranular microcrystalline quartz, indirectly supporting the
biogenic origin of equigranular microcrystalline quartz, as shown in Figure 10a,b. Addi-
tionally, in the BQRF of the L1-L3 Layers, either interparticle pores or bitumen fillings
are commonly found between individual quartz grains within the aggregates of euhedral
quartz (Figure 6¢). In contrast, interparticle pores and organic pores are much less abun-
dant between the clay matrix-dispersed microquartz (Figure 6d-f). However, in the L4-L6
Layers, the six values are often below 5%, indicating that excess Si is not well-developed in
these layers (Figure 7). Scanning electron microscope images of the L4-L6 Layers show a
lack of microcrystalline quartz and siliceous bioclasts that are commonly observed in the
L1-L4 Layers (Figure 6d—f). The quartz in these layers predominantly appears as irregularly
shaped, uneven-edged detrital quartz, as shown in Figures 5d—f and 6d—f. The presence
of detrital quartz in the L4-L6 Layers indirectly suggests that the microcrystalline quartz
observed in the L1-L4 Layers may be related to the presence of excess Si.

Based on the aforementioned evidence, it can be concluded that the majority of micro-
crystalline quartz in the BQRF was formed through the dissolution and reprecipitation of
unstable biogenic silica within sediments. The microcrystalline quartz frequently replaces
cavities within radiolarians and sponge spicules, filling approximately 30%—40% of the
cavity volume. This observation suggests that the quartz formation occurred prior to signifi-
cant mechanical compaction and is closely related to siliceous skeletal organisms [12-15,69].
During burial, the high-solubility amorphous quartz (opal-A/opal-CT) from radiolarians
and sponge spicules gradually transforms into low-solubility, stable cryptocrystalline, mi-
crocrystalline, and coarse-grained quartz under the influence of elevated temperature and
pressure [69]. Thus, a key characteristic of BQRF is the high content of biogenic silica, often
exceeding 25%.

The high paleoproductivity of bottom waters during the Early Rhuddanian was
the primary reason for the abundant biogenic quartz, which was evident in two as-
pects: (1) The high quartz content sections coincided with high paleoproductivity sections
(Figures 2, 7 and 13), indicating that synsedimentary volcanic activity and upwelling pro-
vided rich nutrients, significantly enhancing surface water productivity [8]. Therefore, high
paleoproductivity provided a rich material basis for the formation of biogenic quartz. The
skeletal fragments of siliceous zooplankton, such as radiolarians, sponge spicules, and
diatoms, are intrabasinal components that originate from the surface water column under
conditions of sufficient nutrient supply [20,42].
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Figure 13. Schematic diagram of the relationship between paleogeographic environments and
lithofacies types during the Rhuddanian—Aeronian period in Well N1. GR—natural gamma ray
logging; Mem.—Member; LMX. Fm.—Longmaxi Formation; WE. Fm.—Wufeng Formation; CRF:
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The second characteristic of BQRF is its high organic matter content (Figures 7 and 13),
which is due to high paleoproductivity and favorable preservation in anoxic conditions dur-
ing the Rhuddanian. High productivity means rapid growth and reproduction of siliceous
skeletal organisms in surface waters, with their remains settling to the seafloor as organic
matter is deposited [10,13,15]. Rapid marine transgression and high oxygen consumption
in bottom waters created anoxic to anaerobic conditions, slowing organic matter degra-
dation and enhancing preservation [10,13,15]. Therefore, BQRF sediments mainly consist
of biogenic quartz, with minor detrital clay minerals and carbonates. They form under
high paleoproductivity, anoxic to anaerobic conditions, and low-energy environments in
deep-water shelves, resulting in finely laminated BQRF ([53], Figures 13 and 14).

Rapid sea level rise Climate fluctuations during interglacial periods
Rhuddanian Aeronian
Anoxic conditions Strong chemical weathering
High paleoproductivity High terrigenous input
Many slllceous OM decom- High detrital Weaker Stronggr
ou,amsm posmon carbonate inputs ~ Weathering Weathering
DQRF CRDF
k|
&
o
5
&
&
2=
]
m
Radiolarian  Detrital quartz Feldspar Calcite Authigenic Clay ~ Kerogen Dolomite-I
b\
Dolomite-IT Opal-CT ~ Authigenic quartz  Pyrite Primary pore Migrated OM Secondary Pore
Detrital clay

Figure 14. Model diagram of the influence of paleoenvironmental changes on the formation processes
of four lithofacies during the Rhuddanian—Aeronian period. CRF: carbonate-rich lithofacies; BORF:
biogenic quartz-rich lithofacies; CRDF: detrital clay-rich lithofacies; QRDF: quartz-rich detrital
lithofacies; OM: organic matter.

5.2.2. Effects of Interglacial Sea Level and Climate Fluctuations on CRDF and DQRF

CRDF and DQREF often form in environments characterized by strong chemical weather-
ing, warm and humid conditions, and significant terrigenous detrital input (Figures 7 and 13).
These lithofacies were developed predominantly in the Late Rhuddanian and Aeronian
periods (Figure 13). Compared with the Early Rhuddanian, the shale during this time
was primarily composed of detrital quartz, as evidenced by two factors: (1) Detrital
quartz grains are larger (Figure 6d—f, typically 50-800 um), with irregular and poorly
defined boundaries, unlike microcrystalline quartz and biogenic quartz with biological
structures ([69], Figure 6a—c); (2) the correlation between the TOC content and detrital
quartz content in the L4-L6 Layers was weaker than that in the L1-L3 Layers, indicating
that biogenic quartz was no longer the main quartz type in the Late Rhuddanian to Aero-
nian period (Figures 2, 7 and 13). The clay minerals in this period are also mainly detrital,
characterized by the following features: (1) Detrital clay minerals are predominantly an-
hedral, making it difficult to identify their types con the basis of morphology, and they are
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tightly packed due to strong compaction ([7,65], Figures 5g—i and 6g-i). (2) The variation
trends of the clay mineral content in the Rhuddanian to Aeronian shales are consistent with
the changes in Al and K, suggesting that terrigenous detrital input is the primary source
of clay minerals, with minor contributions from diagenetic clays formed during burial
(Figures 7 and 13). During the Late Rhuddanian to Early Aeronian, the paleotemperature
gradually increased, and the climate was warm and humid.

The surrounding uplifts of the Sichuan basin were more strongly affected by chemical
weathering, which primarily supplied detrital clay [50]. The rapid increase in K and Al
contents in the sediments supports this view (Figures 7 and 11). In the Mid-Aeronian, fluc-
tuations in the interglacial climate caused a slight decrease in paleotemperature and rapid
weakening of the chemical weathering intensity [6,7,65]. Consequently, the primary type of
terrigenous detritus shifted from detrital clay to detrital quartz, leading to the widespread
development of the DQRF (Figures 11 and 13). Furthermore, the formation of the CRDF
and DQRF was influenced by the water flow velocity and the rate of terrigenous detrital
input (Figures 7 and 13, [53,54]). Both the CRDF and DQRF exhibit graded horizontal bed-
ding, indicating that silt and clay particles from terrigenous sources settled as flocculated
particles, which were affected by bottom currents, causing them to break apart and reform
into sand laminae [53,54]. When the water flow velocity exceeded 25 cm/s, silt laminae
composed mainly of detrital quartz formed, whereas lower flow velocities resulted in clay
laminae [53,54]. Thus, the widespread development of the CRDF and DQREF is attributed
to strong weathering under warm and humid conditions and substantial terrigenous input
(Figures 13 and 14). Climate fluctuations during the interglacial periods led to variations in
weathering intensity, causing the alternating development of the CRDF and DQRF [44—-46].

5.2.3. Controls on CRF Development: Paleoproductivity, Anoxic Conditions, and High
Terrigenous Input

CRF were predominantly developed in the Early Rhuddanian (L1-L3 Layers) and mid-
Aeronian (L5-L6 Layers) period. The carbonate minerals in the CRF mainly include detrital
calcite, synsedimentary calcite, and poorly ferroan dolomite (Figures 5j-1 and 6j-i, [70-72]).
Detrital calcite, commonly found in the Middle Aeronian beds, typically fills intergranular
pores as amorphous aggregates with minimal recrystallization and alteration ([70-72]).
Shale samples with high terrigenous detrital input often contain significant amounts of
detrital calcite, as evidenced by two factors: (1) Amorphous calcite aggregates coexist with
detrital quartz, forming silt laminae ([70-72], Figure 5j). (2) This phenomenon is more pro-
nounced in samples with high Al contents, indicating that strong weathering of the parent
rock during terrigenous sediment deposition contributed detrital materials, including clay
minerals, feldspar, quartz, and minor calcite, which were transported to the deep-water
shelf for deposition ([73], Figures 7 and 10). The high Al content suggests that the shale
contains numerous terrigenous detrital minerals, including calcite and transported silicate
minerals (Figures 7 and 10). Synsedimentary basal cement calcite predominantly developed
in the Early Rhuddanian time, appearing as intergranular fillings and filling cavities in
radiolarians, ostracods, and sponge spicules (Figure 6j-1, [70-72]). The formation of synsed-
imentary calcite is controlled mainly by high paleoproductivity and anoxic conditions.
The high paleoproductivity in the Rhuddanian led to the absorption of Ca** and CO32~
by planktonic organisms to form skeletons or shells, which, after settling and dissolving,
were deposited on the seabed and buried [70-74]. These carbonate-rich remains, upon the
death of the organisms, became a significant source of calcite, explaining the frequent filling
of biogenic cavities with calcite [70-74]. Moreover, high-productivity plankton reduce
the pH of seawater through photosynthesis, promoting calcite formation. Rapid marine
transgression deepened the water, creating anoxic conditions that slowed organic matter
decomposition and preserved Ca?*- and CO32 -rich sediments, forming calcite [70-72].
Poorly ferroan dolomite, which is also enriched in Early Rhuddanian shales, is character-
ized by thombohedral crystals and zonal structures [74]. Scholars often believe that this
dolomite precipitated directly from pore fluids or was associated with sulfate reduction pro-
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cesses [12,75,76]. This study suggests that the formation of iron-poor dolomite in the CRF
of the Early Rhuddanian was driven primarily by sulfate reduction processes, as iron-poor
dolomite and pyrite consistently cooccur within the same laminae (Figure 5k-1). Although
this type of dolomite often forms in the sulfate reduction zone during early diagenesis, low
sulfate concentrations in pore waters further promote microbial reduction, creating a suit-
able reducing environment for the precipitation of iron-poor dolomite [12,75,77]. The high
paleoproductivity and anoxic conditions of the Early Rhuddanian provided crucial material
support for its formation. During periods of high paleoproductivity, intense biological
activity rapidly depletes dissolved oxygen and nutrients (such as phosphates and nitrates)
in seawater ([78], Figure 13). The regeneration of these nutrients aids in the formation of
iron-poor dolomite. For example, the decomposition of biological remains may release mag-
nesium and other ions, facilitating dolomite formation. Sulfate-reducing bacteria play a key
role in this process [12,76,78]. In high-productivity environments, abundant organic matter
supplies these bacteria with ample nutrients, increasing their activity. Additionally, anoxic
conditions resulting from rapid marine transgression promote active sulfate reduction by
these bacteria. This not only lowers the pH but also reduces the contents of elements such
as iron (Fe) and manganese (Mn) in the sediments, releasing cations such as magnesium,
which combine with carbonate ions to form iron-poor dolomite [77]. In contrast, iron-rich
dolomite is less prevalent in the Early Rhuddanian CREF, typically appearing as zoned or
rhombohedral crystals. Scholars believe that this type of dolomite may be associated with
methanogenic bacteria reduction and organic matter decarboxylation processes [12,75-78].

Overall, the development of CRF in the Early Rhuddanian was controlled by high
paleoproductivity and anoxic conditions, with carbonate types consisting mainly of synsed-
imentary calcite and early diagenetic iron-poor dolomite. In the Mid-Aeronian, CRF
development was influenced by rapid sedimentation rates, substantial terrigenous input,
intense physical and chemical weathering, and oxidizing conditions. Periodic changes in
terrigenous input during interglacial periods led to the alternating development of clay-rich
layers, detrital quartz-rich layers, and carbonate-rich layers (Figure 14).

5.3. Implications for Shale Gas Exploration

The organic-rich shales of the Rhuddanian—Aeronian period were formed through
the combined influence of paleo-tectonics, paleoclimate, and paleoenvironmental factors,
directly or indirectly impacted by various geological events [1-5]. The content of brittle
minerals, TOC, and the composition of shale lithofacies serve as integrated records of
paleogeographic evolution and are critical for shale gas reservoir exploration and evaluation.
By comparing the paleoenvironmental characteristics, lithofacies types, TOC, and brittle
mineral content during the Rhuddanian—Aeronian period, two types of favorable organic-
rich shale reservoirs were identified. The first type (Type I) is the BORF found in the L1-L3
Layers, and the second type (Type II) is the DQREF located in the L4 Layer (Figure 13).

As a Type I-favorable reservoir, the BQRF developed in the early L1-L3 Layers are
characterized by high organic matter content and strong reservoir brittleness, with brittle
mineral content ranging from 73% to 92% and TOC from 3.8% to 6.5% (Table 1, Figure 13).
During the deposition of the L1-L3 Layers, the paleoenvironment was marked by low
bottom current velocities, minimal clastic supply, slow deposition rates, anoxic conditions,
and high paleoproductivity, all of which contributed to the enrichment of organic matter
(Figures 7 and 13). The high content of biogenic quartz in these layers further supports
their classification as favorable reservoirs. Many scholars have noted that biogenic mi-
crocrystalline quartz aggregates positively influence the development of pore networks
(Figure 7, [10-15]). These aggregates not only provide space for the formation of organic
pores but also act as a rigid framework that preserves the pore network by forming in-
tergranular pores [12,13]. Consequently, both intergranular and organic pores are well
preserved. Additionally, the early formed biogenic microcrystalline quartz aggregates
exhibit high compressive strength, which likely results in the formation of slip seams be-
tween quartz aggregates and organic matter under external stress [10-15]. This process can



Minerals 2024, 14, 949

24 of 29

create effective flow channels during hydraulic fracturing, enhancing both the high yield
and stable production of shale gas [15]. Therefore, the high TOC and abundant biogenic
microcrystalline quartz in the BQRF of the L1-L3 Layers are crucial for the formation of
Type I-favorable reservoirs. The authigenic microcrystalline quartz filling the intergranular
pores supports the pore network, while the rich organic matter generates numerous organic
pores and methane during gas generation.

The Type ll-favorable reservoirs are primarily developed within the DQRF of the
L4 Layer, which formed during the Late Rhuddanian period. These reservoirs have rel-
atively high organic matter and brittle mineral content, though levels are lower than
those found in the BQRF of the L1-L3 Layers. The brittle mineral content in Type II
reservoirs ranges from 64% to 75%, with TOC levels between 2.5% and 3.6% (Table 1,
Figures 7 and 13). During the deposition of the L4 Layer, sea levels began to decline, and
the paleoenvironment gradually shifted from anoxic to suboxic conditions (Figure 13).
Although paleoproductivity decreased and the input of terrigenous clastics increased,
the paleoenvironment during the L4 deposition still maintained relatively high paleo-
productivity and suboxic conditions compared to the Aeronian period, favoring organic
matter preservation (Figures 7 and 13) [10-15]. This period also coincided with the onset
of glaciation and the Guangxi orogeny, leading to a rise in paleotemperature and increased
terrigenous clastic input, which contributed to the widespread development of DQRF
and an increase in detrital quartz content. Compared to biogenic microcrystalline quartz,
detrital quartz contributes less to shale reservoir quality, a difference closely related to their
distribution, grain morphology, and mechanical properties [10]. Biogenic microcrystalline
quartz in BQREF typically occurs as equiaxed microcrystals with uniform particle shape and
size (Figure 6a—c) [15]. This uniformity reduces the “cushioning effect” between grains of
varying sizes, meaning that under high stress conditions, stress distribution between grains
is more even, reducing the likelihood of localized stress concentrations, grain slippage, or
deformation [10-15]. Additionally, some scholars have found that biogenic microcrystalline
quartz arranges more densely and stably during compaction, effectively suppressing the
rolling effect between rounded grains [10-15]. In contrast, the more irregular shape and
varying grain size of detrital quartz make it more prone to rolling under stress, potentially
reducing the overall stability of the shale reservoir (Figure 6d—f, [10-15]). Nonetheless,
compared to the CRF and the CRDEF, DQREF still makes a significant contribution to shale
reservoir properties. Detrital quartz, with its high hardness, brittleness, compressive
strength, and chemical stability, continues to provide a substantial amount of primary
porosity to the shale reservoir [13].

Notably, other scholars have also identified multiple transgressions during the
Rhuddanian—Aeronian period [33,53,54], and it is widely accepted that there is a strong
correlation between sea level rise and the extensive development of organic-rich shales.
The rapid transgressions during the Early Rhuddanian period are generally recognized as
having played a decisive role in the large-scale enrichment of organic matter [33,40]. In this
study, we found that during the Mid-Aeronian period (L6 deposition), the V/Cr, Ni/Co,
and U/Th ratios increased, indicating a slight upward fluctuation in sea level, possibly
related to interglacial climate disturbances (Figures 7 and 13). Similar phenomena have
been observed by other scholars in the Luzhou area of the Sichuan Basin [33]. However,
the trend of TOC content during the Mid-Aeronian period shows little correlation with
the paleo-oceanic redox conditions, weathering intensity, paleoproductivity, or terrigenous
clastic input, suggesting that the small-scale transgressive events caused by interglacial
climate disturbances had a limited impact on the large-scale enrichment of organic matter
(Figures 7 and 13).

As a result, the Type I-favorable shale gas reservoirs developed in the L1 Layer have
already been successfully exploited on a large scale, and the BORF in the L2-L3 Layers
holds promise for continuing high shale gas production of the Sichuan basin. The Type
II-favorable reservoir in the L4 Layer can serve as a potential exploration target as a backup
for the Type I shale gas reservoirs.
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6. Conclusions

@

@)

®)
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Four lithofacies developed in the Changning area of southern Sichuan Province
during the Rhuddanian to Aeronian period: CRF, BORF, CRDEF, and DQRF. CREF is
commonly found in the Early Rhuddanian and Middle Aeronian beds, character-
ized by a carbonate mineral content exceeding 30%, and mainly comprises detrital
calcite, synsedimentary basal cement calcite, and zoned iron-poor dolomite. The
CRF and DQREF developed primarily in the Late Rhuddanian to the Middle Aero-
nian strata. The CRF typically contains more than 40% detrital clay, whereas the
DQREF often contains more than 20% detrital quartz. BOREF is frequently observed
in the Early Rhuddanian, distinguished by high biogenic quartz content, high TOC,
and well-developed horizontal lamination, with biogenic quartz content generally
exceeding 25%.

During the Rhuddanian to Aeronian period, the paleoenvironment underwent signifi-
cant changes, transitioning from an open water environment with active upwelling
currents, low bottom water oxygen levels, high paleoproductivity, low terrigenous
input, and a cold, arid climate to a highly restricted water environment with high
oxygen levels, reduced paleoproductivity, increased terrigenous input, and a warm,
humid climate. The Mid-Aeronian age experienced a brief dysoxic environment due
to interglacial sea-level and climate changes, accompanied by a slight increase in
paleoproductivity, reduced terrigenous input, and localized cooling. These paleoenvi-
ronmental changes were influenced mainly by the Kwangsian orogeny, interglacial
climate fluctuations, and sea-level changes.

Paleoenvironmental changes directly controlled the shifts in lithofacies types from the
Rhuddanian to the Aeronian age. BORF typically formed in the Early Rhuddanian
under anoxic water conditions, high paleoproductivity, and low terrigenous input in
a calm water environment. The development of the CRDF and DQRF was influenced
mainly by intense weathering and substantial terrigenous input in a warm and humid
environment from the Late Rhuddanian to the Middle Aeronian age. Interglacial
climate fluctuations led to changes in weathering intensity and water flow rates,
causing alternating occurrences of the CRDF and DQRF. The Early Rhuddanian CRF
was primarily controlled by high paleoproductivity and anoxic conditions, with
carbonate types comprising mainly synsedimentary calcite and early diagenetic iron-
poor dolomite. The extensive development of CRF in the Mid-Aeronian age was also
the result of rapid sedimentation rates, high terrigenous input, intense physical and
chemical weathering, and oxidizing conditions.

Two favorable shale gas reservoirs from the Rhuddanian-Aeronian period were
identified: Type I (BQRF) in the L1-L3 Layers and Type II (DQRF) in the L4 Layer.
Type Lis distinguished by high TOC and strong brittleness, driven by biogenic quartz
content, which enhances gas production and stability. Although Type I has lower TOC
and brittle minerals, its detrital quartz content still makes a significant contribution to
reservoir quality. The study emphasizes the crucial influence of Early Rhuddanian
transgressions on organic matter enrichment, while noting the limited impact of Mid-
Aeronian transgressive events. Therefore, the BORF in the L1-L3 Layers supports
ongoing shale gas production, with the DQRF in the L4 Layer offers potential as a
future exploration target.
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