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Abstract: The Late Paleozoic Fengcheng Formation shale (LPF shale) in Junggar Basin, NW China, is the oldest
alkaline source rocks discovered in the world, which provides a unique perspective for exploring organic matter
(OM) enrichment in alkaline lake environment. Combined with the organic carbon isotope profile and
paleoenvironment proxies, this study reveals that the LPF shale was deposited in an arid climate with high salinity
and strong reductive environment, accompanied by frequent volcanic activities. High TOC values are concentrated
in two intervals with frequent fluctuations in OM types. A negative excursion due to changes in sedimentary OM
source is found in 3'3Corg profile. The excursion corresponds to the OM enrichment interval and accompanied by
abnormally high values of Sr/Ba and Sr/Cu. This implies that the extreme arid climate has led to high salinity,
resulting in strong reducibility and changes in paleontological assemblages, which in turn controlled the differential
enrichment of OM. The Fengcheng Fm. high-quality source rocks are the result of the combined action of climate
events, volcanism, high-salinity water environment, and superior hydrocarbon-generating organisms. The results
provide new insights into the formation conditions of terrestrial alkaline high-quality source rocks and control factors
of alkaline OMs enrichment.

Key words: organic matter enrichment, control factors, alkaline lake source rocks, Fengcheng Formation, Junggar
Basin

E-mail: jiangfj@cup.edu.cn
1 Introduction

Alkaline lake (Soda Lake) is a type of high pH lake with high salinity (Jones and Grant, 2000). The
alkaline lacustrine deposits have been discovered many times in the world, such as American Green
River Formation (Sarg et al., 2013), Australian Observatory Hill Formation (White and Youngs, 1980),
Turkey Hirka Formation (Helvaci, 1998), Chinese Hetaoyuan Formation (Su et al., 2020) and Fengcheng
Formation (Guo et al., 2021), etc. These alkaline lacustrine deposits all exhibit superior hydrocarbon-
generating capacity and are considered to be high-quality source rocks. The late Paleozoic Fengcheng
Formation shale (LPF shale) in Junggar Basin, NW China, is the oldest alkaline lacustrine source rock
discovered in the world (Cao et al., 2020), providing a unique perspective for exploring the organic matter
(OM) enrichment in the alkaline lacustrine source rocks (Guo et al., 2021; Tang et al., 2021). The LPF
shale is the main source rock in Mahu Sag, providing a large number of hydrocarbons for Triassic
conglomerate tight oil reservoirs and shallow conventional reservoirs (Zhi et al., 2019; Gao et al., 2020;
Tang et al., 2021). Moreover, the LPF shale has also shown great potential for shale oil exploration
potential recently, and has become a research focus of unconventional petroleum resources (Hu et al.,
2021; Li et al., 2021; Tang et al., 2021). Previous studies have shown that the LPF shale have the
characteristics of high oil-gas ratio and high hydrocarbon generation (Cao et al., 2020; Zhi et al., 2021).
However, the viewpoints on the OM enrichment of Fengcheng Formation (Fm.) high-quality source
rocks have not yet been unified. Some studies believe that the alkaline lake background generates a
relatively single biological composition and high primary productivity, which in turn led to the
enrichment of OM and strong hydrocarbon generation capacity (Cao et al., 2020; Hou et al., 2022). Some
others believe that the high salinity water environment creates good preservation conditions and less
dilution rather than high primary productivity, therefore the LPF shale exhibits superior hydrocarbon
generation potential (e.g., Gao et al., 2020). The differential enrichment process of OM in the LPF shale
remains controversial, which greatly restricts the theoretical development of alkaline lacustrine shale OM
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enrichment.

Carbon isotopes are considered to reflect changes in global carbon cycle and are widely used in
paleoclimate recovery and isochronous comparison of global climate events (Cramer and Jarvis, 2020;
Pienkowski et al., 2020). The carbon in sedimentary OM mainly comes from the photosynthetic fixation
of atmospheric and water-dissolved CO, by primary producers and the decomposition of carbon-
containing compounds, etc. (Zhang et al., 2020). Due to the different carbon sequestration processes of
different organisms, there are corresponding differences in their carbon isotopic compositions (Tobin et
al., 2021). Therefore, organic carbon isotope composition reflects both atmospheric CO; information and
sedimentary OM sources. Here, we present a high-resolution comprehensive evolution profile of
minerals, geochemical parameters, and organic C-isotope of the LPF shale in MY1 to explore the co-
evolution of paleoenvironment and alkaline lacustrine OM deposition. This study finds a correlation
between negative organic C-isotopes excursion and OM enrichment interval, and provides new insights
into the formation conditions of terrestrial alkaline high-quality source rocks and control factors of
alkaline organic matters enrichment under climate evolution background during the Late Paleozoic.

2 Geological Setting

The Junggar Basin is a large-scale oil-producing basin located in northwestern China (Fig.1b; Cao et
al., 2015; Cao et al., 2020). During the Late Paleozoic, the Junggar Basin was located within central
Siberia at middle-high northern latitudes (~40°N; Fig.1a; Sengor et al., 1993; Wan et al., 2010). Intense
collisions in the surrounding area resulted in the boundary faults’ deformation, leading to the formation
of the basin (Chen et al., 2016). The southeastward marine regression during the Late Paleozoic left a
closed ocean in the western Junggar Basin, providing a favorable sedimentary environment for OM
preservation (Gao et al., 2020). The Mahu Sag located in the northwest of Junggar Basin is one of the
main hydrocarbon-generating sags in the basin (Zhi et al., 2019). Mahu Sag is a post-orogenic extensional
fault sag, with a set of delta-lake sedimentary systems developed as a whole (Cao et al., 2020). Mahu
Sag is developed on the Carboniferous marine basement and filled with terrigenous strata that consist of
the Late Paleozoic Jiamuhe Fm., Fengcheng Fm., Xiazijie Fm., Lower Wuerhe Fm., Upper Wuerhe Fm.,
Triassic Baikouquan Fm., Karamay Fm., and Baijiantan Fm. (Tang et al., 2021a).

Fengcheng Fm. develops high quality lacustrine source rocks, which are the main hydrocarbon source
in Mahu Sag and even the oldest terrestrial shale discovered in China (Yang et al., 2019; Zhi et al., 2021).
The Fengcheng Fm. is a set of fine-grained sediments deposited in an alkaline lake environment, which
is mainly composed of a mixture of near-source clastic minerals, chemical crystalline materials, and
peripheral volcanic materials (Zhi et al., 2019). The Fengcheng Fm. can be divided into Member 1, 2,
and 3 from bottom to top. Through MY 1 core observation, the member 1 (F1) mainly develops basalt and
tuff, with thin interbedded shale; the member 2 (F2) and the lower part of member 3 (F3) is dominated by
shale and calcareous shale interbeds; the upper part of member 3 has a coarser grain size overall, and
mainly consist of interlayers of fine sandstone and mudstone (Fig.1d). Alkaline minerals such as trona
(Na2C0O3.NaHCOs.2H,0), nahcolite (NaHCOs), shortite (Na2Caz(COs)s), wegscheiderite (NasH3zCOz3)4)
are widely developed in the shale interval, indicating a strongly evaporative alkaline lake environment
(Fig.2; Yu et al.,, 2018; Gao et al., 2020). Moreover, the LPF shale is rich in hydrocarbons. The
phenomenon of oil stain and fractures filled by hydrocarbons can be seen clearly by naked eyes and
fluorescence (Lv et al., 2023). In general, the LPF shale is deposited in a stable lake environment and
has excellent exploration potential for shale oil resources.

3 Data and Methods

In this study, 481 core samples were obtained from the LPF shale (4580-4860m) in well MY1, with
the average sampling interval of 0.9m (Fig.1c, d). The lithology of samples are mostly shale and
calcareous shale. Among them, 137 core samples were evenly selected and ground to 200 mesh for X-
Ray Diffraction analysis. A D2 Phaser diffractometer was used to perform X-Ray diffraction on mineral
powders and compare with the standard mineral diffraction pattern to obtain the content of various
minerals in the samples. 481 sample powders were heated in a water bath with 3mol/L hydrochloric acid
to remove inorganic carbon. After rinsed to neutrality, the powders were fed into LECO CS230 carbon-
sulfur analyzer for Total Organic Carbon (TOC) testing and Rock-Eval 6 Pyrolyzer for Rock Pyrolysis
(Peters, 1986). In rock pyrolysis, the initial temperature set to 300°C and heated to 600°C at a rate of
50°C/min to determine free hydrocarbons (Si), pyrolyzed hydrocarbons (S;) and the temperature
corresponding to the highest hydrocarbon yield (Tmax) (Espitali E et al., 1977; Espitali E et al., 1984). A
parallel sample was added for every 15 samples, and the uncertainty was within 0.1%. 90 samples were
tested for organic carbon isotopes using a Thermo Scientific (thermoelectric) FLASH HT EA-MAT 253
IRMS. The sample depths ranged from 4577.67m to 4754.8m, with the average sampling interval of
1.99m. The standard material is IAEA-600 Caffeine, USG24 Graphite. The results adopt the PDB
standard, and the uncertainty was within 0.2%.. The thin section observation and fluorescence macerals
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were observed using a Leica microscope. The content of major and trace elements were measured using
a Bruker S1 TITAN 800 handheld XRF spectrometer. During the test, the sample was irradiated by X-
ray to emit the secondary X-ray. The element type was identified by the wavelength and energy of the
secondary X-ray, and the quantity of elements was measured by the ray density. The measuring accuracy
is 1ppb, and the measurement errors of different elements are as follows: Ba 5%; Fe, S 0.5%; Sr, Mo,
Cu,Hg 2ppb. All tests and microscopic observation were conducted at China University of Petroleum
(Beijing).

4 Results

4.1 Mineral composition

XRD mineral analysis shows that the LPF shale is mainly composed of quartz, feldspar, calcite, and
dolomite, with low clay minerals content (Fig.2; Fig.3). Pyrite is visible in the whole section. The mineral
composition is characterized by rapid changes and periodic fluctuations. The distribution of quartz and
feldspar content ranges from 6.9% to 89.1%, with an average of 46.8%. The clay minerals content
averages 10.7%. The carbonate mineral content ranges from 3.2% to 92.3%, with an average of 35.9%.
Among them, calcite accounted for an average of 14.0%, and dolomite for 26.8%. Core observation
shows that alkaline minerals are developed in Fengcheng Fm., especially in F.. In summary, the LPF
shale is the common result of weathering transport sedimentation and chemical sedimentation, and
terrigenous clastic sediments predominate.

4.2 Geochemical characteristics

The characteristics of 481 samples show that the TOC is distributed between 0.06% and 2.85%, with
an average of 0.65%; the total hydrocarbon content (sum of S; and S;) was distributed between 0.12 and
15.41mg HC/g Rock, with an average of 2.67 mg HC/g Rock (Fig.4a). According to the evaluation
standard (Tissot and Welte, 1984; Hu et al., 2022a), the LPF shales are of good quality, and most of them
reach the standard of fair source rock (Fig.4a).

Tmax Can be used to evaluate the thermal maturity of OM (Tissot and Welte, 1984; Hu et al., 2022b).
However, the bitumen or intrusion of oil-based mud may produce a ‘contamination’ of kerogen and cause
Tmax Suppression (Zhang et al., 2006; Hu et al., 2021; Katz and Lin, 2021). After removing the
‘contamination’, the Tmax Of the LPF shale ranges from 401-458°C, with an average of 436°C (Fig.4b),
indicating it is currently in the early-mature to mature stage. The hydrocarbon index (HI,
HI=100xS,/TOC) represents the relative hydrogen content in OM, HI-Tmax chart is suitable for OM type
classification in immature-mature stage (Tissot and Welte, 1984). Commonly, the hydrocarbon-
generating parent materials of sapropelic OM (type I) are mainly lake organisms such as algae and
bacteria with high hydrogen content, more aliphatic straight-chain compounds, showing strong oil-
generating capacity. Humic OM (type II) are mainly derived from terrestrial higher plants with more
aromatic branched-chain compounds and is more inclined to produce gas. The sapropel-humus type (type
I11) and the humic-sapropiate type (type 1l2) are in between (Ding et al., 2017; Hu et al., 2022c). The
chart shows that the OM is mainly typed Il in the LPF shale, with the contribution of algae and the input
from terrestrial higher plants (Fig.3).

4.3 Organic carbon isotopes

The distribution of §'3Corq values ranges from -21.87%o to -29.48%o with obvious fluctuations in the
LPF shale. 2 negative carbon isotope excursions (NCIE) can be identified in the 8'3Corq profile (Fig.3).
NCIE 1 deviates from -26.36%o to -29.48%o, including the minimum value of the entire profile. NCIE 2
shows a trend of excursion from -25.3%o to -28.1%o, with multiple negative excursion points and
fluctuation in carbon isotopes. Overall, the 2 NCIEs were characterized by slow negative excursion and
slow return. In addition, §'*Cory showed a clear lightening trend as TOC increased (Fig.4c).

4.4 Organic matter occurrences

Under the fluorescence microscope, the features of different OM types can be clearly observed. Type
I1; mainly develops spherical algae and retains their original form (Fig.5a, b); while the algae in type II,
are mainly filamentous algae and develop dispersedly (Fig.5c, €). Besides, a large area of dark yellow
fluorescence can be seen in the field of view, which is a mixture of small-scale inorganic minerals and
OM formed by bacteria breaking down OM (Fig.5g; Ma et al., 2020). Vitrinite and inertinite can be seen
under the microscope (Fig.5e, f, g, h), which are often derived from terrestrial higher plants and retain
the original plant structure. Pyrite is visible under reflected light (Fig.5b, d, f, h).

4.5 Content of elements

Due to the variable depositional processes of different sedimentary systems, there is no universal proxy
and threshold that can absolutely indicate the paleo redox environment (Algeo and Rowe, 2012).
Therefore, the discusstion of paleo redox should be based on local succession and use multiple proxies
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to reduce uncertainty (Algeo and Liu, 2020). C-S-Fe three-terminal diagram has been widely used in the
restoration of paleo redox environment in sediments (Dean and Arthur, 1989; Arthur and Sageman, 1994).
According to the C-S-Fe three-terminal diagram, S/Fe can be used to evaluate paleo redox environment
(Dean and Arthur, 1989; Peng, 2022). The concentration of Mo element in sediments usually occurs in
strongly reducing water environments (Algeo and Tribovillard, 2009; Tribovillard et al., 2012). In a
strongly reducing environment, the water-soluble MoQO4% reacts with sulfide to form MoOS4.x% which
is easily absorbed on the surface of OM and further to preserve in sediments (Tribovillard et al., 2004;
Algeo and Tribovillard, 2009). Hence, Mo is sensitive to redox and can be used to evaluate paleo redox
environment. Sr element tends to be enriched in arid environment, while Cu element prefer to be enriched
in humid environment, so Sr/Cu proxy is widely used in paleo climate restoration (Lerman, 1978). With
10 as the threshold, Sr/Cu<10 indicates a warm and humid climate, while Sr/Cu>10 indicates an arid and
hot climate (Lerman, 1978). Sr/Ba is a good indicator of paleo salinity due to the difference migration
ability of the two elements (Wei and Algeo, 2020). Based on the study of Chivas et al. (1985), the
thresholds of Sr/Ba for freshwater, brackish, and saline lacustrine deposits were determined to be 0.5 and
1.0. The abnormal high concentration of Hg in sediments are usually caused by the significant release of
Hg by volcanic eruptions (Grasby et al., 2013; Percival et al., 2017). Thus, Hg concentration can be used
as a proxy for volcanic activities.

The S/Fe distribution of the LPF shale ranges from 0.02 to 3.12, with an average of 0.81 (Fig.6b).
Compared with the Cline marine shale in the Midland Basin, America (0.04-0.94; Peng, 2022), the S/Fe
distribution of the LPF shale is generally higher. Despite there are local influence of different depositional
system, the LPF shale has been shown to be deposited in a more reductive water environment than the
Cline shale. Mo element is widely detected in the LPF shale. The content of Mo distributes in 0-315ppm,
with an average of 15.50ppm (Fig.6c¢). Sr/Cu ranges from 1.66 to 116.14, with an average of 11.56; Sr/Ba
distributes in 0.14-9.98, with an average of 1.40 (Fig.6d and e). The two proxies both indicate that the
LPF shale was deposited in a saline water environment in an arid climate. Three abnormal concentrations
of Hg were detected in the LPF shale which are distributed at depth of 4602.59m, 4632.43m, and
4726.85m, may be indicative of volcanic activities (Fig.6f).

5 Discussions

5.1 Paleoenvironment variation

Pyrite is widely developed in the LPF shale, containing framboids and euhedral crystals (Fig.3; Fig.6a).
The framboidal pyrite is formed near the redox interface and fell into sediments after crystallization
(Berner, 1984). Thus, its presence in sediments is an indicator of reducing environment. However, when
the redox interface is in sediments, the framboidal pyrite would has a larger particle size due to the
support of sediments (Wilkin et al., 1996). The abundant and extensive small grain size framboidal
pyrites indicate a reducing water environment during the LPF shale sedimentary period (Fig.6a; Jones
and Manning, 1994; Shevelkova et al., 1996; Zhou and Jiang, 2009). Moreover, the consistent variation
of S/Fe and Mo values further confirmed that the LPF shale was deposited in a reducing water
environment (Fig.6b and c). The development of alkaline minerals and high Sr/Cu and Sr/Ba values
indicate that the LPF shale was deposited in a strong evaporation environment with high salinity in an
arid-semiarid climate (Fig.2; Fig.6d and e). The LPF shale was a mixture of terrigenous detritus and
calcium chemical deposition. The terrigenous detritus shows the characteristics of high quartz and
feldspar content and low clay minerals content. To the top of LPF shale (4580-4590m), clay minerals
dominated terrigenous detritus, which may imply the change of provenance. Meanwhile, in this interval,
the climate turned to humid, the water body limitation was reduced, the salinity decreased and changed
into an oxidizing environment. Due to the limitation of experimental accuracy, this study failed to
establish an Hg variation profile of ppb level. However, the three anomaly concentrations of Hg can
indicate volcanic activities to some extent (Fig.6f). In addition, previous studies have reported numerous
zircon U-Pb ages from the Fengcheng Fm., showing that volcanic activity was frequent in the around of
Mahu Sag during the LPF shale depositional period (Liu et al., 2019; Tang et al., 2021b; Wang et al.,
2021; Wang et al., 2022). The frequent volcanic activity brought a lot of nutrients and alkali-forming
substances to the lake, which further led to the development of alkaline lake (Cao et al., 2020; Guo et al.,
2021). During the period, the LPF shale developed an arid-semiarid climate. Increased evaporation from
water bodies in the limited lake basin led to reducing water storage reduction and increasing salinity, and
the supersaturated alkaline substances precipitated. The climate variation regulated the salinity and
limitations of water bodies and thus controlled the redox conditions. The paleo redox proxies and TOC
values show consistent fluctuation, indicating that the reducibility of water environment is an important
factor affecting the enrichment of OM.

5.2 Carbon cycle perturbation
The hydrocarbon-generating organisms of the LPF shale are mainly primary producers such as bacteria
and algae, also include pollen and unknown organisms composed of elemental sulfur (Cao et al., 2020;
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Guo et al., 2021). Photosynthetic carbon sequestration by primary producers can reflect changes in
atmospheric CO, (Hayes et al., 1999; Kump and Arthur, 1999). In this study, the §'*Corq profile exists 2
negative excursions, NCIE 1 at 4697—4708m and NCIE 2 at 4621-4644m (Fig.7b).

NCIE 1 manifests as a strong negative excursion after a brief positive excursion. It has the same
characteristics as the negative excursion in several terrestrial and marine profiles in the world (Fig.7c, d;
Buggisch et al., 2011; Lu et al., 2021). The OM type remains relatively stable in this interval, which
excluded the effect of paleontological assemblage changes on 83Cyrg. Wang et al. (2022) reported a NCIE
with similar characteristics in Fengcheng Fm. integrated 8'Cean, profile is likely to be coupled with this
event (Fig.7a). Through astrochronology analysis and global correlation of 3*3C profiles in Huang et al.
(2023), NCIE 1 was identified as a global response to changes in global atmospheric CO, composition.
Lu et al. (2021) also interpreted the NCIE as a global change in atmospheric CO, caused by volcanism
in North China Plate, Tarim Plate, and the formation of Skagerrak-Centered Large Igneous Provinces.
The frequent volcanic activities in a short period released a large amount of mantle-derived CO; into
atmosphere, resulting in a shift in atmospheric CO; isotope composition to light carbon (Saunders, 2005).
Climate anomalies caused by volcanic activities affected runoff input and monsoon intensity, reducing
lake limitations, and increasing water storage. After the volcanic activities, atmosphere CO; gradually
returned to normal, the climate returned to stability.

No records similar to NCIE 2 were found in published §**C profiles or in the Fengcheng Fm. §*3Cearp
profile (Fig.7). Hence, NCIE 2 is shown to be a regional §'*Cqry Negative excursion. In this interval, the
OM type changes frequently (Fig.2), indicating fluctuations in OM source. Generally, terrestrial primary
producers have heavier carbon isotopes because they exhibit stronger '2C fractionation than marine
primary producers (Arthur et al., 1985; Tyson, 1995). Lake OM also exhibits a lighter C-isotope
composition than terrestrial OM. The overall increase in sedimentary OM (Fig.2) suggests that the NCIE
2 is more likely to derive from the increase of light-carbon-enriched OM rather than the decrease in the
heavy-carbon-enriched OM input. There are two possibilities for the increase in the proportion of 12C-
enriched OM in sedimentary OM. The first is changes in the proportions of terrestrial and lake-sourced
OM in deposits. It may be the environmental changes that caused the increase of nutrients in the water,
which further leads to the overall prosperity of aquatic organisms resulting in increased burials, and
ultimately manifested as the enrichment of light carbon. Another possible explanation is the carbon
isotope composition of lake living organisms has changed, with some kind of light-carbon-enriched
organisms occupying the main component. This seems to be more reliable in terms of environmental
coupling changes. Heath et al. (2021) suggested the flourishing of chemoautotrophs may be a factor
leading to the negative excursion of 8*3Cqrg. Modern biological studies have shown that the C-isotope
composition of sulfide-oxidizing bacteria in the Black Sea is lighter than that of photosynthetic organisms
(Kodina et al., 1996). Cao et al. (2020) reported a kind of unknown organism composed of elemental
sulfur existed in the LPF shale, which may be the relevant evidence for the development of
chemoautotrophs. Ma et al. (2020) also believed the contribution of special organisms in the LPF shale
led to a strong hydrocarbon-generating capacity. The OM type transitioned to type I, suggesting that the
lake did not receive the dumping input of terrestrial OM at this time, and it was still a limited lake (Fig.3).
During this period, Sr/Ba values increased (fig.6e), suggesting a more arid climate. The limited lake basin
is greatly affected by climate. The arid climate leads to an increase in water salinity, which further
strengthens the reduction degree, corresponding to the increase of Sr/Cu, S/Fe, and Mo. The
concentration of Hg in this interval indicates volcanisms, which provided abundant nutrients for the lake.
Climate variation has led to changes in water environment, and further led to the succession of
paleontological assemblages. The abundance of nutrients allowed special organisms to flourish. During
this period, chemoautotrophs may have been fully developed and prosperous, occupying a dominant
position. Their increased proportion in lake organisms eventually resulted in the enrichment of light
carbon and the excursion of §3Corg.

5.3 Differential enrichment process of LPF shale organic matter

Organic content in rocks is generally controlled by the original amount, degree of thermal evolution
and preservation conditions (Li et al., 2021; Fan, 2022; Hu et al., 2022a). During the Fengcheng Fm.
depositional period, the high water salinity would cause stratification of the water body, resulting in an
anoxic environment at the bottom of lake that is conductive to the preservation of OM (Wang et al.,
2020). The vertical stability of Tmax suggests that the LPF shale has generally experienced the same
thermal evolution stage (Fig.2). Thus, the TOC and total hydrocarbon content value can represent the
original abundance of source rocks. For source rocks with every different quality, the OM types are
relatively concentrated. Good source rocks are more distributed in the upper part of the entire dataset,
while poor source rocks are more distributed in the lower part (Fig.4b). Thus, the OM type is indicated
to be an important factor for the differential enrichment of OM. TOC and C-isotopes show a clear
negative correlation (Fig.4c), furtherly indicating paleontological assemblage differences with TOC
changes. It is considered that a kind of basic organism developed throughout the entire depositional
period of the LPF shale. The basic organisms are the main contribution of OM at low TOC values that
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they have a heavier C-isotope composition and low abundance. In these low TOC intervals, the OM is
generally typed II; and I, which may be the inferior hydrocarbon-generating organisms in lakes and the
higher plants detritus imported with runoff. In the high TOC enrichment interval, a special kind of
organism with high hydrocarbon yield developed, which is the main organism and provides abundant
original buried OM. The kind of organism with a relatively lighter C-isotope composition is the superior
parent material of hydrocarbon-generating. It developed abundantly in a suitable environment, making
the sedimentary OM manifests as type 1. \ertically, there are two high TOC intervals in the LPF shale
in MY1 (4770-4790m and 4610-4640m respectively; Fig.2), which are coupled with the development
of type I OM. In addition, in the two high TOC intervals, Sr/Cu shows abnormally high values, and S/Fe
and Sr/Ba exhibit relatively high values(Fig.6b, d, e). It is suggested that the extremely arid climate
controlled the water environment to high salinity and high reducibility, and further controlled the
enrichment of OM. The NCIE 2 corresponds to the second high TOC interval, with a Hg abnormally
concentration value (Fig.2). The succession of paleontological assemblage caused by abnormal
environmental changes, and the abundant nutrients provided by volcanisms during NCIE 2 may provide
a suitable conditions for the superior hydrocarbon-generating organisms to flourish. Since the first
interval has similar characteristics to the second interval, it is inferred that the interval might also have a
NCIE with similar causes and climate changes to NCIE 2, which would confirm our interpretation.

Consequently, high TOC intervals and other intervals have different enrichment processes (Fig.8).
During the development of high TOC intervals, volcanic activity, and high salinity provided rich nutrients
and good preservation conditions, which were the basis for the substantial growth of original OM. The
superior lake organisms are the important parent material source and the key factor in the development
process. Accidently climate events lead to the water environment changes, creating more suitable living
conditions for the superior organisms. Their short-term prosperity further controls the enrichment of OM.
Climate anomalies may have a contribution from volcanic activities, but their main driving factors still
need further investigation. In other periods, there was less original buried OM due to the lack of climate
events to drive the development of superior organisms, resulting in lower residual TOC values.

6 Conclusions

In this study, the Late Paleozoic Fengcheng formation (LPF) shale cores from MY1 were taken as the
example to conduct systematic analysis and testing. The geochemical characteristics of the LPF shale
have been identified and the paleoenvironment changes of the alkaline lake were rough established. This
study clarified the control factors of alkaline lacustrine high-quality organic matter enrichment, providing
a new insight into the formation of alkaline high-quality source rocks, and is of great significance to
continental alkaline lacustrine shale oil exploration.

(1) The late Carboniferous-Early Permian generally developed an arid-semiarid climate. The increase
in water evaporation led to the decline of lake level and the increase of salinity in Mahu Sag. Frequent
volcanic activities brought a lot of alkaline substances, which controlled the alkaline lake development.
The lake is generally a high salinity-reducing environment with a weak hydrodynamic. A set of high-
abundance source rocks composed of both terrigenous clastic and chemical precipitations were deposited
in this environment.

(2) The LPF alkaline source rock is in the mature stage with a uniform thermal evolution degree. The
organic matter ranges from type | to type III, with type I, being predominant. The high TOC values are
concentrated in two depth intervals of 4770-4790m and 4610-4640m. Through comparative analysis,
this study found that the 5!*Cqry composition and OM type of high TOC intervals and other intervals,
which suggests that they have differences in the hydrocarbon-generating organisms. The sedimentary
organic matter composition of ordinary source rocks is the inferior hydrocarbon-generating organisms in
lake and the higher plant debris input with runoff; while the sedimentary organic matter composition of
high TOC intervals is a kind of special superior organisms with strong hydrocarbon-generating capacity
in lakes. The existing speculation points to chemoautotrophs.

(3) The formation of the LPF high-quality source rocks is contributed by a coupling of multiple factors.
Frequent volcanic activities input a large number of alkaline substances and nutrients into the lake, which
not only controls the formation of alkaline lake and high salinity, but also provides the basis for the
prosperity of lake organisms. Accidental short-term climatic events affected the aquatic environment,
controlled the succession of lake paleontological assemblage, and resulted in relatively single
biodiversity. During this period, a kind of superior hydrocarbon-generating organism flourished in the
lake, leading to the abundant enrichment of organic matter in alkaline high-quality source rocks.
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Fig. 2. Characteristics of alkaline minerals in Fengcheng Formation.
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(a) Framboidal pyrites. White overexposed minerals in the SEM image are pyrite, mostly in the form of framboids and aggregates. (b) S/Fe
of the LPF shale. The larger the value, the more reductive the environment is (Dean and Arthur, 1989; Peng, 2022). (c) Mo concentrations
of the LPF shale. (d) Sr/Cu of the LPF shale indicates the paleo climate of the LPF shale. Sr/Cu<10 indicates humid climate, while Sr/Cu>10
indicates arid climate (Lerman, 1978). (e) Sr/Ba variations of the LPF shale. Sr/Ba<0.5, 0.5< Sr/Ba<1, and Sr/Ba>1 indicates the fresh,
brackish, and saline lacustrine environment, respectively (Chivas et al., 1985). (f) Hg concentration of the LPF shale.
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(a) Fengcheng Formation integrated 8*3Ccarp profile, modified from Wang et al. (2022). (b) Fengcheng Formation §'*Corg profile in MY1,
this study. The stratigraphic correlation is from Huang et al. (2023). (c) Terrestrial Shimenzhai §'3Corg profile, Huabei Platform, modified
from Lu et al. (2021). (d) Marine Kongshan §*3Ccars profile, Yangtze Platform, modified from Buggisch et al. (2011). K. Kasimovian; S.
Sakmarian.
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