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Abstract: Organic matter (OM) is the primary carrier for the generation and occurrence of
shale oil and gas. The combination of sequence stratigraphy and elemental geochemistry
plays a crucial role in the study of organic matter enrichment mechanisms in marine shale,
but it is rarely applied to terrestrial lacustrine basins. As a product of the last large-scale
lake transgression in the Sichuan Basin, the Early Jurassic Lianggaoshan Formation (LGS
Fm.) developed multiple organic-rich shale intervals, which is a good example for studying
the OM enrichment in lacustrine basins. Based on a high-resolution sequence stratigraphic
framework, the evolutionary process of terrestrial debris input, redox conditions, and paleo-
productivity during the sedimentary period of the Lianggaoshan Formation lacustrine
shale at different stages of lake-level variations has been revealed. The main controlling
factors for OM enrichment and the establishment of their enrichment patterns have been
determined. Sequence stratigraphy studies have shown that there are three third-order
lake transgression-lake regression (T-R) cycles in the LGS Formation. The total organic
carbon content (TOC) is higher in the TST cycle, especially in the T-R3 cycle, and lower in
the RST cycle. There are differences in the redox conditions, paleo-productivity, terrestrial
detrital transport, and OM accumulation under the influence of lacustrine shale deposition
in different system tracts. The results indicate that changes in lake level have a significant
impact on the reducibility of bottom water and paleo-productivity of surface seawater,
but have a relatively small impact on the input of terrestrial debris. In the TST cycle, the
reducibility of bottom water gradually increases, and the paleo-productivity gradually
increases, while in the RST cycle, the opposite is true. Within the TST cycle, the OM
accumulation is mainly influenced by paleo-productivity and redox condition of bottom
water, with moderate input of terrestrial debris playing a positive role. In the RST cycle, the
redox condition of bottom water is the main inducing factor for OM enrichment, followed
by paleo-productivity, while terrestrial input flux plays a diluting role, which is generally
not conducive to OM accumulation.

Keywords: lake-level variation; redox condition; paleo-productivity; organic matter
accumulation; Lianggaoshan Formation
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1. Introduction

At present, the academic community generally believes that the accumulation of
organic matter (OM) in fine-grained sedimentary rocks, including shale, can be attributed
to the influence of three factors: (1) increased supply of OM [1,2], (2) enhanced preservation
of OM [3,4], and (3) dilution due to reduced non-OM sediments [5,6]. The accumulation
of OM in fine-grained sedimentary rocks is controlled by complex, nonlinear interactions
between these three factors [7-11]. The supply of OM is mainly represented by high
paleo-productivity, which is usually the result of increased nutrient supply in surface
water [12]. Upward flow, increased river runoff, and nutrient cycling are all beneficial
for improving productivity [13,14]. In addition, appropriate terrestrial inputs can also
directly supply organic matter (OM) [15]. The OM preservation is mainly related to
the dysoxic (or anoxic) environment of the bottom water and the sinking rate of OM
from the surface to the sedimentary interface. The former can reduce the degree of OM
oxidation and decomposition [16], while the latter can reduce the time for OM oxidation
and decomposition [17].

The dilution of non-OM is mainly related to sedimentation rate [9]. Moderate sedi-
mentation rate can effectively improve organic carbon preservation and reduce oxidation,
without significantly diluting OM [18]. However, excessively high sedimentation rates
(enhanced flux of terrestrial debris, carbonate debris, authigenic minerals, etc.) can also
dilute organic carbon concentration [19]. In recent years, many reports have suggested
that sea-level (or lake-level) fluctuations seem to play a fundamental controlling role in
the above three factors, indirectly controlling the accumulation of OM [20,21]. After the
application of sequence stratigraphy theory to organic-rich shale formations, the impact of
relative lake-level changes on OM enrichment can be better discussed [22].

The thickness of lacustrine shale in the Lianggaoshan Formation (LGS Fm.) of the
Sichuan Basin ranges from 60 to 300 m, and the organic-rich interval with a TOC greater
than 1% covers an area of approximately 9 x 10* km?, making it a key target for terrestrial
shale oil exploration and development in South China [23]. During the depositional process
of LGS Fm. lacustrine shale, the depocenter of the lacustrine basin frequently migrated
in the Eastern and Central Sichuan Basin. Along with the periodic changes in lake level,
various paleo-environmental factors and their influences on OM accumulation in the
lacustrine basin exhibit significant cyclicality and zoning [24]. Cheng et al. proposed that
the LGS Fm. belongs to a delta-lake sedimentary system, which is divided into a complete
3rd-order sequence and four cycles of lake-level rise and fall (4th-order sequences) [25].
Fang et al. proposed that the OM enrichment in the upper part of the 1st Member and the
middle lower part of the 2nd Member of the LGS Fm. is controlled by dysoxic conditions
caused by high paleo-productivity and lake-level rise, while the OM enrichment in the
upper part of the 2nd Member is controlled by dysoxic caused by terrestrial input and
rapid burial [24].

However, there are few results on the differences in OM enrichment characteristics
within different system tracts. This study is based on the complete core data of the Liang-
gaoshan Formation (Figure 1a), focusing on the influence of lake-level changes on OM
accumulation. By combining various geochemical indicators related to paleo-redox condi-
tions, paleo-productivity, and terrestrial debris input flux with the sequence stratigraphic
framework, the main objectives of this research are: to (i) identify the variation of TOC
and geochemical elements in different system tracts; (ii) compare the characteristics of the
three factors during lake-level changes; and (iii) determine the influencing factors of OM
accumulation and establish the enrichment mode of OM in different system tracts.
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Figure 1. (a) Paleogeography of Lianggaoshan Formation and the location of studied well in Sichuan
Basin (modified from [24]). (b) Stratigraphic column of Jurassic Lianggaoshan Formation of Well A in

Sichuan Basin.

2. Geological Setting

The Lianggaoshan Formation (LGS Fm.) is a sedimentary product of the last large-
scale lake transgression in the Jurassic, with a thick layer and extensive development of
organic-rich shale [23-25]. According to the rock combination and cyclic changes, the
LGS Fm. can be divided into the Upper Lianggaoshan Member and Lower Lianggaoshan
Member (Figure 1b). The Upper Member can be further divided into three members,
corresponding to three lake-level rise and fall cycles [25]. During the depositional period of
the Upper Member, the lacustrine basin was in a shallow water state, dominated by oxic
conditions, and the lithology was mainly composed of purple-red mudstone interbedded
with gray—green sandstone. During the depositional period of the Lower Member, the
lacustrine basin deepened, and the sedimentary lithology consisted of dark fine-grained
sedimentary rock interbedded with thin sandstone, with a stable distribution throughout
the Sichuan Basin. Multiple intervals of organic-rich shale have been identified [23].

3. Methodology
3.1. Sample

Thirty-three lacustrine shale samples were collected from Well A (Figure 1a). During
sampling, each sample is only spaced 1.5 m—2.5 m apart to ensure that the sample records
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continuous variations in the paleo-environmental conditions. The average spacing is 1.9 m,
and the relative standard deviation is 0.31 m.

3.2. Experimental Methods

Thirty-three samples were measured for TOC values by a Leco carbon/sulfur analyzer
(model CS600, LECO Corporation, San Jose, CA, USA) at the PetroChina Key Laboratory of
Unconventional Oil and Gas Resources, with an analytical precision of £0.5%. Thirty-three
samples were measured for bulk mineralogical and <2 um clay fraction mineralogical
analysis by X-ray diffraction (XRD) (model Rigaku Ultima IV, Rigaku Corporation, Tokyo,
Japan), performed at the James Hutton Limited Laboratory. A total of 17 samples were
measured for Element composition analysis. The concentration of major elements was
determined by X-ray fluorescence (XRF) spectroscopy (model PE 5300V, PerkinElmer, Inc.,
Waltham, MA, USA), with an accuracy better than 1% for all major oxides. Trace and
rare elements were measured using inductively coupled plasma-mass spectrometry (ICP-
MS) (model 7700 Series ICP-MS, Agilent Technologies Inc., Santa Clara, CA, USA), with
analytical uncertainties estimated at 5%.

3.3. Index Calculation

Enrichment factor (Xgg) can eliminate the influence of terrestrial debris. Al element is
not easily affected by weathering or alteration after sedimentation, so Al is often used for
normalization, and its formula is as follows: Xgr = (X/ Al)sample/ (X/ Al)standard

Among them, X and Al represent the concentrations of the element and Al in the
sediment, respectively. Standard represents the standard for measuring the degree of
enrichment, often using PAAS as the standard [24-26]. If Xgr > 1, it indicates that the
element is relatively enriched. If Xgg > 3, it indicates that the element is significantly
enriched [27].

The calculation method for the content of trace elements in sediments that are not of
detrital origin (biogenic or authigenic-enriched) is as follows [28]: Eorg (01 Epip) = Esample —
Alsample X (E/Al)get-

Epio represents the organic or biological portion of element E that exceeds a specific
terrestrial input standard. Egample and Algample are the abundances of E and Al elements
in the sample, respectively. (E/Al)get, is the ratio of the average abundance of E and Al
under a specific standard. In this study, (E/Al) get is the minimum value that crosses
the origin in the intersection diagram of E and Al [28,29], and we calculated (P/Al)getr
and (Ba/Al)getr are 0.0047 and 0.0058, respectively. The differentiation of rare earth ele-
ments (REEs) in sediments is commonly characterized by (La/Yb)y, and its calculation
formula is as follows: (La/Yb)n = (La/Yb)sample/ (La/Yb)standard- PAAS value applied
to REE standardization [26]. The ratio of light and heavy REEs in the total rare earth
content can also reflect the degree of REE differentiation, and its calculation formula is
as follows: LREE/HREE= % (La:Eu)/% (Gd:Lu). Corrected chemical index of alteration
(CIA*) = [AI,O3/(Al,O3 + CaO* + Nay,O + K,0)] x 100% [27]. All oxide units are in moles.
This study referred to the method proposed by McLennan et al. to calibrate the CaO
content [30].

4. Results
4.1. Mineralogy and Shale Lithofacies

The XRD results indicate that the mineral components of the lacustrine shale in the
LGS Fm. are mainly quartz and clay, followed by plagioclase, and basically do not contain

K-feldspar (Table 1). The content of siliceous minerals is distributed between 24.5 and
66.2% (average of 51.40%), clay minerals between 13.3 and 57.2% (average of 43.34%),
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and carbonate minerals between 0 and 15.0% (average of 2.5%, excluding shell limestone
samples in TST1). The overall content of pyrite is relatively low, ranging from 0 to 5.4%
(average of 1.01%). The changes in mineral composition and lithological triangulation
results indicate that the shale lithology of the LGS Fm. is complex, mainly consisting of
clayey shale rich in siliceous minerals and siliceous shale rich in clay (Figure 2a). Lithofacies
changes reflect the shale interval rich in silt in both the transgression system tract (TST) and
the regression system tract (RST). It is suggested that gravity flow was triggered during
the low lake-level period, and a small amount of crust and silty debris were brought in by
terrestrial input [31]. There are significant differences in mineral content within different
system tracts. For example, the TST has a high content of quartz, clay, and pyrite. The
content of kaolinite and chlorite in the clay mineral composition of the TST is relatively
high (Figure 2b). However, the proportion of plagioclase, carbonate minerals, and illite in
the RST is relatively high.

Table 1. Mineralogical and TOC analyses of TST and RST shale sample in Jurassic Lianggaoshan

Formation.
System Values TOC Quartz  Plagioclase Siliceous Carbonate Pyrite Clay  Illite Kaolinite Chlorite
Tract (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Min 0.36 29.70 5.90 35.60 0 0 37.20 32.00 7.00 18.00
TST Max 3.48 45.40 15.60 57.90 9.00 4.60 56.40 51.00 20.00 33.00
Average 1.58 40.20 11.31 51.51 2.93 0.92 44.64 40.79 13.57 26.07
Min 0.53 17.50 5.70 24.50 0 0 13.30 25.00 8.00 21.00
RST Max 3.14 49.40 17.80 66.20 62.20 5.40 57.20 50.00 28.00 38.00
Average 1.37 40.72 10.60 51.32 5.28 1.08 42.38 39.79 15.68 28.00
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Figure 2. (a) Lithofacies changes of TST and RST shale sample in Jurassic Lianggaoshan Formation.
(b) Mineral composition changes of TST and RST shale sample in Jurassic Lianggaoshan Formation.
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4.2. Organic Carbon Content

The vertical variation of TOC indicates that during different T-R cycles (Figure 3), the

TOC content shows a trend of first increasing and then decreasing as it transitions from the
TST to the RST. It is worth noting that the TOC in the T-R3 cycle is generally higher than in
other cycles. TOC is relatively high within the TST (Figure 4a), distributed between 0.35
and 3.48% (average of 1.58%), while it is relatively low within the RST, distributed between
0.53 and 3.14 (average of 1.37%) (Table 1). Specifically, TOC is mainly distributed in the
0.5%-1.0% and 1.5%—2.5% ranges within the TST, while it is distributed in the 0.5%-2.0%

range within the RST (Figure 4a).
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Figure 3. Vertical variation characteristics of terrigenous clastic input proxies in the Jurassic Liang-

gaoshan Formation at Well A.
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4.3. Element Content

The major oxides in LGS Fm. lacustrine shale are SiO,, Al;O3, and Fe,O3, with
average values of 56.11%, 17.09%, and 6.91%, respectively. The distribution of major
elements after UCC standardization shows significant differences compared to PAAS and
NASC (Figure 4b). The CaO content is low and significantly lower than UCC, PAAS, and
NASC, with only a few samples enriched in the transgression system tract (TST), which
may be related to the high content of shell fossil fragments (Figure 1). The NayO content is
also lower than that of PAAS, NASC, and UCC, suggesting a lower content of plagioclase
in the provenance rock, which may be related to the provenance of acidic magmatic rocks.
Mg is relatively deficient in various system tracts compared to UCC, but close to PAAS and
NASC. P and Mn are more enriched in some samples compared to PAAS, NASC, and UCC.
The enrichment of P may be related to higher paleo-productivity or apatite precipitation,
while the enrichment of Mn is related to carbonate mineral composition [15,34]. The content
of Ti, Al, K, and Fe is close to that of PAAS, NASC, and UCC.

The distribution of trace elements normalized to UCC is basically consistent with
PAAS and NASC (Figure 4c), but there is a significant difference in amplitude. The trace
element content of a few samples in the TST is low, especially the detrital elements Ti, Zr,
and Al from terrestrial inputs is low. It is suggested that the carbonate components are
relatively high, while the terrestrial inputs that provide other element supplies are few.
After normalization, the distribution of U, Th, Co, and Ni content is shown in the UCC
baseline attachment. Mo in lacustrine shale shows a loss relative to UCC. U, Cu, and other
elements show relatively high enrichment. The total REE content is between 156.51 and
438.84 ppm, with an average of 207.92 ppm. The REE distribution normalized to Chondrite
is similar to that of PAAS, NASC, and UCC, which is characterized by light REE enrichment
and Eu negative anomaly (Figure 4d). REE is generally consistent in different system tracts,
with poor differentiation, which may be related to the stable and single source of REE
during depositional processes [26,32].

4.4. Terrestrial Input Proxies

Al, Ti, and Zr are usually difficult to migrate during deposition and diagenesis and
are often used as indicators to characterize the flux of terrestrial debris [35]. The vertical
variation trend of Al and Ti content is basically consistent (Figure 3), showing a significant
increase only in TST1, and little change in other system tracts. Based on the average value,
both are slightly higher within the RST (mean of 9.37% and 0.46%, respectively) than
HST (mean of 8.82% and 0.41%, respectively). (Fe + K) is also a practical indicator for
characterizing the input of terrestrial debris [36]. The average content within the RST (mean
of 7.02%) is higher than the TST (mean of 7.56%). Within the T-R1 cycle, (Fe + K) fluctuates
significantly and shows a gradually increasing trend (Figure 3).

Ti/Al and Zr/Al are commonly used to determine the strength of debris inflow.
High Ti/Al and Zr/ Al ratios represent coarse particles and relatively high sedimentation
rates [37]. The Ti/ Al ratio is slightly lower in the TST (average of 4.81%) than in the RST
(average of 4.94%) (Figure 3). After reaching its lowest value during the lake flooding
period of the T-R3 cycle, the Ti/ Al ratio gradually increases slowly. The vertical variation
process of the Zr/ Al ratio is basically the same as that of Ti/Al, but the former shows a
slowly increasing trend in the early TST1. REE exists in water by binding with debris or
suspended solids, and the length of its residence time in water can cause differences in the
degree of REE differentiation. When the sedimentation rate is high, the REE sedimentation
rate is fast and the contact time with clay minerals is short, resulting in a low differentiation
degree [38]. (La/Yb)n and LREE/HREE are reliable indicators for characterizing the degree
of REE differentiation. When (La/Yb)n or LREE/HREE is low, it reflects a weak degree of
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REE differentiation and corresponds to a relatively high sedimentation rate. The (La/Yb)y
of LGS Fm. lacustrine shale is distributed between 0.81 and 1.24, with an average of 1.06,
and the high value appears within RST2 (Figure 3). The LREE/HREE distribution ranges
from 5.89 to 10.14, with little variation in different system tracts, with an average value
of 8.93.

4.5. Redox Proxies

Redox-sensitive elements (Mo, U, Ni, V, etc.) exhibit significant enrichment under
reducing conditions and can be used to characterize the environmental conditions of bottom
water [39,40]. Element enrichment factors and bimetallic ratios are often used to evaluate
paleo-redox conditions [41]. In the LGS lacustrine shale, Ugr and Mogg range from 0.7
to 1.89 (average of 1.19) and from 0.32 to 1.09 (average of 0.63), respectively. The Ugp
and Mogg did not show significant enrichment, and their variation trends were consistent
(Figure 5). The average content of Ugr and Mogg in the TST (1.29 and 0.70) is higher than
the RST (1.05 and 0.53), reflecting a trend of enrichment to slight loss. In addition, the
content of Ugr and Mogg is higher during the T-R3 cycle compared to other periods.
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Figure 5. Vertical variation characteristics of redox proxies in the Jurassic Lianggaoshan Formation at
Well A.

The vertical variation trends of U/Th, V/Cr, and Ni/Co values are similar to the
enrichment factors. In different T-R cycles, these values show a trend of first increasing
and then decreasing, and reaching their maximum during the lake flooding period of the
T-R3 cycle (Figure 5). Similar to the above indicators, C/Pr and Cugr also increased within
TST1, while slowly decreasing in RST1-RST2. These indicators rapidly increase in TST3
and reach their peak near the maximum lake level before rapidly decreasing (Figure 5).

4.6. Productivity Proxies

P, Ba, Zn, Cu, and other life elements or nutrients are commonly used to form indicators
of paleo-productivity [27,40]. However, these elements may be affected by factors such as
redox conditions and diagenetic environment during application. P is an essential nutrient
for phytoplankton growth, but it has high solubility under reducing conditions and is easily
released from sediments into the water column [42]. Most Ba in sediments exists in the
form of barite. Ba forms together with sinking and decaying organic matter (OM) but is lost
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in the form of barium sulfate during strong sulfate reduction. This mechanism may affect
the accuracy of the reference standard for Ba [42]. Zn and Cu were initially considered
important nutrients for planktonic organisms, which bind to OM in the form of organic
metal complexes and are transported to sediments [43]. Due to the release and cycling
processes of these elements, their low values do not indicate low paleo-productivity [43].
In the LGS Fm. shale, the P content ranges from 0.05 to 0.89 (average of 0.17). The P
content decreases first and then increases in different T-R cycles (Figure 6). However, Cu
content first increases and then decreases during the T-R cycles (Figure 6). The Cu content
is higher in the TST (average of 40.07) than in the RST (average of 34.88). The Cu content
shows an upward trend in TST1 and a downward trend in RST1. The variation trend of P
is opposite to that of Cu. The overall distribution of Cu through T-R2 shows a gradually
decreasing trend. P increases upwards through TST2 and gradually decreases upwards
through RST2. In T-R3, the Cu content first increases and then decreases, while the P
content slowly decreases in TST3. In RST3, the P content significantly increased (Figure 6).
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Figure 6. Vertical variation characteristics of productivity proxies in the Jurassic Lianggaoshan
Formation at Well A.

In order to eliminate the influence of terrestrial debris input, this study normalized the
elemental indicators using the Al element. In the LGS Fm. shale, (Cu+Zn)/Al and Ba/Al
range from 13.21 to 16.7 (average of 14.97) and from 58.31 to 175.08 (average of 77.03),
respectively. The trend of these two indicators is basically the same, but the magnitude
of their increase is different. Vertically, (Cu+Zn)/Al and Ba/Al decrease slightly in the
early sedimentary stages and gradually increase in the late stages during the Jurassic
Lianggaoshan Formation (Figure 6). The (Cu+Zn)/Al and Ba/ Al were significantly higher
in the TST (average of 15.23 and 84.15, respectively) than in the RST (average of 14.61 and
66.86, respectively). Without considering outliers, the high values of paleo-productivity
indicators are mainly located in the T-R3 period. Porg and Bay,, were also used to determine
paleo-productivity variation in surface lake water. These two indicators have the same
trend of change in the T-R1 and T-R2 periods, but their trends of change in the T-R3 period
are opposite. Specifically, Bap;, and Porg decrease upwards through TST1, reach their
minimum value at RST2, and gradually increase from TST3 onwards (Figure 6).
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5. Discussion
5.1. Effect of Relative Lake-Level Change on Detrital Flux, Redox Conditions, and Productivity

Combining the vertical evolution process of debris flux, redox conditions, and paleo-
productivity indicators, the evolutionary characteristics of OM enrichment factors have
been restored. The impact of lake-level changes on these factors is evaluated. Ti and (Fe+K)
have little difference in different system tracts. The average terrestrial input of the TST
is slightly lower than the RST, suggesting that the terrestrial input in the lacustrine basin
is small (Figure 7a). As the lake level changes, the fluctuation amplitude of Ti and Al is
small (Figure 4). During the high lake-level period, the lacustrine shale in other basins
experienced a decrease in terrestrial input [6,21]. However, the Lianggaoshan Fm. did
not exhibit the above characteristics. The impact of lake-level changes on debris input

is minimal.
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Figure 7. Cross-plot of terrigenous input, redox, and productivity proxies in TST and RST of
Liangshan Formation. (a) Fe+K vs. Ti content, (b) Ti/ Al vs. Ti content, (c) Ugg vs. Mogg, (d) Fe/Al vs.
Corg/Pr, () (Cu+Zn)/ Al vs. Bay,, (f) Porg vs. Ba/ Al The bubble area represents the TOC content
in (d).

The content of Al and Ti reached high values in the lake flooding surfaces of different
T-R cycles (Figure 4), reflecting a high level of terrestrial debris input. It is suggested
that during the lake flooding period, the humid climate and strong weathering led to an
increase in the terrestrial inorganic mineral debris input, while gravity flow events occurred
frequently (Figure 8). The small variation of Ti/ Al and LREE/HREE in different cycles
indicates a relatively low sedimentation rate (Figure 4). The sedimentation rate slowly
decreases from TST1 to TST3 and slightly increases to RST3. There is a weak correlation
between sedimentation rate and input of terrestrial debris (Figure 7b). The variation curves
of Zr/Al and Ti/ Al reflect that the sedimentation rate increases with the rise of lake level
in different T-R cycles. However, the sedimentation rate slowly decreased in the RST,
indicating that the sedimentation rate was affected by the rise and fall of the lake level. The
variation trend of Ti/ Al is basically consistent with that of Al/Si and Zr/Rb, indicating that
the sedimentation rate is significantly influenced by hydrodynamic conditions and particle
size, which verifies the controlling effect of lake-level changes on sedimentation rate.
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Based on the Ugp-Mogg cross-plot [27], the bottom water of the LGS lacustrine basin is
dominated by suboxic conditions, and the oxygen content in the bottom water of the TST is
lower than that of the RST (Figure 7c). The trend of changes in element enrichment factor
and bimetallic ratio is basically consistent, showing an increasing trend in different T-R
cycles. These two indicators reach their maximum values during the lake flooding period
and then slowly decrease (Figure 5), indicating that the redox conditions of the bottom water
are significantly affected by changes in lake level. Especially during the high lake-level
period of the T-R3 cycle, the reducibility of bottom water is the strongest (Figure 5). The low
values of redox indicators are mainly concentrated in the late RST period with relatively
low lake levels, which is attributed to the mixture of oxygenated surface water and bottom
water. During the high lake-level period, terrestrial oxygen-rich sediments accompanied
by surface runoff have difficulty reaching the bottom of the basin, which is conducive
to maintaining low-oxygen conditions. The changes in the redox index and Sr/Ba were
not consistent, with the latter reaching its lowest value during the T-R3 lake flooding
period. This indicates that deeper brackish water is not conducive to water stratification
and preservation under low oxygen conditions [4]. This may be related to low salinity,
humid climate, and frequent terrestrial inputs. The Fe/Al-Corg /Pt cross plot indicates that
there is a significant amount of P dissolution and cycling under reducing conditions during
the sedimentation process (Figure 7d), and the positive feedback generated significantly
reduces the oxygen content of the TST bottom water [13,44].
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Figure 8. Vertical variation characteristics of paleoclimate, paleo-weathering, paleosalinity, hy-
drodynamic condition, and provenance proxies in the Lianggaoshan Member at well A. Sr/Cu
(Paleoclimate) [45], CIA (Paleoweathering) [29], Fe/Mn (Paleoclimate) [46], In(Al,O3/NayO) (Pale-
oweathering), Al/Si (Sediment sorting and particle size) [47], Zr/Rb (Particle size and hydrodynamic
conditions) [48], Sr/Ba (Paleosalinity) [49], Co/Th-La/Sc (Provenance) [50].

The longitudinal evolution of Cu and (Cu+Zn)/Al shows that the accumulation
of paleo-productivity in the TST is higher than that in the RST (Figure 6), with paleo-
productivity increasing within the TST and decreasing within the RST, indicating that paleo-
productivity is influenced by lake level fluctuations. In humid climates, the large input
of surface runoff brings abundant terrestrial nutrients, which is beneficial for improving
paleo-productivity (Figure 8). The provenance in the study area is relatively stable, and
the influence of differences in parent rock composition on paleo-productivity is relatively
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weak (Figure 8). Ba/Al and Baorg did not change along with the lake level (Figure 6).
Ba/Al and Bagg reach their maximum values before approaching the lake flooding surface
during the T-R cycle, attributed to the susceptibility of Ba to the influence of oxygen
content, resulting in low values due to dissolution at relatively low oxygen levels during
lake flooding. The positive correlation between Baorg and (Cu+Zn)/Al also indicates the
normal trend of Baorg under weak reduction conditions (Figure 7e). The variation of P is
opposite to other indicators, especially during high lake-level periods, which is related to
the existence of P cycling processes in the study area. P in sediment can adsorb onto Fe
and Mn hydroxides or directly form precipitates and remain under oxidative conditions.
At low oxygen levels, P tends to be released from OM and enter the water body [44]. This
cyclic process first increases the P content in the water by continuously releasing P, which
is beneficial for improving paleo-productivity. Meanwhile, oxidation and decomposition
during the decline of paleo-productivity consume oxygen, improving the reducibility of
bottom water. The reducibility of bottom water promotes the release of P from sediments
into water, further enhancing paleo-productivity and forming a positive feedback loop. As
a result, the sediment in the TST reflects high productivity, low oxygen, and high TOC, but
corresponds to low P content (Figure 7f).

5.2. Effect of Relative Lake-Level Variation on OM Accumulation
5.2.1. Effect of Single Factor on OM Accumulation

The cross-plot of terrestrial input, redox, and paleo-productivity indicators and TOC
is shown in Figure 9. The Ti content showed a weak negative correlation with TOC in the
TST (excluding samples with high carbonate content) and the RST (Figure 9a), suggesting
that terrestrial debris input has a certain dilution effect on OM accumulation. However, the
weak correlation reflects the existence of terrestrial OM supply during the low lake-level
period. Ti/ Al is negatively correlated with TOC in the TST and RST (Figure 9b), indicating
that the sedimentation rate is unfavorable for OM enrichment. It can be reasonably inferred
that the terrestrial OM brought by terrestrial debris is not sufficient to compensate for the
consumption of oxidative decomposition in water, proving that higher sedimentation rates
in lacustrine basins dilute OM.
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Figure 9. Cross-plot of paleo-environmental indicators and TOC value in Jurassic Liangshan Forma-
tion. (a) TOC content vs. Ti content, (b) TOC content vs. Ti/Al, (c¢) TOC content vs. Mogg, (d) TOC
content vs. COrg /P, (e) TOC content vs. Baorg, (f) TOC content vs. (Cu+Zn)/Al
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Mokgg showed a positive correlation with TOC within the TST (R? = 0.92) (Figure 9c), in-
dicating that the redox conditions of bottom water play a key role in OM enrichment. How-
ever, Mogr and TOC showed a positive correlation within the RST (R? = 0.44) (Figure 9c),
indicating that OM enrichment is not only influenced by the redox conditions. Overall,
the low oxygen level in water has a significant positive effect on the preservation and
enrichment of OM. Corg/P and TOC show a good correlation in different system tracts
(Figure 9d), indicating that high burial efficiency and P cycling strength are beneficial
for OM enrichment. In the TST, there is a positive correlation (R? = 0.54) between TOC
and Bayyg (excluding three low-value samples with high reducibility) (Figure %), while
(Cu+Zn)/Ti is also positively correlated with TOC (R? = 0.41) (Figure 9f), indicating that
productivity changes also play a key role in OM enrichment. In the RST, TOC showed a
weak correlation with Baorg and (Cu+Zn)/Ti, indicating that paleo-productivity played a
positive role in OM (Figure 9e f).

5.2.2. Effect of Multiple Factors on OM Accumulation

The scattered distribution of the bubble plot indicates that the aggregation of OM in
the lacustrine basin is the result of the synergistic effect of multiple factors and intensities
(Figure 10). For the RST, TOC is relatively low, and OM enrichment is mainly influenced
by redox conditions (Figure 10d), with dilution effects from terrestrial inputs (Figure 10a).
Only under relative reduction conditions does the paleo-productivity of the RST play a
certain promoting role (Figure 10e,f). In addition, moderate terrestrial inputs contribute
to OM enrichment (Figure 10b) but are affected by the level of paleo-productivity and
redox conditions, otherwise, a certain dilution effect will occur (Figure 10b,c). For the TST,
the influence of paleo-productivity on OM enrichment is increased (Figure 10e,f). Redox
conditions also play a key role in OM aggregation (Figure 10b,d), and OM enrichment is
influenced by both redox and paleo-productivity. From the distribution of data points,
terrestrial inputs have little negative impact on OM aggregation and even have a positive
impact (Figure 10).
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Figure 10. The bubble-plot was drawn to analyze the main accumulation factors of OM. (a) Ti content
vs. Ti/ Al, (b) Ti content vs. Mogg, (c) Ti content vs. (Cu+Zn)/Al, (d) Mogg vs. C/P, (e) (Cu+Zn)/Al
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To verify the accuracy of the bubble-plot, the principal component (PC) analysis
method was used to quantify the influence of various factors on OM aggregation in different
system tracts, following the method proposed by Shi et al. [38]. The principal component
scores of samples from different system tracts were calculated using indicators of terrestrial
detrital input, paleo-productivity, and redox as factors. The PC scores with high correlation
with TOC within each system tract were selected (Figure 11a), and the corresponding PC
loading coefficients were obtained (Figure 11b). The results show that within the TST, OM
enrichment is mainly influenced by paleo-productivity and bottom water redox conditions,
with terrestrial debris input also playing a positive role, and higher sedimentation rates
being unfavorable factors. In the RST, OM enrichment is influenced by bottom water redox
conditions and burial efficiency, followed by paleo-productivity. A higher sedimentation
rate is an unfavorable factor, and the input of terrestrial debris has little impact.
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Figure 11. (a) The relationship between TOC and the score of PC in different system tracts. The score
indicates the best correlation with TOC among PC scores. (b) Loading plot of PCs in different system
tracts vs. three influencing factors of OM enrichment.

5.3. Organic Carbon Deposition Model in Lianggaoshan Formation

Based on ancient environmental conditions and combined with changes in lake levels,
organic carbon deposition models for different system tracts of the Lianggaoshan Formation
in the Sichuan Basin have been established (Figure 12).

During the lake transgression period, the climatic condition remained warm and
humid, with heavy rainfall leading to strong to moderate weathering intensity. On the one
hand, it promotes the development of gravity flow during the high lake-level period and
also brings abundant terrestrial nutrients and OM [51,52], with a slight decrease in detrital
influx compared to the RST. With the gradual rise of the lake level and the continuous
input of terrestrial nutrients, the prosperity of plankton has been promoted, resulting
in high primary productivity. Under limited detrital Influx, oxygen-containing debris is
difficult to disrupt the bottom water reduction state, and OM is also difficult to dilute. The
improvement of paleo-productivity is accompanied by a decrease in bottom water oxygen
content, and the reactivation and recycling of nutrients in buried OM further enhance
paleo-productivity. Meanwhile, the OM fragments formed by ancient productivity con-
tinuously consume oxygen during the depositional process, enhancing the reducibility of
bottom water and the cycling of nutrients. Therefore, relatively high primary productivity,
favorable low oxygen conditions, and strong nutrient cycling intensity are the factors that
lead to the greatest enrichment of OM in the TST.



Minerals 2025, 15, 159 15 of 18

Humid and warm

Stronger precipitation

Few terri

en

o '9€nous organic
@ .

matter
@

© ‘ High productivity
L
oW ‘e"'genouS‘ ; * E 3 b 3
Plankton blooms in euphotic zone
Suspension :
) settlement

Organic-h,‘gher shale

Semihumid and warm

Weak precipitation
‘ Low productivity ﬁ

* Less plankon, * . . R
', ‘'Suspension ',

settlement  +
22 12

suboxic conditions ¢

M @

®* Rel tive L tel!gel ous jr ut
ati ly g

te-| X
Owsed'me”tarv rate

RST Modera

*

Increased
reducibility|

org""n'.c"OWza-r shale

Figure 12. Schematic diagram of OM enrichment model in Jurassic Lianggao Formation of Sichuan
Basin. (a) OM enrichment model during TST. (b) OM enrichment model during RST.

During the RST, there was a slight increase in detrital influx and input rate. Moderate
to low-intensity detrital Influx not only brings limited nutrients but also produces dilution
effects as the water becomes shallower and hydrodynamic forces increase. The increase in
detrital influx may also bring about a certain amount of terrestrial OM, which may have a
promoting effect on OM aggregation. The level of primary productivity and bottom water
reduction conditions continue to decrease with the overall decline of the lake level. The
ability of OM to decompose and consume oxygen during burial gradually decreases, and
the preservation conditions become relatively poor. The preservation degree of OM in the
RST is significantly reduced compared to HST, and the low reducibility of water is the main
factor inhibiting OM enrichment. Limited paleo-productivity and dilution of terrestrial
debris can also weaken OM aggregation.

6. Conclusions

1.  The Upper Member of Lianggaoshan Formation consists of three 3rd-order T-R cycles,
and the TOC and major and trace element changes in each cycle show regular patterns.
Organic matter is more enriched in the TST, especially during the high water level
period of the T-R3 cycle, while it accumulates less in the RST.

2. The redox conditions and paleo-productivity undergo regular changes during the T-R
cycle. As the lake level rises (TST period), paleo-productivity gradually increases,
while the oxygen content in the bottom water gradually decreases. The input differ-
ences of terrestrial debris in different system tracts of the Lianggaoshan Formation
are small and mainly influenced by ancient climate and weathering conditions.

3. The accumulation of organic matter in the Lianggaoshan Formation is influenced by
the redox conditions, paleo-productivity, and the input of terrestrial debris under the
constraint of the lake level. The degree of influence varies significantly in different
system tracts. In the TST, the organic matter accumulation is mainly controlled by
paleo-productivity and bottom water oxidation-reduction. Moderate terrestrial input
plays a positive role, while higher sedimentation rates are not conducive to organic
matter accumulation. In the RST, bottom water redox condition is the main influencing
factor for organic matter preservation in sediments, followed by paleo-productivity.
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The input flux from terrestrial sources has a diluting effect, which is not conducive to
the accumulation of organic matter.
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