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Abstract: Paleoenvironmental conditions significantly influence the distribution patterns and organic
matter enrichment of shale. This study investigated the vertical variations of major elements, trace ele-
ments, and total organic carbon (TOC) in the Lower Carboniferous marine shale from the Yaziluo Rift
Trough, South China, to understand the paleoenvironmental conditions, including redox conditions,
terrigenous detrital input, paleoproductivity, and paleo-seawater depth. The Lower Carboniferous
formation consists of three sedimentary facies: basin facies, lower slope facies, and upper slope
facies. From the basin to the lower slope and then to the upper slope facies, TOC, quartz, and pyrite
contents gradually decrease, whereas the carbonate mineral content shows an increasing trend. A
continuous decline in paleo-seawater depth transformed a deep-water anoxic environment with high
paleoproductivity and low detrital input in the basin facies into a semi-deep-water environment with
dysoxic-oxic conditions and moderate detrital influx in the lower slope facies, evolving further into
a suboxic environment with high detrital flux in the upper slope facies. The geochemistry results
suggest that anoxic conditions and high paleoproductivity were the primary controls on organic
matter enrichment in the siliceous shale of the basin facies. In contrast, redox conditions significantly
influenced organic matter accumulation in the mixed shale of the lower slope facies, attributed to
relatively low paleoproductivity in a more restricted marine setting. Additionally, the adsorption of
carbon components by clay minerals facilitated the preservation of organic matter in the calcareous
shale of the upper slope facies.

Keywords: Lower Carboniferous shales; paleoenvironment; shale distribution; major/trace elements;
Yaziluo Rift Trough

1. Introduction

Recently, the Lower Carboniferous marine shales of the Yaziluo Rift Trough have
become a primary target for shale gas exploration and exploitation in southern China,
which are characterized by medium total organic carbon (TOC) content, considerable
thickness, and high levels of carbonate minerals [1-3]. The trough, shaped like a “V” in the
cross-section, is a narrow, long trench formed in the continental crust under tectonic tension,
bounded by high-angle syngenetic faults [4]. It features a “slope-basin” sedimentary
structure that results in an environment with frequent changes in seawater energy and
varied material sources during the deposition process [5]. The Yaziluo Rift Trough spans
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the southwestern Guizhou, southern Guizhou, and northern Guangxi areas in South China,
recording the evolution of paleoclimate, paleoenvironment, and paleobios during a global
marine transgression in the early Carboniferous period [6-8].

Much geological research has been conducted on the Lower Carboniferous shales,
encompassing geological conditions, geochemical characteristics, and paleoenvironments.
Yi et al. (2022) [9] suggest that the sedimentary facies and paleoenvironmental conditions
of Lower Carboniferous shale on the northwest margin of the rift trough are platform
facies and low-oxygen environments, respectively, based on the analysis of core samples.
Su et al. (2017) [10] describe the paleoenvironment of Lower Carboniferous shale in the
center of the Yaziluo Rift Trough as an oxygen-deficient environment, based on geochemical
studies. Chen et al. (2017) [11] identify the paleoenvironment on the eastern side of the
Yaziluo Rift Trough as a neritic environment with shallow marine shelf facies. Tao et al.
(2022) [12] report that the sedimentary facies in the eastern part of the Yaziluo Rift Trough
include basin facies and platform facies. Evidently, there is significant variation in the
paleoenvironment, sedimentary facies types, and spatial distribution of lithofacies within
the Lower Carboniferous formation of the Yaziluo Rift Trough. Understanding the impact
of the paleoenvironment on shale lithofacies distribution patterns and organic matter
enrichment is crucial for evaluating reservoir properties and identifying ‘sweet spots’ for
exploration.

Compared to other regions in southern China, such as the Sichuan Basin, western
Hubei, and eastern Chongqing, the Yaziluo Rift Trough has received relatively less attention
in the early stages of shale gas exploration and exploitation. With increasing exploration
and development, several exploratory wells in the Yaziluo Rift Trough have revealed shale
gas with content greater than 1.0 m3/t. The thickness, TOC content, and thermal maturity
(Ro value) of the rich organic shale range from 100 to 400 m, 0.5 to 4.5%, and 2.6 to 3.2%,
respectively. Despite being regarded as one of the most promising shale gas reservoirs,
the depositional distribution patterns and enrichment mechanisms of organic matter in
the Lower Carboniferous shales of the Yaziluo Rift Trough have not been systematically
studied. Addressing these questions will provide a theoretical basis for the next stage of
shale gas exploration, exploitation, and resource evaluation in the Yaziluo Rift Trough.

In this study, we present a suite of geochemical proxy data and sedimentological data
from three wells located in the Yaziluo Rift Trough. The primary objectives of this research
are as follows:

(i) To analyze the paleoenvironmental conditions of Lower Carboniferous shales in the
Yaziluo Rift Trough by examining variations in geochemical proxy data.

(ii) To discuss the various controlling factors on organic matter accumulation in the Lower
Carboniferous shale during the deposition process.

(iii) To reconstruct the lithofacies distribution pattern of Lower Carboniferous shale and
propose a relevant model for the Yaziluo Rift Trough.

2. Geological Setting

The formation of the Yaziluo Rift Trough was initiated in the early Devonian period
due to the expansion of the Paleo-Tethys Ocean and the stretching action along a NE-SW
axis [13,14]. It reached its maximum extent during the middle Devonian, with sedimentary
successions of shale extending as far as the Zhaotong region in Yunnan Province. In the
early Carboniferous period, although the overall range of shale distribution contracted, the
sedimentary characteristics largely retained the patterns established during the Devonian
period [15,16]. The farthest extension of these formations along the northwestern direction
of the Yaziluo Rift Trough reached the Weining area in Guizhou. Subsequent tectonic
ruptures and extensional processes further stretched and subsided the crust, creating a
pronounced contrast between deep-water and shallow-water depositional environments
within the rift trough [13,15]. During the late Carboniferous period, the paleo-seawater
depth gradually decreased from both sides of the rift trough along the line from Liupanshui
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to Hechi, resulting in the division of the Yaziluo Rift Trough into three distinct zones: a
depocenter zone, a transition zone, and a margin zone (Figure 1A).
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Figure 1. (A) Distribution of the Yaziluo Rift Trough during the late Carboniferous period, showing
the sampling wells (Well A, Well B and Well C); (B) sequence stratigraphic framework according to
Geology and Mineral Resources Bureau of Guangxi Zhuang Autonomous Region, 1985 [17].

Specifically, the depocenter zone extends from the Luzhai-Yishan area in the southeast
to the Liupanshui-Weining area in the northwest of the Yaziluo Rift Trough, where the
sediments are predominantly calcareous mudstone, argillaceous limestone, and carbona-
ceous mudstone (Figure 1B). In the transition zone between the depocenter and the margin
of the Yaziluo Rift Trough, the sediments primarily consist of calcareous mudstone and
argillaceous limestone. However, the lithology of the margin zone is composed mainly of
micrite and bioclastic limestone. The paleo-seawater depth exhibits a general shallowing
trend from southeast to northwest along the Yaziluo Rift Trough, aligning with the direction
of paleo-seawater influx during the marine inundation process. Three exploratory wells
(Well A, Well B, and Well C) for shale gas development are strategically located in the
Luzhai area (depocenter zone), the Rongshui area (margin zone), and the Liupanshui area
(margin zone), respectively (Figure 1A).

3. Materials and Methods
3.1. Samples

A total of 107 shale samples were collected from the Lower Carboniferous strata within
the Yaziluo Rift Trough in South China, distributed among three wells: 28 samples from
Well A, 41 samples from Well B, and 38 samples from Well C. These samples were prepared
for the analyses of total organic carbon (TOC), major and trace element concentrations,
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kerogen types, and mineralogy using X-ray diffraction (XRD) in the China University of
Petroleum (East China), Qingdao, China.

3.2. Analytical Methods

Total Organic Carbon (TOC): The TOC contents were measured using the Leco-CS230
Carbon and Sulfur Analyzer, with an accuracy of £5%, adhering to the Chinese National
Standard GB/T 19145-2003 [18] for the determination of TOC in sedimentary rocks. Shale
samples were first pulverized to a particle size below 200 mesh (75-90 um). The powdered
samples were then treated with hydrochloric acid at 60 °C to eliminate inorganic carbons.
After acid treatment, the samples were rinsed with distilled water and dried in an oven at
temperatures between 60 and 80 °C.

Mineralogy: Mineralogical analyses were performed using X-ray diffraction (XRD)
on a Rigaku Smart Lab-9, following the Oil and Gas Industry Standard SY /T 5163-2010.
All powdered shale samples (finer than 40 um) were oven-dried at 40 °C for 48 h. The
mineral composition was reported as semi-quantitative, based on parameters and formulas
detailed by Yang et al. (2018) [19].

Major and Trace Elements: Major elements were analyzed using a Rigaku 100E X-
ray Fluorescence Spectrometer (XRF) in the China University of Petroleum (East China),
Qingdao, China. Approximately 1 g of powdered shale samples were calcined at 700 °C for
over 2 h to remove organic matter and carbonates. Trace elements were quantified using
an Agilent 7500A Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). For these
analyses, powdered samples were dissolved in a mixture of hydrofluoric acid (HF) and
nitric acid (HNO3), with detailed procedural descriptions provided by Lu et al. (2019) [20].

4. Results
4.1. Major and Trace Elements

Aluminum (Al) and Titanium (Ti) are used as proxies for terrigenous detrital input [21].
In the Lower Carboniferous shales, Al content ranges from 1.55% to 10.59%, with average
values of 5.62% in Well A, 5.95% in Well B, and 6.40% in Well C, respectively (Table 1). Ti
content varies from 0.02% to 0.60%, with average values of 0.22% in Well A, 0.29% in Well B,
and 0.34% in Well C, respectively (Table 1). Phosphorus (P), an indicator of organic matter
productivity, ranges from 0.01% to 0.23% (Table 1). Trace elements are also employed to
assess paleoenvironmental conditions. For example, trace element ratios in Well A, such as
V/Cr (1.49-7.57, avg. 3.54), U/ Th (0.17-3.65, avg. 1.72), Co/Ti (34.46-237.17, avg. 100.49),
and Sr/Ba (0.16-5.57, avg. 1.60) are generally higher than in the other wells. Furthermore,
the ratio of V/Cr (avg. 2.18) in Well B is higher than that in Well C (avg. 0.89), and the
ratio of U/Th (avg. 0.60) in Well B is higher than that in Well C (avg. 0.21). However, the
average trace element ratio of Sr/Ba in Well A (1.60) is lower than that in Well B (3.15) and
Well C (2.45).

Table 1. Sedimentary facies and their average geochemical indexes in the Lower Carboniferous shale.

Geochemical Proxies

Well Redox Conditions Paleo-Seawater Depth Detrital Influx Paleoproductivity
e
. . . Ba/Al
V/Cr U/Th Col/Ti Sr/Ba Al (wt.%) Ti (wt.%) P/Ti (10-4)
Well A 3.54 1.72 100.49 1.60 5.62 0.22 0.27 67.99
Well B 2.18 0.60 37.60 3.15 5.95 0.29 0.14 65.13
Well C 0.89 0.21 38.87 245 6.40 0.34 0.11 178.77

4.2. Characteristics of Organic Geochemistry

The organic carbon content (TOC) varies significantly across the wells. In Well A,
14 samples exhibited TOC ranging from 1.46% to 5.70%, with an average of 3.63% (Table 2).
In Well B, 26 samples showed TOC ranging from 0.86% to 3.51%, with a median of 1.85%
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(Table 2). Well C had the lowest TOC, with 20 samples ranging from 0.71% to 1.63% and an
average of 1.02% (Table 2). The kerogen types identified in samples from Wells A, B, and
C are predominantly Type I, Type II;, and Type II,, respectively, reflecting differences in
sedimentation influences (Table 2).

Table 2. Lithofacies, kerogen types, and their average mineral compositions in the Lower Carbonifer-

ous shale.
) . Kerogen TOC Average Mineral Content (wt.%)
Lithofacies T o . . .
ypes (wt.%) Quartz Feldspar Calcite ~ Dolomite Pyrite Clay
Siliceous lithofacies I 3.63 57.56 7.20 8.18 515 5.77 19.14
Mixed lithofacies I, 1.85 41.85 0.15 26.21 420 2.65 24.62
Calcareous lithofacies 1, 1.02 13.60 0.30 40.20 21.20 2.30 22.40

4.3. Mineralogical Characteristics and Lithofacies

Based on the mineral compositions, four types of lithofacies can be divided in the
Lower Carboniferous shale. The clay minerals contain illite, kaolinite, chlorite, and il-
lite/smectite (I/S). The carbonate minerals comprise calcite and dolomite. The siliceous
minerals refer to quartz and feldspar. The Lower Carboniferous shale exhibits significant
heterogeneity across various lithofacies, reflecting dynamic paleoenvironmental changes
(Figure 2). For instance, Well A shows the highest average contents of quartz and pyrite at
57.56 wt.% and 5.77 wt.%, respectively (Table 2). These components significantly decrease
in Well C, where the averages are 13.60 wt.% for quartz and 2.30 wt.% for pyrite (Table 2).
Conversely, the carbonate content in Well A is the lowest at 13.33 wt.%, but it increases
significantly in Well C to an average of 61.40 wt.%, which is approximately four times
higher than in Well A (Table 2). The values in Well B are intermediate, with quartz, carbon-
ate, and pyrite contents at 41.83 wt.%, 30.41 wt.%, and 2.65 wt.%, respectively (Table 2).
This distribution indicates that the Well A samples are typically siliceous shale lithofacies,
characterized by high quartz and pyrite content and low carbonate content (Figure 2). Well
C samples are carbonate shale lithofacies with high carbonate and low quartz content
(Figure 2), while samples from Well B are classified as mixed shale lithofacies, characterized
by medium levels of carbonate, quartz, and pyrite.

Clay mineral
100wt.%

eWell A
@ Well B
@ WellC

7 3
o &% %
N PN
o Do
0 25 50 75 100
Carbonate mineral Siliceous mineral
100wt.% 100wt.%

Figure 2. Ternary diagram showing the mineralogy of the three major lithofacies of Lower Carbonif-
erous shale in the Yaziluo Rift Trough (modified from Ma et al. [2], the Cms, Ms, Cs, and Ss represent
argillaceous shale lithofacies, mixed shale lithofacies, carboniferous shale lithofacies, and siliceous
shale lithofacies, respectively).
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5. Discussion
5.1. Reconstruction of Paleoenvironmental Conditions
5.1.1. Redox Proxies

In sedimentary environments, molybdenum (Mo) and uranium (U) are often derived
from autogenous enrichment. Under oxidizing conditions, Mo and U exist as molybdate
ions (MoSO4%~) and uranyl carbonate complexes, respectively, with limited aggregation.
In hypoxic-sulfidic conditions, molybdate can transform into thiomolybdate, which en-
riches in conjunction with sulfide organic matter and iron sulfide deposits. The limited Mo
concentration in the oxic environment represents redox conditions instead of water-mass
restriction levels [21,22]. Furthermore, the amount of Mo absorbed by sediments is deter-
mined by both the Mo concentrations in seawater and organic matter concentrations [22].
Meanwhile, U precipitates as insoluble uranyl ion (UO»?*) or as a weakly soluble uranium
fluoride complex. Since the reductibility of U is not affected by the H,S concentrations, U is
mainly enriched in sediments compared with Mo enriched in the seawater [21,22]. Accord-
ing to Algeo and Tribovillard (2009) [21], the co-variation of Mogg-Ugg ratios serves as an
indicator for assessing redox conditions and seawater residence status, classifying marine
environments into non-restricted, weakly restricted, and strongly restricted categories.

In non-restricted marine environments under dysoxic conditions, U enrichment gener-
ally precedes that of Mo, with the Mo/ U ratio in sediments typically being about 0.3 times
that of modern seawater (Mo/U in modern seawater is about 7.5 [22]). As the seawater
reduction increases, the Mo enrichment rates surpass U, causing the Mo/ U ratio to double
compared to modern seawater. In strongly sulfidic and anoxic environments, sediments
accumulate higher concentrations of both Mo and U, with free H,S in the seawater en-
hancing Mo’s accumulation rate, significantly increasing the Mo/U ratio up to three times
or more compared to modern seawater [23,24]. In weakly restricted water-mass environ-
ments, metal hydride particles such as manganese and iron facilitate rapid Mo enrichment,
resulting in a Mo/ U ratio generally 3-10 times that of modern seawater. Conversely, in
water-mass-restricted environments, the Mo/ U ratio is typically lower than in modern
seawater, impeding Mo and U replenishment, with U enrichment exceeding that of Mo.

In the depocenter zone, the Mo/U ratio of shale samples is higher than in modern
seawater (Figure 3), showing a positive correlation with increasing Mo and U enrichment
coefficients. However, the trend does not strictly conform to non-restricted marine en-
vironments, as it deviates due to metal hydride adsorption, which usually causes a 3 to
10 times higher ratio than observed in modern seawater. The results indicate that the
depocenter zone shale does not align strictly with either weakly or strongly restricted
marine environments but suggests a semi-restricted, marine setting with limited connec-
tivity to open seawater. The shale in the transition zone, particularly from Wells B and C,
shows low Mo and U enrichment coefficients, with a Mo/U ratio generally 0.3 times that of
modern seawater (Figure 3), indicating that the shale originated from a dysoxic to anoxic
environment.

Vanadium (V) and Chromium (Cr), sensitive to redox conditions, also play a critical
role in identifying environmental oxygen levels. Under oxidizing conditions, V exists as
vanadates like HVO,%2~ and H,VO,~ and is not readily enriched in sediments. Conversely,
under anoxic conditions, V°* reduces to V4*, forming compounds like VO (OH), and
organo-metal ligands, enriching in sediments [25,26]. Similarly, Cr transitions from soluble
chromate (CrO427) in oxidizing conditions to less soluble forms like Cr,O3 and Cr (OH);3
under anoxic conditions, enriching at different points of the denitrification interface [27-29].
A V/Cr ratio greater than 4.25 indicates anoxic conditions, a range of 2.0 to 4.25 suggests
dysoxic conditions, and less than 2.0 indicates oxic conditions [30].
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Figure 3. Covariation of Mogp and Ugp from the Lower Carboniferous shale (modified from Algeo
and Tribovillard (2009) [21]), exhibiting water-mass restriction and redox conditions.

Implications for Lithofacies Distribution:

In Well A, primarily composed of siliceous lithofacies shale, the progressive reduction
in V/Cr and U/Th values from the bottom to top layers suggests a transition from anoxic
to dysoxic conditions. The average values indicate an anoxic marine environment at the
lower levels, transitioning to a dysoxic state higher up.

In Well B, situated in the transition zone with mixed shale lithofacies, there is a
consistent decrease in redox proxy values from bottom to top, indicating a shift from an
anoxic-dysoxic to a dysoxic-oxic environment. The lower values in Well B compared to
Well A suggest a closer proximity to the edge of the Yaziluo Rift Trough, reflecting different
environmental impacts on sedimentation and organic matter preservation.

The carbonate lithofacies shale in Well C, primarily found in the upper slope facies, shows
the lowest redox values, indicating higher oxygen content in the paleo-seawater and a partial
oxidation environment. This shift is attributed to the southeastern to northwestern paleo-
oceanic invasion along the Yaziluo Rift Trough, leading to a shallowing paleo-seawater depth
and influencing the overall oxidation state and sedimentary dynamics. The results indicate a
higher degree of oxidation and less favorable conditions for organic matter preservation in
the upper slope facies, correlating with a lower TOC content in these shales.

The paleoenvironment during the early Carboniferous sedimentary period in the
Yaziluo Rift Trough was influenced by seawater intrusion and the development of synsed-
imentary faults [12,13]. This environment is typified by a long-term, partially oxidized
sedimentary environment in the upper slope facies shale [5,10,12]. In contrast, the basin
facies and lower slope facies shale in the Yaziluo Rift Trough are characterized by deeper
seawater depths and lower oxygen content, resulting in significantly higher redox proxies
compared to the upper slope facies. The results indicate that the upper slope facies exhibit
a higher degree of oxidation and suboptimal preservation conditions for organic matter,
leading to lower total organic carbon (TOC) content in the shale of these facies.

5.1.2. Paleoproductivity Proxies

Barium (Ba), primarily existing in seawater as barite, is characterized by its extended
residence time, high preservation rate (exceeding 30%), and exceptional stability [31-33].
Goldberg and Arrhenius (1958) [34] demonstrated a strong correlation between Ba concen-
trations and paleoproductivity, establishing biogenic Ba as a reliable proxy for assessing
productivity levels. To accurately gauge paleoproductivity, it is crucial to eliminate the
influence of terrigenous Ba. The Al element serves as an effective indicator of terrigenous
input; thus, the Ba/ Al ratio is employed in this study to assess paleoproductivity.
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Phosphorus (P) plays a vital role as an essential nutrient for marine organisms and
significantly influences the paleoproductivity of marine ecosystems [29,32]. Approximately
80% of the P in marine sediments originates from organic matter [31], with a smaller
fraction deriving from terrigenous detrital sources [22,35]. Given its critical role in metabolic
activities and its enrichment being primarily biologically controlled, P is one of the most
reliable indicators for paleoproductivity. Additionally, the Ti element serves as an effective
marker of terrigenous input, and the P/Ti ratio is selected to mitigate the influence of
terrigenous clastic input on P content.

In Well A, the Ba/Al and P/Ti values of Carboniferous shale show a gradual decrease
from the bottom to the top (Figure 4), suggesting relatively stable paleoproductivity. Specif-
ically, the basin facies shale in the lower interval exhibits values ranging from 32.77 x 10~*
t0 104.19 x 10~* for Ba/Al and 0.10 to 0.68 for P/Ti, with averages of 69.67 x 10~* and
0.30, respectively, indicating relatively high paleoproductivity. The lower slope facies
in the upper interval show further declines in paleoproductivity, with values ranging
from 51.73 x 10~% to 85.80 x 10~ for Ba/Al and 0.08 to 0.24 for P/Ti, and averages of
63.79 x 10~% and 0.17, respectively.
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Figure 4. Stratigraphic distributions of redox (V/Cr and U/Th), paleo-seawater depth (Co/Ti
and Sr/Ba), detrital influx (Al and Ti), and paleoproductivity (P/Ti and Ba/Al) proxies in Well A,
respectively.

Well B displays a slight downward trend in Ba/Al and P/Ti values from bottom to
top (Figure 5), maintaining general stability in paleoproductivity. The basin facies shale in
the lower interval ranges from 42.84 x 10~* to 228.04 x 10~* for Ba/Al and 0.10 to 0.72
for P/Ti, with average values of 77.64 and 0.18, respectively, suggesting relatively high
paleoproductivity. The lower slope facies values range from 27.88 x 10~* to 141.11 x 10~4
for Ba/Al and 0.06 to 0.17 for P/Ti, with averages of 52.63 and 0.10, respectively, indicating
a slight decline in paleoproductivity compared to Well A.

In Well C, the ratios of Ba/Al and P/Ti show little fluctuation from bottom to top
(Figure 6). The lower slope facies shale exhibits high concentrations, with values ranging
from 34.74 x 10~ to 237.64 x 10~* for Ba/Al and 0.03 to 0.24 for P/Ti, and average values
of 180.36 x 10~* and 0.12, respectively, indicating elevated paleoproductivity. These results
also suggest that terrigenous plant debris entering the lower slope may enhance the seafloor
sediment organic content, thereby promoting increased paleoproductivity. Conversely,
the upper slope facies exhibit significantly reduced paleoproductivity, with Ba/Al and
P/Ti values ranging from 19.41 x 10~% to 487.16 x 10~ and 0.04 to 0.21, respectively, with
averages of 177.70 x 10~* and 0.11.
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Figure 6. Stratigraphic distributions of redox (V/Cr and U/Th), paleo-seawater depth (Co/Ti
and Sr/Ba), detrital influx (Al and Ti), and paleoproductivity (P/Ti and Ba/Al) proxies in Well C,
respectively.
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5.1.3. Terrigenous Detrital Influx Proxies

Al and Ti are primary components of the continental crust, mainly found in alumi-
nosilicate clay minerals and heavy minerals such as rutile and ilmenite. These elements are
notably stable throughout the diagenetic process and are frequently used as indicators of
terrigenous detrital influx [26,36]. In Well A, the Al and Ti contents in the Carboniferous
shale exhibit a remarkable similarity (Figure 4), suggesting a consistent influx of terrigenous
detritus. Specifically, the Al and Ti contents in the basin facies shale of the lower interval
range from 4.06 to 6.98 and 0.02 to 0.34, respectively, with average values of 5.58 and 0.21,
indicating a relatively low terrigenous detrital influx. In the lower slope facies shale of the
upper interval, the contents range from 4.91 to 6.98 for Al and from 0.19 to 0.26 for Ti, with
averages of 5.70 and 0.23, suggesting a stable terrigenous detrital influx.

Similarly, in Well B, the variation in Al and Ti contents of the Carboniferous shale is
minor, indicating a stable terrigenous detrital influx. Specifically, in the basin facies shale
of the lower interval, the contents range from 1.55 to 8.74 for Al and from 0.06 to 0.36 for
Ti, with average values of 5.32 and 0.25 (Figure 5). The lower slope facies shale in the
upper interval shows Al and Ti contents ranging from 2.53 to 7.50 and from 0.15 to 0.40,
respectively, with average values of 6.57 and 0.32 (Figure 5).

However, the Al and Ti contents in the Carboniferous shale of Well C are comparatively
high, indicating its proximity to the terrigenous detrital influx source and a heightened
susceptibility to further terrigenous detrital deposition. Both elements show a downward
trend vertically from bottom to top (Figure 6), signaling a progressive reduction in the
influx of terrigenous detritus. Specifically, in the lower slope facies shale of the lower
interval, the contents range from 9.10 to 10.59 for Al and from 0.46 to 0.60 for Ti, with
averages of 9.77 and 0.51, respectively, denoting a relatively high terrigenous detrital influx.
Conversely, in the upper slope facies shale of the upper interval, the Al and Ti contents
range from 1.90 to 10.22 and from 0.10 to 0.44, respectively, with averages of 4.58 and 0.24,
indicating less terrigenous detrital influx compared to the lower slope facies.

5.1.4. Paleo-Seawater Depth

The geochemical behaviors of strontium (Sr) and barium (Ba), both lithophile elements,
differ significantly during the deposition process. Sr tends to precipitate directly in seawater
and shows limited affinity for adsorption onto clay material surfaces. In contrast, Ba
readily adsorbs onto fine-grained sediments and clay minerals. Thus, the Sr/Ba ratio
serves as a commonly used indicator of paleo-seawater depth in marine environments. A
low Sr/Ba ratio suggests a relatively deep paleo-seawater depth, characterized by weak
hydrodynamic influence and increased adsorption of Ba ions by clay minerals, indicative of
a deep- or semi-deep-water environment. Conversely, a high Sr/Ba ratio points to shallow
paleo-seawater depth and strong hydrodynamic conditions, typical of shallow marine
environments [37,38].

Additionally, paleoenvironmental conditions such as paleoproductivity, redox con-
dition, and terrigenous detrital influx are significantly influenced by sea level fluctua-
tions [39,40]. Rising sea levels can stratify seawater, fostering anoxic conditions at the
seabed that hinder benthic organism development and reduce oxidation rates, thus en-
hancing organic matter preservation [41]. In such anoxic environments, lipid components
undergo preferential enrichment and preservation by anaerobic bacteria, increasing organic
matter abundance [42,43]. Elements like cobalt (Co) and titanium (Ti) are indicative of
aquatic and terrestrial environments, respectively, making the Co/Ti ratio a useful proxy
for monitoring sea level changes.

In Well A, the Sr/Ba ratio in Carboniferous shale ranges from 0.16 to 5.57, with an
average of 1.60, indicating significant paleo-seawater depth and limited hydrodynamic
influence. The Co/Ti values range from 34.46 to 237.17, averaging 100.49 (Figure 4), and
exhibit a gradual decline from bottom to top, reflecting a continuous sea level decrease.

In Well B, the Sr/Ba values range from 0.27 to 6.41, with an average of 3.15, suggesting
a shallower paleo-seawater depth than in Well A. The Co/Ti values range from 7.42 to
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145.83, with an average of 37.60, and also show a downward trend from bottom to top
(Figure 5). This indicates that the Rongshui area, closer to the edge of the rift during the
early Carboniferous period, likely fostered an anoxic benthic environment conducive to
organic matter enrichment. Sea level fluctuations played a significant role in controlling
organic matter enrichment.

In Well C, the Sr/Ba values range from 0.14 to 10.31, with an average of 2.45 (Figure 6).
Despite the potential for increased Ba content due to clay mineral adsorption, the overall
Sr/Ba values remain relatively high, indicating shallower paleo-seawater conditions. The
Co/Ti values range from 26.45 to 80.66, with an average of 38.87, showing a gradual vertical
decline with intermittent upward fluctuations on a secondary scale. This variability further
underscores the complex interactions between sea level changes and terrigenous input in
shaping paleo-marine environments.

5.2. Influencing Factors of Organic Matter Enrichment

In the Yaziluo Rift Trough, benthic redox conditions show significant regional vari-
ations, primarily influenced by the direction and magnitude of seawater intrusion and
the development of synsedimentary faults. Analysis and comparison reveal a positive
correlation between both V/Cr and U/Th ratios and TOC content in Well A and Well B,
indicating that organic matter enrichment is significantly influenced by redox conditions
(Figure 7). The results suggest that anoxic conditions provide a conducive environment
for the preservation of organic matter, and an increase in the degree of oxygen depletion
enhances this preservation. Conversely, the V/Cr and U/Th ratios in Well C do not show a
significant correlation with the TOC content, indicating limited organic matter preservation
in environments with relatively high oxidation levels (Figure 7). Clearly, in transition zones
with oxic and shallow-water conditions, redox conditions have little influence on organic
matter enrichment [44,45].
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Figure 7. Correlation between redox proxies and TOC in the Lower Carboniferous formation.
(A) V/Cr and TOC; (B) U/Th and TOC.

Regarding paleoproductivity proxies, there is no significant correlation between the
Ba/Al ratio and TOC content in Wells A and B. However, a weak positive correlation
exists between the P/Ti ratio and TOC content in Well A, suggesting that anoxic-dysoxic
conditions may moderately enhance the input of organic matter by marine planktonic
organisms; however, the impact is not substantial (Figure 8). Collectively, redox conditions
and paleoproductivity synergistically contribute to the enrichment of organic matter. In
Well C, correlations between the TOC and both Ba/Al and P/Ti are not statistically signifi-
cant, indicating that paleoproductivity has limited control over organic matter enrichment
in low oxygen benthic conditions (Figure 8). Thus, deep anoxic environments play a fun-
damental role in preserving organic matter and can partially facilitate paleoproductivity
enhancement in the Lower Carboniferous shales of the Yaziluo Rift Trough. Furthermore,
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When considering terrigenous detrital influx proxies, the concentrations of Al and Ti
elements are negatively correlated with the TOC content in Wells A and B, respectively
(Figure 9). This indicates that terrigenous detrital input can disrupt water stratification,
impair the anoxic environment, and dilute marine primary productivity in anoxic-dysoxic
environments, thereby hindering organic matter enrichment. Conversely, in Well C, the
concentrations of Al and Ti elements show a positive correlation with the TOC content
(Figure 9). This suggests that as paleo-seawater depth becomes shallower, a limited number
of higher terrestrial plants provide material sources for the enrichment and supplement
of organic matter, facilitating the transition of organic matter from type II; to type II,.
Additionally, an appropriate amount of terrigenous detrital input helps form clay-organic
complexes through the amalgamation of clay minerals and organic matter. The organic mat-
ter adsorbed by clay minerals can rapidly reach the seafloor from surface water, reducing
oxidation decomposition and destruction of organic matter, and effectively preserving it in
relatively low oxic environments [22,46]. In the transition zone, where shallow seawater
depth prevails during the deposition process, conditions are not favorable for the mass
propagation of microorganisms, such as algae, which contribute to productivity and organic
matter preservation.
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Figure 9. Correlation between detrital proxies and TOC in the Lower Carboniferous formation.
(A) Al and TOC; (B) Ti and TOC.

5.3. Shale Distribution Patterns

The Late Devonian period in the Yaziluo Rift Trough was marked by a significant
marine transgression from the southeast to northwest, which facilitated the invasion of the
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Paleo-Tethys Ocean. This transgression expanded the distribution area of the rift trough,
extending the northwestern terminus as far as Zhaotong, Yunnan Province. Since the
early Carboniferous period, the distribution of the rift trough has gradually diminished
as the seawater retreated southeastward, continuing the sedimentary pattern established
in the Late Devonian [15]. Analysis indicates that the Lower Carboniferous shale has a
widespread distribution, suggesting a sedimentary profile characterized by basin facies—
slope facies. The sedimentary facies types exhibit a strong correlation with the primary
quality of shale, such as mineral composition, TOC content, and kerogen types. In the
Yaziluo Rift Trough, carbonate lithofacies shale is predominantly found in the upper slope
facies, developed within a paleo-seawater environment characterized by relatively shallow
depths, low oxygen levels, and strong water-mass restrictions. This lithofacies is marked by
high carbonate mineral content, low pyrite abundance, and low TOC content. The dominant
kerogen type in the carbonate lithofacies shale is primarily II,, indicating a limited organic
carbon preservation capacity. The deposition process results in the rapid oxidation and
decomposition of organic matter, while a limited number of higher terrestrial plants provide
additional sources for enriching organic matter content. Concurrently, paleoproductivity
increases with the input of organic matter into seafloor sediments (Figure 10).
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Figure 10. Sedimentary model of the Lower Carboniferous formation. The location of well and
variations in paleoenvironment proxies and shale components are schematic.

As the scale of marine transgression and paleo-seawater depth within the rifting
trough gradually expanded and deepened from the margin to the depocenter, oxygen
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deficiency in the paleoenvironment increased. The development of basin facies shale
is less influenced by terrigenous input, reducing the dilution effects on organic matter
by terrestrial clastics. Consequently, aquatic phytoplankton becomes the main source of
organic matter, leading to increased shale organic richness and silica content. This transition
facilitates a shift in kerogen type from II; to I and II;. Therefore, siliceous lithofacies
shale is predominantly found in the basin facies, developed under anoxic conditions with
significant paleo-seawater depths. The TOC and silica mineral content of the siliceous
lithofacies shale are relatively high, with enriched pyrite content and developed spicule
fossils. The benthic anoxic conditions not only provide a foundation for organic matter
preservation but also create a conducive environment for enhancing paleoproductivity.
Overall, the degree of organic matter enrichment is primarily regulated by redox conditions
and paleoproductivity, with the influx of terrigenous debris disrupting benthic anoxic
conditions and diluting the paleoproductivity of seawater, thereby impeding organic
matter enrichment (Figure 10).

In contrast, the Yaziluo Rift Trough experienced gradual crustal stretching during the
Devonian period, resulting in the formation of depressions and the deposition of slope
facies shale along the trough margins. Due to the influence of syndepositional faulting with
a NW to SE direction, the deposition of slope facies on both sides of the rift trough became
more pronounced since the early Carboniferous period. The Rongshui area, representing
lower slope facies, and the Luzhai area, characterized by basin facies, show discernible
disparities in redox conditions, terrigenous detrital supply, and paleoproductivity of sea-
water. In the Rongshui area, the decrease in paleo-seawater depth has led to increased
dissolved oxygen content, disrupting benthic anoxic environments and transforming the
paleoenvironment into a dysoxic environment unfavorable for organic matter preservation.
Additionally, due to its proximity to terrigenous source regions, there has been an increase
in terrigenous detrital influx, evidenced by increased concentrations of Al and Ti elements
and a heightened abundance of clay minerals, further diluting the organic matter content
within shale. Therefore, mixed shale is predominantly found in the lower slope facies,
characterized by a dysoxic environment and a relatively shallow paleo-seawater depth. The
abundance of organic matter and siliceous minerals in the mixed shale exhibits a decrease,
with kerogen type primarily classified as II;. The enrichment of organic matter is mainly
controlled by anoxic preservation conditions (Figure 10).

The Lower Carboniferous shales in the Yaziluo Rift Trough are developed in a pa-
leoenvironment characterized by frequent water changes and diverse material sources.
Due to complex control by extensional faulting, the shale exhibits a complex lithological
composition with frequent interlayers of limestone, resulting in variations in the deposi-
tional position, seawater depth changes, and distance from the terrigenous source area.
These factors contribute to differences in the origin and distribution of shales, ultimately
controlling their development scale and thickness. This also determines the degree of
organic matter enrichment, types of lithology combinations, and mineral composition.
Therefore, the establishment of a correlation between sedimentary facies, lithofacies, and
paleoenvironments has been achieved. The paleo-seawater depth is relatively shallow for
the upper slope facies, exhibiting a suboxic and shallow-water environment. The lithofacies
predominantly comprise carbonate lithofacies shale with low organic matter abundance
and high carbonate mineral content. Additionally, the preservation of organic matter is
influenced by clay derived from terrigenous detrital material, which exerts an impact
on its enrichment. The basin facies exhibit a deep paleo-seawater depth with an anoxic
environment, low terrigenous detrital influx, high silica mineral content, high organic
matter abundance, and predominantly siliceous lithofacies shale type. The enrichment of
organic matter is jointly controlled by redox conditions and paleoproductivity. Compared
to the basin facies located in the depocenter of the Yaziluo Rift Trough, the lower slope
facies exhibit a semi-deep paleo-seawater depth with a dysoxic environment and moderate
terrigenous detrital influx. The lower slope facies shale predominantly consists of mixed
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shale, exhibiting a slight decrease in silica content and organic matter abundance. The
enrichment of organic matter is also influenced by the benthic redox conditions.

6. Conclusions

(1) This study investigated the Lower Carboniferous shale in the Yaziluo Rift Trough
to understand the impact of paleoenvironmental factors on lithofacies characteristics, shale
distribution patterns, and organic matter enrichment. Three primary lithofacies were
identified: siliceous lithofacies, mixed lithofacies, and calcareous lithofacies. The siliceous
lithofacies shale, predominantly composed of siliceous mudstone and siliceous limestone,
was deposited in an anoxic environment characterized by high paleoproductivity and
minimal terrigenous detrital input. In contrast, both the mixed and calcareous lithofacies
were formed in transition zones. However, the calcareous lithofacies, composed mainly
of calcareous mudstone, argillaceous limestone, and interlayers of both, was deposited in
relatively shallow waters with suboxic conditions, differing from the deeper paleo-seawater
conditions of the mixed lithofacies shale, which is dominated by mudstone and calcareous
mudstone with argillaceous limestone layers.

(2) In the basin facies, the accumulation of organic matter was primarily governed by
anoxic benthic conditions and high paleoproductivity. However, in suboxic-dysoxic benthic
conditions, paleoproductivity had limited influence on organic matter enrichment. Terrige-
nous detrital input disrupted water stratification and diluted marine primary productivity
in anoxic-dysoxic environments. Nevertheless, the adsorption of organic components by
clay minerals played a crucial role in promoting the enrichment and preservation of organic
matter in environments with suboxic benthic conditions.

(3) The sedimentary profile of the Lower Carboniferous shale in the Yaziluo Rift Trough
comprises basin facies, lower slope facies, and upper slope facies. These facies indicate the
primary shale quality and are closely associated with specific sedimentary facies types. The
lithofacies succession transitions from siliceous lithofacies in the anoxic deep-water basin
facies, to mixed lithofacies in the dysoxic semi-deep water lower slope facies, and finally
to calcareous lithofacies in the suboxic shallow-water upper slope facies. This sequence
reflects a paleoenvironmental transition that coincides with a sea level transition within the
rift trough, progressing from deep basin facies to shallower upper slope facies.
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