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The Permian Capitanian-Changhsingian black shale formed in intra-platform
basins are themajor source rocks in Southwest China. However, the depositional
conditions and organic matter accumulation of these black shales are not
well understood. In this study, geochemical characteristics comprise TOC,
major, trace and REEs from sixty-two samples from the studied outcrop in
Northern Nanpanjiang Basin, Southwest China are systematically investigated to
determine silicon source, paleo-ocean productivity, and paleo-redox conditions
to reveal their influence on organic matter enrichment under 3rd-order
sequence. The Capitanian-Changhsingian black shale in the study area is
the result of the combined effects of active extensional activity, high paleo-
productivity maintained by volcanic activity, and dysoxic and anoxic conditions
represented by biological extinction events. There are differences in the factors
controlling organic matter accumulation in black shale at different stages. The
controlling factors for the organic enrichment during Capitanian (SQ2) are the
rapidly deepening water mass of extensional rifts and the high productivity
induced by volcanic ash in the igneous provinces, as well as the global anoxic
event represented by “negative carbon isotope shift.” The controlling factors
during Changhsingian are the deepening of water mass under the reactivation
of extensional rifts, resulting in a dysoxic environment, and the high productivity
maintained by volcanic activity in South China. The Wuchiapingian black shale
was formed under dysoxic conditions under the stagnation of extensional
activity, and intermittent volcanic activity in South China maintained the high
paleo-productivity level of the Wuchiapingian stage.

KEYWORDS

Permian Capitanian, organic matter, enrichment model, black shale, intra-platform
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Introduction

With the development of advanced geochemical indices of elements (Algeo and
Maynard, 2004; Zhao et al., 2016; Wei et al., 2022), the paleoenvironmental conditions
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and organic matter enrichment mechanism of black organic-
rich shale have become a research hotspot in recent years (Qiu
and Zou, 2020; Gu et al., 2022; Liu et al., 2022). Shale deposited
under different formation environments show significant differences
in mineral composition, organic matter types, and sweet spot
distribution (Li, 2023; Fan et al., 2024; Liu et al., 2024), which in turn
affect the various performance characteristics of shale reservoirs
(Loucks et al., 2009; Ross and Marc Bustin, 2009; Labani et al.,
2013). Affected by the successful exploration of shale oil and gas
in North America (Jiang et al., 2016; Jiang et al., 2018; Zou et al.,
2019; Cai et al., 2023a), the ChineseMinistry of Land and Resources
has conducted a survey and evaluation of the potential shale
gas resources throughout China (Bai et al., 2023; Cai et al., 2023b;
Fang et al., 2023; Wang et al., 2023). In recent years, the Permian
black shale of transitional, and lacustrine in China have achieved
industrial production capacity and are expected to form large-scale
production capacity, becoming a new field for shale gas production
on a large scale (Dong et al., 2021; Lin et al., 2021; Jiao et al., 2023).
However, influenced by the complexity of the geological background
(Mei et al., 2007; Shen et al., 2019), research on the Permian marine
shale is rare.

Organic matter accumulation is a complex physical-chemical
process that involves many factors, such as redox condition of
bottom seawater, sedimentation rate, productivity of surface water,
and geological event (Hu et al., 2018; Gu et al., 2022; Tan et al.,
2024). The main controlling factors for organic matter enrichment
in modern and paleo marine sediments have been extensively
discussed over the past 30 years (Pedersen et al., 1990; Arthur
and Sageman, 1994; Wei et al., 2012; Ding et al., 2018). Currently,
the controlling factors for organic matter enrichment can be
summarized as primary productivity and favorable preservation
conditions. The productivity school believes that organic matter
accumulation is mainly controlled by the biological productivity
of the ocean surface, and the impact of water redox properties is
limited. The typical representative is the rising ocean currents on
the continental margin. The oxidation-reduction school believes
that low marine surface productivity can also form organic
rich sediments in hypoxic environments, especially in sulfide
environments, with modern anoxic basins such as the Black Sea
and Cretaceous marine anoxic events as typical representatives.
Moreover, few scholars believe that an appropriate sedimentation
rate is the key factor causing organic matter enrichment, and either
too high or too low sedimentation rates are not conducive to organic
matter enrichment.

At present, organic matter content plays a crucial role in
shale hydrocarbon enrichment (Han et al., 2021; Zhang et al.,
2022). Therefore, in the early stage of shale resource exploration,
it is necessary to identify the mechanism of organic matter
enrichment. The type and abundance of organic matter are
the results of sedimentary processes, which are controlled by
environmental conditions (Tribovillard et al., 2012; Zhang et al.,
2018). Based on the geochemical analysis of the Permian marine
shale in the Nanpanjiang Basin, this study elaborates on the
environmental sensitivity indicators of black shale formed in
the intra-platform basin, analyzes the impact of geological
events on the shale sedimentary environment, and establishes
an organic matter enrichment model for black shale in the
intra-platform basin.

Geological setting

The studied outcrop is located in the southern Ziyun area
(Figure 1A), Nanpanjiang Basin. During the Permian period, the
outcrop belonged to the Nanpanjiang sedimentary division of the
South China platform basin sedimentary system (Peng et al., 2006).
Under the background of late Paleozoic extensional subsidence,
the Nanpanjiang Basin formed a passive continental margin rift
type basin, forming a special sedimentary pattern of connected
continental platforms, shallow water isolated platforms, and intra
platform basins within the basin (Peng et al., 2006; Yin et al., 2014).
Thestudiedoutcrop is located inabasinwithin thecarbonateplatform,
representing a deep-water sedimentary sequence (Wang et al., 2022).
In the late Middle Permian to early Late Permian, the area where this
outcrop was located was strongly affected by the rapid uplift of the
crust dome caused by the impact of the Emeishan mantle plume on
the bottom of the lithosphere. In the transitional zone between the
relatively uplifted and relatively subsidence areas (Zhai et al., 2020),
crustal activity was outcrop, and a large amount of volcanic material
was deposited in the deep-water sediments of this section, manifested
as frequent interbeddings of bentonite in black marine shale
(Lai et al., 2008; Gu et al., 2022). Based on lithological combinations
and biological zoning, the Guadalupian-Lopingian of the studied
outcrop can be divided into four stages (Figure 1B), corresponding
to four third-order sequences (Mei et al., 2007). The Wordian stage
comprisesmedium-beddedbioclastic limestone.TheCapitanian stage
comprises siliceous and clayey black shale abundant with fossils of
radiolarians and foraminifera (Figure 2). The Wuchiapingian strata
is composed of silty mudstone, siltstone and shale intercalated with
thin-bedded limestone. The lower strata of Changhsingian stage
comprises limestone,bioclastic limestoneandorganic-poormudstone.
The upper Changhsingian stage comprise black shale intercalated
with thin-bedded limestone.

Samples and methods

Sample collection

This study conducted a careful field investigation on the studied
profiles and sampled them layer by layer, totaling 62 shale samples.
During the collection process, avoid areas with severe weathering
effects to ensure that all samples come from fresh surfaces. Make
all samples into thin sections to observe microscopic characteristics.
Using an agatemortar, the remaining portion of the shale samplewas
ground into a 200 mesh powder for elemental geochemical testing
and total organic carbon (TOC) testing.

TOC measurement

The total organic carbon content is not only an important part
of improving organic carbon isotope stratigraphy, but also plays
an important role in evaluating source rock quality. The samples
pre-treated with the aforementioned organic carbon isotopes were
subjected to sufficient combustion in an environment of high
temperature and pure oxygen flow. Subsequently, strong oxidants
were used to react in acidic solutions, and the collected CO2 gas
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FIGURE 1
(A) Sedimentary environment of Nanpanjiang Basin during Permian Capitanian-Changhsingian (modified from Gu et al., 2022). (B) Generalized
stratigraphy of Guadalupian-Lower Triassic strata of the studied outcrop.

was purified in a vacuum system to remove interfering substances.
Although the instrument calculated the content of organic carbon by
measuring the content of CO2. The TOC measurement was carried
out using the Elemental VarioMACRO CHNS elemental analyzer in
the Key Laboratory of Unconventional Oil and Gas of PetroChina at
Southwest Petroleum University.

Bulk element concentration

Themajor elementsweremeasuredbyusing thePEELANDRC-E
type ICP-MS (Inductively Coupled PlasmaMass Spectrometry)made
intheUnitedStates, andtheLi2B4O7 andLiBO2 (67:33)mixedfluxwas
used tomelt samples with the high-temperature automatic gas sample
machine of Glaisse in Canada. The test conditions are: X-ray working
voltage 40 kV current 60 rnA, analysis accuracy better than 5%.

Trace Elements and Rare Earth Elements (REE): Dry a 200 mesh
sample in an oven at 105°C. After drying, weigh 25 mg of the sample
and place it in a high-pressure dissolution tank called Teflon. Add
0.5 mL of concentrated HF, heat and evaporate to dryness at 120°C.

After removing someof the sample for1 day, add1 mLof concentrated
HF and 0.5 mL of concentratedHNO3. Place the PTFE inner tank in a
steel sleeve, tighten it, and heat it in a 190°C oven for 2,448 h. Dissolve
the sample and evaporate it to dryness at 120°C until it becomes a wet
salt, Add 1 mL of HNO3 and evaporate to a wet salt state at 140°C to
remove excess HF from the sample. Finally, add 5 mL of 30% (v/v)
HNO3, seal and heat at 140°C for 4 h. After cooling, add 1 mL of
500 ng/mL Rh internal standard solution and dilute to 50 mL. The
instrument used in the experiment is the Finnigan Element 2 mass
spectrometer, and the Millipore water purification system Milli-Q is
used to prepare 18 MΩ. Ultra pure water, sample treatment is carried
out in aClass 100ultra clean laboratory.Theerror is less than 10%.The
determination of trace elements and rare earth elements was carried
out using ICP-MS with an error of less than 5%.

X-ray diffraction

Extract <2 from each shale sample using sedimentation method
μ M clay particles are made into directional sheets. First, rinse
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FIGURE 2
Comprehensive stratigraphic column for the Guadalupian-Lower Triassic in the studied outcrop. Sequence column is from Mei et al. (2007). Biozones
are from National Commission on Stratigraphy of China (Wang et al., 2014).

repeatedly with distilled water, then place it in a 2000 mL quartz
beaker, add 1,500 mL of distilled water and mix thoroughly. After
20 h at 25°C, the upper part of the solution should be <2 μ The
suspension is sucked into a centrifuge tube and centrifuged at
2,500 rpm for 10 minutes. The sediment at the bottom of the
centrifuge tube is <2 μ Sample of m particles. Add 2 mL of
distilled water and apply the emulsified mud like sample onto
two 20 –30 cm flat glass plates to make directional plates, which
are then dried naturally and treated with ethylene glycol. When
treating the sample with ethylene glycol, steam method is used at
a temperature of 600 and heated for about 12 h. The instrument
used is the Broker D8 Advance X-ray powder diffractometer, Cu
target, instrument voltage 4.0 kV, tube current 40 mA, scanning
speed 250/min, scanning step width 0.0167°, scanning range
3°–25° (2 θ).

Results

Major elements

The chemical composition of the Capitanian black shale in the
studied outcrop is mainly SiO2, with a content of 37.0%–65.0%, an
average of 52.9%, followed by Al2O3 and TFe2O3, with an average
content of 15.2% and 9.6%, respectively. The remaining oxides
include MgO, CaO, Na2O, K2O, TiO2, and MnO, with average
contents of 2.5%, 3.5%, 1.1%, 2.3%, 2.6%, and 0.2%, respectively.The
SiO2 content of black shale in the Wuchiapingian-Changhsingian
stage ranges from 37.9% to 55.3%, with an average value of
45.2%, which is significantly lower than that of the Capitanian

shale. The average content of Al2O3 and TFe2O3 is 13.4% and
11.6%, respectively. The other oxides include MgO, CaO, Na2O,
K2O, TiO2, and MnO, with an average content of 3.1%, 7.8%,
2.1%, 1.9%, 2.6%, and 0.2%, respectively. The SiO2 content of
the Ordovician-Silurian black shale in South China ranges from
28.3% to 81.7%, with an average value of 60.0%. The average
contents of Al2O3 and TFe2O3 are 12.7% and 4.9%, respectively.
The other oxides include MgO, CaO, Na2O, K2O, TiO2, and MnO,
with average contents of 2.4%, 3.7%, 1.1%, 3.5%, 0.6%, and 0.03%,
respectively. In contrast, in terms of SiO2 content, the Ordovician-
Silurian black shale is higher than the Capitanian shale, and the
Wuchiapingian-Changhsingian shale are the lowest. In terms of
TiO2 and MnO content in shale, the Capitanian, Wuchiapingian-
Changhsingian shale are significantly higher than the Ordovician-
Silurian shale (Table 1).

The Capitanian black shale sample has a high loss on ignition
(average 12.8%), and theWuchiapingian-Changhsingian black shale
also has a high loss on ignition (average 12.1%). The SiO2/(K2O
+ Na2O) values of Capitanian black shale range from 10.6 to 55.2,
with an average of 19.7. The value distribution of SiO2/Al2O3 ranges
from 2.2 to 5.3, with an average value of 3.7. The value of (K2O
+ Na2O)/Al2O3 ranges from 0.1 to 0.3, with an average value of
0.2. The value distribution of MnO/TiO2 ranges from 0.02 to 0.2,
with an average value of 0.1. The SiO2/(K2O + Na2O) values of the
Wuchiapingian-Changhsingian black shale range from 9.4 to 18.3,
with an average of 12.4. The value distribution of SiO2/Al2O3 ranges
from 2.8 to 6.1, with an average value of 4.0. The value of (K2O +
Na2O)/Al2O3 ranges from 0.3 to 0.4, with an average value of 0.3.
The value distribution of MnO/TiO2 ranges from below 0.1 to 0.2,
with an average value of 0.1.
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TABLE 1 Comparison of major elements average (%) in black shales among different Formation.

Strata/Stage SiO2 Al2O3 TFe2O3 MgO CaO Na2O K2O TiO2 MnO

Wuchiapingian-Changhsingian 52.91 15.22 9.56 2.47 3.49 1.07 2.26 2.55 0.15

Capitanian 45.24 13.39 11.58 3.05 7.83 2.12 1.88 2.55 0.19

Ordovician-Silurian 59.98 12.71 4.91 2.35 3.69 1.09 3.51 0.63 0.03

Trace and rare earth elements

The Capitanian black shale sample has a V content between
77.8 × 10−6–344.0 × 10−6, with an average of 188.27 × 10−6. In the
black shale of Changhsingian, the average V content increases to
229.0 × 10−6. The Mo content in the black shale of Capitanian is
between 0.6 × 10−6–5.0 × 10−6, with an average of 2.02 × 10−6. The
Mo value of black shale in the Changhsingian stage increased to
9.71 × 10−6. The Cr distribution of Capitanian black shale ranges
from 14.9 × 10−6 to 136.6 × 10−6, with an average of 76.1 × 10−6.
The Cr value of Changhsingian black shale is significantly higher,
distributed between 76.0 × 10−6 and 287.0 × 10−6, with an average
of 160.8 × 10−6. The Ba content of the Capitanian black shale is
distributed between 88.85 × 10−6–623.96 × 10−6, with an average
of 354.31 × 10−6. The Ba content of the black shale belonging to
Changhsingian stage is distributed between 239.0 × 10−6–2,289.0 ×
10−6, with an average of 723.4 × 10−6.

The distribution range of ∑REE in the black shale sample of
Capitanian is 46.32 × 10−6–941.85 × 10−6, with an average value of
357.27 × 10−6. The ∑REE distribution range of the Changhsingian
black shale sample is 143.94 × 10−6–416.86 × 10−6, with an average
value of 284.53 × 10−6.

Discussions

The distribution characteristics of organic matter and silicon
components can intuitively reflect the close relationship between
the lithological changes and organic matter content of organic-
rich shale. In addition, it also indicates that in order to reveal
the synchronous coupling mechanism between organic matter
enrichment and silicon enrichment in the formation, it is necessary
to first clarify the source and origin of silicon components in
shale, and then identify the symbiotic coupling mechanism that
determines the synchronous enrichment of organic matter and
silicon. The measurement results suggest that the major elemental
composition of Capitanian shale, Wuchiapingian shale, and
Changhsingian shale is similar to the characteristics of siliceous
rocks formed by volcanic biochemical processes (Table 2). High
values of loss on ignition are related to the rich organic matter in the
shale samples. There is a significant difference in the background
values of the parameters and hydrothermal genesis of the
Capitanian, Wuchiapingian - Changhsingian black shale (Table 2).

Yamamoto (1987) proposed that hot water activity can lead
to the enrichment of Fe and Mn elements. After analyzing 42
Cretaceous rock samples from theNorth Pacific, Adachi et al. (1986)
proposed that the enrichment of TFe2O3 is an important feature

of hydrothermal silica. The TFe2O3 content in the black shale is
not high, and the Capitanian black shale is distributed between
1.3% and 12.8%, with an average of only 9.8%. The MnO content
is extremely low, with an average of only 0.2%. The TFe2O3 content
in the Wuchiapingian-Changhsingian black shale is also not high,
ranging from 4.9% to 14.8%, with an average value of only 11.3%
and an average MnO content of only 0.2%, both of which do not
have typical hydrothermal genesis characteristics.

The Al/(Al+Fe+Mn) value in marine sediments is a marker for
measuring the content of hydrothermal components in sediments
(Adachi et al., 1986). This ratio increases with the distance away
from the expansion center, thereby distinguishing the contribution
of hydrothermal components to sediments. The Al/(Al + Fe + Mn)
values of hydrothermal sediments located in the eastern Pacific
Ocean are mostly between 0.01 and 0.2, and their ratio is less
than 0.35 due to the influence of hot water. The average ratio of
hydrothermal silica collected from the North Pacific is 0.12, while
the ratio of semi oceanic silica from the Kamiaso biogenic Triassic
in central Japan is 0.60. The Al/(Al + Fe + Mn) values of black shale
in the studied outcrop range from 0.43% to 0.59%, with an average of
0.52.TheAl/(Al + Fe +Mn) value ofWuchiapingian-Changhsingian
black shale ranges from 0.4% to 0.6%, with an average of 0.5, which
is close to the value of pure biogenic silicon. On the Al Fe Mn
triangulation, the majority of the samples from the Capitanian stage
are located within the biogenic zone, with a few samples adjacent to
the Wuchiapingian-Changhsingian stage (Figure 3). The silicon in
the black shale of Capitanian, Wuchiapingian-Changhsingian in the
studied outcrop is of non-hydrothermal origin, and the vastmajority
of Capitanian shale is biogenic silicon.

Mn in siliceous rocks is often considered as a marker element
from the deep ocean (Sugisaki), and the MnO/TiO2 ratio can be
used as a marker to determine the distance of siliceous sediments
from the ocean basin (Halamić et al., 2005). The ratio of siliceous
rocks deposited on continental slopes and marginal seas closer to
the continent should be less than 0.5, and siliceous sediments on
open ocean bottoms can reach 0.5–3.5. The MnO/TiO2 values in
the Capitanian black shale in the studied outcrop are 0.02–0.2, with
an average of 0.09. The MnO/TiO2 values in the Wuchiapingian-
Changhsingian black shale are 0.04–0.2, with an average of 0.09,
suggesting that the siliceous rocks in the study area were formed in
the sedimentary environment of the continental slope and marginal
seas closer to the continent.

V and Mo are bioactive elements, and their high enrichment
indicates that the formation of silicon in shale is related to biological
activity.TheCapitanian black shale sample shows a higher V content
than the abundance of sedimentary rocks, which is 1.55 times higher.
In the black shale of Changhsingian, the V value increases to 229 ×
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FIGURE 3
Al-Fe-Mn column Triangle diagram of black shale in the studied
outcrop. Hydrothermal and non-hydrothermal fields are cited from
Adachi et al. (1986).

10−6.TheMocontent in the black shale ofCapitanian is slightly lower
than that of sedimentary rocks. The Mo value of black shale in the
Changhsingian stage increased to 9.71 × 10−6. This could imply that
the formation of black shale in this area exhibits strong biological
effects, and the biological activity has significantly increased from
the Capitanian stage to the Changhsingian stage.

Cr is a mantle friendly element with an average content of 76.3.
The Cr distribution of Capitanian black shale is slightly higher than
the abundance of sedimentary rocks at 63.0. And the Cr value of
Changhsingian black shale is much higher than the abundance of
sedimentary rocks of 63.0.This phenomenon can be attributed to the
extensional movement of the Changhsingian stage, which led to the
development of rising ocean currents near the fault zone, bringing
in a large amount of Cr elements.

Siliceous sediments of hydrothermal origin are usually positively
correlated with Ba and SiO2. In generally, siliceous rocks of pure
biogenic origin contain higher Ba content (Li et al., 2014). There is
a weak negative correlation between Ba and SiO2 in the black shale,
with a correlation coefficient of −0.17 (Figure 4). The Ba content of
the Capitanian black shale is slightly lower than the abundance of Ba
in sedimentary rocks. The Ba content of the black shale belonging
to Changhsingian stage is 1.57 times the abundance of Ba in
sedimentary rocks. Therefore, it reflects a relatively strong biological
activity, and the biological activity intensity of the Changhsingian
black shale is significantly higher than that of the Capitanian
black shale.

The overall ∑REE of siliceous sediments related to hydrothermal
activity is relatively low, while siliceous rocks affected by terrestrial
debris have relatively high ∑REE. The ∑REE distribution range
of the Changhsingian black shale sample is generally higher than
the standard shale (204.1 × 10−6). REE is an important chemical
tracer for restoring paleo-marine environments, distinguishing
redox conditions, and distinguishing between hydrothermal or non-
hydrothermal sediments. In general, hydrothermal sedimentary
siliceous rocks have low ∑REE, significant loss of Ce, and
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FIGURE 4
Correlation between Ba and SiO2 of black shale in the studied outcrop.

insignificant loss of Eu, even exhibiting Eu positive anomalies.
However, the rare earth elements in non hydrothermal sedimentary
siliceous rocks are similar to shale, relatively enriched in light rare
earth elements The characteristics of LREE enrichment, ∑HREE
non-enrichment, ∑LREE/∑HREE average value of 10.22, negative
Ce anomaly, and weak positive Eu anomaly once again confirm that
black shale does not belong to hydrothermal sedimentation.

Previous studies have shown that La enrichment exists in metal-
rich sediments and high-temperature hydrothermal fluids, leading
to the occurrence of negative Ce anomalies (Bao et al., 2008). Use
Pr/Pr∗ values to test for the occurrence of negative Ce anomalies
caused by La enrichment. When Ce/Ce∗ <1 and Pr/Pr∗≈ 1, it
indicates the occurrence of positive La anomalies (Figure 5, Zone
d). According to the Ce/Ce∗ - Pr/Pr∗ plot of black shale, the data
points are all located in the d and e zones, with Pr/Pr∗ values greater
than 1, indicating that the negative anomaly of Ce is not affected
by the enrichment of La. Weak influence of high-temperature
hydrothermal solution.

Therefore, the black shale in the studied outcrop is mainly
biogenic, and the relative content of biogenic silicon and terrestrial
detrital silicon can be quantitatively calculated and judged by the
biogenic silicon content in various lithofacies. Previous studies
suggested that the Post Archean Australia Shale (PAAS) represented
the average chemical composition of the upper crust, and its source
was typical terrestrial debris (Ma et al., 2017). Therefore, the value
of Al2O3 × (SiO2/Al2O3) PAAS can be used to represent the silicon
content of terrestrial debris in the study area, and the calculation
formula is as follows:

BioSiO2(%) = SiO2 −Al2O3 × (SiO2/Al2O3)PAAS

Bio SiO2 represents the content of biogenic silicon, SiO2 and
Al2O3 represent the content of silica and alumina respectively, and
(SiO2/Al2O3) PAAS represents the ratio of silica and alumina in the
Post Archean Australia Shale (PAAS). The results indicate that the
content of biogenic silicon in black shale of study area accounts for
23.13%–80.90% of the total silicon. The average value of biogenic
silicon is over 50% in terms of the total silicon.

Many researchers have conducted extensive research on the
sources of silicon in shale and investigated the effects of terrestrial
detrital silicon and biogenic silicon on TOC enrichment (Milliken et

FIGURE 5
Cross-plot of Ce/Ce∗ and Pr/Pr∗ in the black shale. Zone a represents
a positive anomaly in Ce. Zone b represents a negative La anomaly
and no Ce anomaly. Zone c represents that both Ce and La are
normal. Zone d represents a positive anomaly in La and no anomaly in
Ce. Zone e represents negative Ce anomaly.

al., 2016; Milliken and Olson, 2017). As shown in Figure 6, there is
a relationship between different types of silica and TOC: Devonian-
MississippianMuskwa and Besa River black shale, mainly composed
of biogenic quartz (derived from siliceous radiolarians), have a
sedimentary environment in the deep-water area outside the slope,
and biogenic quartz has a high degree of correlation with TOC,
indicating that biogenic silica has a significant contribution to the
enrichment of TOC (Figure 6A).

The Ordovician-Silurian black shale is rich in biogenic silicon,
characterized by synchronous changes in biogenic silicon and
organic matter, with a correlation coefficient of up to 0.80
(Figure 6B), indicating that the sinking fluxes of organisms with
siliceous skeletons have a significant enrichment effect on TOC
(Ge et al., 2021; Xiong et al., 2021).

In order tomore accurately reflect the relationship between silicon
content and TOC, as well as the vertical evolution characteristics,
this study conducted a correlation analysis between SiO2 and TOC
in black shale (Figure 7), indicating that there was no significant
correlation between SiO2 and TOC in the Permian black shale in
the studied outcrop. Based on the observation of thin-sections, a large
number of radiolarian individuals and fragments were observed in
the Capitanian black shale. Silicon is mainly biogenic, and biogenic
silicon mainly comes from radiolarians. The siliceous components
of the black shale in Wuchiapingian and Changhsingian are mainly
volcanic quartz silicon and terrestrial detrital silicon.

Previous studies have used the chemical composition ratios of
siliceous rocks in known sedimentary environments to map and
delineate the projection areas of siliceous rocks on continental
margins, distant oceans, and mid ocean ridges (Wang et al., 2016).
As shown in Figure 8, almost all samples fall into the continental
margin area or are distributed adjacent to the continental margin.
In summary, the consistent geochemical characteristics of black
shale indicate that it was formed in an anoxic environment on the
continental margin.
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FIGURE 6
Cross-plot of TOC and Bio SiO2 content in the Devonian-Mississippian black shale (Ross and Marc Bustin, 2009) (A) and Ordovician-Silurian black shale
(B).

FIGURE 7
Correlation between TOC and SiO2 content in black shale.

Paleo-ocean productivity

The productivity of marine surface organisms depends on the
richness of nutrients in the surface water. The richer the nutrients,
the more prosperous the organisms are, and the stronger the
carbon production capacity of photosynthesis, resulting in greater
productivity. The elements that can reflect the nutritional level of
water include N, P, Fe, Cu, Ni, and Zn (Tribovillard et al., 2006). N
and P are greatly affected by recycling and later diagenesis, while Fe
are influenced by carbonate dissolution and recrystallization, etc.,
which make them unreal. Cu, Zn, and Ni as nutrient elements,
combine with organic matter or form organic complexes for
precipitation and burial, and high levels of Cu, Zn, and Ni reflected
higher paleo-productivity (Tribovillard et al., 2006; Fathy et al.,
2018). Therefore, Cu, Zn, and Ni can be used as indicators to
reflect the level of ancient productivity. Another way to characterize
the primary productivity of water surface is through the organic

carbon flux of the water mass. High productivity enhances the
organic carbon flux of the water mass. Organic carbon forms a local
sulfate reduction microenvironment through complexation with
trace metal elements or decomposition of organic matter, resulting
in the precipitation of certain trace metal elements. The higher the
organic carbon flux of the water mass, the greater the burial amount
of certain trace metal elements.

In addition to hydrothermal activities, the main sources of these
nutrients are biogenic and terrigenous, only biogenic elements can
reflect the change of paleoproductivity. Before using these trace
elements, the influence of terrestrial sources should be eliminated,
and Ti or Al should be used to correct the above elements (Taylor
and McLennan, 1985). The formula is:

Xxs = Xtotal −Titotal × (X/Ti)PAAS

Xxs represents the excess value of X, which is obtained by Ti
correction of the trace element content in the sample using the trace
element content in PAAS. Xtotal is the total element content of the
tested rock sample, and (X/Ti) PAAS represents the ratio of element
content to Ti in PAAS. The (X/Ti) PAAS used is quoted from Taylor
andMcLennan (1985). If the calculation result is positive, it indicates
that the element is relatively PAAS and exhibits marine autogenesis
enrichment or volcanic hydrothermal enrichment. If the calculation
result is negative, it indicates that the content of this element in the
sample is mainly contributed by terrestrial materials.

The correlation between Ba and Mo and organic carbon
flux in water mass is significant, which can reflect surface
productivity. Dymond et al. (1992) established for the first time a
calculation model for surface productivity using Ba as an indicator,
using data obtained from sediment traps. The sources of Ba mainly
include biogenic barium and terrestrial barium. Only the portion
of Ba contributed by the source of students can reflect primary
productivity. The calculation formula for biogenic Ba (Babio) is
consistent with the formula for excess trace elements. High marine
productivity results in a large amount of organic carbon input,
forming a large amount of hydrogen sulfide, which reacts with
molybdate to form thiomolybdate, and is buried together with iron
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FIGURE 8
Correlation between Al2O3/(Al2O3+Fe2O3) and Lasn/Cesn content in black shale (modiated from Wang et al., 2016).

sulfides and organic matter. The more organic carbon is input, the
more Mo is deposited and buried. The advantage of Mo as an
input parameter for organic carbon is that it is less affected by later
changes, as the binding of iron sulfides to Mo is irreversible.

Cubio, Znbio, Nibio, and Babio are used to reflect the paleo-
productivity evolution of black shale (Shen et al., 2014). All
elements are corrected by Ti, and negative excess element values
are removed. The changes in paleo-marine productivity of the
Capitanian-Changhsingian black shale obtained in the end
are shown in Figure 9. The productivity of the ancient ocean
corresponding to the Capitanian black shale is relatively high,
while the productivity of the Wuchiapingian stage paleo ocean
has decreased. In the early Changhsingian stage, the productivity of
paleo-oceans significantly increased again. Overall, volcanic tuff has
a significant promoting effect on the productivity of paleo-oceans.
Further comparison between the evolution of paleo-productivity
and the distribution characteristics of TOC reveals a consistent
correspondence between high biological productivity and high
organic matter accumulation. However, in the Wuchiapingian stage,
the changes in productivity are not as significant as those in total
organic carbon. The productivity has a controlling effect on organic
carbon enrichment, but it is not the only controlling factor for
organic carbon enrichment.

In recent years, many studies suggested that the efficient
indicator for evaluating shale redox conditions is the U/Th ratio
(Jones and Manning, 1994), and there is a significant correlation
between TOC value and U/Th ratio. However, previous studies
of the Permian Shanxi Formation transitional shale in North
China suggested that the shale intervals heavily disturbed by
terrestrial debris generally have lower U/Th ratios and poor
correlation with TOC (Zhang et al., 2021). Taking this study as

an example (Figure 10): The overall U/Th ratio is relatively low, and
there is no trend of changes in redox conditions at different stages.

The results indicate that V/Cr is significantly better than U/Th
and Ni/Co in reflecting the changes in redox conditions in the study
area. Under the 3rd-order sequence framework, V/Cr well reflects
the trend of change, with SQ2’s V/Cr ranging from 1.40 to 3.77, with
an average of 2.41 (n = 13), SQ3’s V/Cr ranging from 1.09 to 2.89,
with an average of 2.23 (n = 10), and SQ4’s V/Cr ranging from 1.15
to 2.28, with an average of 1.64 (n = 12). Except for SQ2, the high
value range of V/Cr is inconsistent with the development location of
black shale, suggesting that the dysoxic and anoxic environment is
not the only controlling factor for the development of black shale.

The Guadalupian-Lopingian boundary (G-LB) is a critical
period in the development of Earth’s history, during which the
Earth’s climate system experienced the disappearance of Late
Paleozoic ice chambers and transitioned to Mesozoic greenhouses,
accompanied by a series of major geological events such as the
extinction of biological clusters (Stanley and Yang, 1994; Wignall
and Bond, 2023), the eruption of Emeishan basalt (Sun et al.,
2010), and a significant drop in sea-level to the lowest point of
the Phanerozoic era (Haq and Schutter, 2008; Shen et al., 2019;
Zhao et al., 2019). These events have more or less affected the global
carbon cycle and are recorded in the inorganic carbon isotope
changes of marine carbonate rocks (Wang et al., 2004; Shen et al.,
2013). Therefore, carbon isotopes can also better reflect the global
or regional changes in redox conditions of seawater during the
Capitanian-Changhsingian stage. The results of intensive carbon
isotope testing in the study area and other regions of South China
(Figure 11) show that in the late Capitanian stage (SQ2), carbon
isotopes showed a significant “negative shift”. This phenomenon
existed in multiple outcrops in the Upper Yangtze region, indicating
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FIGURE 9
Comprehensive column for the paleo-productivity proxies during Guadalupian-Lower Triassic in the studied outcrop. Sea-level data are from Haq and
Schutter (2008). Geological events are from Isozaki (2009), Wignall et al. (2009), Shen et al. (2013) and Chen et al. (2013). Paleo-redox condition under
sequence framework.

the existence of regional anoxic events in seawater during this
period, In the late SQ3-early SQ4 period, there was also a common
phenomenon of negative carbon isotope shift in the Upper Yangtze
region, indicating that seawater had regional anoxic characteristics
during this period (Figure 12).

Organic matter accumulation is a complex physical-chemical
process that involves many factors, such as redox condition
of bottom seawater, sedimentation rate, productivity of surface
water, and geological event. The main controlling factors for
organic matter enrichment in modern and paleo marine sediments
have been extensively discussed over the past 30 years (Pedersen
et al., 1990; Arthur and Sageman, 1994; Wei et al., 2012; Ding
et al., 2018). Three fundamental models have been identified for
the accumulation of organic matter in organic-rich sediments:
(1) enhanced organic productivity, (2) enhanced organic matter
preservation, associated with reducing conditions and (3) low
sedimentation rate (minimal detrital dilution). Sea-level fluctuations
appear to exert a fundamental control on all three factors
and therefore on organic matter accumulation. Currently, it is
generally believed that organic matter enrichment is closely
related to the preservation of large-scale biogenetic material, and
the prerequisite for large-scale biogenetic material preservation
is favorable sedimentary-burial conditions (such as anoxic and
appropriate sedimentation rate). Consequently, the controlling
factors for organic matter enrichment can be summarized as

primary productivity and favorable preservation conditions in the
marine surface. The productivity school, represented by Pedersen
et al. (1990), Sageman et al. (2003), and Gallego-Torres et al. (2007),
believes that organic matter accumulation is mainly controlled by
the biological productivity of the ocean surface, and the impact of
water redox properties is limited. The typical representative is the
rising ocean currents on the continental margin. The oxidation-
reduction school represented by Arthur and Sageman (1994) and
Mort et al. (2007) believes that low marine surface productivity
can also form organic rich sediments in hypoxic environments,
especially in sulfide environments, with modern anoxic basins such
as the Black Sea and Cretaceous marine anoxic events as typical
representatives. Scholars such as Ibach (1982) and Morton et al.
(2000) believe that an appropriate sedimentation rate is the key
factor causing organic matter enrichment, and either too high or
too low sedimentation rates are not conducive to organic matter
enrichment.

From a global perspective, this area is located in
the southwestern part of the South China during the
Capitanian stage (Figure 13). Overall, SQ2-SQ4 has experienced one
glacial event (Kamura glacial event), two biotic extinction events (G-
LB and P-TB biotic extinction events), and two anoxic events (late
Capitanian stage, late Wuchiapingian stage-early Changhsingian
stage), Three major volcanic activities (Emeishan Igneous Province,
South China Acidic Volcanic Activity, and Siberian Igneous
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FIGURE 10
Comprehensive column for the terrestrial input and paleo-redox proxies during Guadalupian-Lower Triassic in the studied outcrop. Sea-level data are
from Haq and Schutter (2008). Geological events are from Isozaki (2009), Wignall et al. (2009), Shen et al. (2013) and Chen et al. (2013).

Province). During this period, global sea levels experienced a period
of “one regression and one transgression”.

The Upper Yangtze region, where the study area is located, was
dominated by shallow carbonate platform environment in the late
Wordian stage before SQ2 sedimentation. The water in the entire
area is in an oxic environment, characterized by moderate paleo-
productivity and shallowwater depth. Due to the seafloor expansion
superimposed by the Kamura event (Figure 14), the global sea level
of theCapitanian stagewhere SQ2 is located continuously decreased,
reaching the lowest point in geological history by the end of the
Capitanian stage (Haq and Schutter, 2008). Due to the volcanic ash
formed by the eruption of the Emeishan Large Igneous Province,
which is rich in nutrients such as Fe, P, N, Si, and Mn, it can
promote the proliferation of algae and other organisms, and improve
the primary productivity of surface seawater, During this period,
due to the extensional rift activity induced by the Emeishan Large
Igneous Province, the water in the rift area has rapidly deepened,
resulting in a anoxic environment in intra-platform basin and shelf
around extensional rift area. Meanwhile, the end of the glacial
event is conducive to a significant rise in sea level, creating a
hypoxic environment. The ocean is strongly retained, controlled by

the upwelling of anoxic bottom seawater, and a large amount of
organic carbon has been deposited and preserved due to the G-LB
extinction event.

During SQ3, the extensional rift activity stagnated, and the
differences in sedimentary landforms gradually disappeared due
to the enhancement of terrestrial supply. The global sea-level
further decreased, and the water conditions gradually changed
from anoxic to dysoxic. In the later stage, they evolved into oxic
conditions (Figure 14). Multiple periods of acidic volcanic activity
in South China have maintained a high level of paleo-productivity
in seawater. Under dysoxic conditions, organic matter can still be
enriched in large quantities, forming theWuchiapingian black shale.
In the early stage of SQ4, the entire Changhsingian stage area
was dominated by platform environment, with low sea-level and
high paleo-productivity, all of which were in an oxic environment.
However, at this time, it is a anoxic event of bottomwater in deep sea,
and the sedimentary paleo-geomorphology in the study area cannot
cater to this period of anoxic event and does not have the conditions
for organic matter enrichment. Accompanied by the Emeishan Rift
Movement, the extensional subsidence activity resumed, and the
water in the late SQ4 extensional subsidence area deepened sharply
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FIGURE 11
Comparison of carbon isotopes at the Guadalupian-Lopingian boundary (G-LB) between the studied outcrop and other typical outcrops in South
China (Li et al., 1989; Wang et al., 2004; Peng et al., 2006; Saitoh et al., 2013; Qu et al., 2018).

FIGURE 12
Comparison of carbon isotopes at the Wuchiapingian-Changhsingian boundary between the studied outcrop and other typical outcrops in South
China. Organic matter enrichment and evolution model under sequence framework (Shao et al., 2000; Shen et al., 2013; Ye and Jiang, 2016; Qu et
al., 2018).
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FIGURE 13
Paleogeographic characteristics during Guadalupian stage. (A) Global paleogeographic distribution (Scotese, 2016). (B) Paleogeographic characteristics
of South China during Guadalupian stage (Qu et al., 2018).

FIGURE 14
Organic matter enrichment models within the 3rd-order sequence framework during Guadalupian-Lower Triassic in the studied outcrop. Sea-level
data are from Haq and Schutter (2008). Geological events are from Isozaki (2009), Wignall et al. (2009), Shen et al. (2013) and Chen et al. (2013).

Frontiers in Earth Science 13 frontiersin.org

https://doi.org/10.3389/feart.2024.1403575
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Zhang et al. 10.3389/feart.2024.1403575

again, with a sharp increase in ocean retention. The dysoxic water
conditions resulted in the preservation of large-scale organic matter,
forming the black shale during the Changhsingian stage (Figure 14).

Conclusion

1) The Permian Capitanian-Changhsingian black shale in the
Northern Nanpanjiang Basin was formed in continental
slope and marginal-sea sediments near the continent in the
intra-platform basin. The SiO2 content of the Capitanian-
Changhsingian black shale is lower than that of the
Ordovician-Silurian black marine shale and shows a gradually
decreasing trend. The silicon in the black shale of the
Capitanian stage, Wuchiapingian stage and Changhsingian
stage in the study area is of non-hydrothermal origin, while
the majority of the Capitanian stage is biogenic silicon. The
TiO2 and MnO content of the Capitanian-Changhsingian
black shale is significantly higher than that of the Ordovician-
Silurian shale, and its major elemental composition is similar
to that of siliceous rocks formed by volcanic biochemical
processes.

2) The factors controlling the Capitanian black shale deposition
are the rapidly deepening water mass of extensional rifts
and the high productivity induced by volcanic ash in the
major igneous provinces, as well as the global anoxic event
represented by “negative carbon isotope shift”. The factors
controlling the Changhsingian black shale deposition are the
deepening of water mass under the reactivation of extensional
rifts, resulting in a dysoxic environment, and the high
productivity maintained by volcanic activity in South China.
The Wuchiapingian black shale was formed under dysoxic
conditions under the stagnation of extensional activity, and
intermittent volcanic activity in South China maintained the
high paleo-productivity level of the Wuchiapingian stage.
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