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The factors controlling the organic matter accumulation in the organic-rich shale
of the Lucaogou Formation in the southern Junggar Basin, remain controversial.
To more explicitly reveal the hydrothermal events and its mechanism on the
organic matter enrichment, we performed mineralogy and geochemistry
methods on dolomite and black shale samples from Well FK-1 in Fukang Sag.
The high (Fe + Mn)/Ti ratios, the enrichment of Ca, Mg, Fe, Mn, and REY, and
multiple hydrothermal minerals (e.g., ankerite, dolomite, zeolite, authigenic albite,
and microcline) suggest five episodes of hydrothermal events. In addition, the
low-to-high-varied Sr/Ba, V/(V + Ni) (Al + Fe)/(Ca + Mq), and Sr/Cu ratios, as well as
the dolomite formation all well indicate a brackish-saline, suboxic-anoxic, shallow
to deep water condition under a warm-humid to hot-arid climate with rhythmic
sedimentation. The fluctuated total organic carbon content (up to 12.16 wt%)
suggest the periodic organic matter accumulation. Three patterns of organic
matter enrichment occurred during the rift-drift transition of the southern
Junggar Basin, productivity and preservation played distinguishing roles in
different intervals. Productivity periodically fluctuated because of the episodic
hydrothermal events and warm-humid climate changes. Preservation was
triggered by the saline, anoxic, and well-stratified water setting under the
relatively hot-arid climate, which became progressively favorable in the
gradually stabilized basin.

KEYWORDS

organic-rich shale, hydrothermal events, paleoenvironment changes, rhythmic
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1 Introduction

The evolution of rift basins is linked to tectonic, sedimentary and magmatic processes
worldwide (Wang et al., 2019d; Noori et al., 2019; Rubinstein and Carrasquero, 2019; Zhang
et al,, 2020d), and hydrothermal fluids play essential roles in these processes (Incerpi et al.,
2020). Hydrothermal fluids from the lower crust and upper mantle usually carry multiple
elements (e.g., Ca, Mg, Cu, Hg, P, S) that exist as cations and onions (German et al., 2006;
Sherman et al., 2009). During the upward movement along faults and the water circulation in
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the basin (Yu et al.,, 2019; Negrete-Aranda et al., 2021), with the
changes of temperature, pressure, pH, salinity and redox conditions,
hydrothermal fluids deposit carbonate, quartz, Ca-Mg-siderite,
sulfate, and sulfide (Renaut et al., 2002; Lima and De Ros, 2019;
Renard et al,, 2019; Yang et al,, 2020; Renaut et al., 2021). The
controlling factors on organic matter enrichment are primary
productivity (e.g., plankton and bacteria), preservation of organic
matter, and dilution and/or silicification effects of terrigenous
detrital input (Tourtelot, 1979; Rimmer et al, 2004; Li et al,
2017a; Zou et al,, 2019; Jiang et al.,, 2020; Xie et al., 2021). There
are still different views on the mechanism of organic matter
enrichment in post-collision rift basins (Hu et al., 2018; Li et al,,
2020a; Wang et al., 2020a; Hadad et al,, 2021; Xu et al.,, 2021).
Hydrothermal events in rift basins can not only affect primary
productivity by delivering abundant nutrient elements (e.g., N, P, Ba,
Fe) (Gao et al., 2018; Cheng et al., 2020; Xie et al., 2021) and toxic
elements (e.g., Cu, Cr, Hg) (Kadar et al., 2006; Han et al., 2011), but
also increase the salinity and reducing conditions of the water
column, and enhance the preservation (Payne and Egan, 2019;
Zhang et al,, 2020a; Liu et al,, 2020; Tan et al., 2021).

The southern Junggar Basin, characterized by the rifting in the
Permian and subsequent depression in the Triassic (Yu et al, 2016;
Tang et al, 2021; Wang et al, 2021), contains organic-rich shale
deposits and experienced the environmental evolutions of shallow
marine-delta-shallow lacustrine systems in the Permian (Wang et al.,
2018b). The Lucaogou Formation contains one of the most significant
organic-rich sediments, which is mainly composed of dolomitic
mudstone, tuffs, and oil shale (Hackley et al,, 2016). The abundant
dolomitic materials within the sequence are resistant to the compaction
during diagenesis, whereas the organic acid produced during
maturation can dissolve the former feldspar and dolomite particles,
these resulted in better reservoir characteristics, making the Lucaogou
Formation shale a primary exploration target for shale oil in
northwestern China (Cao et al.,, 2016; Wu et al,, 2016; Zhao et al,
2017; Zhang et al., 2018a; Pang et al.,, 2018). The U-Pb geochronology of
the Lucaogou Formation is between 268 and 290 Ma (Zhang et al., 2015;
Zhang et al,, 2018d; Gao et al,, 2020), and new research refines the age to
285-294 Ma, which belongs to the Artinskian epoch in the Early
Permian (Sun et al, 2022). Synsedimentary magmatism were
abundant around Carboniferous-Permian boundary times (~300 Ma)
(Shuetal, 2011; Liu et al., 2012; Wang et al., 2019b), and hydrothermal
activities in the Lucaogou Formation have been recorded as deposits in
the southern Junggar Basin and its adjacent area, including the
exhalative dolostone in the Santanghu Basin and phenocryst-like
mineral assemblages in the eastern Junggar Basin (Li et al, 2017b;
Li et al, 2021a). The most significant factors controlling the organic
matter accumulation in the Lucaogou Formation is still under
discussion: Liu et al. (2019a) suggested that semi-shallow and semi-
saline lake water under the semi-humid climate enhanced organic
matter preservation. Meng et al. (2022) and Tao et al. (2022) proposed
that multiple volcanic-hydrothermal activities promoted algae
blooming and triggered a saline, anoxic, stable-stratified water
setting for organic matter enrichment. Jiao et al. (2020) suggested
that mixed volcanic, hydrothermal, and lacustrine sediments were
beneficial for hydrocarbon generation. Zhang et al. (2019a) and
Cheng et al. (2022) considered that each factor, including terrestrial
and tuffaceous inputs, redox conditions, and primary productivity,
played a leading role in different intervals of deposition. Therefore, it is
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essential to study the hydrothermal activities, sedimentary settings, and
the controlling factors of the organic matter enrichment in the Early
Permian of the southern Junggar Basin, and results will also provide a
favorable evidence to the shale deposition in rift basins globally.

The shale strata and its associated fine-grained interlayers
containing petroleum is a self-contained and source-reservoir
system, with diverse contents and maturities of organic matter
(Wang et al,, 2015; Wang et al.,, 2019¢; Zhao et al.,, 2020b). Organic-
rich shale usually refers to the shale with elevated total organic carbon
contents (TOC) (generally >2%, Moore, 1969; Hosterman and
Whitlow, 1981; Farrimond et al., 1989). Generally, the heterogeneity
of the Lucaogou Formation reflects the complexity of petrology,

mineralogy and  geochemistry, which were affected by
paleoenvironmental changes, tectonic settings and magmatic
activities (Carroll, 1998). Multiple macroscopic methodologies

(including mineralogical composition, elemental analysis, and the
evolution of TOC in different system tracts) have been applied to
the organic-rich shale in the Lucaogou Formation, and decipher the
spatiotemporal variabilities of petrology, geochemistry, and stratigraphy
(Gao et al,, 2016; Zhang et al., 2016; Zhang et al., 2019a; Ren et al., 2019;
Li et al,, 2021a). Microstructural analyses on a single sample can reflect
subtle fluctuations in the paleoenvironment recorded in shale laminae
and wipe off the “whole-rock average effect”. These microstructural
methods consist of exploring the petrological fabric (Qiu et al.,, 2016a),
QEMSCAN  mineralogical ~distribution (Liu et al, 2019b),
reconstructing pore structure using mercury injection capillary
pressure (MICP) and X-ray computed tomography (CT) (Yang
et al,, 2019b; Wu et al, 2019), and micro-X-ray fluorescence (uXRF)
mapping. Using uXRF mapping is beneficial for obtaining a high-
resolution elemental distribution map, and this technique has been
widely utilized in geological sediments (Frisia et al., 2012; Flude et al,
2017), diamond drill-cores (Potter and Brand, 2019), and
paleontological fossils (Li et al., 2021b). Additionally, the mapping
approach is effective on multimineral characterization, chemo-
sedimentary facies analysis, and paleoenvironmental reconstruction
of shale samples (Liu et al., 2019b; Mouro et al., 2020; Kim et al., 2021).

In this study, mineralogy and geochemistry analyses, including
uXRF mapping and in-situ rare Earth elements tests, are conducted
on core samples from Well FK-1 deposited in the Early Permian
(Lucaogou Formation) in the Fukang Sag, southern Junggar Basin,
to 1) describe the episodes and intensity of hydrothermal events, 2)
decipher the process of paleoenvironmental fluctuation, and 3)
illustrate  the effects
paleoenvironmental changes on the organic matter enrichment.

controlling of hydrothermal and

2 Geological setting

The Central Asian Orogenic Belt (CAOB) is the largest Phanerozoic
juvenile crustal growth orogenic belt in the world and is formed through
the accretion of island arcs, ophiolites, and microcontinental fragments
(Wang et al,, 2018a). The triangular-shaped Junggar Basin is a part of
the CAOB, with Kalamaili in the north and Bogda Mountains in the
south (Figure 1A, modified after Wang et al,, 2021). Rapid lateral facies
and strata thickness changes with unique sedimentary characteristics in
the Permian-Early Triassic sediments of the Bogda regions reveal that
the southern and northern Bogda Mountains are located in different
half-grabens and/or grabens (Wang et al., 2019b), and the thickness of
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FIGURE 1

Geological map and structural framework of the study area. (A) Tectonic outlines of the southern Junggar Basin and its adjacement areas (modified
after Wang et al.,, 2021). (B) Seismic profile YSN2 in Junggar Basin. (C) Seismic profile YEW8 in Junggar Basin. (D) Thickness of the Lucaogou Formation
strata in the southern Junggar Basin. (E) Stratigraphic column of Well FK-1, Fukang Sag, the southern Junggar Basin.

the fine-grained lacustrine sediments close to the margin of the Bogda
Mountains exceeds 1,000 m (Luo et al., 2018). The Permian strata in
southern Junggar Basin comprises Shirenzigou, Tashikula, Wulabo,
Jingjingzigou, Lucaogou, Hongyanchi, Quanzijie, and Wutonggou
formations from bottom to top, recorded the arid climate in the
Early Permian and the humid climate in the Middle-Late Permian
(Gao et al,, 2020). Compared with the Jingjingzigou and Hongyanchi
formations, the Lucaogou Formation contains much higher TOC (up to
20%) and Hydrogen Index (HI) values (up to 800 mg/g. TOC) and
exhibits better hydrocarbon potential in the southern Junggar Basin
(Carroll, 1998; Qiu et al.,, 2016b; Chen et al., 2018; Luo et al., 2018; Wang
et al,, 2019¢). The oil reservoir of the Lucaogou Formation is mainly
distributed within the Bogda piedmont depression (including the
Fukang Fault Belt, Beisantai Uplift, Xiaoquzi Area, and Chaiwopu
Sag), the eastern edge of the Jimusar Sag in Junggar Basin (Tao
et al,, 2012; Cao et al, 2016; Liu et al, 2022a; Zheng et al., 2022),
and the north margin of Turpan-Hami Basin (Song et al,, 2018; Dang
et al,, 2019).

The Lucaogou Formation is a lacustrine fine-grained mixed
sedimentary sequence (Liu et al, 2018; Wang et al, 2020b), with
extensive distribution of alternating organic-rich shale, argillaceous
dolomite, carbonate, tuff, and silt/sandstone (Qiu et al, 2016a).
Maceral compositions includes algal detritus, liptodetrinite,
vitrodetrinite and inertodetrinite (Tao et al., 2012; Xie et al,, 2015; Li
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et al, 2019; Zheng et al., 2022). These all indicate a semi-deep to deep
lacustrine setting and a long-distance transport of the original macerals.
Provenance analyses revealed the low-order cycle of sediments from the
surrounding paleo-uplift (Li et al,, 2016; Peng, 2016; Zha et al,, 2021)
and the weak-moderate chemical weathering of the parent rocks (Tao
etal, 2017; Liu et al,, 2020) in the Early Permian, which resulted in the
heterogeneity of thickness and hydrocarbon potential in the Lucaogou
Formation strata (Li et al, 2020b). Taking the maximum flooding
surface as a boundary, the Lucaogou Formation was divided into two
members upward (Cao et al., 2016). Compared with the lower member,
the upper member contains higher TOC content and is more oil-prone
(Hu et al, 2017). Because of the rapid subsidence under regional
tectonic extension (Qiu et al, 2016b; Figures 1B, C), the Lucaogou
Formation in the southern Junggar Basin has a maximum thickness of
over 300 m in the Jimsuar Sag (Lin et al,, 2021) and of over 500 m in the
Fukang Sag, which is located near the main trough of the basin
(Figure 1D).

3 Material and methods

The core samples obtained in this study are from the Well FK-
1 (Figure 1) in the Fukang Sag, with a total cumulative thickness
of 600 m. The drill cores cover the upper part of the Lucaogou
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Formation (Figure 1E), and the serial numbers and depths of
these samples are listed in Supplementary Table S1. These core
samples were cut into 2-mm-thick slices using a diamond wire
saw, and the cutting direction was perpendicular to the
depositional bedding.

3.1 Mineralogy analyses

Thin sections were observed using an upright microscope
(Nikon Eclipse E200, Japan). Hand specimen observations were
performed using a scanning electron microscope (SEM, FEI
Quanta 650 FEG, United States) at the School of Earth and
Space Sciences, Peking University. The X-ray diffraction (XRD)
of 39 powdered samples was performed using an X’Pert3 powder
diffractometer (PANalytical B.V., Almeo, Netherlands) at the
College of Chemistry and Molecular Engineering, Peking
of 81
measured by the carbonate content analyzer (GMY-2, China).

University. The carbonate content samples was
Briefly, 50 mg of the bulk-rock powder reacted with an excess of
10% HCl in a closed system, and the released CO, was collected
using a barometer. Pure calcite (99.9% carbonate content) was

used as the standard sample.

3.2 Geochemistry analyses

Major and trace element contents were measured on

82 surface-polished samples using a portable X-ray
fluorescence analyzer (Thermo Fisher Scientific Niton XL3t,
United States) with a scanning radius of 4 mm. Each sample
was scanned 3 times encompassing different laminae and areas
of the which could be

representative  for paleoenvironmental

surface-polished slices, more

variable changes.
Paleoenvironmental proxies including Sr/Ba, V/(V+Ni),
(Al+Fe)/(Ca+Mg), Sr/Cu, Ba/Al, (Fe+Mn)/Ti

calculated according to these data.

and were
The uXRF mapping and in-situ rare Earth elements (REEs)

tests were conducted on two samples, which perform
hydrothermal characteristics. The pXRF mapping data were
obtained using an M4 Tornado pXRF instrument (Bruker,
Germany). Each sample was analyzed for more than 8 h, with
an accuracy of 20 um; further details have been described by Lin
et al. (2021). The in-situ REEs test was acquired using the
Thermofisher iCapRQ
coupled plasma-mass spectrometer (Q-ICP-MS) coupled with
a 193 nm GeoLas HD laser-ablation (LA) system at the School of
Earth and Space Sciences, Peking University. NIST SRM 610 and

612 were used as external standards, and the data were

Scientific quadrupole-inductively

normalized by NASC (North American shale composite,
Haskin et al., 1966) standard.

For TOC content determination, 50 mg clean powdered samples
were heated gradually in the atmosphere of nitrogen, the amount of
pyrolyzate released from kerogen was normalized to TOC to obtain
the hydrogen index (HI), using the ELTRA CSi elemental analyzer at
the Research Institute of Petroleum Exploration and Development,
PetroChina, further details are described in Liu et al. (2017a) and
Pang et al. (2018).
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4 Results
4.1 Mineralogical characteristics

The lithology and geochemistry characteristics of samples in
Well FK-1 exhibit complexity and particularity. The core samples
consist of siliciclastic shale, dolomitic shale, silty shale, tuffaceous
shale, muddy siltstone, dolomitic siltstone, and dolomitic
different
(Figure 1E). In tuffaceous shale samples, tuff, which is

sandstone, and present sedimentary structures
dominated by irregular feldspars, calcite, glass fragments, and
clay minerals (Norin, 1955; Wu et al., 2022), present in the form
of brown laminae, whereas rhmboic ankerite aggregate as bubble-
like structures (Figures 2A-D). Silty shale samples show ZnS and
TiO,, and ankerite was intercalated with chlorite (Figures 2E, F).
Hydrothermal minerals, including zircon, monazite grains, and
fibrous mordenite are recognized in siliciclastic shale and
dolomitic shale (Figures 2G-I). Siliciclastic shale present
horizontal bedding and framboid pyrite (Figures 3A, C);
exhibit wavy bedding and

abundant dolomite, these demonstrate diverse water settings

whereas dolomitic siltstone
in the Early Permian (Figures 3D-F). Under fluorescent light,
the green-brown laminalginite and sporinite are observed in
shale

abundant organic matter exist in forms

siliciclastic and silty shale, respectively, whereas
of amorphous
structure and laminae (Figures 2F, H, Figure 3).

The mineralogical compositions of the 39 samples based on
the XRD results are shown in Supplementary Table S2, the sum of
the mineral percentage in each sample is about 100. The main
mineralogical composition of samples are shown in Figure 4.
Most of the samples are enriched in minerals associated with
hydrothermal activities, including albite (10.3%-65.8%, avg.
40.2%), microcline (6.1%-61.1%, avg. 27.8%), and zeolite (1%-
38.3%, avg. 17.5%). Carbonate content of the 81 samples varies
from 2.27 wt% to 68.87 wt% (avg. 19.33 wt%) (Supplementary
Table S3), and mainly comprise dolomite (12.3%-55.5%, avg.
29.6%) and ankerite (18.7%-44.2%, avg. 30.3%) according to the
XRD results. Quartz and orthoclase are also abundant, whereas
feldspar, sanidine, anorthite, analcime, pyrite, and siderite are

rare in the samples.

4.2 Element compositions

The major element concentrations of the shale samples are
presented in Supplementary Table S4; Figure 5. Ti, Al, K, and Si
exhibit similar variation trends, which indicate periodic terrigenous
input; whereas Ca and Mg curves present parallel variations with the
(Fe+Mn)/Ti curve (Figure 7). Besides, Fe (1.25-19.64 wt%, avg.
2.86wt%), P (0.03-331wt%, avg. 022wt%), and S
(0.03-33.29 wt%, avg. 0.56 wt%) present low contents in most of
the samples and extremely high values in few samples, indicating
correlations with hydrothermal inputs. The trace element contents
of the samples are summarized in Supplementary Table S5; Figure 6.
The abundances of Sr, Ba, and Ni show correlations with salinity and
redox condition; whereas Mn, Cr, Zn, and Zr varies strongly in
several intervals, presenting correlations with (Fe + Mn)/Ti curve
(Figure 7). The values of Th and U exhibit low values mostly and

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1182646

Jiao et al. 10.3389/feart.2023.1182646
o0
ikeaggregates
cross.bedding
chlorite
ankerite 100m
FIGURE 2

Microscopic characteristics of hydrothermal activities in shale samples of Well FK-1. (A) PL, F1-18, continuous photo presented cross-bedding,
brown tuff laminae and bubble-like aggregates of ankerite. (B) XL, F1-18, tuff and bubble-like aggregates of ankerite. (C) SEM, F1-18, abundant rhombic
ankerite. (D) PL, F1-6, tuff and organic matter laminae. (E) SEM, F1-39, ZnS, TiO,, and pyrite indicated hydrothermal effects. (F) SEM, F1-64, chlorite
intercalated with ankerite. (G) PL, F1-36, continuous photo presented hydrothermal intrusion which damaged the former mud pebble and left
fibrous zircon. (H) XL, F1-36, fibrous zircon and quartz. (1) SEM, F1-78, anhedral ankerite, monazite grains, and fibrous mordenite illustrated hydrothermal
precipitaion. Abbreviations: PL: plane-polarized light; XL: cross-polarized light; SEM: scanning electron microscope. Samples F1-6, F1-18, F1-36, F1-39,
F1-64, and F1-78, at depths of 58.1, 181.6, 289.1, 305.3, 443.05, and 534.88 m, respectively.

extremely high values in a few samples, whereas Rb, V, and Cu varies
indistinctively. Paleoenvironmental proxies of 82 samples are
calculated based on the major and trace element concentrations,
presenting rhythmic variations of paleoenvironment (Figure 7), as
listed in the Supplementary Table S6.

The pXRF elemental mapping of sample F1-18 (tuffaceous shale,
at a depth of 181.6 m) is divided into three groups based on specific
elemental enrichment (Figure 8): i) dark particles at the top and
middle areas are enriched with Cu, Fe, Mg, Mn, Zr, and Rbj ii) bright
particles in the middle area, where Fe and S prevailed; and iii) the
rest of the muddy part with wavy bedding containing abundant Al,
Ca, Ba, K, P, Si, Sr, and Y. The uXRF elemental mapping of sample
F1-78 (dolomitic shale, at a depth of 534.88 m) is divided into four
groups based on specific element enrichment (Figure 9): i) yellow
and ii) dark mud spread in turns over the sample, with enriched Al,
Ba, Cu, Si, Ti, and V, and multiple K, and Mn, respectively; iii) bright
particles in the middle part, where Co, Fe, S, and Zn prevailed; and
iv) branch-like structures in the lower and upper-right parts of the
sample, where Ca, Mg, Ni, Sr, Y, and Zr exhibit extremely high
values. The in-situ REY data and the NASC-normalized value of
samples F1-18 and F1-78, are listed in Supplementary Table S7. The
samples are enriched in La, Ce, Nd, and Y.

Frontiers in Earth Science

4.3 TOC contents and HI values

The TOC contents of the 81 samples range from 0.29 wt% to
1216 wt% (avg. 2.96 wt%), rhythmic
increasing trends in three intervals (at depths of 135-240m,
280-400 m, and 420-540m, respectively), and
maximum value in sample F1-10 (at a depth of 136.6 m). The HI

presenting upwardly

reach the

values of 81 samples vary from 52 to 953 mg/g. TOC (avg. 410 mg/g.
TOC), implying that the source rocks are mainly oil-prone and
possess high hydrocarbon generation potential (Carroll et al., 1992;
Luo et al, 2018; Zhang et al., 2020b; He et al., 2022; Figure 7;
Supplementary Table S8).

5 Discussion

5.1 Episodic hydrothermal activities and their
significances in the early Permian

Frequent hydrothermal activities in the Early Permian have been
demonstrated by high *’Sr/**Sr values in tuffaceous shale (Li et al.,
2021a), the absence of -carotane (Wang et al., 2022), and negative
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horizontal bedding

FIGURE 3

Microscopic characteristics of diverse water settings and various types of organic matter in shale samples of Well FK-1. (A) PL, F1-10, continuous
photo showed the horizontal bedding, representing a low-energy water setting. (B) FL, F1-10, crystal fragments and lamalginite. (C) SEM, F1-10, framboid
pyrite, and amorphous OM. (D) PL, F1-79, continuous photo presented the wavy bedding and abundant dolomite, which represented a shallower agitated
water setting. (E) FL, F1-79, dolomite and amorphous OM. (F) SEM, F1-79, pyrite, abundant dolomite, organic matter laminae, and amorphous OM.

(G) PL, F1-2, amorphous organic matter and dolomite. (H) FL, F1-33, sporinite. (I) PL, F1-63, phytoclast and OM laminae. Abbrieviations: PL: plane-
polarized light; FL: fluorenscent light. OM: organic mater. Samples F1-2, F1-10, F1-33, F1-63, and F1-79, at depths of 44.4, 136.6, 271.1, 437.4, and

542.38 m, respectively.

8"%0 values of dolomite (Zhang et al., 2020a; Jiao et al., 2020). The
gabbro porphyrite and rhyolite in Lucaogou Formation own zircon
U-Pb ages of 288-297 Ma, indicating synsedimentary volcanic
activities in the rift-drift transition background (Shu et al., 2011;
Wang et al., 2019a; Zhao et al., 2020a; Sun et al., 2022).

5.1.1 Hydrothermal intensity

The ternary diagram of Fe vs. Mn vs. (Co + Ni + Cu) x 10 has
been utilized to distinguish the hydrothermal input during
deposition (Bonatti, 1975; Zeng et al, 2012; He et al., 2016;
Zhang et al., 2018c). Most of the samples in Well FK-1 fall in
the hydrothermal field, and several samples show properties
common with Red Sea hydrothermal sediments (Figure 10),
in Well FK-1
hydrothermal inputs during the Lucaogou Formation.

suggesting that samples received multiple

Al and Ti are known to be affiliated with aluminosilicate phases
and act as excellent indicators of terrigenous input, whereas Fe and
Mn are often enriched in hydrothermal sedimentation (Baturin,
2012; Li et al., 2018; Lu et al., 2019). Therefore, the (Fe + Mn)/Ti
ratio is an effective indicator of hydrothermal input, with values
greater than 15 indicating typical hydrothermal sedimentation (He
etal., 2016; Peng, 2016). In Well FK-1, the (Fe + Mn)/Ti ratios range
from 4.78 to 119.72 (avg. 14.8) and present five positive excursions,
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which may refer to at least five episodes of hydrothermal events
during deposition, these hydrothermal events are marked as
transparent horizontal stripes and exhibit different characteristics
(Figure 7). Upward, the first episode of hydrothermal events
occurred at a depth of 495-545 m, with the enrichment of Ca,
Fe, Mg, P, and §S; the second episode appeared at a depth of
415-475m, with an increase in Ba, Ca, and Mg; the third
episode occurred at a depth of 270-400 m and was the greatest
episode during the deposition, with the enrichment of Ba, Ca, Mg,
Sr, Zn, and Zr; the fourth episode appeared at a depth of 135-255 m
and was accompanied with abundant Ba, Fe, Mg, Ni, and V; and the
fifth episode occurred at a depth of 40-70 m, with an increase in Ca,
Fe, Mg, Mn, and V content (Figures 5, 6).

5.1.2 Hydrothermal characteristics
(1) Mineralogical associations with hydrothermal activities

Minerals discovered in the Lucaogou Formation consist of silica
and siliceous minerals (including quartz, feldspar, orthoclase, albite,
and plagioclase), clay minerals (smectite, illite, and chlorite),
carbonate (including dolomite, calcite, ankerite, and siderite),
zeolite (including analcime), pyrite, buddingtonite, chalcedony,
halite, anhydrite, and glauberite (Liu et al., 2017a; Zhang et al,
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FIGURE 4

Main mineralogical compositions (%) of shale samples in Well FK-1. Most of the samples are enriched in ankerite, dolomite, albite, microcline, zeolite.

2018¢; Yang et al., 2019a; Zhang et al., 2020d; Jiao et al., 2020; Lin
et al, 2021). The second member of the Lucaogou Formation is
mainly composed of non-clay siliceous minerals and carbonate
minerals with extremely low clay content (Zhang et al, 2021),
and the coexistence of strontianite and barite in the Lucaogou
Formation of the Santanghu Basin provides mineralogical
evidence for hydrothermal activities (Zhang et al., 2018c).
According to the XRD results, samples in Well FK-1 present
superior enrichment of albite (10.3%-65.8%, avg. 40.2%),
microcline (6.1%-61.1%, avg. 27.8%), and zeolite (1%-38.3%, avg.
17.5%), which are reported to be formed in hydrothermal or
volcanic systems (Chao et al., 1997; Abdullahi et al., 2017; Yang
etal, 2019a; Yang et al., 2020; Zhang et al., 2020c), and present close
correlations with hydrothermal intensity (Figure 7). Authigenic
albite is believed to be correlated with syngenetic hydrothermal
processes within paleolake or syn-rift deposits (Incerpi et al., 20205
Wu et al, 2022) and indicates a feldspar-dominated source
accompanied by orthoclase in the former lagoonal environment
(Brockamp and Clauer, 2013; Jiao et al., 2020).

Dolomitization in the Lucaogou Formation was correlated with
synsedimentary hydrothermal activities at the lake bottom within an
intracontinental rift basin (Zhang S. et al., 2020) and could be related
to sufficient Mg supply and intense evaporation in shallow saline
depositional environments (Yang et al., 2019a). The abundant
rhomboid ankerite in F1-18 (Figures 2B, C) is surrounded by tuff
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(Figures 2A, B), resembling the sucrosic dolomite (D2 type) noted by
Yang et al. (2019a) and subhedral dolomite noted by Wu et al.
(2022). These observations indicate synsedimentary hydrothermal
activities because ankerite mainly occurs in tuffs (Jiao et al., 2020).
The coexistence of ankerite and chlorite in sample F1-64 can be
another proof of distinctive hydrothermal events because the
formation of chlorite is generally associated with low
temperatures (<80°C) and Fe’*- and Mg**-rich environments (Liu
et al, 2019d). Therefore, subaqueous hydrothermal fluids with
extremely high Fe and Mg contents (Figure 6) intruded into the
basin, produced enormous explosions (Jiao et al., 2018), and boiled
the bottom water, leaving bubble-like aggregates of rhomboid
ankerite (Figures 2A, B) in the former sediments with cross-

bedding (Figure 2A).
(2) Elemental enrichment in hydrothermal inputs

Synsedimentary hydrothermal activities can bring abundant
eutrophic elements (e.g., N, P, and K) and metal elements (e.g.,
Ca, Mg, and Fe) into the bottom water and affect the chemical
composition of the water column (Zhang et al., 2020b; Pan et al.,
2020), and trace elements including Ni, Cu, Zn, Zr are generally
more abundant in the hydrothermal deposits than in normal pelagic
sediments (Bonatti, 1975; Loukola-Ruskeeniemi and Heino, 1996;
Huang et al,, 2019). Samples F1-36 and F1-39 are located in the
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FIGURE 5

Major element concentrations (wt%) of shale samples in Well FK-1. The star symbol represented values which exceeded the boundary value.

range of the greatest positive excursion of the (Fe + Mn)/Ti curve.
During this time, strong hydrothermal fluids damaged the former
mud pebble (Figure 2G), and left ZnS (Figure 2E), fibrous zircon
(Figure 2H), owing to the release of Zr and Zn during the
hydrothermal intrusion, and the affinity of Zn and sulfide phases
(Bonatti, 1975; Malisa, 2003; Jiao et al., 2019).

The pXRF mapping has been utilized in shale samples of the
Lucaogou Formation because of the effectively elemental
composition evalution (Liu et al., 2019a; Lin et al., 2021). The
uXRF mapping results of samples F1-18 and F1-78 exhibit
different features (Figures 8, 9). Specifically, in sample F1-18,
hydrothermal fluids boiled the bottom water and formed bubble-
like ankerite aggregates (Figure 2A), leaving abundant nutrients
including Fe, Mg, Mn, Ba, P, and Sr (Figure 8), then diffused in
the water column and delivered nutrients upward (Yang et al.,
2020); the enriched S (Figure 8) illustrated an anoxic HS™ -rich
water setting, which benefited organic matter preservation, and
may be enhanced by hydrothermal activities (Meunier et al,
1987; Orberger et al., 2005; Liu et al., 2020). In sample F1-78, the
i) branch-like structure filled with Ca, Mg, Ni, Sr, Y, and Zr and
ii) bright particles with multiple Co, Fe, S, and Zn, suggesting
hydrothermal infiltration into the surrounding sediments, which
left specific elements along its track; whereas the iii) yellow and
dark mud, enriched with Ba, Cu, and Mn, indicating that

hydrothermal fluids enhanced water circulation and
transferred nutrients to surface water.
Frontiers in Earth Science
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The REE and yttrium (REY) concentrations, complexed by SO,*
and CI ions at moderate (~100°C) and high temperatures (Douville
et al, 1999), are highly correlated with hydrothermal fluids (Dai
et al, 2016) and present different characteristics in samples
F1-18 and F1-78 (Figures 8, 9). Specifically, sample F1-18 has Y
enrichment in the bottom muddy part (Figure 8), whereas sample
F1-78 not only presents Y enrichment in the upper-right part of the
sample (Figure 9), but also shows the enrichment of La, Ce, Nd
(Supplementary Table S7), which exist in the form of monazite with
a diameter of 1-3 um, and are attached to the fibrous mordenite
(Figure 2I). Considering that the magma chamber presented at a
shallow depth underneath the Santanghu area (Jiao et al.,, 2018), it
can be concluded that the fractures resulting from rifts in the
Junggar area connected lake water with the underneath magma
chamber (Jiao et al., 2020). The mantle-derived hydrothermal fluids,
supported by the *Sr/**Sr values of dolomite (Zhang et al., 2020¢),
delivered abundant REY into the bottom water.

5.2 Paleoenvironmental variation indicators
during the early Permian

5.2.1 Paleoclimate

Paleoclimate can greatly influence marine productivity, redox
conditions, and the supply of terrestrial materials (Tan et al,
2021). The release of CO, from volcanic eruptions can create a
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FIGURE 6

Trace element concentrations (ppm) of core samples in Well FK-1. The star symbol represented values which exceeded the boundary value.

“greenhouse” around the basin and promote the aridity (Qu et al.,
2019; Pan et al., 2020). Abundant Sr reflects an arid climate with
higher salinity, whereas a high Cu content indicates a moist
climate with lower salinity (Liu et al., 2019b); therefore the ratio
of Sr/Cu is a paleoclimate indicator, with 1.3 < Sr/Cu <
5 indicating a warm and humid climate, and Sr/Cu >
20 indicating a hot and arid climate (Zhang et al., 2018b). The
Sr/Cu values (0.91-55.96, avg. 11.31) in Well FK-1 (Figure 7)
suggest the rhythmic climatic variations between warm-humid
and hot-arid climates. In addition, Wu et al. (2016) and Liu et al.
(2019b)
Formation depostied under an arid climate with significant

suggested abundant dolomite in the Lucaogou
surface evaporation. The carbonate content (2.27-68.87 wt%,
avg. 19.33 wt%) in Well FK-1 shows coincident trends with
Ca, Mg, Sr/Cu, Sr/Ba, and (Fe+Mn)/Ti curves, suggesting that
because of the drop of temperature and pressure in the upward
migration of hydrothermal fluids, the solubility of Ca and Mg
decreased, abundant carbonate, especially dolomite, precipitated

in the high saline water under an arid climate.

5.2.2 Paleosalinity

The salinization of the water column in the lacustrine basin can
remarkably influence biological processes and mineral precipitation
(Zhang et al., 2018c), which can be responses to dry-hot climate (Sun
et al, 2013; Zhang et al., 2020d) and hydrothermal inputs (Zhang
etal,, 2020b). High saline water can form a stable density and salinity
stratification (Qiu et al., 2016b): the less saline surface water
containing abundant dissolved oxygen is conducive to algal,
planktonic, and bacterial blooming (Wu et al., 2016); whereas the
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high saline bottom water benefits organic matter preservation (Liu
et al., 2019b).

Being members of trace metallic elements in Group 2 (IIA;
alkaline earths), Sr and Ba can be mainly delivered by riverine
inputs, and own residence time in seawater of 2.4 Myr and 11 kyr,
respectively (Wei and Algeo, 2020). With the increase of salinity
and sulfate ion concentration, Ba precipitates in the form of
barium sulfate before Sr can (Liang et al., 2014; Jiang et al., 2015).
Therefore, Sr/Ba is considered to be a valid indicator of
paleosalinity (Zhang et al., 2014; Liu et al., 2019b; Pan et al,
2020), with Sr/Ba <0.2 indicating fresh water, 0.2 < Sr/
Ba <1.0 indicating brackish water, and Sr/Ba >1.0 indicating
salt water (Zhang K. et al., 2020; Pan et al., 2020; Wei and Algeo,
20205 Liu et al,, 2022a; Yang et al., 2022). The Sr/Ba ratios
(0.13-3.36, avg. 1.21) in Well FK-1 suggest a mostly brackish-
saline water setting with rhythmic variations. Furthermore, the
high saline and stratified water column containing strongly
reducing bottom waters can reduce the degradation of organic
matter (Pratt, 1984; Jia et al., 2013; Shang et al.,, 2015; Liu et al,,
2017a; He et al., 2018), therefore the similar trends of Sr/Ba and
V/(V + Ni) curves and their high values at depths of 130-160 m
and 280-320 m indicate good preservation of organic matter
during these intervals.

5.2.3 Redox conditions

Redox conditions play a vital role in the alteration,
paragenesis and precipitation of variable-valence elements
(Stashchuk, 1972; Vovk, 1987), and are essential for organic
matter degradation and preservation (Ding et al, 2019; Qu
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FIGURE 7

A comprehensive profile of lithology and paleoenvironmental proxies in Well FK-1. The Sr/Ba, V/(V + Ni) (Al + Fe)/(Ca + Mg), carbonate content, and
Sr/Cu data suggest a brackish-saline, suboxic-anoxic, semi-deep to deep water setting in a warm-humid to hot-arid climate with rhythmic
sedimentation. The TOC, HI, and Ba/Al contents present the periodic organic matter enrichment. Five episodes of hydrothermal events are marked as
transparent horizontal stripes based on the (Fe + Mn)/Ti values. E1, E2, E3, E4, and E5 are abbreviations of the first, second, third, fourth, and fifth
episode of hydrothermal events. The star symbol represent values which exceed the boundary value, and the discrimination criteria for each indicator are

marked by vertical stripes.

etal., 2019). Redox-sensitive trace elements, such as V, Ni, Co, U,
Cu, Cr, and Mn, exhibit strong enrichment under reducing
conditions and hardly migrate during diagenesis (Kemp et al,,
1994; Thomson et al., 1998; Pi et al., 2014; Lu et al., 2019; Tan
et al,, 2021), and are known as important redox indicators of
ancient sedimentary water bodies (Dypvik, 1984; Powell et al,
2003; Li et al., 2016; Cheng et al., 2018; Liu et al., 2019a; Ali et al.,
2022). Water stratification can be enhanced by highly saline
water and S* which was brought by hydrothermal fluids (He
etal., 2016; Wu et al., 2016). However, Ni/Co, Ni/V, (Cu + Mo)/
Zn, U/Th and Uauth are of limited use in redox analysis of P2l
deposits (Jones and Manning, 1994; Pan et al., 2022). Zhang et al.
(2018c) reported that the V/(V + Ni) ratios 0.46-0.60, 0.54-0.82,
and >0.84 indicate dysoxic conditions, anoxic water with weak
stratification, and euxinic water with strong stratification,
respectively. The V/(V + Ni) ratios range from 0.33 to 0.82
(avg. 0.63) in Well FK-1, indicating the intermittent dysoxic-
anoxic and weakly stratified water setting with frequent
fluctuations, which confirmed the water setting noted by Pan
et al. (2020) and Tao et al. (2022) in the Lucaogou Formation. In
addition, the coexistence of framboid pyrite and horizontal
bedding (Figures 3A, C) suggests a low-energy andeuxinic
water setting that benefited organic matter preservation, and
the significant correlation between Sr/Ba and Sr/Cu curves
(Figure 7) suggest a good water sealing (Zhang et al., 2014)
during deposition.
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5.2.4 Water depth

Paleo-water depth are offen affected by sediment supply,
climate changes, basin morphology, and tectonic settings
(Carroll and Bohacs, 2001; Huuse and Clausen, 2001; Steinke
et al, 2003; Annis et al, 2022), and can be estimated by
sedimentological,
evidences (Immenhauser, 2001; Fritz et al., 2012; Rickard,
2019; Tessin et al., 2019; Tian et al., 2022). The abundant fine
laminations in shale samples (Figures 2D, G, Figure 3A) suggest a

lithological, biological and geochemical

low-energy depositional environment, whereas the wavy bedding
and abundant dolomite (Figures 3D-F) present a shallower and
agitated water, these are consistent with the starve profundal lake
with periodic agitations described by Jiao et al. (2018). The ratio
of (Al + Fe)/(Ca + Mg) have been utilized for demonstrating
paleo-water depth, with higher ratios representing relatively
deeper water (Liu et al., 2019a; Guan et al., 2021). The
(Al+Fe)/(Ca+Mg) ratios in Well FK-1 range from 0.11 to
27.77 (avg. 1.54), indicating a fluctuated water depth during
deposition (Figure 7). At a depth of 140-190 m, (Al + Fe)/(Ca
+ Mg) curve shows negative correlations with Sr/Ba, V/(V + Ni),
and Sr/Cu curves, and can be divided into two parts: i) the rapidly
increasing water depth (at a depth of 160-190 m) reduced the
salinity and water stratification under a relatively humid climate;
and ii) with the following prevalence of arid climate (at a depth of
140-160 m), the
reconstructed in the shallower water.

salinity and water stratification were
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The pXRF elemental mapping of sample F1-18 (at a depth of 181.6 m) in Well FK-1, presenting divisional enrichments of Mg, Ca, Mn, Sr, Ba, Ti, Al, Rb,

K, V, Cr, Si, Fe, Cu, Y, Zr, P, Ni, and S.

5.2.5 Productivity

Paleoproductivity, known as a prerequisite for the amount of
organic matter produced in a certain geological period (Wei et al.,
20205 Liu et al., 2021; Tan et al., 2021), can typically be evaluated
using Ba, P, Cu, and TOC contents (Chen et al., 2020; Li et al,,
2022). Ba usually precipitates in sediments with a high organic
matter influx (Qiu et al., 2021) and shows correlations with high
biomass productivity (Liu B. et al., 2015; Lu et al., 2019), whereas
Al can describe the contribution of terrigenous input. Therefore
the ratio of Ba/Al can demonstrate paleoproductivity and reveal
similar variations with P/Al, and Cu/Al, the higher the ratio, the
richer the productivity (Chen et al., 2016a; Qu et al., 2019; Pan
etal., 2020). The Ba/Al ratios (0.002-0.06, avg. 0.01) in Well FK-1
demonstrate varied productivity during deposition, and the
positive correlation between Ba/Al and (Fe + Mn)/Ti curves
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suggest that intermittent hydrothermal activities delivered
nutrients into surface water and promoted the primary
productivity, and eventually formed the organic-rich laminae
(Liu et al., 2015a; Chen et al., 2016b; Zhang et al., 2019b; You
etal., 20215 Li et al,, 2022; Meng et al., 2022). Macerals including
lamalginite, telaginite, and sporinite are abundant in shale
samples in the Lucaogou Formation (Figures 3B, H; Xie et al,
2015; Liu et al., 2015a; Liu et al., 2017b; Pan et al., 2020; 2022),
this is consistent with HI results in Well FK-1 (52-953 mg/g.
TOC, avg. 410 mg/g. TOC) that the organic matter mainly
belongs to oil-prone type and originated from terrestrial
plants and algae during deposition (Hackley et al, 2016;
Zhang et al., 2018¢c; Luo et al., 2018; Liu et al, 2022b; He
et al, 2022). Detailed studies on biomarkers, including
n-alkanes, regular steranes, and tricyclic terpanes suggest that
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The puXRF elemental mapping of sample F1-78 (at a depth of 534.88 m) in Well FK-1, presenting divisional abundances of Mg, Ca, Mn, Sr, Ba, AL K, V,

Si, Zn, Fe, Cu, Y, Zr, Co, Ni, and S.

the dominant primary producers of organic matter in the

Lucaogou Formation are algae and photosynthetic
cyanobacteria (Cao et al, 2016; Liu et al., 2017a; Qu et al,
2017; Zhang et al., 2018b; Ding et al., 2019; Su et al., 2019). In
addition, the TOC curve in Well FK-1 does not present a linear
correlation with Ba/Al curve, because TOC is also controlled by
preservation conditions in the Lucaogou Formation (Qiu et al,,

2016b; Liu et al., 2019a; Qu et al., 2019; Jiang et al., 2020).

5.3 The mechanism of the organic matter
enrichment during the early Permian

According to the above discussion, samples in Well FK-1 deposited
during the Lucaogou Formation underwent intermittent hydrothermal

Frontiers in Earth Science

events, of which five obvious episodes have been recognized.
Hydrothermal activities exhibited significant effects on organic
matter production and preservation during the Early Permian (Jiao
et al, 2020; Meng et al,, 2022), whereas TOC values in Well FK-1 did
not show a simple linear correlation with hydrothermal intensities
(Figure 7). Considering the rift-drift transition background of the basin
(Peng, 2016; Wang et al., 2019a; Li et al., 2022), the uplift of the North
Tianshan (Liu et al,, 2018), and the lake transgression trend (Carroll,
1998; Liu et al,, 2017b; Liu et al., 2022a), we proposed three patterns of
organic matter enrichment that were strongly affected by intermittent
hydrothermal events and paleoenvironmental changes in the southern
Junggar Basin during the Early Permian (Figure 11).

(A) Low hydrothermal intensity and hot-arid climate in a rift basin
with shallow water.
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(Co+Ni+Cu)x10

FIGURE 10
Ternary diagram of Fe vs. Mn vs. (Co + Ni 4+ Cu) x 10 of shale
samples in Well FK-1.

The first episode of hydrothermal events appeared at a depth
0f 495-545 m, with samples F1-78 (Figure 21, Figure 9) and F1-79
(Figures 3D-F) as representatives. The second episode of
hydrothermal events appeared at a depth of 415-475 m, with
F1-63 (Figure 3I) and F1-64 (Figure 2F) as
representatives. The hydrothermal intensities during these

samples

episodes were low; in the former episode, the (Fe+Mn)/Ti
ratios range from 6.91 to 18.42 (avg. 11.05), whereas in the
latter episode they range from 6.36 to 66.57 (avg. 16.24). The
presence of monazite particles, fibrous mordenite (Figure 2I),
and Y enrichment (Figure 9) indicate a near-magma-chamber
eruption (Jiao et al., 2018), which coincide with the rift basin
background during this time. In addition, the medium Sr/Ba, low
(Al+Fe)/(Ca+Mg), and high Sr/Cu values (Figure 7), and the
abundant dolomite with wavy bedding in sample F1-79
(Figure 2D), demonstrating that the water was saline and
hot-arid With
intensity, column became

shallow under a climate. increasing

hydrothermal the water less
stratified and more oxidative, as represented by the decreasing
V/(V+Ni) values, which could be a result of enhanced water
circulation by underwater hydrothermal intrusion in an unstable
rift basin. Therefore, the enhanced water circulation and
hydrothermal diffusion not only delivered nutrients (e.g., Ba,
Figure 6) into surface water and promoted algal blooming
(Figure 3E), but also transported enough Ca®*', Mg** ions
(Figure 5) and precipitated abundant dolomite (Figures 3D, E)
under a semi-arid climate.

In these two episodes, owing to the enhanced water circulation,
which partially resulted from basin extension, nutrients carried by
hydrothermal fluids were easily delivered into surface water and
triggered primary productivity. However, from another perspective,
the enhanced water circulation in the unstable basin destroyed the
anoxic and well-stratified water conditions, resulting in more
degradation and less preservation of organic matter. Therefore,
the samples collected during these episodes did not own high
TOC values.
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(B) Medium-high hydrothermal intensity and a strongly hot-arid
climate in a sub-stable basin with semi-deep water.

The third episode of hydrothermal events appeared at a depth
of 270-400 m, with samples F1-33 (Figure 3H), F1-36 (Figures
2G, H) and F1-39 (Figure 2E) as representatives. The (Fe+Mn)/
Ti values in this episode range from 5.32 to 119.72 (avg. 16.71),
revealing a strong and upwardly increasing hydrothermal
intensity. During this interval, strong hydrothermal fluids,
with (Fe + Mn)/Ti values up to 68.31, damaged the former
2G)
hydrothermal minerals, including ZnS and zircon (Figures 2E,

mud pebbles (Figure and precipitated specific
H). The fifth episode of hydrothermal events appeared at a depth
of 40-70 m, with samples F1-2 (Figure 3G) and F1-6 (Figure 2D)
as representatives. The (Fe+Mn)/Ti values in this episode range
from 6.37 to 90.35 (avg. 26.06), and the tuff laminae and burrows
filled with dolomite in F1-6 (Figure 2D) reveal intense
hydrothermal precipitation in semi-deep water. The positive
correlations between Ba/Al and (Fe + Mn)/Ti indicate that
hydrothermal fluids delivered nutrients into surface water and
excessively promoted primary productivity. In addition, in the
third episode, the V/(V+Ni) values range from 0.50 to 0.75 (avg.
0.58-0.70), which reveal not only anoxic weak-stratified water
but also successively decreasing trends in the intervals of
295-345m and 385-400 m and increasing trends in the
intervals of 270-295 m and 345-385 m (Figure 7), indicating a
fluctuating water stratification in the sub-stable basin because of
the rift-drift transition. Considering the consistent trends of the
Sr/Ba, Sr/Cu, and (Fe + Mn)/Ti curves, the upward increase in
hydrothermal intensity enhanced the salinity and aridity of the
sub-stable basin. The increased amount of S* carried by
hydrothermal fluids (demonstrated by the precipitation of ZnS
and pyrite in Figure 2E) helped to reconstruct the anoxic and
well-stratified conditions, which finally facilitated organic matter
preservation and resulted in medium-high TOC values.

(C) Medium hydrothermal intensity and a humid climate in a stable
basin with deep water

The fourth episode of hydrothermal events appeared at a depth
of 135-255m, with samples F1-10 (Figures 3A-C) and F1-18
(Figures 2A-C, Figure 8) as representatives. The (Fe+Mn)/Ti
values in this episode range from 5.62 to 38.76 (avg. 12.07).
Hydrothermal fluids, which are recorded as cross-bedding
(Figure 2A), not only boiled the bottom water and left bubble-
like aggregates of ankerite (Figures 2A, B), but also brought elements
including Cu, Fe, Mn, S, and Zr (Figure 8) into the water column,
helping to add nourishment to the surface water and construct an
anoxic bottom water setting. The similarity of the (Fe + Mn)/Ti and
Ba/Al curves and the enrichment of Ba and Cu (Figure 6) support
the positive effect of hydrothermal intensity on promoting organic
matter productivity.

In addition, (Al + Fe)/(Ca + Mg) ratios present a massive
increase in the middle part of the fourth episode (at a depth of
165-215 m), whereas the V/(V + Ni) and Sr/Ba ratios experience the
same strong negative excursion (Figure 7). Considering the low
hydrothermal intensity during this time, the decrease in salinity,
reducing conditions, and stratification of water can be attributed to
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FIGURE 11

Three patterns of organic matter enrichment of the Early Permian Lucaogou Formation in Fukang Sag, southern Junggar Basin, NW China, indicating
distinguishing leading roles of organic matter productivity and preservation during deposition. Pattern (A) presented low hydrothermal intensity and hot-
arid climate in a rift basin with shallow water, pattern (B) owned the medium-high hydrothermal intensity and a strongly hot-arid climate in a sub-stable
basin with semi-deep water, and pattern (C) exhibited medium hydrothermal intensity and a humid climate in a stable basin with deep water.
Because of the low productivity and preservation, pattern (A) did not result in high organic matter enrichment, whereas patterns (B) and (C) presented
better organic matter productivity and preservation, which resulted in medium-high TOC values.

the rapidly increasing water depth. This is consistent with the more
humid climate and the deeper freshwater lake in the late
sedimentation of the Lucaogou Formation (Carroll, 1998; Liu
et al, 2022a). During this time, the humid climate and
hydrothermal activities enhanced primary productivity, whereas
the reduced salinity, reducing conditions, and stratification
together impeded organic matter preservation, resulting in low-
medium TOC values. In the 135-165 m interval, the V/(V + Ni) and
Sr/Ba values rebounded under a hotter climate, and the enhanced
salinity, reducing conditions and stratification of water were
conducive for much better organic matter preservation
(confirmed by abundant framboid pyrite in Figure 3C) and
finally resulted in high TOC values. That is to say, even though

the productivity was enhanced by the hydrothermal inputs and
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warm-humid climate, the preservation of organic matter played a

leading role during this interval.
Patterns (A), (B), and (C)

distinguishing leading roles in organic matter productivity and

therefore ~demonstrate
preservation in the Early Permian. During the rift-drift transition
of the southern Junggar Basin, i) organic matter productivity
fluctuated periodically, and reached the higher level in the third
and fourth episodes because of the higher hydrothermal intensity
and more warm-humid climate; whereas ii) preservation
exhibited of with  the
paleoenvironmental changes in a relatively stable basin over

a trend gradual increase
time. Compared to pattern (B), pattern (C) presented better
preservation because of the well-stratified deep water setting

in a gradually stabilized basin.
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6 Conclusion

We performed mineralogy and geochemistry analyses on core
samples in Well FK-1 in Fukang Sag, southern Junggar Basin. The
results revealed episodic hydrothermal events and paleoenvironmental
changes that recorded in the Lucaogou Formation, and presented their
impacts on the organic matter enrichment during deposition. The
major research conclusions are as follows.

1) The high (Fe + Mn)/Ti ratios, the enrichment of Ca, Mg, Fe, Mn,
and REY, and multiple hydrothermal minerals (e.g., ankerite,
dolomite, zeolite, albite, and microcline) suggest episodic
hydrothermal events in an Early Permian sedimentary

succession in the southern Junggar Basin.

The varied Sr/Ba, V/(V + Ni), (Al + Fe)/(Ca + Mg), and Sr/Cu

values indicate that the samples deposited in a brackish-saline,

2)

suboxic-anoxic, shallow to deep water setting under a warm-
humid to hot-arid climate, with rhythmic flucutations.

The varied TOC content (up to 12.16 wt%), Ba/Al and HI values
(up to 953 mg/g. TOC) reveal periodic organic matter
enrichment in the Lucaogou Formation.

4) During the rift-drift transition of the southern Junggar Basin,
three patterns of organic matter enrichment occurred. From
patterns (A) to (C), productivity, which was triggered by warm-
humid climate and nutrients delivered by hydrothermal events,
fluctuated periodically; preservation was enhanced by saline,
anoxic, well-stratified water under a hot-arid climate in a
relatively stable basin, became progressively favorable over
time and contributed to high TOC values.
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