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Although the potential of lake facies shale oil and gas resources is enormous, the lithology
is complex, heterogeneous, and obviously controlled by a sedimentary environment. By
integrating cores, thin sections, X-ray diffraction analysis, trace elements, organic
geochemical indexes, and paleontological data, this work studies sedimentary
environment elements and sedimentary model of shale in the Eif; member, Gaoyou
Depression, Subei Basin. The shale in the E{f, member is completely shore lacustrine
deposits forming into the hot dry climate of tropical central and south Asia. The lake basin
extended continuously, with brackish water, strong reduction, and medium water
stratification. The transgression resulted in the rapid rise of water, salinity, reducibility,
and water stratification. As the climate becomes wetter, the E;f> water level, salinity,
reduction, and stratification decrease. The shale in E4fo members is characterized by
sedimentary zones, which are divided into muddy water desalination deposit in the flooded
zone, clear water salinization deposit in the transition zone, and still water salinization
deposited in the clear water zone. Under palaeotopography settings of E4f, members,
combining characteristics of vertical stratification and the plane zone of the lake, an
integrated sedimentary model of lacustrine shale in a flat platform has been established
under climate and transgression control. The plane area of the lake could be divided into
the slow slope zone, sub-depression zone, processes zone, deep slope zone, and deep
depression zone, corresponding roughly to the sedimentary zones of the flooded zone,
transition zone, and clear water zone. Moreover, the oil shale enriched in low-lying parts of
the paleotopography is mainly deposited at the end of muddy water areas and clear
water areas.
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1 INTRODUCTION

As the exploration and development of conventional oil and gas
reservoirs is becoming increasingly difficult in China, the
exploration targets have been turned to low permeability,
ultralow permeability unconventional oil and gas reservoirs.
As an important unconventional resource, shale oil and gas
have the characteristics of continuous distribution, self-
generation and self-accumulation, and large reserves compared
with conventional oil and gas (Zou et al., 2011; Liu et al., 2019; Xu
et al, 2020a; Liu et al., 2020). In recent years, the theory and
technology of shale oil and gas exploration and development have
been developed rapidly, especially in North America. In
Paleogene source rock of the Biyang Depression, Zhanhua
Depression, Dongying Depression, Jinghu Depression, and
Gaoyou Depression in China, shale oil wells of low production
have also been drilled, which indicates good prospects for
exploration and development. With further investigation of
the Paleogene shale of the eastern basin in China, researchers
found that the heterogeneity of lacustrine shale is stronger than
that of marine shale, which is ultimately determined by various
sedimentary environments. The range of the lake basin is small,
and it is greatly influenced by the source and climate of the land,
resulting in various and frequent changes of shale lithologies (Xu
etal., 2014; Liu B et al., 2015; Zou et al., 2015; Xu et al., 2020b; Pan
et al,, 2020; Liu et al., 2021).

Lithologies are the most direct reflection of the sedimentary
environment (Robert and Stephen, 2007). Their characteristics
are determined by the combined action of the source, climatic and
hydrodynamic conditions, water salinity, redox conditions, and
water depth (Robert and Stephen, 2007; Chen et al, 2019).
Therefore, lithology, rock color, sedimentary structure, special
minerals, fossils, lithofacies assemblage, and distribution can
directly reflect the sedimentary environment (Milliken et al.,
2012; Qin et al, 2018). There are multiple sedimentary
mixtures of mechanical, chemical, and biological deposits in
the shale sedimentary environment, which is the source of
complex shale lithofacies. The study of the shale sedimentary
environment focuses more on the comprehensive analysis of
paleoclimate, paleosalinity, paleoredox, and paleowater depth.
Deng and Qian (1993) took the Dongying Depression as an
example, studied the shale sedimentary environment in detail
from a geochemistry perspective, and established a
comprehensive division scheme of the lacustrine shale
sedimentary environment. Similarly, and Ruppel
(2007) studied the sedimentary interface, hydrodynamics,
oxygen content, lithofacies, and paleontological distribution in
the sedimentary environment of the Barnett Shale and established
the marine shale sedimentary model. The geochemical method is
an important means to restore the paleosedimentary
environment according to the enrichment and distribution of
elements in rocks, which are controlled by provenance,
sedimentary mode, and sedimentary process (Deng and Qian,
1993; Zhang et al., 2019). The common method is to characterize
the sedimentary environment qualitatively, semiquantitatively,
and quantitatively by the content or ratio of trace elements in
rocks (Deng and Qian, 1993; Tribovillard et al., 2006; Qian et al.,
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2012). Based on the study of rocks and minerals, the elemental
geochemical method is the most widely used method in the
analysis of sedimentary environmental conditions combined
with other indicators to carry out a comprehensive study
(Qian et al, 2012), including climate, salinity, redox
conditions, water depth changes, water stratification, and
sedimentary environment evolution (Walker and Price, 1963;
Couch, 1971; Mei and Liu, 1980; Qian and Shi, 1982; Lan et al.,
1987; Jones and Manning, 1994; Yan and Zhang, 1996; Zheng and
Liu, 1999; Tonger et al., 2004; Li and He, 2008; Lin et al., 2008; Yin
et al,, 2009). At present, with the deepening of shale study, the
strong heterogeneity and rapid lateral change in the lacustrine
shale indicate that the sedimentary environment has
characteristics of the microenvironment area in plane, and the
impact of the bottom topographic and event sedimentation is
greater in the lake basin. According to lithofacies differences in
different parts of the basin, the semi-deep lake and deep lake
sedimentary facies of the lower Es; member in the Dongying
Depression are subdivided into flat-broad semi-deep lacustrine
microfacies, submerged uplift semi-deep lacustrine microfacies,
deep depression microfacies, turbidite outer edge microfacies,
and subaqueous fan-front microfacies (Zhang et al., 2014). Based
on the aforementioned analysis, the sedimentary environment of
the lacustrine shale is more difficult to restore, and there is no
suitable sedimentary model. However, geochemical methods and
lithofacies characterization are effective research methods of the
shale sedimentary environment.

To explore the sedimentary environment characteristics of the
lacustrine shale, this study took the E;f, member of the Gaoyou
Depression in the Subei Basin as an example. The analysis of
sedimentary elements including paleoclimate, paleosalinity,
paleoredox, paleodepth change, and water stratification,
revealed the characteristics of the shale sedimentary area,
restored sedimentary environment evolution, and established
the sedimentary comprehensive model of the E;f, member in
the Subei Basin.

2 OVERVIEW OF THE STUDY AREA

The Subei Basin is the land part of the Subei-South Yellow Sea
Basin, located in the north of the Yangtze River in Jiangsu
Province, with an area of about 3.5 x 10*km’ The basin
borders on the Sulu-Binhai uplift in the north connect with
the Zhangbaling-Sunan uplift in the south, reach the Tanlu fault
in the west, and adjoin the Yellow Sea in the east. As the Meso-
Cenozoic continental facies basin develops on the lower Yangtze
activation platform, it mainly contains the Golden Lake
Depression, Gaoyou Depression, Yanfu Depression, Haian
Depression, and Yancheng Depression (Figure 1A; Ma et al,
2016). Among them, the most abundant oil and gas resources are
in the Gaoyou Depression, and the E;f, member represents the
second member of the Funing Formation of the Paleogene, which
is also one of the main source rocks. The E;f, member belongs to
one complete third-order sequence, which consists of the
lacustrine low-stand system tract, lacustrine transgressive
system tract, lacustrine high-stand system tract, and lacustrine
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FIGURE 1 | Structural units and stratigraphy framework of the Subei Basin. (A) Subei Basin; (B) sequence stratigraphy.

regressive system tract (Figure 1B). The lithologic association is
black or dark gray shale intercalated with gray flaggy shale, marl,
and brown oil shale, which is subdivided into six lithologic
members of the E,f,° - Eif,' from the bottom to the top. The
shale lithology of the E;f, member of the Gaoyou Depression is
complex, mainly including calcareous (dolomitic) shale, silty
mudstone, argillaceous siltstone, calcareous (dolomitic)
siltstone, argillaceous limestone (dolomite), and silty limestone
(dolomite) (Figure 2A-F). In addition, it mainly develops three
sedimentary structures: sheet-like, lamellar, and massive
(Figure 2G-I).

3 METHODS

Based on core observation and description, 120 shale samples
were selected for X-ray diffraction, rock-mineral observation,
and fossil identification to analyze the sedimentary
environmental conditions of the E;f, member in the
Gaoyou Depression.

To get the whole rock’s mineral content, the samples were
ground into a 100-mesh powder and tested by X-ray diffraction
using an X 'Pert PRO MPD instrument according to industry
standard SY/T 5163-2010. The paleoclimate was indicated by
sporopollenin and gypsum contents; paleoredox by the pyrite
content; the change in the water depth by organic matter, feldspar
mineral, carbonate mineral, and clay mineral contents; water
stratification by bedding types; transgression by the fossil types;
and the sedimentary province by the types and distribution of
lithologies. The palynology was observed using a Panthera TEC-
EpiPOL digital reflection polarizing microscope according to

industry standard SYT 5915-2000. The organic matter content
of 200-mesh powder samples was measured by using a LECO CS
744 carbon and sulfur analyzer according to industry standard
GB/T 19,145-2003. Based on the study of rock mineral indicators,
this work mainly studied sedimentary environmental conditions
of the E,f, member shale in the Gaoyou Depression by elemental
and organic geochemical methods completed according to
industry standard SY/T 5779-2008 and international standard
ISO/TS 16965-2013, respectively. The Sr/Cu ratio was used to
indicate paleoclimate, and the B element, Sr/Ba ratio, and Couch
method were used to indicate paleosalinity. The Pr/Ph ratio was
used to indicate paleoredox (Mei and Liu, 1980), and
gammacerane index and V/(V + Ni) ratio were used to
indicate water stratification, and changes of geochemical
indicators were used to indicate the evolution of the
sedimentary environment.

3 RESULTS AND DISCUSSION

3.1 Analysis of Sedimentary Elements

3.1.1 Paleoclimate

3.1.1.1 Pollen

In palaeoclimate research, the palynology combination method is
the most effectual. Spore powder comes from spore plants and
seed plants, with characteristics such as small volume, large
quantity, stable property, and significant matrix attributes. The
pollen of the E;f, member is the main ulmaceae pollen, and
second is quercus and lacquer, and the pollen assemblage
indicates the central and South Asian tropical climate (Yan
et al., 1979; Wang and Shen, 1992).
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FIGURE 2 | Main lithology types of E4f, member in the Gaoyou Depression of the Subei Basin. (A) calcareous (dolomitic) shale, core photo, zhuang 1, 1787.43 m;
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FIGURE 3 | Ratio of Sr/Cu of E4f, member in the Gaoyou Depression of the Subei Basin.
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FIGURE 5 | Average boron element content of E4f, member in the Gaoyou Depression of the Subei Basin.

3.1.1.2 Sr/Cu

Due to the influence of climate, the migration and enrichment of
elements are different under different hydrothermal conditions.
According to the characteristic of the element, the paleoclimatic
characteristics of geologic time can be recovered by using the
content and ratio of specific elements in sedimentary rocks
(Wang et al,, 1997; Xu et al,, 2010; Xu et al, 2012). Sr/Cu is
usually used to judge palaeoclimatic characteristics. A Sr/Cu ratio
between 1 and 10 indicates a hyperthermic climate, while when it
is greater than 10, it indicates a dry-hot climate. The Sr/Cu ratio
of the E,f, member is generally greater than 10, while the ratio of
E,f,* and E,f,' is relatively small, indicating that it is mainly a
dry-hot climate, and later becomes warm and humid (Figure 3).

3.1.1.3 Gypsum Content

The type of rock and mineral is a suitable indicator for
palaeoclimate. For example, tillite is a sign of cold climate, and
evaporite is the sign of a dry-hot climate, the coal-bearing
stratum is the sign of a warm climate, and marine carbonate
rock is the sign of a torrid climate (Lee et al., 2009). Large areas of
eastern China are mainly red clastic deposits from the early
Paleogene. At the same time, there are certain contents of
gypsum in the E;f, member of the Gaoyou Depression, and
the gypsum content decreases in E,f,* and E, f,', which are in line

with the characteristics of the paleoclimate reflected by the Sr/Cu
ratio (Figure 3), indicating a dry-hot climate and becoming
warm and humid later (Figure 4).

3.1.2 Paleosalinity

3.1.2.1 Boron Element

The boron content can qualitatively reflect the salinization degree
of paleoaquifers (Li and Xiao, 1988). The content of boron in
modern freshwater lake sediments was 30-60 ppm (Deng and
Qian, 1993), but the average content of boron was greater than 60
ppm in the E;f, member of the Gaoyou Depression, reflecting the
high salinity of water (Figure 5).

3.1.2.2 Sr/Ba Ratio

The Sr/Ba ratio is a common semiquantitative index of the
paleosalinity analysis, and its principle is that Ba is first
precipitated in the form of BaSO, with the increase in water
salinity, while Sr to form SrSO, precipitates needs higher water
salinity. Therefore, the selective precipitation of the two elements
was produced under certain salinity. In general, the Sr/Ba value in
freshwater sediments is less than 0.6, while the Sr/Ba value in
saltwater sediments is more than 1 (Qian and Shi, 1982; Deng and
Qian, 1993; Zheng and Liu, 1999). Sr/Ba of Ef,°-E;f, in the
Gaoyou Depression was more than 2, reflecting that the salinity of
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the water is high, while the Sr/Ba value of E,f,> and E,f,'
decreased obviously, reflecting a decrease in salinity decreases
(Figure 6).

3.1.2.3 Couch Method

The main reason for boron enrichment is the adsorption of clay
minerals. In the case of excluding the effect of the source,
scholars used the content of boron, the type, and content of
clay minerals to calculate the salinity of water quantitatively.
The most widely used method is the Couch formula, which was
put forward by Couch (1971) in the study of Tertiary strata in
the Niger River region, taking the adsorption effect of clay
minerals on boron elements into account. Because terrigenous
clastic in the Gaoyou Depression is mainly feldspar and quartz,
the content of inherited boron could be ignored. The diagenesis
intensity is medium for the E;f, member. The impact of the clay
mineral transformation was small, and then the Couch formula
was still used to calculate water salinity. The ratio of the
adsorption capacity of illite, montmorillonite, chlorite, and
kaolinite to boron elements was 4:2:2:1, which is known from
the experimental data. Therefore, the calculation equation of
kaolinite boron is given in Eq. 1:

B
TAX 22X, + 22X + Xk

By 1

When the content of inherited boron is 0, the salinity is 1%o
and 35%o, corresponding to kaolinite boron of 1.3 and 65 ug/g,
respectively. The relationship between boron and the salinity of
kaolinite is obtained by substituting Freundlich adsorption
isotherm (Eq. 2; Landergren and Carvajal, 1969).

log B, = 1.281og S, + 0.11. 2)

Bk is kaolinite boron, pg/g; B is adsorption boron, pg/g; Xi,
Xm, Xc, and Xk, respectively, represent the content of illite,
montmorillonite, chlorite, and kaolinite, %; and Sp is
palaeosalinity, %o.

According to the calculation, the palaeosalinity of the E;f,
member in the Gaoyou Depression was 6.36-17.45%o, with an
average value of 11.21%o. According to the partition standard of

water salinity (Sun et al., 1997), it belongs to the environment of
brackish water or mesohaline water.

3.1.3 Redox Property

Because of the heterogeneity of the sample, element
geochemistry indexes often show contradictory problems
when they indicate the redox property. However, the
research area has abundant organic geochemical data and
whole-rock and mineral analysis data, and then the ratio of
the pristane/phytane (Pr/Ph) and pyrite content was used to
make a comprehensive judgment on the redox property of the
E;f, member in the Gaoyou Depression.

The distribution characteristics of isoprenoid alkanes in crude
oil generated from source rocks in different sedimentary
environments were statistically analyzed by Mei and Liu
(1980). The crude oil of salt lake facies had the advantage of
phytane, and Pr/Ph was less than 0.8, reflecting a strong reducing
environment. Lacustrine oil makes a balance of pristane and
phytane, and Pr/Ph was 0.8-2.8, reflecting a reducing
environment. Limnetic facies have the advantage of pristane,
and the Pr/Ph ratio was 2.8-4, reflecting a weak oxidic and weak
reductive environment. According to this, the Pr/Ph value of the
shale in the Gaoyou Depression was less than 0.6, which is a
strongly reducing environment. Pr/Ph of E,f," increased later,
indicating an increase in the degree of reduction (Figure 7).

Authigenic mineral containing iron in sedimentary rocks is
the most commonly used redox mark. The order of occurrence of
iron-bearing authigenic minerals reflects the redox conditions of
the sedimentary environment. Limonite and hematite represent
the oxidic environment, glauconite and scaly chlorite are the
reflections of a weak oxidic and reductive environment, siderite
appears in a reducing environment, and the enrichment of
marcasite, pyrite, or ankerite usually indicates a strong
reducing environment (Liu and Zeng, 1985; Deng and Qian,
1993). The strawberry-shaped pyrite is commonly developed in
the E;f, member of the Gaoyou Depression, indicating a strong
reducing environment, which was consistent with the conclusion
that the Pr/Ph ratio reflects. The pyrite content in E, f," decreases,
and the degree of reduction decreases (Figure 8).

Frontiers in Earth Science | www.frontiersin.org

6 April 2022 | Volume 10 | Article 801494


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Ma et al.

Sedimentary Environment of Shale

Pr/Ph

i i

i n "

E.f.

E.f’

FIGURE 7 | Ratio of Pr/Ph of E4f, member in the Gaoyou Depression of the Subei Basin.

B.f°

E.f' E,f. E,f.’

PO —

Average pyrite content/%
=)
o B X~ DB ®

FIGURE 8 | Average pyrite content of E4f, member in the Gaoyou Depression of the Subei Basin.

E,f E,f} E,f} E.f,*

Ef

3.1.4 Water Depth Change

It is difficult to judge the change in the water depth in shale strata.
Therefore, elemental geochemistry is commonly used (Zhou
et al, 1998; Wu and Zhou, 2000), but the rationality of the
results is largely limited to the number of samples. This study
used the abundant test data of organic carbon and whole-rock
minerals in the Gaoyou Depression. The changes of organic
carbon content and inorganic mineral content were combined
to judge the change in water depth.

In a lake environment, the accumulation of organic matter is
usually determined by the preservation conditions of organic
matter (Ren and Lin, 2006). The deeper the water is, the better the
preservation condition will be and then the higher the probability
of organic matter enrichment will be. Therefore, the change in the
organic carbon content can qualitatively reflect the large-scale
change in the water depth. In fact, due to the source of the organic
matter, the primary yield of organic matter, rate of microbial
degradation, and terrigenous clastic dilution, when the change in
the organic carbon content is used to indicate the small-scale
change of water depth, the change of inorganic mineral content
should also be combined (Blatt and Totten, 1981).

The E;f;, member of the Gaoyou Depression has
characteristics of the organic carbon content increasing
constantly from the bottom to the top (Figure 9A), felsic

mineral and clay mineral contents reducing first and then
increasing later (Figure 9B,C), and carbonate minerals content
increasing first and then reducing later (Figure 9D). Specifically
speaking, the contents of felsic minerals, clay minerals, and
carbonate minerals of E,f,® and E.f,”> were high, while the
organic carbon content was low, which indicates that the
water was shallow and closer to the land. In E,f* felsic
minerals and clay minerals were reduced to the minimum,
carbonate minerals increased to the maximum, while the
organic carbon content increased rapidly, indicating that the
water rapidly deepened. In Ef,’, felsic minerals and clay
minerals began to increase, carbonate minerals began to
decrease, while the organic carbon content continued to
increase, indicating that the water continued to deepen and
tended to be stable. There was a significant increase in felsic
minerals and clay minerals of E,f,% and E,f,", carbonate minerals
decreased significantly, while the organic carbon content reached
the maximum, indicating that water was still in the deep
background but slightly decreased. Therefore, shale in the E,f,
member of the Gaoyou Depression was formed in the
background of lake transgression. It experienced the process of
shallow water in the early stage, rapidly deepening in the middle
stage, slow deepening and stabilization in the later stage, and
slightly declining at the end.

Frontiers in Earth Science | www.frontiersin.org

April 2022 | Volume 10 | Article 801494


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Ma et al.

Sedimentary Environment of Shale

A B
3 s
s . 540
H 2.5 P §35 _____________
£ 2} N £30
5 R £25
& L& e ¥ 220
= g ‘n
2 1f S, 515
s 510
S 0.5_ I . l— g’
° 5 5
=0 Z 0
Ef, Ef’ Ef’ Ef’ Ef’ E.f.} E.f;
c D
S 45
cc 50¢ s T 'é - w
2 as| e g 40 e S
Z 40t . I 5351 T B,
5 35} TUee a7 £ 307 e o=
£ 30t g 25r
g 25+ 2 20¢
= 201 £ st
° 15 = 10t
5 5 g 57
z 0 : : e Zo .- = :
Ef)' Ef.} Ef’ E f. E.f. Ef' - Ef E.f) Ef) E,f.' Ef)’ Ef

FIGURE 9 | Variation of average composition of E4f, member in the Gaoyou Depression of the Subei Basin. (A) On the whole, total organic carbon increases from
E4f,°to E4f, . (B) Average felsic mineral content decreases first and then increases from Ef,° to E;f,", reaching minimum at E;f,”. (C) On the whole, average clay mineral
content decreases first and then increases from E;f,° to E4f, ", reaching minimum at E.f%. (D) Average carbonate mineral content increases first and then decreases from

E;f,® to Eqf,", reaching maximum at E-f,*.

0.9r
éo.s-
2 0.7}
v 0.6
s 0.5} y
50.4
£0.3
go.z
S 0.1
0

/'\\
’ So
’
s "
' 4 ~
/ s Y
4 ~
Vi ~
~
L ’ -
’ ~
~
/s ~
~
’ N
s ~
B / ~
ra ~
L ’ A
s 2
E E.f,

o

FIGURE 10 | Gammacerane index of Ef, member in the Gaoyou Depression of the Subei Basin.

=2 172 152

3.1.5 Water Stratification

The stratification and mixture of the lake water have an
important influence on the bloom of algae, consumption
and preservation of organic matter, and redox of the water.
During the deposition of the E;f, member, the lake basin was
located in the central-south subtropical zone, and the salinity
of the water was significant. Seasonal water stratification
usually occurs under the action of density differences
caused by temperature and salinity. The application of
geochemical indicators to study water stratification has

achieved good results (Zhang et al, 1999; Liu MY et al,
2015). The formation of lamellation was closely related to
the water stratification in the lake (Yuan et al., 2015).
Therefore, the gammacerane index and V/(V + Ni) used in
this study and bedding types were combined to judge the water
stratification. The bigger the gammacerane index or V/(V +
Ni) is, the more the lamellation develops, indicating that water
stratification is stronger. Both gammacerane index and V/(V +
Ni) in the Gaoyou Depression have the trend of early increase,
medium stable, and late decrease (Figures 10, 11).

Frontiers in Earth Science | www.frontiersin.org 8

April 2022 | Volume 10 | Article 801494


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Ma et al.

Sedimentary Environment of Shale

.68}
67}
.66}
.65}
64t

.63

V/ (V+Ni)
cocoocoocoo@

’
s
-
-
1

”
-
i

-

o ‘,,
.62}
.61}

.6

Ef, E.f,

(=]

”
P
s
2

FIGURE 11 | Ratio of V/(V + Ni) of E4f, member in the Gaoyou Depression of the Subei Basin.

-
<
=
~
e ™
-
-
-
>
st
-
-
“
-
i I 1 1
4 E f.'

Ef,

3

& Elflr Elf;’

fish

o

An 1 Well
2549.25m)|

e W
CENTIMETRES

FIGURE 12 | Fish fossils in E,f,® shale in the Gaoyou Depression of the Subei Basin.

fish
Hx4 Well 7
2302.55m S

3.2 Sedimentary Environment Evolution
3.2.1 Transient Transgression

The Subei Basin belongs to the offshore continental lake basin.
Scholars have further arguments about whether the E;f, member
was subjected to transgression from aspects of paleontology,
lithology, and geochemistry (Yan et al., 1979; He, 1987; Yuan
et al., 2005; Fu et al.,, 2007). Pieces of palaeontological evidence
show that the E;f, member had been affected by transgression.

This study focused on the analysis of the sedimentary
environment represented by two fish fossils preserved in E,f,’
(Figure 12). Both fish fossils were preserved in shale with a high
gypsum content. The fish fossil in E;f,” shale of An1 well in the
Haian Depression belongs to Clupeidae, which lives in the marine
environment, indicating that the shale deposition is related to
transgression. The fish fossil of Hx4 well in E.f,? shale in the
Jinhu Depression belongs to Bagridae, which usually lives in a
freshwater environment, indicating that the shale deposition is
related to injection of river freshwater. According to this, the E,f,’
shale in the Subei Basin suffered transgression, which belongs to
an offshore lake deposit of high salinity. The Jinhu Depression is
closer to the west coast than the Gaoyou Depression and the
Haian Depression. The transgression not only salted the water,

facilitating the deposition of gypsum and the flourishing of
organisms, but also led to the rapid expansion of the water
body and the enhancement of stratification, making the E,f,’
oil shale almost cover the entire basin.

3.2.2 Overall Evolution Law

The sedimentary elements in the lake were not independent of
each other. Among them, palaeoclimate was the basic
sedimentary element, which determines the salinity, redox,
water depth, and stratification of the lake. On the basis of a
single index analysis, a comprehensive analysis of multiple
indexes was carried out. On the whole, the E;f, member of
the Gaoyou Depression in the Subei Basin is generally a
dry-hot climate deposit, and later has a tendency to become
wet, which makes the evolution of the sedimentary environment
show corresponding regularity (Figure 13). From the bottom to
the top, during the sedimentary period of E,f,® and E,f,’, the
water depth was relatively shallow, the lake basin was relatively
closed, and water stratification was medium, which belonged to
the environment of brackish water and a strong reduction.
Because it was near the front of the beach bar, lithologies were
mainly gray (green)-layered or massive argillaceous siltstone, silty
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FIGURE 13 | Sedimentary environment evolution of E4f, member in the Gaoyou Depression of the Subei Basin.

mudstone, and lime mudstone. During the sedimentary period of
E,f,* and E,f,°, water expanded rapidly, water stratification
strengthened, and salinity and reducibility increased. The
lithologies were mainly dark gray lamellar or flaggy calcareous
(dolomitic) mudstone, silty mudstone, marl, and brown oil shale.
Brown oil shale widely developed in Ef,’. During the
sedimentary period of Ef,> and Ef,', due to the humid
climate, the lake basin area was larger, water was relatively
deep but slightly declined later, sealing property was reduced,
water stratification was abated, and salinity and reducibility
decreased, which was particularly evident in the sedimentary
period of Ef,". The lithologies were mainly (dark) gray massive
argillaceous siltstone, silty mudstone, and calcareous mudstone.
Even at the top of E,f,", flaggy sandstone with wave ripple cross-
bedding of high-level delta developed. E,f,°-E,f,' was formed in a
certain depth of water, dry heat, brackish water, reducing

environment, and medium stratification, and the
corresponding water depth, paleoclimate, paleosalinity,
paleooxygenation facies, and water delamination were

strengthened first and then weakened and then strengthened.

3.2.3 Sedimentary Zone

The lake basin is small in area and greatly influenced by the source
and climate (Xu et al,, 2014), resulting in an obvious sedimentary
environment zone. The most important component of the
sedimentary environment is the sediments. When the
sedimentary environment changes, the sedimentary elements
change, causing the sediments to change. From the edge to the

center of the lake basin, sedimentary elements gradually change, and
regular lithologic zones and changes appear in the plane. Oxygen-
rich sandstone, siltstone, and mudstone of the river-delta system are
at the edge of the lake basin, oxygen-poor gray silty mudstone,
calcareous mudstone, oolitic limestone, and biogenic limestone are
at the slope of the lake basin, and anaerobic black organic-rich shale
is in the center of the basin. Therefore, the lithologic zone can
indicate the distribution of sedimentary environment, and then
lithologic changes reflect the change of sedimentary environment.

By analogy with modern sedimentation, when rivers flow into a
large lake or ocean, there are three different sedimentary zones:
flooded zone, transition zone, and freshwater zone. The flooded zone
has been affected by flood water for a long time in the edge of the lake
basin, the clear water zone was hardly affected by flood water in the
center of the lake basin, while the transition zone was between the
flooded zone and the clear water zone in the slope of the lake basin.
In the flooded area, water was turbid due to the impact of sources,
strong hydrodynamic force, and rich in silt and clay minerals. Water
salinity desalinates as brackish water due to river water injection.
Since the water is shallow and above the wave base, water
stratification is weak, which shows a weak oxidation-reduction
environment. The sediments are mainly mechanical deposits,
mainly including fine-grained sediments such as gray (gray-
green) layered or massive argillaceous siltstone, silty mudstone,
and mudstone, in addition to coarse clastic rocks. In the clear
water zone, water is clear but contains colloid-grade suspended
microparticles such as clay minerals, organic matter, and carbonate
minerals. Water is salty and belongs to the brackish water
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TABLE 1 | Sedimentary zones and characteristics of E;f, member in the Gaoyou Depression of the Subei Basin.
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environment. Due to the fact that water is deep and quiet, it often has
strong water stratification and strong reduction, which are favorable
to the preservation of organic matter. The sediments are mainly
(colloidal) chemical deposits (Cai, 2004), which primarily include
gray-black or brown oil shale and rock salt. In the transition zone
located on the platform where upwelling develops, the influence of
the source is small, and water is turbulent and relatively clean due to
the flourishing of organisms. Water conditions are mainly in
brackish water, medium water stratification, and reduction
environment. Mechanical, chemical, and biological depositions
coexist or appear alternately, resulting in lithology diversity, such
as flaggy or lamellar (dark) gray oolitic limestone, oolitic mudstone,
biolithite, marl, lime mudstone, silty mudstone, and mudstone.
According to the characteristics of sedimentary zones and
sedimentary factors, sedimentary types of the E;f, member in the
Gaoyou Depression are divided into two categories: muddy water
desalination deposit and clear water salinization deposit. The muddy
water desalination deposit belongs to the flood zone, which is
characterized by the turbidity and low salinity of water. The clear
water salinization deposit consists of clean water salinization deposit
in the transition zone and still water salinization deposit in clear
water zone, which are characterized by the limpidity and high
salinity of water (Table 1).

3.2.4 Sedimentary Model
The complete sedimentary model should include tectonic
background, source supply, lithofacies type and distribution,
water condition, and biological development (Loucks and
Ruppel, 2007). The Subei Basin is located in the transitional
position between the sea and the land, which belongs to the
offshore continental lake basin. The shale in the E;f, member is
mainly controlled by climatic conditions and affected by
transitory transgression. Under dry and hot climatic
conditions of the central-south subtropical area, the periodic
vertical water stratification of the lake leads to the plane
distribution of sediments. There are multiple reasons for the
vertical water stratification of the lake, such as hydrodynamic
stratification, water transparency stratification, temperature
stratification, and biological differentiation. However, these
water stratification reasons are not independent but
interrelated. There are mainly four types of physicochemical
interfaces or zones in the lake. To be specific, the first belongs
to hydrodynamic interfaces including lake level, sunny wave base,
and storm wave base. The second is related to optical
stratification, including photic zone, disphotic zone, and
aphotic zone. The third is related to temperature stratification,
including epilimnion, thermocline, and hypolimnion. The fourth
is related to salinity like halocline. These physicochemical
interfaces tend to overlap and are also where the surface and
laminar flows occur (Deng and Qian, 1993; Lee et al., 2009;
Tulipani et al., 2015). Sedimentary zones defined by stratification
interfaces have different sedimentary conditions, which
determine the types of sediments and organisms and form
sedimentary zones of the lake basin.

During the sedimentary period of the E,f, member in the Subei
Basin, the palaeotopography is a large slope and develops a basalt
platform on the western boundary of the Gaoyou Depression. Under
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FIGURE 14 | Comprehensive sedimentary model of E4f, member in the
Gaoyou Depression of the Subei Basin.

the tectonic background, a comprehensive sedimentary model of the
gentle platform of the E;f, member in the Subei Basin was
established by combining the characteristics of sedimentary zones

Sedimentary Environment of Shale

(Figure 14). According to the sedimentary conditions such as
palaeotopography, water transparency, hydrodynamic conditions,
and biological distribution, the plane area of the lake can be divided
into the slow slope zone, sub-depression zone, processes zone, deep
slope zone, and deep depression zone, which correspond roughly to
the flooded zone, transition zone, and clear water zone in
sedimentary zones (Figure 14).

Within  the paleoclimatic background influenced by
transgression, under the control of water conditions such as
source supply (e.g., fluvial delta), hydrodynamics (e.g., river,
wind, wave, and turbidity current), temperature, salinity, water
stratification, and biological community, felsic minerals, carbonate
minerals, clay minerals, and organic matter regularly deposit in
different tectonic positions of the lake basin, which generates a
sandstone-mudstone sedimentary zone, carbonate sedimentary
zone, and oil (gypsum-salt) shale sedimentary zone in the plane.
Among them, muddy desalination water deposits of the flooded
zone that are greatly influenced by the source are mainly deposited in
the western and central Jinhu Depression. Clean water salinization
deposits of transition areas are mainly deposited in the eastern Jinhu
Depression and western Gaoyou Depression. Still, water salinization
deposits of the clear water zone are mainly deposited in the eastern
Gaoyou Depression and Haian Depression.

According to the sedimentary model, the oil shale develops in the
transition period from a hot-dry climate to the humid climate, and
the water medium conditions are still water, brackish water, strong
reduction, and water stratification. The oil shale is mainly deposited
at the end of the muddy water area and clear water area far away
from coarse clastic minerals and is enriched in low-lying parts of
palaeotopography, such as deep depressions, local sub-depressions
on the basin slope, and low-energy parts before and after local
prominence or slope break belt. Different from the development
environment of oil shale, bioclastic limestone is developed on the
local prominence of the slope.

5 CONCLUSION

1) Lacustrine shale of the E;f, member in the Gaoyou Depression of
the Subei Basin is formed in the offshore continental lake basin
with brackish water, reduction or strong reduction, continuous
transgression, and medium water stratification controlled by the
south central hot dry subtropical climate.

2) Lacustrine shale of the E;f, member in the Gaoyou Depression of
the Subei Basin is a dry-hot climate deposit of central south
subtropical, which becomes wet in the later stage. The salinity of
the water is brackish, which is the largest in E,f,” and decreases in
the later stage. The water condition is reduction-strong
reduction, which decreases in the later stage. The water as a
whole is in the background of transgression, which decreases
slightly in the later stage. The water has medium water
stratification, which is the strongest in E,f,°> and weakens
later. The preserved fossils of Clupeidae and Bagridae in E,f,’
shale indicate that the E;f, member was affected by freshwater
injection and transient transgression.

3) Lacustrine shale of the E,f, member in the Subei Basin is
characterized by the sedimentary zone, including muddy water
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desalination deposit in the flooded zone, clean water salinization
deposit in the transition zone, and still water salinization deposit
in the clear water zone. The flooded zone is affected by the source
for a long time and characterized by continuous dynamic,
turbidity, brackish water, weak water stratification, and weak
reduction, where gray (green) sandstone and mudstone mainly
deposit. The clear water zone is not affected by the source and
characterized by quiet clean brackish water, strong stratification
and reduction, where gray-black oil (gypsum-salt) shale deposits.
The transition zone between the flooded zone and the clear water
zone is characterized by a periodic oscillation dynamic, relatively
clean brackish water, medium water stratification, and reduction,
where gray carbonate rocks mainly deposit.

Under the palaeogeomorphic background of the E;f, member in
the Subei Basin, combined with the characteristics of the vertical
water stratification and plane sedimentary zone of the lake, a
comprehensive sedimentary model of lacustrine shale controlled
by climate and affected by transgression is established.
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