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a b s t r a c t

The controlling factors of organic-rich shale accumulation is essential for the exploration and develop-
ment of shale oil and gas resources. The sedimentary environment plays a vital role in the formation of
organic-rich sediments in lacustrine facies. This article unravels the mineralogy, geochemistry, and
paleoenvironmental evolution during the deposition of the Paleogene Shahejie Formation (Es3L). It dis-
cusses the effects of paleoclimate, paleosalinity, paleoredox conditions, paleowater depth, and paleo-
productivity on organic matter (OM) enrichment. Finally, the OM enrichment model was established. The
results show that the mineralogical compositions are mainly composed of calcite (avg. 40.13%), quartz
(avg. 21.64%) and clay minerals (avg. 24.07%), accompanied by dolomite (avg. 7.07%), feldspar (avg. 6.36%)
and pyrite (avg. 2.95%). The Es3L shale has a high abundance of OM, with total organic carbon (TOC)
ranging from 1.07% to 5.12%. The organic matter type is mainly composed of type I-II1 kerogen, which is
generally considered a good-quality source rock. The source of OM is a mixture of lower bacteria, algae,
and plants. During the early sedimentary period, the paleoclimate was dry and cold, with high salinity,
intense reducibility, and relatively low productivity. During the late sedimentary period, the climate
became warmer and more humid. As a result, the salinity decreased to a level that was suitable for
biological reproduction, and productivity increased gradually due to the input of terrigenous plants.
Paleosalinity and paleoclimate determined the environment of the sedimentary period, in addition,
paleoproductivity and paleoredox condition indicated the formation and preservation conditions of OM.
The warm and humid climate, brackish water, suitable reduction conditions and high productivity are the
favorable conditions for the generation and preservation of organic matter. The research results may
have implications for the genetic mechanisms of organic matter accumulation. They will provide theo-
retical and technical insights into the exploration and development of shale oil.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The oil shale exploration has become the focused subject in
recent years (Hakimi et al., 2019; Zou et al., 2019). Large amounts of
shale oil have been produced from the Bakken Formation in the
n (X.-L. Wang), xmzhu@cup.
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Williston Basin, the Eagle Ford Formation in the western Gulf of
Mexico Basin, and the Bone Spring Formation in the Permian Basin
(Floyd and Leveridge,1987; Jones andManning,1994; Bhattacharya
and Carr, 2019; Nandlal and Weijermars, 2022). These zones are
characterized by a high abundance of OM, fluid oil, and ease of
production (Reynolds and Umekwe, 2019). Oil shale in China is
primarily found in continental lacustrine basins, such as the Yan-
chang Formation in the Ordos Basin (Fu et al., 2018), the Lucaogou
Formation in Jimusar Sag, Junggar Basin (Lai et al., 2022; Hu et al.,
2022), the Shahejie Formation in Jiyang Depression, Bohai Bay
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Basin, and Qingshankou Formation in Songliao Basin, as well as
other large lacustrine basins (Lai et al., 2020; Kong et al., 2020; He
et al., 2017; Li et al., 2023; Yang et al., 2023).

In recent years, many researchers have conducted extensive
investigations on the paleoenvironment, geochemical characteris-
tics and OM enrichment mechanisms of organic-rich oil shale
(Brumsack, 2006; Hakimi et al., 2017; Ertug et al., 2019; Yang et al.,
2022). The paleoenvironment can reflect the sedimentary charac-
teristics of oil shale, which is of great significance for the enrich-
ment and exploration of oil shale (Pehlivanli et al., 2014; Rocha
et al., 2023). Paleoclimate conditions control the productivity of
lake basin, the supply of terrigenous materials and the redox con-
ditions of water (Lerman, 1978). The enrichment of OM is influ-
enced by paleoproductivity and redox conditions as well as the
large terrestrial debris input, in addition the high salinity envi-
ronment of lake basins also has impact on the OM enrichment in
lacustrine oil shale (Carroll and Bohacs,1999; Liang et al., 2018a,b; F.
Li et al., 2022).

The Es3L Formation in the Zhanhua Sag of the Bohai Bay Basin
contains thick layers of organic rich fine-grained sedimentary rocks
with an average thickness of 300e500 m (Song et al., 2020).
Numerous commercial shale oilfields have been discovered in the
Dongying Sag and Zhanhua Sag (Li et al., 2019; Lai et al., 2022).
However, most of the previous studies focused on the mineral and
lithofacies characteristics of Well L69 in Zhanhua Sag. Few studies
have explored the relationship between paleoenvironment and
organic matter enrichment. Additionally, large number of pub-
lished articles solely utilize elemental geochemical methods to
investigate paleoenvironmental reconstruction and OM enrich-
ment. Organic geochemical results provide the most favorable ev-
idence for both the source and preservation of organic matter
(Peters and Moldowan, 1991; Peters and Cassa, 1994; Peters et al.,
2007).

In this study, organic and element geochemistry data are sys-
tematically combined to analyze the differences in major, trace
elements and biomarkers in sediments to indicate the paleoenvir-
onmental evolution. The factors of OM enrichment are revealed
based on the relationship between TOC and various paleoenvir-
onments. Finally, an OM enrichment model for Shahejie Formation
oil shale is established. The research above can support geological
theory for exploring shale oil in continental lacustrine
environments.

2. Geological settings

The Bohai Bay Basin located in the eastern China, and it is a
Mesozoic-Cenozoic continental basin developed on a stable
Paleozoic basement with pre-Sinian metamorphic rocks (Wang
et al., 2015; Ma et al., 2016; Zhu et al., 2022). The Bohai Bay Basin
is adjacent to the Ludong Uplift in the east, with the ancient Yan-
shan fold belt in the north, Luxi Uplift in the south, and Taihang
Mountain fold belt in the west (Cao et al., 2014). The total area of
the basin is nearly 2 � 105 km2, with a planar shape similar to a
parallelogram (Fig. 1(a)). The Jiyang Depression is a secondary
structural unit located in the southeast margin of the Bohai Bay
Basin and the west side of the Tanlu fault zone, with a total area of
about 2.65 � 104 km2 (He et al., 2017; Song et al., 2020). Four sags,
Dongying, Huimin, Zhanhua, and Chezhen, as well as numerous sub
sags, developed from south to north in the depression. Zhanhua
Sag, located in the northeast of Jiyang Depression, is a tertiary
structural unit of Jiyang Depression in the Bohai Bay Basin, with an
area of about 2.8 � 103 km2 (Ma et al., 2016; Zhu et al., 2022). The
Zhanhua Sag is bounded to the north by Chengbei Uplift, to the
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west by the Yihezhuang Uplift, to the south by Chenjiazhuang
Uplift, and to the east by the Kendong Uplift, respectively (Fawad
et al., 2022) (Fig. 1(b)). The region has experienced multiple
stages of tectonic evolution and complex fault development
(Fig. 1(c)).

The strata in Jiyang Depression include Archaeozoic (Ar) to
Cenozoic (Kz). Among them, the Archaeozoic (Ar) is the main
component of the basement, and the Cenozoic strata is the cap rock
of the basin, including the Paleogene, Neogene, and Quaternary.
The Paleogene includes the Kongdian Formation (Ek), Shahejie
Formation (Es) and Dongying Formation (Ed), the Neogene includes
the Guantao Formation (Ng) and Minghuazhen Formation (Nm),
and the Quaternary includes the Pingyuan Formation (Q) (Wang
et al., 2015). The Eocene Shahejie Formation was divided into four
intervals: Es1, Es2, Es3 and Es4 (Fig. 2). The Es3 member was further
divided into the upper, middle, and lower sub-members. In this
study, the main research object formation is Es3 lower sub-
members (Es3L), which is the most important source rock, widely
distributed in the Jiyang Depression, with a total thickness of
300e500 m. During this period, semi-deep and deep lacustrine
facies deposits were widely developed (Zhang et al., 2021; Zhu
et al., 2022). To study the evolution of the paleoenvironment and
organic matter enrichment during the Es3L sedimentary period, the
Es3L Formation is further divided into two stages according to the
difference of lithology and organic matter content: early sedi-
mentary (stage 1) and late sedimentary (stage 2) (Wang et al., 2015;
He et al., 2017; Liang et al., 2018a,b).

3. Samples and methods

3.1. Mineralogical analysis

Firstly, the core of Yy1-1vf, Yy1-2vf and Jyc1 wells provided by
the XRD analysis was performed on 298 shale samples to research
the mineralogical characteristics of the rocks (checkout equipment:
D/max-2500PC diffraction instrument). The shale sample particles
were ground to less than 40 mm, then analyzed with a X’ Pert PRO,
MPDX-ray with Cu Ka radiation (40 kV, 40 mA) at a scanning speed
of 2�/min and a testing angle range of 5�e85�. Finally, a computer
analysis diffraction chart is used to analyze the content of various
minerals. To observe the microstructure characteristics of the
samples, field emission scanning electron microscopy (FE-SEM)
analysis was conducted by Quanta 250 FEG þ Inca X-max20
equipment. Before argon ion polishing, the sample is cut to a
suitable size (typically 1 mm� 1mm� 3mm) and then placed on a
baffle to be polished with argon ion beams.

3.2. Rock-eval pyrolysis and organic geochemistry

Organic geochemical characteristics can also provide a favorable
basis for hydrocarbon source, sedimentary environmental and oil
shale resource evaluation (Peters and Moldowan, 1991). 107 sam-
ples of shales were used to analyze TOC and rock pyrolysis. TOCwas
analyzed using a Leco CS-230 Carbon and Sulfur Analyzer in the
Geological Research Institute in Sinopec Shengli Oil Field Company.
Shale samples were first crushed to 170�200 mesh (75�90 mm)
using an agate mortar, and then powdered samples were placed
into 12.5% hydrochloric acid solution to remove inorganic carbon.
Finally, the samples were completely dried at 60�80 �C in a drying
oven after being washed to neutrality by distilled water. Rock-Eval
pyrolysis data was measured using a Rock-Eval 6 equipment on
crushed samples. The latter were heated to about 600 �C and free
hydrocarbon (S1), residual hydrocarbon generative potential (S2)



Fig. 1. Geological map of the study area. (a) Structural outlines and location of the Bohai Bay Basin. (b) Map of the capital tectonic region of Zhanhua Sag. (c) Structural profile of the
Jiyang Depression (modified after Zhu et al., 2022).
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and temperature of maximum pyrolysis yield (Tmax) were
measured. Vitrinite reflectance (Ro) is measured by a microscopic
photometer (UMSP-50). Kerogen type is used to identify macerals
of kerogen by biological microscopy with the function of trans-
mitted light and reflected fluorescence (Axio Imager. M 2 m Fluo-
rescence microscope), the type index was calculated based on the
different weighting coefficients of each maceral to classify the
organic matter types. Gas chromatographic (GC) analysis was per-
formed on an Agilent 7890 gas phase analyzer equipped with an
elastic quartz capillary column with helium as carrier gas. The
experimental equipment of GC-MS is gas chromatoc-mass spec-
trometer, the chromatographic column is 5% ben methyl siloxane
quartz capillary column, with helium as the carrier, the tempera-
ture rises from 80 �C to 320 �C at the rate of 3 �C/min and is
maintained for 20 min.

3.3. Major and trace elements analysis

Analysis of major and trace elements provides favorable support
for restoration of sedimentary environment and enrichment of
organic matter. 76 samples form Jyc1well major and trace elements
was completed by Beijing Research Institute of Uranium Geology.
The experimental equipment is ICP-MS. Before the determination
of major elements, a certain of crushed samples were weighed put
it into a clean ceramic crucible and burn it in muffle furnace.
Calculate the Loss on ignition. Weigh the lost powder and add
anhydrous lithium tetraborate. The lithium fluoride and ammo-
nium nitrateweremixed evenly and put into the fusionmachine for
melting and casting to make the glass sample, which was then
passed through Axios-max. Before the determination of trace ele-
ments, a certain amount of powder samples was weighed and
heated to 190 �C with hydrofluoric acid and nitric acid, and then
digested at a constant temperature for 24 h. After cooling, the
samples were taken out and heated to evaporate the excess re-
agents. After adding 2 mL nitric acid, the excess reagents were
evaporated to dry, and then 1 mL nitric acid was added to seal and
heated in the oven at 130 �C for 3 h. The analysis accuracy is better
than 5% by element XR plasma mass spectrometer.
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4. Results

4.1. Mineralogy

According to the core observation, rock slice, XRD and SEM
analysis, the Es3L shale is mainly composed of carbonate minerals
(the average of carbonate minerals in the stage 1 and 2 are 49.34%
and 46.30%, respectively). The carbonate content of most samples is
greater than 45%. Among them, calcite is the prominent mineral
(avg. 40.13%) (Fig. 3), most of them aremicrite lamellar or lenticular
bodies, and some has mixed with clay minerals and organic matter.
Granular morphology includes granular and columnar (Fig. 4(a)
and (b)), and calcite recrystallization or columnar calcite vein can
also be observed in slices (Fig. 4(c)). Dolomite is less abundant (avg.
7.07%) and occurs within clay mineral matrix as euhedral crystals,
including coarse (Fig. 4(d)) and fine dolomite structures (Fig. 4(e)).
The felsic minerals include quartz, plagioclase, and K-feldspar (the
average of felsic minerals in the stages 1 and 2 are 28.62% and
29.67%, respectively). The average quartz content is 21.64%. Rock
slice and SEM show that detrital minerals grains are often dispersed
in the argillaceous matrix (Fig. 4(f)), which is often found that
quartz particles are filled in illite and smectite mixed layer
(Fig. 4(g)). The average content of plagioclase and K-feldspar is
3.94% and 2.42%, respectively. Numbers of K-feldspar dissolution
pores are developed (Fig. 4(h)). Clay mineral content ranges from
10.27% to 39.20% (the average of clay minerals in the stages 1 and 2
are 21.79% and 24.04% respectively). The clay mineral is mainly
composed of lamellar illite (Fig. 4(j)) and honeycomb structure
montmorillonite (Fig. 4(i)), which the sum of which accounts for
90% of the clay content. Kaolinite (avg. 7.5%) and chlorite (avg. 3.5%)
are relatively less. Pyrite can be detected from studied samples (avg.
2.95%), and framboidal pyrite grain aggregates are observed in rock
slice (Fig. 4(k)). In addition, bioclasts and ostracoda fossils can also
be observed in some samples (Fig. 4(l)).



Fig. 2. Stratigraphic column and sequence stratigraphic framework of the Zhanhua Sag, Bohai Bay Basin (modified after Zhu et al. (2005); Jiang et al. (2007)), He et al. (2017)).
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4.2. Organic geochemistry

4.2.1. Geochemical characteristics
TOC and rock pyrolysis are common methods to evaluate the

abundance and type of organic matter. TOC values of Es3L shale
samples in the study area ranges from 1.07% to 5.12% (avg. 2.50%).
1555
The distribution range of chloroform asphalt "A" was 0.15%e1.26%
(avg. 0.48%), which was mainly between 0.2% and 0.6% (Fig. 5(d)).
Hydrocarbon generation potential index (S1þS2) ranged from 2.16
to 33.74 mg/g (avg. 11.30 mg/g). TOC of stage 1 samples was 1.07%e
4.00% (avg. 1.79%). Asphalt chloroform "A" ranges from 0.15% to
0.54% (avg. 0.32%). The hydrocarbon generation potential index
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(S1þS2) was 2.16e25.15 mg/g (avg. 6.62 mg/g). The values of TOC,
S1þS2, and chloroform asphalt "A" in stage 2 were lower than stage
1 (Table 1). The diagram of S1þS2 and TOC is often used to evaluate
the potential of OM generation. High quality source rocks have
higher S1þS2 and TOC values (Espitali’e et al., 1977; Peters, 1986;
Langford and Blanc-Valleron, 1990). As can be seen from Fig. 5(b),
Es3L shale have good hydrocarbon generation potential and the stage
2 is better than stage 1. The diagram of HI-Tmax shows that the OM
types of Es3L shale samples are variable, mainly in type I and type II1
kerogen, and a few samples in stage 1 are distributed in type II2
kerogen (Fig. 5(a)). Vitrinite reflectance (Ro) ranges from 0.72% to
1.13% (avg. 0.94%), which has generally medium mature (Jin et al.,
2021). Kerogen maceral can also be used to identify the type of
OM (Ganz and Kalkreuth, 1987; Peters and Cassa, 1994). According
to the triangular map of kerogen maceral, OM is generally sapro-
pelic type, ranging from 55 to 98% (avg. 84.6%). Vitrinite and exinite
are 0.5%e33% respectively (avg. 9.3%) and between 0.7% and 15.0%
(avg. 5.9%) (Fig. 5(c)).
4.2.2. Molecular organic geochemistry
Biomarkers can also be used to analyze the source of organic

matter and sedimentary environment (Peters et al., 2007). The
Table 1
Comparison of TOC and pyrolysis parameters in stage 1 and stage 2, Zhanhua Sag, Bohai

TOC, wt% S1, mg/g S1þ
Stage 2 1:39 � 5:12

3:18
0:62 � 4:56

2:27
4:5

Stage 1 1:07 � 4:00
1:79

0:04 � 3:40
1:01

2:1

Note:
minimum � maximum

average
.
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characteristics of n-alkanes, isoprenoids, terpane, sterane were
characterized bym/z 85,m/z 191, andm/z 217mass chromatograms.

The distribution and composition of m/z 85 n-alkanes are
related to the source of organic matter. N-alkanes with high carbon
number (usually >C23) are mostly evolved products of higher
terrestrial plants, while n-alkanes with low carbon number (<C20)
are usually products of lower aquatic or macrophytes organisms
(Czochanska et al., 1988; Peters et al., 2007). The GC of Es3L shale
samples shows that the carbon number distribution range is from
nC18 to nC28, the main peak carbon of the samples in stage 1 is
mostly nC18 or nC22, and the main peak carbon of the samples in
stage 2 is nC25 (Fig. 7).

P
nC21- /

P
nC22þ is between 0.28 and 0.88 (avg.

0.53), the average values of the stage 1 and stage 2 (
P

nC21- /
P

nC22þ )
are 0.56 and 0.47 respectively. The values of (nC21þnC22)/(nC28þ
nC29) range from 1.02 to 1.69 (avg. 1.39). Terrigenous/aquatic ratio
between stage 1 and stage 2 [TAR ¼ (nC27 þ nC29þ nC31)/
(nC15 þ nC17 þ nC19)] were 0.55e2.61 (avg.1.23) and 1.19�1.59 (avg.
1.37), respectively. Carbon predominance index (CPI) values of
stage 1 and stage 2 are 0.77e1.00 (avg 0.86) and 1.10�1.19 (avg
1.15), respectively, oddeeven predominance (OEP) values are
0.86e1.03 (avg. 0.92) and 1.17�1.29 (avg. 1.23). The Pr/Ph values of
all Es3L samples ranged from 0.20 to 1.05 (avg. 0.61), the Pr/Ph values
Bay Basin.

S2, mg/g Tmax, �C Chloroform asphalt "A", %

7 � 33:74
15:82

438 � 453
446

0:55 � 1:26
0:91

6 � 25:15
6:62

431 � 454
443

0:15 � 0:54
0:32
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of stage 1 and stage 2 ranged from 0.20 to 0.73 (avg. 0.46) and 0.75
to 1.02 (avg. 0.93), respectively, showing strong phytane domi-
nance. Pr/nC17 and Ph/nC18 can also be used to distinguish the
maturity and biodegradation degree of source rocks. Pr/nC17 and
Ph/nC18 values in stages 1 and 2 were 0.11e0.25 (avg. 0.17),
0.19�0.32 (avg. 0.26), 0.40�0.55 (avg. 0.49) and 0.34�0.46 (avg.
0.43), respectively.

Features in Terpane biomarkers can be determined fromm/z 191
mass chromatograms. C30-ab-hopane and Ts were highest, with
average content of 12.98% and 11.76%, respectively. Ts/(Ts þ Tm)
values range from 0.45 to 0.93 (avg. 0.75). The gammacerane index
(Gammacerane/C30 -ab-hopane) ranged from 0.21 to 0.52 (avg.
0.37).

The m/z 217 mass chromatograms showed that the content of
diasteranes was lower than regular steranes. C27, C28 and C29 ster-
anes were the most common steranes series, and the relative
abundance of aaa20RC27, aaa20RC28 and aaa20RC29 varied
significantly, with the mean mass fraction of 47.21%, 22.97% and
29.83%, respectively. Most of the samples have the distribution
characteristics of C27 > C28 < C29. The values of aaa20RC27/
aaa20RC29 ranged from 1.08 to 2.37 (avg. 1.63). The C28eC29eC30
triangle also reflects the significant contribution of lower plankton
and bacteria and algae to the source of OM (Fig. 8) (Peters and
Moldowan, 1993; Lai et al., 2022). Maturity biomarker parameters
C29 sterane bb/(bb þ aa) values is 0.36e0.58 (avg. 0.47), C29 sterane
20 S/(20S þ 20R) values is 0.31e0.50 (avg. 0.41) (Fig. 6(a)). This is
consistent with the conclusion of OEP-CPI cross-plot analysis of n-
alkanes (Fig. 6(b)).
4.3. Elemental geochemical analysis

The major elements measured included Al, Fe, Mg, Ca, Na, K, Mn
and Ti, and the trace elements included Cr, V, Co, Cd, Ni, Sr, Ba, Ga,
Pb, Zn, B, U and Th. Compared with the Post-Archean Australian
shale (PAAS) (Taylor and McLennan, 1985), Ca is obviously enriched
in the major elements. The content of Ca in stage 1 was 3.10%e
38.36% (avg. 15.68%), and stage 2 is 10.53%e29.91% (avg. 18.52%).
The content of Mg and Mn in the stage 1 are 0.61%e5.82% and
0.06%e0.31%, respectively, with an average content of 1.34% and
0.14%. The contents of Mg and Mn in stage 2 are 0.86%e6.41% and
0.04%e0.20%, respectively. The average content was 1.57% and
0.11%. Al, Fe, Na, K and Ti elements are relatively deficient. Among
the trace elements, Sr, U and Pb are relatively enriched, among
which Sr is the most enriched, with content ranging from 524.2 to
2530 ppm (avg. 1125.2 ppm). The contents of U and Pb elements
were 2.18e6.38 ppm (avg. 4.26 ppm) and 7.48�38.49 ppm (avg.
20.39 ppm), respectively. Cr, V, Co, Cd, Ni, Ga, Zn, B, Ba and Th el-
ements are relatively deficient (Fig. 9).
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5. Discussion

5.1. Paleoclimate

Paleoclimate controls OM accumulation mainly by influencing
the degree of weathering and transformation of unstable materials
in sediments (Leythaeuser, 1973). Palynology is considered favor-
able evidence for paleoclimate (Nowak et al., 2016; Ertug et al.,
2019). According to the temperature indication, the spores were
divided into three categories: thermophilic, mesothermophilous
and cold-tolerant, and divided into xerophytic and hygrophytic
according to humidity (Lei et al., 2018). The pollen data of well Y180
showed that from stage 1 to stage 2, the proportion of pollen in the
thermophilic and the hygrophytic are gradually increased, the
number of pollens in the cold-tolerant and the xerophytic gradually
decreased, which also indicated the gradual transformation of the
climate from arid and cold to warm and humid in the early to late
precipitation period (Fig. 10).

The paleoclimate index "C" can also be used to reflect the
paleoclimate conditions (Moradi et al., 2016), value as C ¼ P

(Fe þ Mn þ Cr þ V þ Co þ Ni)/
P

(Ca þ Mg þ Sr þ Ba þ Na þ K).
Because Fe, Mn, Cr, V, Co, and Ni element tend to be enriched in
humid climates, while Ca, Mg, Sr, Ba, Na and K are enriched in arid
environments, the higher the "C" value, thewetter the paleoclimate
conditions (Hakimi et al., 2017). C-values of 0.6e0.8, 0.4�0.6, and
0.2�0.4 tell of sediment formed under semi-humid, semi-arid to
semi-humid, and semi-arid climates, respectively. C-values >0.8 or
<0.2 reflect the formation of sediment in a humid or arid paleo-
climate environment, respectively (Moradi et al., 2016; Li et al.,
2020). The “C value” of Es3L samples is 0.22e2.23 (avg. 0.92), stage
1 is 0.29e1.84 (avg. 0.89), stage 2 is 0.22e2.23 (avg. 0.94). It shows
that the climate during the early stage of Es3L deposition is relatively
dry, while the climate is humid and hot in the late stage.

The chemical index of alteration (CIA) is a commonly used
measure of chemical weathering. During chemical weathering of
upper crust rocks, basic metal elements such as Na, K, and Ca are
easily lost from the matrixes and carried away by surface runoff in
the form of ions. As a result, the relative abundance of Al2O3, which
has a more stable chemical composition, gradually increases
(Pehlivanli et al., 2014; Moradi et al., 2016). The calculation formula
is CIA¼ 100� Al2O3/(Al2O3þCaO*þNa2Oþ K2O), where CaO* is the
CaO content incorporated in the silicate fraction (Nesbitt and
Young,1982; McLennan et al., 1993; Moradi et al., 2016). A hot,
humid climate promotes chemical weathering of rocks, while a
cold, dry environment weakens it. CIA values of 50e60, 60�80 and
80�100 reflect the cold-dry, warm-humid, hot-humid paleo-
climate, respectively (Nesbitt and Young, 1982; Fedo et al., 1995).
The overall CIA value of Es3L sample was between 59.58 and 79.08
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Fig. 7. The m/z 191 and m/z 217 ion fragmentograms of the saturated fractions showing the distribution of the terpanes and steranes of Es3L shale, Zhanhua Sag, Bohai Bay Basin.

Fig. 8. Ternary diagram of regular steranes (C27, C28, C29) showing the sources of
organic matter, Zhanhua Sag, Bohai Bay Basin.
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(avg. 73.78), stage 1 is 64.04e79.08 (avg. 73.24), stage 2 is
59.58e79.06 (avg. 74.48). However, due to different degrees of
potassium metasomatism occurring in the diagenesis process,
resulting in K2O enrichment in the samples, the CIA calculation
result will be low, and thus deviate from the weathering trend, so it
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Fig. 9. Enrichment factors of major and trace elements of the Es3L samples in comparison to P
enrichment, and EF element <1 represents element depletion.
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is necessary to correct the calculated CIA value (Fedo et al., 1995).
The triangular diagram AeCNeK (A ¼ Al2O3, CN¼ CaO*þNa2O, K¼
K2O) can usually be utilized for correction (Fig. 11), and the cross-
plot of “C values” and CIA can be judged to reflect warm and hu-
mid climate, experiencing moderate chemical weathering
(Fig. 12(a)). The results are consistent with the paleoclimate of the
study area as determined by the Ga/Rb and K2O/Al2O3 cross plot
(Fig. 12(b)).

Rb/Sr can also indicate the variation of climate. Because of Rb is
usually present in potassium-rich minerals, it is released and
quickly adsorbed by potassium-rich clay during chemical weath-
ering, so it has better stability. However, Sr is easily lost during
chemical weathering and enters the lacustrine in the form of ions,
with poor stability (Li et al., 2019; Zhang et al., 2021). Rb/Sr showed
a decreasing trend under warm climate conditions (Moradi et al.,
2016; Wang et al., 2020). Rb/Sr > 0.5 and Rb/Sr < 0.5 represent
arid and humid climates, respectively (Khan et al., 2022; Yang et al.,
2022). Rb/Sr values of Es3L ranged from 51.13 � 10�4 to
678.48 � 10�4 (avg. 198.36 � 10�4), the average values of Rb/Sr of
stage 1 and stage 2 were 201.92 � 10�4 and 194.20 � 10�4, indi-
cating that the whole system was in a warm and humid
environment.
5.2. Paleosalinity

The salinity of sedimentary water is one of the important factors
of OM accumulation, which can be evaluated by the ratio of Sr/Ba
and B/Ga (Algeo et al., 2011). Sr and Ba element exist in the form of
bicarbonates in fresh water bodies. When salinization occurs and
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Fig. 10. Pollen climate analysis diagram of Es3L shale (well Y180), Zhanhua Sag, Bohai Bay Basin.

Fig. 11. AeCNeK ternary diagram of Es3L shale, Zhanhua Sag, Bohai Bay Basin (Nesbitt
and Young, 1982). A ¼ Al2O3, CN ¼ CaO*þNa2O, K ¼ K2O.
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the salinity reaches a certain level, Bawill form BaSO4 precipitation,
and the precipitation of Sr begins only when the lacustrine water is
continuously salinized. The ratio of Sr/Ba can be used as an indi-
cator of salinity, and high Sr/Ba indicates higher salinity of the
sedimentary water bodies (Chivas et al., 1986; Zhang et al., 2019).
Sr/Ba >1, <0.6 indicates brackish and fresh water respectively, and
0.6 < Sr/Ba <1 reflects brackish water (Deng et al., 2019; Li et al.,
2020). Sr/Ba values ranged from 0.94 to 6.77 (avg. 2.36) of ES3L

shale, indicating a brackish environment. In stage 1 and stage 2, Sr/
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Ba values ranged from 1.16 to 6.77 (avg. 2.90) and 0.94 to 3.76 (avg.
1.72) (Fig. 13(a)). B/Ga ratio is also often used to discriminate
paleosalinity. Ga mainly exists in water in the form of hydroxide,
with low solubility and poor migration ability. B/Ga values of
freshwater, brackish, and marine water were <3, 3�6, and >6,
respectively (Algeo et al., 2011). B/Ga of Es3L samples are ranged
from 5.14 to 12.66 (avg. 8.22). The B/Ga of stage 1 ranges from 6.03
to 12.66 (avg. 9.34) and stage 2 ranges from 5.14 to 10.67 (avg. 7.28).
Indicating that thewater salinity in the early stage of sedimentation
is saltier than late stage (Fig. 13(b)). In addition, the content of Ca/
(Fe þ Ca) can also represent salinity of water body. Ca/
(Fe þ Ca) < 0.4, 0.4�0.8, >0.8 represent freshwater, brackish water,
and marine water environment respectively (Lin et al., 2015; Xu
et al., 2021). Ca/(Fe þ Ca) values of Es3L shale in the study area
range from 0.48 to 0.97 (avg. 0.83).

The biomarkers of organic geochemistry record sedimentary
organic matter and water environment information. Gammacerane
is mostly thought to come from salt-like protists. High gamma-
cerane index (gammacerane/C30hopane >0.1) indicates the devel-
opment of anoxic stratification in lacustrine water column under
salinity changes (Moldowan et al., 1985; Sinninghe Damst'e et al.,
1995; Liu et al., 2017). In general, the gammacerane index rise as
the salinity of the sedimentary water increases (Summons et al.,
2008; Wang et al., 2022a,b). The gammacerane index of Es3L sam-
ples are generally high, ranging from 0.14 to 0.52 (avg. 0.35). The
gammacerane index in stage 1 ranges from 0.21 to 0.52 (avg. 0.40),
and the gammacerane index in stage 2 ranges from 0.14 to 0.35
(avg. 0.26). The above characteristics indicate that the salinity of
water in stage 1 is higher than stage 2.

5.3. Paleoredox condition

Paleoredox conditions are the key factors determining the
preservation of OM, including mineral composition and
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geochemical characteristics (Aplin and Macquaker, 2011). Pristane
(Pr) and phytane (Ph) are products of phytol formed under oxida-
tive and reductive conditions, respectively, the ratio of Pr/Ph is
often used to indicate redox conditions (Peters et al., 2007; Wang
et al., 2022a,b). Pr/Ph value > 3 indicates oxic conditions, Pr/Ph
value between 1 and 3 indicates dyoxic conditions, Pr/Ph value < 1
indicates anoxic conditions (Didyk et al., 1978; Ten Haven et al.,
1987). The Pr/Ph values of Es3L shale samples are low, ranging
from 0.20 to 1.05 (avg. 0.62), indicating anoxic environment. The Pr/
Ph values of stage 1 and stage 2 ranged from 0.20 to 0.73 (avg. 0.45)
and 0.75 to 1.05 (avg. 0.93), respectively. In addition, the Pr/nC17
and Ph/nC18 cross-plots provide a method to assess redox condi-
tions and sources of OM (Shanmugam, 1985). As can be seen from
the cross-plots, the Es3L shale are in a reducing condition. The
samples in stage 1 are distributed in the reducing environment area
with algal marine organisms as the main source, while the shale
samples in stage 2 are mainly distributed in the mixed OM sources
and the transitional region of oxidizing and reducing (Fig. 14).

U, Th, V, Ni, Cr, Co, and Mo element are also considered to be
redox sensitive trace elements (Crusius et al., 1996; Dean et al.,
1997). Paleoredox conditions can use the ratio of V/Cr, Ni/Co, Th/
U, dU (dU ¼ U/[1/2(U þ Th/3)] and V/(V þ Ni) to assess (Hatch and
Leventhal, 1992; Jones and Manning, 1994; Wignall and Twitchett,
1996; Zhang et al., 2021). Due to the active nature of uranium, it is
easily oxidized and leached, and has strong migration ability. In
contrast, thorium is an inert element with weak migration ability.
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Therefore, the Th/U value and dU can be used to judge the redox
state of the sedimentary environment. Anoxic condition dU> 1, oxic
condition dU < 1 (Jones and Manning, 1994; Wignall and Twitchett,
1996; Kimura and Watanabe, 2001; Guo et al., 2007). Es3L samples
have a range of dU values between 0.97 and 1.58, with almost all
values greater than 1 (avg. 1.23). The average values for stage 1 and
stage 2 are 1.25 and 1.20, respectively. A Th/U ratio greater than 8
indicates an oxic environment, while a ratio less than 2 indicates an
anoxic environment. A ratio between 2 and 8 indicates a dyoxic
environment (Wignall and Twitchett,1996). The Th/U ratio of all Es3L

samples was between 0.79 and 3.18 (avg. 1.92), which the shales
were in anoxic-dyoxic environment. The average Th/U ratio of stage
1 and stage 2 was 1.83 and 1.98, respectively. The ratios of V/
(V þ Ni) > 0.6, 0.46�0.6, <0.46 respectively indicate anoxic, dyoxic
and oxic conditions (Hatch and Leventhal, 1992; Jones and
Manning, 1994). The overall V/(V þ Ni) of Es3L shale ranges from
0.22 to 0.80 (avg. 0.63), which is in the dyoxic-anoxic condition.

In lacustrine environments, some trace elements such as Cr and
Co are susceptible to terrigenous detrital input and diagenetic
processes, V/Cr and Ni/Co ratios may misjudge the true redox
conditions (Hatch and Leventhal, 1992; Xiong et al., 2010). V/
Cr > 2.0 and Ni/Co > 5.0 indicate dyoxic/suboxic conditions. In the
study area, the V/Cr ratio was between 0.43 and 1.52 (avg. 0.83) and
the Ni/Co ratio was between 1.33 and 9.19 (avg. 2.70), both of which
were lower than the limit of dyoxic conditions. This may be due to
the existence of siderite, which led to the low ratio of V/Cr and Ni/
Co (He et al., 2017). Therefore, Th/U, dU, V/(Vþ Ni) and Pr/Ph values
were more suitable parameter for determining redox conditions in
this study area (Fig. 15(a) and (b)).
5.4. Paleowater depth

Paleowater depth has a significant control effect on the preser-
vation of organic matter. Generally, the greater the water depth, the
more conducive to the preservation of organic matter (Zhang et al.,
2018; Rimmer, 2004).

Fe is relatively easy to oxidize and has low stability, while Mn
can exist stably in solution and be transported for a long distance.
Mn/Fe and Fe/Co ratios are usually used to reflect the distance of
transportation, which indirectly shows the depth of the water
(Yang et al., 2013). A higher Mn/Fe and a lower Fe/Co ratio indicate
deeper water (Zhang et al., 2018). The mean values of Mn/Fe in
stage 1 and stage 2 were 376.67 � 10�4 and 514.29 � 10�4,
respectively. The average values of Fe/Co in stage 1 and stage 2were
275.40 � 10�4 and 261.98 � 10�4, respectively, indicating that the
water body gradually became deeper during the sedimentary
period (Fig. 16(a)). (Al þ Fe)/(Ca þ Mg) can also represent
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paleowater depth. Fe, Al, Mg, Ca, and other elements in continental
sediments mainly come from matrixes efflorescence. Fe and Al are
easy to combinewith oxygen ions and precipitate in shallow coastal
waters, whileMg and Ca are usually enriched in the lacustrine basin
on the far shore. Therefore, the (Al þ Fe)/(Ca þ Mg) ratio in near
shore and shallow water environment is significantly higher than
that in far shore and deep-water environment (Zhang et al., 2019).
The (Al þ Fe)/(CaþMg) ratio of stage 1 and stage 2 were 0.07e2.80
(avg. 0.76) and 0.17�0.68 (avg. 0.43), respectively. The results were
consistent with Mn/Fe and Fe/Co ratios, indicating a process of
gradual deepening of water from early to late deposition
(Fig. 16(b)).

5.5. Paleoproductivity

During a specific geological period, paleoproductivity refers to
the number of organisms produced per unit area and time. A high
concentration of OM indicates a high level of paleoproductivity.
Terrigenous inputs can be identified by the presence of elements
such as Ti and Al (Goldberg and Arrhenius, 1958; Murray and
Leinen, 1996). Ti is commonly found in clays and heavy minerals
such as rutile and anatase (Kidder et al., 2001). Al is mainly
concentrated in clay minerals, feldspar, and other aluminosilicate
minerals (Rimmer, 2004). Thus, the Ti/Al ratio can be used to
evaluate paleoproductivity (Murray and Leinen, 1996). The Ti/Al
ratio of Es3L shale ranges from 209.04 � 10�4�633.11 � 10�4 (avg.
485 � 10�4), with an average value of 470.01 � 10�4 in the stage 1
and 502.49 � 10�4 in the stage 2, reflecting the paleoproductivity
gradually increased. Due to the long residence time and high
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retention rate of Ba element in seawater, it is an effective index for
restoring productivity (Goldberg and Arrhenius, 1958; Dymond
et al., 1992). Paleoproductivity can be indicated using biogenic
barium (Babio) and Ba/Al ratios by excluding the influence of
terrigenous detritus (Ganeshram et al., 2000). The formula for
calculating Babio is Babio ¼ Basample� [Alsample � (Ba/Al) PASS], where
Basample is the total amount of Ba, (Ba/Al) PAAS is the Ba/Al ratio in
Post-Archean Australian Shales, and the value is 0.0077 (Taylor and
McLennan,1985; Dymond et al., 1992; Algeo et al., 2011; Dong et al.,
2018). Babio of stage 1 and stage 2 shale samples are 230.55e719.73
(avg. 434.30) and 454.67e1002.96 (avg. 623.84), respectively. The
Ba/Al value is consistent with the Babio, reflecting the process of the
gradual increase of ancient productivity from early to late period
(Fig.17(a)). The Ba/Al ratiowas 33.0� 10�4e258.3� 10�4 ppm (avg.
97.7 � 10�4), and the average of stage 1 and stage 2 were
71.9 � 10�4 ppm and 128.0 � 10�4 ppm.

Hydrothermal activity affects productivity by altering the redox
conditions of the ocean through the presence of hydrothermal
fluids containing high concentrations of metallic elements and
volatile gases such as CH4, CO2 and H2S (Jones and Gislason, 2008;
Y. Li et al., 2022). Hydrothermal activity also provides large
amounts of nutrients that promote the growth of algae and other
organisms. Previous studies have shown that the ratios of Al/
(Al þ Fe þ Mn) and (Mn þ Fe)/Ti (value > 15) can be used to
determine the presence of hydrothermal activity during the sedi-
mentary period. Sediments formed solely by hydrothermal activity
typically have an Al/(Al þ Fe þ Mn) value of 0.01. In contrast, sed-
iments of purely biological origin have an Al/(Alþ FeþMn) value of
approximately 0.6, which decreases with increasing hydrothermal
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activity (Adachi et al., 1986; Yamamoto, 1987). Al/(Al þ Fe þ Mn)
and (Mn þ Fe)/Ti values of all Es3L samples were 0.37e0.81 (avg.
0.65) and 4.48e76.69 (avg. 12.26), respectively. The Al/
(Al þ Fe þ Mn) values of stage 1 and stage 2 were 0.42e0.81 (avg.
0.66) and 0.36e0.77 (avg. 0.64), respectively. (Mn þ Fe)/Ti ratios
were 4.48e25.70 (avg. 11.40) and 6.43e76.69 (avg. 13.27). In addi-
tion, the AleFeeMn triangle diagram reveals that nearly all sample
points fall in the non-hydrothermal region (Fig. 17(b)). This sug-
gests that the study area is largely unaffected by hydrothermal
activities. Based on the above indicators, the paleoenvironmental
characteristics of the study area from early to late sedimentary
period is shown in Table 2.

5.6. Enrichment factors and sedimentary models of organic matter

5.6.1. Organic matter enrichment mechanism
OM enrichment is influenced by many factors in sedimentary

environment, including palaeoclimate, paleosalinity, redox condi-
tions, palaeoproductivity and palaeowater depth (Demaison and
Moore, 1980; Lash and Blood, 2014). Based on the relationship
between TOC and CIA, it is evident that OM increases as the climate
becomes warmer and wettest (Fig. 18(a)). Such climate conditions
can accelerate atmospheric water circulation, promote the weath-
ering of parent rocks, transport nutrients into the lake, promote
organism growth, and lead to an increase in organic matter content
and supply. Therefore, warm, and humid climate conditions have a
positive effect on OM enrichment. Previous studies have shown
that increasing salinity is accompanied by biological flourishing
(Pedersen and Calvert, 1990; Liu et al., 2016). However, when the
salinity reaches 5‰, the number of organisms is less; when the
salinity reaches 15‰, the species and number of organisms reach
the highest value, and when the salinity continues to rise to 35‰,
the number of organisms gradually decreases (Pedersen and
Calvert, 1990; Liu et al., 2016). It can be seen from the cross-plot
of TOC value, Sr/Ba and gammacerane index that the samples are
overall in saline environment (Sr/Ba > 1 and gammacerane index is
high). With the increase of salinity, TOC content gradually de-
creases (Fig. 18(b) and (c)). Breaching this threshold will result in
biological decline. According to the correlation analysis between
TOC and the redox condition index (Pr/Ph), TOC and Pr/Ph have
Table 2
Restoration results of paleoenvironment of the Es3L shale, Zhanhua Sag, Bohai Bay Basin.

Paleoclimate Paleosalinity Pa

Stage 2 Warm and humid Moderate Lo
Stage 1 Cold and dry Very high H
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different correlation at different stages. Overall, they have a good
positive correlation (Fig. 18(d)). The results indicate that the pale-
oredox conditions have an impact on OM enrichment. A reducing
environment is favorable for OM preservation. Based on the rela-
tionship between TOC and Fe/Co and Al þ Fe/Ca þ Mg, there is no
clear correlation between paleowater depth and TOC. When the
Al þ Fe/Ca þ Mg value is less than 0.6 and the Fe/Co value is less
than 0.25, the TOC value is mainly greater than 3.0. Thewater depth
in stage 2 with high TOC is higher than stage 1 (Fig. 18(e) and (f)).
The research indicates that there is a slight increase in the degree of
OM enrichment with increasing water depth. The results show that
when Babio and Al/Ti ratio increase, TOC value exhibits a clear
increasing trend. The correlation between Babio and TOC is better
than that of Al/Ti (Fig.18(g) and (h)). It can be concluded that higher
paleoproductivity leads to a higher degree of OM enrichment.

In summary, the enrichment of OM is the result of the
comprehensive influence of multiple factors. Appropriate salinity,
warm and humid climate, high productivity and reducing condi-
tions jointly promote the accumulation and preservation of OM. As
the climate transitions form dry and cold to warm to humid, pre-
cipitation and water depth increase, leading to higher productivity
in the water body. During this period, organisms thrive and organic
matter is enriched and preserved. Palaeowater depth has the
weakest influence on organic matter enrichment compared to
other factors.

5.6.2. Organic matter enrichment process and modes
The variation of OM abundance is closely related to paleo-

environment (Fig. 19). The macro environment of sedimentary
periods was determined by paleoclimate and paleosalinity. Paleo-
productivity and redox conditions indicated the generation and
preservation conditions of OM, ultimately controlled the change
and accumulation of OM in different sedimentary periods. The
specific process is as follows:

During the early stage of Es3L deposition (stage 1), the paleo-
climate was relatively cold and arid, resulting in little precipitation.
The evaporation of a large amount of salt from the lake water led to
high salinity and obvious water stratification. There was little
provenance supply, resulting in low primary productivity and
organic matter content in the sediment (TOC avg. 1.79%).
leoredox Paleowater depth Paleoproductivity

w reducibility Deep water Relatively high
igh reducibility Semi-deep water High
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During the late stage of Es3L deposition (stage 2), precipitation
increased, causing the water body to deepen rapidly and the
climate to gradually warm and become wetter. Debris flowed into
the lake, increases the nutrient and providing a good material base
for plankton and bacterial algal blooms (Talbot and Kelts,1990). The
paleoproductivity increased, and the respiration and degradation of
numbers of organisms consumed the oxygen in the lake water
(Kelts and Hsü, 1978), forming reduction conditions to preserve the
organic matter, and TOC reached the highest level (avg. 3.18%). Oil
shale deposited in reductive environments are generally consid-
ered to be reservoirs with high oil generation potential (Didyk et al.,
1978; Moldowan et al., 1985; Hatch and Leventhal, 1992). Addi-
tionally, numerous studies indicate that optimal conditions for
forming high-quality shale oil reservoirs include warm climates,
strong terrigenous input, appropriate salinity, and reducing pale-
oenvironmental conditions (Wang et al., 2015; Zhang et al., 2018;
Liang et al., 2018).

Based on the analysis above, sedimentary environment and OM
enrichment factors in the study area were comprehensively
analyzed according to the characteristics of organic geochemistry
and major and trace elements. We established an OM enrichment
model for the oil shale in Es3L member of the Zhanhua Sag in the
Bohai Bay Basin was (Fig. 20). The climate changed gradually from
dry and cold to warm and humid from the early stage to the late
stage of Es3L. The increase of rainfall provided nutrients for lake
organisms, resulting in a gradual increase in primary productivity
and more suitable water salinity. This created providing favorable
conditions for the generation and preservation of OM.
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5.6.3. Comparisons with other crucial shales in the Jiyang
Depression

Dongying Sag is rich in organic shale and is one of the most
promising depressions for shale oil exploration in Jiyang Depres-
sion. In the context of the above analysis, this research compares
the characteristics of shale in paleoenvironments and mechanisms
of organic matter enrichment in the Zhanhua and Dongying Sags.

Numerous scholars have conducted extensive research on the
lithofacies, sequence, paleoenvironment, OM enrichment, and
sedimentary mechanisms of the shale in Dongying Sag (Cao et al.,
2014; Hu et al., 2017; Liang et al., 2018; Lei et al., 2018; Liang
et al., 2018a,b; Wu et al., 2022). Shale is primarily composed of
carbonate, clay minerals and quartz, TOC is 0.15%e11.4% (avg.
2.27%), mainly formed in medium-depth saline lake sedimentary
environment with oxidation limited (Liang et al., 2018; Wu et al.,
2022). The sedimentary environment of the lake basin undergoes
significant changes, and the paleoclimate has a certain influence on
the lake's salinity, terrigenous supply, and biological prosperity,
these factors further control the lithofacies and organic matter
accumulation (Liang et al., 2018; Liang et al., 2018a,b; Lei et al.,
2018). Climate and relative lake surface fluctuations affect algal
blooms and terrestrial OM inputs, which in turn affects primary
productivity and organic matter production. The accumulation of
OM occurs as the result of several inter-connected factors including
primary productivity, terrestrial inputs, and variation in oxidizing-
reducing conditions (Liang et al., 2018; Liang et al., 2018a,b). To sum
up, these factors can either work together, or one can play a leading
role. In summary, the mineral composition, sedimentary paleo-
environment, and OM enrichment factors of the shale in Dongying
Sag are generally consistent with Zhanhua Sag.
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6. Conclusions

(1) The oil shale in the Zhanhua Sag of Bohai Bay Basin is
abundant in carbonate minerals, comprising primarily of
calcite, quartz, and clay minerals, with minor amounts of
dolomite, feldspar, and pyrite.

(2) The Paleogene Es3L shale in Zhanhua Sag contains a high
abundance of organic matter. The average value of TOC was
2.50%, while the average value of chloroform asphalt "A" was
0.48%, and the mean hydrocarbon generation potential was
11.30 mg/g. The average Tmax value was 444 �C. The types of
organic matter are mainly type I and type II1 kerogen, with
high OM maturity. The sources of OM comprise lower bac-
teria, algae, and plants.

(3) During the early sedimentary stage, the climate was cold and
arid, with intensity evaporation and high salinity, which was
not suitable for the growth of most organisms. The paleo-
productivity and TOC was relatively low. During the late
sedimentary period, the climate gradually becamewarm and
humid, the salinity was more suitable for biological growth.
The abundant supply of nutrients higher paleo-productivity,
as reflected by high levels of TOC. Awarm and humid climate,
appropriate salinity, high paleo-productivity, and specific
reduction conditions are essential requirements for the
generation and occurrence of organic matter.
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