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The characteristics of paleosedimentary environments are of great significance for the
enrichment of organic matter (OM) and hydrocarbons in lacustrine shale. This study
analyzed mineralogy, well logging data, organic geochemical parameters (total organic
carbon and pyrolyzed hydrocarbon), inorganic geochemical parameters (major and trace
elements), and multiple geochemical proxies based on inorganic geochemical parameters.
These were used to reconstruct the paleosedimentary environment of the lower 1st
Member of the Shahejie Formation (Es;") to reveal OM and shale oil enrichment
mechanisms and establish a shale oil enrichment model. The (Fe,Oz+Al,03)/(Cal +
MgO), Sr/Ba, Rb/Sr, Cu/Al, and Th/U parameters indicate that the Es;- in Raoyang Sag
was deposited in a palecenvironment dominated by arid paleoclimate, reducing
conditions, and saltwater. Paleoclimate, clastic influx intensity, preservation conditions,
paleoproductivity, and paleosalinity all affect OM abundance. The OM accumulation in the
shale of Es{-was mainly controlled by the high primary productivity of surface water due to
algal blooms and moderate salinities, which was achieved using stratified water columns
with low oxygen conditions in bottom water. As the main valuable sites for shale oil storage,
carbonate mineral depositions are of great significance for oil enrichment. As the dominant
lithofacies for oil enrichment, carbonate-rich shale and calcareous shale lithofacies were
deposited under a drier paleoclimate, low clastic influx intensity, strong reducing
conditions, high paleoproductivity, and moderate salinity paleoenvironment.
Additionally, the profile of the shale oil sweet spot was determined through the
combination of lithofacies, logging, and paleosedimentary environment data.
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INTRODUCTION

Lacustrine organic-rich mudstones and shale possess conditions
conducive to hydrocarbon generation, requisite storage volumes,
and excellent hydrocarbon-bearing properties. These types of oil
and gas reservoirs have the characteristics of continuous and
stable distribution in space, high overall oil and gas content, sweet
spot enrichment, and high yield (Jarvie, 2012; Zhou et al., 2020;
Wei et al., 2021; Wei et al., 2021). The theory of lacustrine shale
oil accumulation is a hot research topic and is directly related to
the properties of source rocks (Holditch, 2013; Zou et al., 2019;
Feng et al, 2020; Li et al.,, 2021). According to sedimentology
theory, the paleosedimentary environment has a particularly
significant impact on continental sedimentation at different
scales (mesoscale and macroscale) (Carroll and Bohacs, 1999).
At the microscale of the lacustrine sedimentary sequence, there
are broad differences in mineralogy, sedimentary structure, and
lithofacies (Lu et al., 2016; Li et al., 2017; Bai et al., 2020). The
vertical and horizontal distribution characteristics of the different
types of shale deposited in basins also have significant variations
stemming from differences in paleosedimentary environments.
However, total organic carbon (TOC), shale oil-bearing layers,
and reservoir quality are generally considered to be the main
indicators for evaluating shale oil accumulation (Bai et al., 2020).
The TOC of shale denotes its oil production potential (Holditch,
2013), whereas the existence of shale oil-bearing layers (Katz,
2003) is a good indicator of shale oil sweet spots. These
parameters are closely related to the mineral composition,
structures, and lithofacies formed in each type of sedimentary
environment and have varying degrees of influence on shale oil
enrichment; a fact that has recently drawn notice (Birdwell et al.,
2016; Lu et al., 2016; Zou, 2017). Thus, revealing the relationship
between the paleosedimentary environment and shale oil
enrichment is highly significant to in-depth investigations into
the enrichment mechanism of continental shale oil, which
promotes the effective exploration and efficient extraction of
shale oil resources. The establishment of the shale oil
accumulation model also has relevant significance to similar
lacustrine basins worldwide.

The Raoyang Sag in eastern China is a representative example
of an oil-bearing lacustrine basin in the Jizhong Depression. The
continental organic-rich shale in the lower 1st Member of the
Shahejie Formation (Es,") is one of the most important source
rocks in the Raoyang Sag and even in the entire Bohai Bay Basin.
Recently, it has been considered as a potential shale oil reservoir
(Yin et al.,, 2018; Chen et al., 2019a; Chen et al., 2019b; Yin et al.,
2020). Previous research has focused on the characteristics of
organic geochemical properties [e.g, TOC, pyrolyzed
hydrocarbon (S;)] (Chen et al., 2019a; Chen et al., 2019b; Yin
et al., 2020), physical properties of shale oil reservoirs (pore
characterization and storage space classification) (Chen et al,
2019a; Chen et al.,, 2019b), and the paleoenvironment developed
through the organic and inorganic geochemistry of the Es;"
source rocks (Yin et al., 2018; Yin et al, 2020). However,
research on the inorganic and organic geochemical enrichment
mechanisms of organic matter (OM) under the shale oil
enrichment model of the Es;" in Raoyang Sag is relatively weak.

Paleoenvironment and Shale Oil Enrichment

The paleosedimentary environment and shale oil enrichment
model can be constructed by combining mineralogy and
inorganic geochemistry. Based on the organic and inorganic
geochemical parameters of four key wells in the study area,
this study conducted a systematic study of the shale oil
enrichment mechanism and mainly focused on the following
four aspects: 1) determination of the mineralogy, organic
geochemistry, and major/trace element characteristics of the
Es,* shale; 2) reconstruction of the paleoenvironment
(including clastic influx, paleoclimate, paleosalinity, redox
conditions, and paleoproductivity) during the deposition of
Es;" shale; 3) analysis of the factors influencing OM
abundance and elucidating the mechanism of OM enrichment
in the Es;“ shale; and 4) confirmation of the sedimentary
of dominant oil-bearing lithofacies and
establishment of a shale oil enrichment model.

environment

GEOLOGICAL SETTING

The Raoyang Sag is a Cenozoic fault-sag basin in the middle of the
Jizhong Depression in the Bohai Bay Basin. This sag exploration
area covers approximately 528 x 10°km? enclosed by the
Xianxian Uplift to the east, the Gaoyang Low Uplift to the west,
the Hengshui Fault to the south, and the Baxian Sag to the north. It
is further subdivided into four oil-rich sags from north to south,
namely, the Renxi, Maxi, Hejian, and Liuxi Sags, which house the
largest oil and gas accumulations and the highest exploration
effectiveness in the Raoyang Sag (He et al, 2017a; Yin et al,
2020) (Figure 1A). The strata of the Raoyang Sag are mainly
composed of Paleozoic, Mesozoic, and Cenozoic rocks, from
bottom to top. The Paleogene in Cenozoic rocks is generally
thick and includes the Kongdian, Shahejie, and Dongying
formations (He et al., 2017b; Liang et al., 2018). Amidst these,
the Es," in Raoyang Sag has a large area of continuous distribution
of organic-rich mudstones and shale that developed in semi-deep
lake facies, mainly consisting of carbonate, clay, and silica minerals
(e.g., quartz and feldspar). The lithology of the middle and upper
parts of the interval are complex, composed of dark gray mudstone,
calcareous shale, oil shale, dolomitic mudstone, fine sandstone, and
oolitic limestone. It is called “special lithology sections (SLC)”. The
lower part comprises “tailing sandstone (TS),” composed of fine
siltstone (Figure 1B). This part has the appropriate geological
conditions for shale oil to form an integrated source and reservoir
and has good prospects for shale oil exploration.

SAMPLES AND METHODS

Samples

Core observations and 96 shale samples were collected from
depths between 2,332.00 and 3,827.92m from 14 wells in the
Raoyang Sag (Figure 1A). Four of these wells (wells B11x, X125x,
N202, and G103), especially wells Bl11x and XI25x, have been
continuously cored, and the collected samples provide a large
volume of important data for analyzing the paleoenvironmental
OM enrichment and shale oil accumulation in the Es;™.

Frontiers in Earth Science | www.frontiersin.org

August 2021 | Volume 9 | Article 736054


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

Paleoenvironment and Shale Oil Enrichment

Wei et al.
Stratigraphic unit .
N = 5| &2 g
r HEIEIEIENEE T =8
Baxian Sag 5 AR EL D st e
F HEEIE G A
» ;- Pt =12 s »n
: (7] [72]
.
H
Pl N .:
- q
+
0.
o S
©
P ke
. . b5y
i 4l g
< 0G24 - O Rendin o= 53} b
Zn
o % o % Wenan z
5 1 >
G0 U S i Slope =
g -
S ©'e  Gi4 R o o ¥4 2
G"" o @y S o Maxi \%% / o
g .
./ -~ Subsag \* k. H
P 0 . 0
/ © o > * Renxi @ @ % |
o Bl o N,
K \)\ O Xiliu Subsag Tangjiazhuang b 'bl)
o o ’~== ~|
/ o o 12 & -
5 o [e] = .21 7]
o o o = =
ig g =
. 4 o © I8 @ ac) =3
/' N92x® [X125x ®© - olo
. N 25
B ) H o2
Lixian Balizhuang / Q1=
o O, o < [5)
s —|= ]
; > / S 9=
O © © y A O 3 e
2 o / 5 Py
".‘ Zhadh i, Oo : 0 i bt
hadhuangzhTing o e
> uangzhar Hejian i o 2F
4 H
4 Subsag i A a
5
J
. H
H H
:
E | v
] : = ;
5 ,,./'l %
] B ] <
3 K / > 8
: 2
3 Raoyan® V4 4 w| / =
g "o o = z
o~ R / -
" 5 =
o e > /' = o
A ; S =
- SN 5] s
- /7 4 » =
e r » -xea g P 2]
o / SN/ al /
X /.' %‘D' 4 M
; z A e B
. - —"’-
e I g Pl @) | O @, @ O
Study area Structural Slope ’ & Sub. li n n
boundaries boundaries  boundaries Fault Slope Salient ubsag Wells Sampling wells Key wells Section
6 6 o] (= = =]
[ | e \/\___
[Eeee| = = = |
Fi Argill X Calcareous Bi i - . ”
sandl:l:)ne Mudstone Siltstone Limestone ]rﬁ:le:::::s Silty mudstone o4 e lir:\oegsi::lce Oolitic limestone  Oil shale Profile line
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FIGURE 1 | (A) Map showing the structural characteristics within and around the Raoyang Sag and the distribution of sampling wells (B) Stratigraphic column of the

Moreover, these four wells are located in different structural
positions and deposition depths of the lacustrine basins and
exhibit a continuous organic-rich shale interval that can reflect
the continuous paleoenvironmental evolution of the Es," shale.

TOC and Rock-Eval Pyrolysis Analyses
TOC and Rock-Eval pyrolysis analyses were conducted at the Key
Laboratory of Deep Oil and Gas at the China University of

Petroleum (East China). A total of 96 samples of from 14
wells were analyzed to obtain TOC content. Samples were
crushed to an approximate mesh size of 100 and oven-dried at
80°C. The TOC content was determined using an Elab-TOC/
E2000 analyzer after decarbonating with hydrochloric acid (5%).
Ninety-six crushed samples (approximately 100 mg at a mesh size
of 80) from the 14 wells were analyzed using a YQ-VIIA Rock-
Eval instrument, by heating at a programmed rate. Then, a flame
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ionization detector and thermal conductivity detector were used
to quantify the hydrocarbons and carbon dioxide emitted by the
OM being released from the rock. The measured parameters
included the free hydrocarbon content when vaporized at a
temperature of 300°C (S;), residual hydrocarbon generation
potential when the temperature was between 300 and 600°C
(S2), and temperature of the maximum pyrolysis yield (T ).

X-Ray Diffraction (XRD) Measurements

XRD analysis was performed on the 96 samples to quantitatively
analyze mineral composition. All the shale samples were ground
into a fine powder (<40 pm) and analyzed with a Panalytical X’
PertPRO MPD X-ray with Cu Ka radiation (40 kV, 40 mA) at a
scanning speed of 2°/min and a testing angle range of 5°-90°. The
diffraction patterns were analyzed using a computer to determine
the relative abundances of various minerals, and a semi-
quantitative assessment was performed.

Major and Trace Element Determination
The major element compositions of 35 samples obtained from wells
Bllx, XI25x, N202, and G103 were analyzed using a Philips
PW2404 X-ray fluorescence spectrometer with fused glasses
consisting of a mixture of powdered samples at a temperature of
1,000°C and flux (Li,B4O;) at a ratio of 1:8 with a weight of 5.0 g.
This analysis revealed major element oxides, including SiO,, AL O3,
MgO, Na,0, K,0, P,0s, TiO,, CaO, Fe,05, and MnO. The precision
of the major element data was <5%. The 35 sample powders (40 mg)
that were selected for trace element analysis were dried in an oven at
130°C for 1-2 h, cooled to room temperature (20°C), dissolved in a
tightly sealed Teflon screw-cap beaker with ultrapure 0.5 ml HNO; +
1 ml HF + 0.5 ml HCLO, with a solubility of 8 mol/L, and dried. The
dried samples were digested again with 1 ml 1% HNO; +3 ml H,O
until a clear solution was obtained. The solution was then diluted to
1:1,000 by mass and analyzed using a Finnigan MAT inductively
coupled plasma source mass spectrometer (ICP-MS) to measure
trace and rare-earth elements. The testing error of these elements
was generally less than 4%.

RESULTS

Organic Geochemical Characteristics

TOC content (obtained using the TOC analyzer) is one of the
most important indicators for evaluating organic-rich shale. The
TOC content of the shale samples from Es," varied from 0.09 to
5.07% (mean 1.55%). In addition, S; is a direct parameter for
determining the enrichment of shale oil. The mean S, value of the
96 samples from the Es," was 0.65 mg HC/g rock (mg/g) (range:
0.01-6.27 mg/g). The (S; + S,) values represent the OM
hydrocarbon-generating potential. High (S; + S,) values of up
to 52.63 mg/g (average: 12.71 mg/g) indicate that the oil shales
also have excellent potential for liquid hydrocarbon generation.
According to the relationship between the hydrogen index (HI)
and T,.« (Figure 2), most of the measured oil shale samples
belonged to Type I and Type II; kerogens, with a scant
contribution of Type II, and III kerogens; This indicated that
the OM of the shale samples had mainly algal and microorganism
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FIGURE 2 | Thermal maturity status and kerogen types (I, ll4, ll, Il) of the
investigated Es1L shale samples, expressed by the relationship between HI
and Trax.

origins (Yin et al., 2020). The T, parameter from the Rock-Eval
pyrolysis data was investigated to evaluate the thermal maturity
level of the OM. The T, value (307-449°C; average: 434°C)
indicated that the OM maturity stage ranged from immature to
early mature (Shekarifard et al., 2019). This is due to the shale
stratum in the Es;" not having experienced long-term burial and
higher temperatures, due to the shallow burial depth of strata, a
conclusion supported by the high (S;+S,) value.

Mineralogy and Lithofacies of Shale

XRD analysis of the 35 shale samples from the four selected wells
indicated that the Es," shale was dominated by carbonate (mean
35.21%), clay (mean 32.38%), and felsic (mean 32.42%) minerals
(Table 1). Mineralogic information indicates that these rocks are
not typical of shale (defined by clay mineral contents greater than
75%) (Schieber, 1989). The American Eagle Ford shale formation is
generally rich in carbonates and hydrocarbons, and the Barnett
shale formation is generally considered to be rich in quartz and oil
(Slatt and Rodriguez, 2012; Chermak and Schreiber, 2014; He et al.,
2017a). This mineralogical information also demonstrates that the
carbonate minerals associated with these shales are of particular
significance. In comparison, the mineral composition of the Es,"
shale is closer to that of the Eagle Ford shale than the American
black shale. Therefore, in references to the three-terminal
(carbonate, clay, quartz, and feldspar) normalized lithofacies
(Zhang et al., 2016; Zhou et al., 2020), shale with a carbonate
content greater than 50% was defined as carbonate-rich shale. The
color of the rock samples is dark-brown, with oil display, and
obvious laminar structure of carbonate minerals and clay minerals.
The existence of laminar structure indicates that there may be
water stratification in ancient lakes (Larsen and Macdonald, 1993)
(Area A in Figures 3A, 4A,B), because the water stratification can

Frontiers in Earth Science | www.frontiersin.org

August 2021 | Volume 9 | Article 736054


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

Wei et al. Paleoenvironment and Shale Oil Enrichment

cause serious hypoxia in the bottom water, making it difficult for ~ (interbedding of OM, clay minerals and carbonate minerals).
benthic animals to survive, so as to avoid the damage to the texture. ~ The felsic shale is yellow-brown, compact and massive
Shale with a clay mineral content greater than 50% was defined as  structure, and mainly composed of mixed sediments of clay
clay-rich shale. The rock sample is dark-brown with massive = minerals and fine silty quartz or feldspar particles. The
structure, and a small amount of terrigenous clastic minerals  lithofacies of the Es;" in Raoyang Sag mainly comprise
can be seen dispersed in clay minerals (Area B in Figures 3A,  carbonate-rich shale, clay-rich shale, felsic-rich shale,
4C,D). Shale with a quartz and feldspar content greater than 50%  calcareous shale, clay shale, and felsic shale (Figure 3A). In
was named felsic-rich shale. The rock sample is gray-yellow,  addition, B11x well and XI25x well mainly develop carbonate-
compact and massive structure, and mainly composed of mixed  rich shale, calcareous shale, and clay shale. N202 well and
sediments of clay minerals and fine-grained quartz or feldspar ~ G103 well mainly develop felsic-rich shale and clay shale
particles (Area C in Figures 3A, 4E,F). Shale with three terminal (Table 1). What needs to be distinguished is that this
elements less than 50% was defined as fine-grained hybrid shale. To article discusses shale oil reservoirs, which are located in
further subdivide the lithofacies, the fine-grained hybrid shale was ~ shale formations with thin interlayers of various lithologies
divided into calcareous shale (calcareous mineral content between such as dolomite and siltstone. In order to facilitate the unified
33.3 and 50%) (Area D in Figures 3A, 4G,H), clay shale (clay  study of shale oil reservoirs, we had classified the fine-grained
minerals between 33.3 and 50%) (Area E in Figures 3A, 41,]), and sedimentary rocks in the shale formations as shale in the work
felsic shale (felsic minerals between 33.3 and 50%) (Area F in of dividing lithofacies.

Figures 3A, 4K,L). Among them, the calcareous shale and clay The clay mineral composition of shale samples from the
shale are gray-brown, with oil display and laminar structure  four key wells is plotted in a three-terminal diagram (mixed-

TABLE 1 | XRD results and the corresponding geochemical parameters of the Es;" shale in the Roayang Sag.

Samples Depth Minerals content (%) TOC (%) S, S$,/TOC*100 S1+S, Tmax (C) Lithofacies
(m) (mg/g) (mg/g) (mg/g)

Clay Quartz Carbonate
and feldspar

B11x-1 3,397.85 19.88 13.91 66.22 2.91 0.57 19.61 25.93 441 A
B11x-2 3,398.15 30.57 19.87 49.55 3.94 0.59 14.98 36.32 435 D
B11x-3 3,398.95 46.88 24.46 28.65 1.60 0.37 23.13 11.70 427 E
B11x-4 3,410.41 27.95 18.42 53.63 2.87 0.79 27.57 28.10 437 A
B11x-5 3,411.30 27.02 15.53 57.45 2.62 0.57 21.77 29.29 438 A
B11x-6 3,411.65 43.98 14.28 41.74 4.76 0.35 7.35 42.19 442 E
B11x-7 3,412.33 47.08 27.30 25.62 3.77 0.68 18.05 32.95 436 E
B11x-8 3,413.02 19.42 19.84 60.74 5.02 2.01 40.07 52.44 440 A
B11x-9 3,413.93 31.21 156.97 52.82 2.55 1.47 57.56 19.83 431 A
B11x-10 3,414.56 54.51 33.92 11.57 2.1 0.65 30.86 24.85 436 B
B11x-11 3,415.01 39.77 20.12 40.11 2.87 0.39 13.59 22.25 435 D
B11x-12 3,416.17 49.30 30.78 19.92 2.66 0.84 31.63 22.05 436 E
B11x-13 3,417.15 28.68 18.64 52.68 1.79 3.05 45.20 14.54 440 A
X25x-2 3,324.89 33.53 19.30 47.18 1.83 0.53 29.01 22.00 439 D
X25x-3 3,330.06 32.57 18.88 48.55 1.96 0.51 26.06 14.13 435 D
X25x-4 3,331.07 39.80 16.17 44.03 1.60 0.44 27.53 10.84 434 D
X25x-5 3,331.99 31.81 16.77 52.42 2.44 0.72 29.45 22.49 433 A
X25x-6 3,339.24 21.74 8.31 69.95 1.92 0.67 34.91 14.38 434 A
XI25x-7 3,340.17 8.97 8.45 82.58 1.30 1.57 120.91 9.82 434 A
X25x-8 3,340.67 31.01 13.51 55.48 1.32 0.44 33.41 10.61 443 A
X125x-9 3,341.27 56.32 26.51 17.18 212 0.78 36.82 19.54 437 B
N202-7 3,560.68 37.00 29.54 33.46 3.55 0.41 11.57 33.19 446 E
N202-8 3,562.31 44.04 32.66 23.30 2.30 0.90 39.05 18.58 439 E
N202-9 3,563.56 37.38 18.20 44.42 2.13 0.88 41.25 17.64 441 D
N202-11 3,565.25 29.91 56.53 13.56 0.32 0.04 12.54 0.67 435 C
N202-13 3,569.90 17.75 72.05 10.20 0.32 0.03 9.34 0.57 436 C
N202-14 3,672.43 21.99 55.83 22.19 0.32 0.04 12.62 0.66 432 C
N202-15 3,575.35 777 7212 20.11 0.38 0.93 242.87 3.78 429 C
G103-1 2,743.60 34.27 57.05 8.68 0.63 0.10 16.79 1.86 436 C
G103-2 2,744.80 24.08 59.54 16.38 0.18 0.02 11.08 0.24 432 C
G103-4 2,748.30 49.93 42.28 7.79 0.09 0.03 32.88 0.15 429 E
G103-5 2,749.80 11.97 71.57 16.46 0.25 0.03 11.99 1.02 437 C
G103-6 2,751.80 33.56 48.88 17.57 0.60 0.04 6.69 1.31 433 F
G103-7 2,7564.10 50.88 34.29 14.84 0.45 0.04 8.80 1.20 437 B
G103-8 2,765.30 10.73 84.08 5.19 2.03 6.27 308.62 24.55 431 C
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FIGURE 3 | Ternary plots of mineral composition from XRD data. (A)Ternary diagram of main mineral components [Carbonate-rich shale (A), Clay-rich shale (B),
Felsic-rich shale (C), Calcareous shale (D), Clay shale (E), Felsic shale (F)]. (B) Ternary diagram of clay mineral components.

FIGURE 4 | (A,B): Carbonate-rich shale, B11x-4, 3,410.41 m; (C,D): Clay-rich shale, G103-7, 2,754.10 m; (E,F): Felsic-rich shale, N202-11, 3,565.25 m; (G,H):
Calcareous shale, XI25x-3, 3,330.06 m; (l,J): Clay shale, B11x-6, 3,411.65 m; (K,L): Felsic shale, G103-6, 2,751.80 m.

layer illite/smectite, kaolinite, and illite) in Figure 3B. The
clay minerals of the Es, " shale samples were composed of illite
(avg. 43.46%), and mixed-layer illite/smectite (avg. 41.64%),
with relatively small amounts of kaolinite (avg. 8.71%) and
chlorite (avg. 6.19%). The clay minerals of the Es," shale are
rich in mixed-layer illite/smectite and illite, while the
majority of the American shales are dominated by illite
with little or no kaolinite (Loucks and Ruppel, 2007;

Wilson et al., 2016). This may indicate that the evolution
of the paleo-basin and paleosedimentary environment and
the degree of diagenesis is different from that of American
shale (Cai et al., 2015).

Geochemistry of Elements
The major element oxides SiO,, CaO, and AlLO; are the
predominant constituents, with averages of 45.57 wt%,
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TABLE 2 | Major elements results of the Es;" shale in the Raoyang Sag.

Paleoenvironment and Shale Oil Enrichment

Samples Depth (m) SiO, (%) Al;03 (%) MgO (%) NazO0 (%) K20 (%) P205 (%) TiO, (%) CaO (%) Fe>03 (%) MnO (%)
B11x-1 3,397.85 29.24 7.59 3.56 1.19 1.58 0.16 0.35 24.72 3.00 0.06
B11x-2 3,398.15 37.71 9.08 3.43 1.20 1.86 0.13 0.40 19.31 3.48 0.08
B11x-3 3,398.95 48.72 12.12 3.21 1.44 2.66 0.20 0.57 10.46 4.71 0.07
B11x-4 3,410.41 42.20 9.59 2.64 1.27 1.86 0.10 0.39 18.94 4.26 0.10
B11x-5 3,411.30 44.62 11.86 4.26 1.43 2.48 0.11 0.52 11.58 4.75 0.06
B11x-6 3,411.65 37.82 9.87 4.49 1.34 2.06 0.16 0.43 16.08 4.83 0.08
B11x-7 3,412.33 46.72 11.87 2.39 1.43 2.49 0.13 0.56 12.57 4.34 0.06
B11x-8 3,413.02 37.96 8.35 1.74 1.10 1.51 0.23 0.34 24.67 3.92 0.10
B11x-9 3,413.93 38.14 9.17 1.77 1.31 1.78 0.09 0.37 21.61 2.82 0.03
B11x-10 3,414.56 42.93 9.83 3.73 1.43 2.03 0.11 0.41 16.26 3.30 0.07
B11x-11 3,415.01 42.23 10.71 2.08 1.23 2.38 0.10 0.44 17.84 3.55 0.07
B11x-12 3,416.17 50.58 12.37 2.61 1.41 2.76 0.09 0.52 10.40 5.41 0.08
B11x-13 3,417.15 36.22 8.66 1.62 1.26 1.80 0.10 0.36 23.39 2.83 0.06
XI25x-2 3,324.89 43.06 10.61 2.97 1.37 2.23 0.10 0.47 156.55 4.57 0.06
XI25x-3 3,330.06 40.72 10.65 1.95 1.48 2.20 0.09 0.47 19.46 2.20 0.03
X25x-4 3,331.07 37.68 9.68 1.84 1.50 1.93 0.08 0.42 22.36 2.76 0.05
XI25x-5 3,331.99 40.06 9.59 2.03 1.26 1.94 0.15 0.39 20.96 4.05 0.08
XI25x-6 3,339.24 28.24 7.48 2.51 0.91 1.89 0.23 0.31 29.41 2.39 0.10
XI25x-7 3,340.17 17.08 4.40 4.22 0.56 0.82 0.26 0.15 33.09 2.41 0.13
XI25x-8 3,340.67 30.45 7.92 3.73 1.02 1.94 0.12 0.33 23.57 3.71 0.12
XI25x-9 3,341.27 38.12 9.83 4.37 1.26 2.46 0.13 0.48 18.35 3.53 0.10
N202-7 3,560.68 47.03 12.87 2.66 1.43 2.82 0.11 0.56 12.05 5.11 0.10
N202-8 3,562.31 46.22 11.92 2.65 1.11 3.13 0.09 0.51 14.39 3.24 0.05
N202-9 3,563.56 41.62 10.71 2.33 1.06 2.84 0.07 0.47 19.72 2.55 0.05
N202-11 3,665.25 57.67 13.58 2.39 2.09 2.90 0.13 0.60 4.48 3.88 0.05
N202-13 3,669.90 58.04 156.79 1.81 1.98 3.12 0.12 0.64 3.94 2.73 0.04
N202-14 3,672.43 55.95 13.42 2.47 1.63 3.03 0.12 0.61 7.25 4.65 0.11
N202-15 3,5675.35 62.96 11.34 1.61 2.39 2.20 0.11 0.42 6.37 1.94 0.04
G103-1 2,743.60 59.69 14.83 2.53 1.45 2.80 0.10 0.67 5.03 3.74 0.06
G103-2 2,744.80 57.62 156.11 3.03 1.33 2.85 0.10 0.68 5.18 4.16 0.06
G103-4 2,748.30 55.85 16.32 3.01 1.156 3.31 0.15 0.66 3.54 4.87 0.06
G103-5 2,749.80 59.12 12.73 1.95 1.73 2.29 0.09 0.49 7.86 2.99 0.04
G103-6 2,751.80 55.18 156.54 3.26 1.20 2.99 0.11 0.74 5.99 4.14 0.06
G108-7 2,754.10 55.52 16.67 3.49 1.11 3.16 0.10 0.75 4.49 5.25 0.06
G103-8 2,765.30 71.86 11.36 0.69 2.27 1.74 0.06 0.22 3.27 1.44 /
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& 10 4 10 4
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Mclennan, 1985) in the Es;* shale.

FIGURE 5 | Enrichment factor of the major elements (A) (relative to the PAAS, Taylor and Mclennan, 1985) and trace elements (B) (relative to the UCC, Taylor and

T
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14.69 wt%, and 11.24 wt%, respectively (Table 2). Compared to
post-Archaean Australian shale (PAAS) (Taylor and Mclennan,
1985), the CaO, MgO, Na,O, and P,O5 were relatively enriched
but the SiO,, ALOs, Fe,03, MnO, K,O, and TiO, were depleted
(Figure 5A). The results of the trace element analysis are presented

in Tables 3, 4. Compared with the Upper Continental Crust’s (UCC)
composition (Taylor and Mclennan, 1985), Sr has enrichment
factors of 0.57-15.34 (mean 5.60), Mo had enrichment factors of
0.18-8.43 (mean 2.59), Re had enrichment factors of 1.48-13.48
(avg. 4.71), and Ba had enrichment factors of 0.85-3.98 (avg. 2.00).
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TABLE 3 | Trace elements results of the Es;" shale in the Raoyang Sag.

Samples Depth Li Be Sc \'} Cr Co.

(m) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g)
B11x-1 3,397.85 1.66 0.40 0.62 1.03 1.41 0.93
B11x-2 3,398.15  2.18 0.45 0.77 1.26 1.77 1.27
B11x-3  3,398.95  2.71 0.69 0.96 1.42 2.11 1.42
Bi1x-4 341041  2.02 0.33 0.83 1.80 1.90 1.35
B11x-5  3,411.30 2.8 0.77 0.95 1.32 2.09 2.04
Biix-6 341165 2.37 0.67 0.84 1.54 1.95 1.97
B11x-7 341233 252 0.58 1.00 1.78 2.25 2.02
B11x-8  3,413.02  1.61 0.34 0.62 1.59 1.56 1.06
B11x-9 341393 2.00 0.41 0.67 1.30 1.45 1.25
B11x-10  3,41456  2.23 0.49 0.76 1.42 1.69 1.50
B11x-11 341501  2.41 0.62 1.08 2.09 217 1.36
Biix-12  3,416.17  2.80 0.74 1.01 1.70 2.53 1.51
B11x-13  3,417.15  1.72 0.33 0.74 0.91 1.56 1.32
Xi25x-2  3,324.89  2.50 0.53 0.95 1.47 2.10 1.41
Xi25x-3  3,330.06  1.99 0.50 0.85 1.32 1.85 1.47
Xi25x-4  3,331.07  1.81 0.42 0.84 1.55 1.85 1.53
Xi25x-5  3,331.99  1.96 0.44 0.80 1.84 1.74 1.79
Xi25x-6  3,339.24  1.39 0.28 0.59 1.21 1.38 1.05
Xi25x-7  3,340.17  0.78 0.29 0.31 0.72 0.77 1.05
Xi25x-8  3,340.67  1.56 0.46 0.74 0.93 1.56 0.90
Xi25x-9  3,341.27  2.01 0.66 0.81 1.20 1.83 0.95
N202-7  3,560.68  2.69 0.83 1.07 1.70 2.60 157
N202-8  3,562.31  2.40 0.62 0.90 1.59 2.25 1.38
N202-9 356356  2.08 0.59 0.85 1.55 2.05 1.11
N202-11 356525  1.88 0.72 0.72 0.92 1.83 2.98
N202-13  3,569.90  3.39 0.71 0.68 0.90 1.97 2.35
N202-14  3,572.43  1.88 0.73 0.88 1.00 2.04 1.58
N202-15 3,575.35  1.73 0.29 0.48 0.47 1.11 2.66
G103-1 274360  2.46 0.63 0.86 112 2.39 1.16
G103-2 274480 277 0.70 0.98 1.21 2.58 1.36
G103-4 274830  2.99 1.06 0.98 1.30 2.38 2.24
G103-5  2,749.80 2.08 0.39 0.52 0.80 1.26 2.89
G103-6  2,751.80 3.26 0.74 1.14 1.48 2.88 1.68
G103-7  2,754.10 3.73 1.14 1.18 1.45 2.87 1.62
G103-8 276530  1.38 0.45 0.22 0.33 0.62 3.92

However, Li, Cd, Ni, Co., and Bi showed only minor enrichments or
slight depletions (Figure 5B). The enrichment or depletion of the
above major and trace elements are closely related to changes in the
paleosedimentary environment. Therefore, the distribution
characteristics of these elements and their paragenetic
assemblages can help us construct a connection between the
paleosedimentary environment and geochemistry of shale and
further reveal the mechanisms of OM input and preservation
(He et al., 2017b).

DISCUSSIONS

Paleosedimentary Environment and OM
Clastic Influx Proxies
The providential input of various clastics into ancient lake basins
has an impact on the concentration of OM (Ding et al., 2015). The
enhanced clastic influx may directly control the enrichment of
OM by diluting OM or preventing its burial and preservation
(Canfield, 1994).

Areas affected by terrigenous clastics have relatively high
Fe,0;+AL, 05 contents, and areas dominated by biochemical

Paleoenvironment and Shale Oil Enrichment

Ni Cu Zn Ga Rb Sr Y Zr
(ug/g) (ug/g) (ug/g) (ug/g) (ug/g)  (ug/g) (ug/g) (ug/g)
1.08 0.77 0.62 0.57 0.52 13.47 0.58 0.34
3.17 0.96 0.93 0.70 0.65 9.11 0.65 0.43
2.10 1.31 1.28 1.05 0.90 3.52 0.95 0.60
1.53 1.14 0.97 0.77 0.63 4.05 0.77 0.44
1.40 1.22 0.98 0.97 0.82 4.28 0.86 0.58
1.32 0.97 0.92 0.82 0.72 7.41 0.71 0.43
1.67 1.75 1.08 0.97 0.85 8.38 0.88 0.53
1.40 1.05 0.66 0.55 0.48 425 0.59 0.42
1.02 0.99 0.71 0.67 0.59 15.34 0.55 0.32
1.10 0.90 0.65 0.75 0.68 4.83 0.72 0.46
1.30 1.33 1.05 0.89 0.83 375 0.88 0.49
2.13 1.13 1.51 1.05 1.03 4.43 0.88 0.54
1.12 0.70 0.71 0.67 0.60 13.21 0.79 0.34
1.98 1.04 0.92 0.89 0.81 7.78 0.80 0.43
0.89 0.89 0.80 0.82 0.71 13.82 0.74 0.42
0.87 1.16 0.61 0.75 0.61 10.94 0.89 0.39
1.53 1.09 0.84 0.73 0.64 7.40 0.73 0.39
0.75 0.67 0.49 0.54 0.54 7.73 0.58 0.38
0.73 0.50 0.35 0.27 0.25 5.58 0.39 0.20
1.05 0.59 0.63 0.64 0.62 10.20 0.90 0.35
1.31 0.77 0.83 0.81 0.80 4.95 0.87 0.51
1.92 1.23 1.16 1.10 0.92 2.27 0.96 0.56
1.55 1.00 0.89 0.97 1.03 7.48 0.74 0.44
0.95 0.90 0.74 0.83 0.91 11.88 0.70 0.40
1.25 0.47 0.68 0.98 0.81 0.82 0.86 0.42
1.89 0.51 0.85 1.02 0.82 0.96 0.58 0.36
1.12 0.60 1.09 0.98 0.87 1.08 1.02 0.43
1.50 0.29 0.42 0.65 0.52 0.88 0.68 0.23
1.20 0.64 0.93 1.09 0.89 0.83 0.93 0.56
1.45 0.69 1.00 1.15 0.93 0.88 0.96 0.55
1.97 0.85 0.87 1.24 1.07 0.92 0.99 0.63
1.30 0.42 0.54 0.79 0.62 1.36 0.79 0.33
1.48 0.85 1.01 1.27 0.98 0.91 0.98 0.65
1.41 0.84 1.25 1.31 1.01 0.88 1.02 0.65
1.39 0.14 0.25 0.55 0.42 0.57 0.34 0.17

performance have relatively high CaO + MgO contents. The
value of (Fe,O3+Al,0;)/(CaO + MgO) reflects the relative
strength of terrigenous clastic sedimentation and biochemical
sedimentation in lake basins (Zhou et al., 2020). When the supply
of terrigenous clastics increases, Fe,O; and ALO; content
increases, and when the capacity of terrigenous clastics is
weakened and biochemical deposition is enhanced, CaO and
MgO content will increase. On the plane, the migration ability of
Fe,0; and Al,O; was weak, and the migration ability of CaO and
MgO was stronger (Xu et al., 2007). Their ratios were thus high at
provenance and gradually declined as the distances from the
provenance increased (Zhou et al., 2020). When (Fe,O3+Al,03)/
(CaO + MgO) > 1, the sediment is mainly controlled by
terrigenous clastics; when (Fe,03+AL,03)/(CaO + MgO) < 1,
it is mainly a biochemical deposition; and when (Fe,0;+Al,05)/
(CaO + MgO) is in the range of 0.5-1.0, it is in a transitional state,
which is jointly controlled by terrigenous clastics and biochemical
deposition in the lake basin. In the samples from the four key
wells in the study area, the values of (Fe,03;+Al,0;)/(CaO +
MgO) were 0.50 (XI25x), 0.76 (Bllx), 1.71 (N202), and 2.54
(G103). The shale of wells G103 and N202 was obviously
determined by terrigenous clastics, which is consistent with the
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TABLE 4 | Trace elements results of the Es;" shale in the Raoyang Sag.

Samples Depth Nb Mo Cd In Cs
(m) (ug/g) (ug/g) (ug/g)  (ug/g)  (ug/g)
B11x-1 3,397.85  0.26 2.53 2.42 0.53 1.34
B11x-2 3,398.15  0.35 3.11 2.46 0.85 1.74
B11x-3  3,39895  0.51 5.18 4.69 1.21 2.16
Bi1x-4  3,410.41 0.36 5.99 2.97 0.79 157
B11x-5  3,411.30  0.49 5.25 4.73 1.09 2.01
Biix-6 341165  0.36 4.71 2.80 1.02 1.92
B11x-7 341233 045 8.43 4.83 1.23 2.28
B11x-8  3,413.02 024 5.18 2.46 0.61 1.20
B11x-9 341393  0.28 5.26 3.21 0.76 1.70
B11x-10  3,41456  0.35 3.21 2.40 0.77 1.93
B11x-11  3,415.01 0.36 412 3.21 0.96 2.35
Bi11x-12  3,416.17  0.46 5.50 3.35 1.31 3.16
B11x-13  3,417.15  0.29 1.54 1.96 0.78 1.58
Xi25x-2  3,324.89  0.39 3.24 3.11 0.91 2.24
Xi25x-3  3,330.06  0.36 257 2.58 0.96 1.98
Xi25x-4  3,331.07  0.30 2.62 2.41 0.71 1.62
Xi25x-5  3,331.99  0.32 5.40 2.60 0.92 1.73
Xi25x-6  3,339.24  0.24 1.84 1.35 0.57 1.44
Xi25x-7  3,340.17  0.14 1.49 1.10 0.22 0.57
Xi25x-8  3,340.67  0.27 1.65 1.44 0.68 1.45
Xi25x-9  3,341.27  0.40 1.20 1.55 0.96 2.06
N202-7  3,560.68  0.50 2.30 2.36 1.18 2.49
N202-8  3,562.31 0.46 3.46 2.04 1.16 2.79
N202-9 356356  0.43 1.93 1.60 0.97 2.88
N202-11  3,565.25  0.46 0.23 1.26 0.72 1.14
N202-13  3,569.90  0.48 0.26 1.31 0.79 1.13
N202-14  3,572.43 047 0.23 1.74 0.95 1.46
N202-15 3,575.35  0.30 0.18 0.86 0.45 0.57
G103-1 2,74360  0.54 0.23 1.52 1.16 1.70
G103-2 274480  0.56 0.27 1.41 1.08 1.91
G103-4 274830  0.56 0.29 1.12 1.30 2.17
G103-5  2,749.80  0.33 0.18 1.12 0.51 0.85
G103-6  2,751.80  0.65 0.29 1.55 1.28 2.12
G103-7  2,75410  0.61 0.59 2.98 1.25 2.20
G103-8 276530  0.16 0.37 0.39 0.13 0.32

accepted source direction of Raoyang Sag (Yin et al., 2020). Well
Bllx was in a transitional state, and well XI25x was mainly
controlled by biochemical deposition. The input intensity of
terrigenous clastics was negatively correlated with the TOC
value (Figure 6A). When (Fe,0;+AL05)/(CaO + MgO) > 1,
the TOC content is low overall. The samples from wells G103
and N202 were close to the provenance, the input intensity of
terrigenous clastics was strong, and the OM was not enriched, due
to dilution. Wells Bllx and XI25x were far away from the
provenance, and the OM presented different degrees of
enrichment. Therefore, the dilution effect of clastic influx
impacts the preservation of OM; however, the correlation is not
high, indicating that this factor is not the main controlling factor.
Moreover, elements such as Ti, Si, and Al are considered to be
parameters that can characterize the input intensity of terrigenous
clastics (Murphy et al,, 2000). Ti is usually associated with clay
minerals and heavy minerals, whereas Si mainly exists in quartz,
feldspar, and biogenic fractions (Kidder et al., 2001). The elements
Ti and Si can provide key information about the variation in the
imported flux of clastics from non-aluminosilicate sources after
normalizing Al (Chen et al,, 2016). The sample concentrations of
Ti, Si, and Al from wells G103 and N202 were generally high, while

Paleoenvironment and Shale Oil Enrichment

Ba Hf Ta Re Pb Bi Th u
(ug/g)  (ug/g)  (ug/g) (ug/g) (ug/g)  (ug/g)  (ug/g)  (ug/g)
3.35 0.37 0.19 3.99 0.79 1.34 0.56 1.63
2.85 0.46 0.25 4.20 0.93 1.78 0.68 2.07
3.31 0.68 0.38 6.98 1.52 254 1.04 1.91
2.23 0.48 0.27 2.35 1.05 2.22 0.81 2.12
2.61 0.73 0.37 5.91 1.27 2.61 0.97 2.96
3.05 0.49 0.29 6.83 1.10 2.29 0.83 2.09
3.98 0.63 0.36 7.10 1.45 3.1 0.97 3.00
2.07 0.45 0.18 3.16 0.89 2.00 0.57 1.68
2.85 0.38 0.22 276 0.85 1.87 0.67 1.89
2.58 0.53 0.28 5.41 0.95 1.83 0.76 1.85
1.75 0.56 0.29 2.89 1.07 2.46 0.88 1.83
1.62 0.58 0.38 4.79 1.30 3.12 1.04 2.02
2.56 0.35 0.25 3.15 0.83 2.08 0.66 1.64
2.74 0.48 0.31 417 1.00 2.37 0.87 2.18
2.54 0.46 0.31 4.69 0.89 2.32 0.85 2.1
3.40 0.41 0.27 3.50 1.03 2.56 0.72 1.77
2.20 0.41 0.27 5.55 1.12 298 0.76 252
1.22 0.36 0.21 3.90 0.58 1.70 0.54 2.04
1.37 0.19 0.1 3.97 0.41 0.89 0.27 1.06
2.03 0.37 0.24 3.57 0.82 1.85 0.68 1.96
3.82 0.54 0.33 5.09 0.99 1.77 0.80 1.98
1.56 0.60 0.40 2.49 1.30 3.04 1.03 1.76
1.44 0.51 0.38 3.25 1.19 2.90 0.93 2.41
1.65 0.46 0.34 2.86 0.99 2.63 0.79 255
117 0.44 0.46 8.50 1.03 1.48 0.96 0.74
0.97 0.42 0.47 6.17 1.53 1.74 1.00 0.70
0.94 0.48 0.43 3.49 1.06 2.12 1.03 0.82
0.85 0.25 0.33 7.49 0.82 0.71 0.60 0.49
0.96 0.63 0.50 1.94 1.35 2.38 1.21 0.84
1.03 0.62 0.51 1.48 1.46 2.70 1.24 0.90
1.01 0.70 0.55 4.96 2.23 3.27 1.36 1.01
1.03 0.37 0.37 8.62 1.10 1.35 0.74 0.56
0.88 0.71 0.56 3.08 1.25 3.03 1.26 1.06
0.90 0.73 0.57 2.97 1.35 2.94 1.26 0.99
1.42 0.20 0.25 13.48 0.82 0.27 0.32 0.30

the concentrations from wells B11x and XI25x were generally low.
This shows that different well positions on the plane are affected by
the intensity of the clastic influx, which supports the previous
discussion. The strong correlations between Ti and Al (R* = 0.85)
and Si and Al (R*> = 0.69) (Figures 6B,C) suggest a rather
homogeneous detrital supply.

Paleoclimate Proxies

The paleoclimate in provenantial terrain determined the
mineralogical and chemical composition of siliceous clastic
sediments (Nesbitt and Young, 1982; Fedo et al, 1995).
Therefore, the characteristics of mineralogical and chemical
compositions in shale can potentially reflect changes in
paleoclimate. Correspondingly, paleoclimatic conditions can be
inferred from the discrimination charts of various elements (CIA,
K,0/Al, O3, Ga/Rb, and Rb/Sr) (Fedo et al., 1995; Shen et al.,
2001; Roy and Roser, 2013).

The chemical index of alteration (CIA) can aid in the
reconstruction of paleoclimate and weathering intensity (Fedo
etal., 1995; Price and Velbel, 2003), and the CIA equation can be
expressed as [(Al;03)/(AL,05 + Na,O+ CaO* + K,0)] x 100). As
it is unclear whether CaO is derived from carbonate, Nesbitt and
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FIGURE 6 | Provenance and paleoclimate analysis of Es;" shale.

Young (1984) suggested excluding CaO from CIA calculations on
rocks with high CaO content. As mentioned in Mineralogy and
Lithofacies of Shale, the Es," shale is rich in carbonate, and the
corrected CaO content is much greater than the Na,O content;
therefore, CaO* should be replaced by Na,O in the CIA formula.
When CIA values are high (85-100), sediments were generally
deposited in hot and humid tropical paleoclimates, whereas those
deposited in warm and humid paleoclimates have medium CIA
values (70-85), and those deposited in cold and arid
paleoclimates have minor CIA values (50-70) (Nesbitt and
Young, 1982). In this study, the CIA values of shale from Es,"
varied from 62 to 76 (mean 68), and only five samples from well
G103 had values greater than 70 (Figure 6D), indicating that the
sediments were produced in the source region, under a cold and
arid paleoclimate. In addition, the Es," shale seems to have been
deposited in arid to semi-arid paleoclimate conditions, according
to the Ga/Rb and K,0/AlL,O; discriminant chart (Figure 6E),
which is consistent with the results obtained by Ye et al. (2020).
The value of Rb/Sr can also indicate the evolution of the
paleoclimate. Element Rb is relatively stable, whereas Sr is
easily weathered during chemical weathering. Therefore, Rb/Sr
values are high in humid environments and relatively low in dry
and hot environments (Shen et al., 2001; Li et al., 2019; Ye et al.,
2020). The Rb/Sr values of all samples from well G103 and some
of those from well N202, located at the boundary of the Raoyang
Sag, were larger, while the Rb/Sr values of wells B11x and XI25x,
located in the middle of the sag, were relatively small (Figure 6F).
In addition, it was observed that the TOC content increased with
aridity (Figure 6F). The mineral composition of sediments can
also reflect climatic change. Carbonates are deposited under dry
climatic conditions because of the elevated evaporation (Kelts and
Hsu, 1978; Sarnthein et al., 1994). Therefore, the degree of arid
climate in Es;" may increase the salinity of lakes, deposition of

carbonates, and eutrophication in lake waters, resulting in algal
blooms and OM enrichment. Therefore, climate has an impact on
the accumulation of OM and is also a condition for the formation
of basins with small areas but large resources.

Paleoredox Conditions Proxies

The paleoredox conditions of ancient lakes play a vital role in the
deposition, burial, preservation, and accumulation of OM. Such
conditions can usually be characterized by specific ratios of
redox-sensitive elements (e.g., Th/U, V/(V + Ni), Ni/Co., and
V/Cr) (Hatch and Leventhal, 1992; Jones and Manning, 1994;
Wignall and Twitchett, 1996; Rimmer et al., 2004), which include
Mo, U, Th, V, Ni, Co., and Cr (Zhao et al., 2016; He et al., 2017b).
However, some of the specific trace elements (e.g., Cr and Co.)
found in lacustrine sedimentary rocks are easily influenced by
clastic influx, diagenesis, and re-oxidization after deposition
(Xiong et al, 2010). Therefore, the observed ratios of some
redox-sensitive elements (e.g., V/Cr and Ni/Co.) may result in
misinterpretations and are no longer considered suitable for
accurately reflecting paleoredox conditions.

In this study, the V/(V + Ni) values of the Es," shale were
between 0.42 and 0.84 (avg. 0.72). Most of the V/(V + Ni) ratios in
shale samples exceeded the threshold values (ie., V/(V + Ni) >
0.6) indicative of dysoxic/suboxic conditions (Figure 7A), which
demonstrates that the Es," shales were mainly deposited in a
dysoxic/suboxic paleo-lacustrine environment. Under decreasing
water conditions, organic-rich sediments are rich in U (Kochenov
et al.,, 1977). Thus, low Th/U ratios have been widely used as
indicators of anoxic paleo-sedimentary environments (Th/U < 2)
(Wignall and Twitchett, 1996). The Th/U values of the shale
samples were widely distributed across the range of 0.97-5.53
(mean 2.56), indicating the paleoredox conditions of ancient lake
are inconsistent and there are differences in the vertical

Frontiers in Earth Science | www.frontiersin.org

10

August 2021 | Volume 9 | Article 736054


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

Paleoenvironment and Shale Oil Enrichment

Wei et al.
6.0 6.0 1000
. reduction reduction oxidation ®Bllx ® Bllx
AXL25x AXL25x A XL25x kLY
EN202 0. O EN202 = N202 restricted
G103 . 100 Lo G103 <
4.0 ° o 4.0 e
S L = n
:j o < ~ y=-0.5829x+3.4207 & 10
L4 L4 Q = e R’=0.5554 = ;
19 OO " A® ;9 :“\: ricted basin
2.0 {4 oxidation A A oy 2.0 A ? T
° A ® 1
A A A A
. .= A BFa C
0.0 . . ey 0.0 (L) T = 0.1 . T ©)
0.5 0.6 0.7 0.8 0.9 0.0 2.0 4.0 6.0 0.1 1 10 100
V/(V+Ni) Th/U Ue
6.0
6:0 ®Blix 6:0) ®Bllx L ﬁ @®Bllx
,,,,,,,,,,,,,,,,,,,,, AXL25x AXL25x 4 oER saltwater AXL25x
0 EN202 mN202 o / SN © S mN202
e G103 G103 e / 5 G103
; £ 1/ N
4.0 7 ° " 4.0 ° . 40 /. °
7 - -
s . g . g / S
o /e e ° Qo ° / o ) o
8 ° @ i 3 o o5 *° 3 . ° v
= £ A = o, = i, iy A - .
2.0 /oae™ A 2.0 ARe / 2.0 i A S 7 58 A
Y A A ¥
H ®A - e A » A
S G A A [ A 4
¢ L . —_—
/mym (D) LT (E) [mnl | (F)
0.0 0.0 — v . 0.0
0.0 0.5 1.0 1.5 2.0 25 0.0 20 4.0 6.0 8.0 0.0 1.0 2.0 3.0 4.0 5.0
Bay;, Cu/AlL(107) Sr/Ba
8.0 -
6.0 ®Blix 6.0 ®Bllx - B ®Blix
i AXL25x - AXL25x I - saltwater AXL25x
z EN202 LR N202 2 A St EN202
E . 15 G103
£ G103 Fresh water-brackish water G103 60 T & ¥ S SEE L
4.0 s 4.0 _—+— oxidation zone /g | A A O
£ = e g ,% e S
g g ) 40 ii me %4 A
£ = — 4. J e B
= g z Salt water-reducing zone E ,;' LAl e AlA
3 . 00 e
20 Increasing arid 2.0 P — e ,’,' ; ":,' e
A ® AA o 204 1 9= e
.’. o, (] A ‘ ™ ;m ‘ ;E
. | = A i
- m.______ W A o & & / Lo
- . 1
0.0 (G) 0.0 . - . (H) 0.0 — (D
0.0 0.1 0.2 0.3 0.4 0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
Rb/Sr St/Ba Sr/Ba

FIGURE 7 | Analysis of paleoredox conditions, paleoproductivity, and paleosalinity.

preservation conditions. The Th/U ratios of organic-rich shale
(>1.7%) were usually less than 2 (mean 1.59), which indicates that
these shale samples were deposited in a reducing
paleoenvironment. Moreover, the TOC and Th/U ratios have a
strong negative correlation (R* = 0.55) (Figure 7B). These
observations show that paleoredox conditions, that is,
preservation conditions, played a major role in controlling the
enrichment of OM in the Es;" shale.

U and Mo are also effective paleoredox parameters that are
disturbed by external factors and can accurately reflect the
occurrence of paleoredox conditions during sediment
deposition processes (Tribovillard et al., 2006). Previous
research has shown that the patterns of Ugp-Mogr covariations
are particularly significant for paleoredox reconstruction (Algeo
and Tribovillard, 2009; Wang et al, 2017). Ugr and Mogg
represent the element enrichment factors (MEFs) of U and
Mo, respectively. The calculation formula for Mgk is:

Mir = (XTAI gpupie! (XTAI) pass 1

sample
where X and Al are the concentrations of elements X and Al,
respectively. Mo and U showed obvious enrichment in wells
B11x, X125x and in some of the samples from N202; whereas the

elements Mo and U from the G103 well and some of the samples
from the N202 well exhibited relatively moderate or less
detectable enrichment (Figure 7C). These parameters indicate
that the shale samples from wells B11x and X125x and some from
N202 were possibly deposited in a water column with abundant
H,S, whereas the samples from well G103 and others from N202
were deposited in water with scarce H,S (Algeo and Tribovillard,
2009; Wang et al., 2017). The semi-deep and deep lake had a
reducing paleoenvironment, whereas the shallow lake sediments
reflected oxic and suboxic paleoenvironments, based on the plot
of the Mogg-Ugg covariation and sedimentary facies belt for each

well location (Figure 7C).

Paleoproductivity Proxies
Elemental Ba and Cu can depict relative levels of
paleoproductivity (Tribovillard et al., 2006). Their correlation
with TOC is usually used as a proxy for the impact of primary
productivity on OM enrichment (Zhao et al., 2016; Wang et al.,
2017), based on the premise that OM is produced by algae
(primary productivity) (Pedersen and Calvert, 1990). Indeed,
previous research has determined that algae organisms are the
main origin of OM in the Es, source rock (Yin et al., 2020).
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Therefore, paleoproductivity proxies are valuable for evaluating
OM enrichment.

Barium is considered a typical index for evaluating
paleoproductivity because biogenic barite is associated with
phytoplankton decay (Dymond et al, 1992). Biogenic Ba
(Bapj,) can be used to estimate the intensity of carbon exports
from the photic zone in the water column and is regarded as an
effective indicator of paleoproductivity (Brumsack, 1989;
Tribovillard et al., 1996). The Bay;, content can be obtained
using the following formula:

Bay;, - Baw; — (Al X Bal Aly,) = Bagy — (Al x 0.0075)  (2)

where Bay, is the Ba content from the biogenic component, Bay,
is the total Ba content, Ba/Al,, is the Ba/Al ratio of
aluminosilicate detritus in crustal rocks, and Al is the total
Al content. The Ba/Al,, ratios of aluminosilicate components in
crustal rocks ranged from 0.005 to 0.01 (Taylor, 1964) and the Ba/
Al,y, ratios usually had a value of 0.0075 (Dymond et al., 1992).
The Bay;, contents of the samples from different regions were
quite different. The samples from semi-deep lacustrine and deep
lacustrine facies had higher Bay;, content, whereas the Bay,
content in samples from shore-shallow lake facies was
relatively low. The abundance of TOC is directly related to
paleoproductivity, and TOC is more abundant when Bay,
content is greater than 1.0 (Figure 7D). Therefore,
paleoproductivity is of great significance for the enrichment
of OM.

OM incorporates copper (Cu) into sediments in the form of
organometallic complexes, so there is a close relationship between
Cu and TOC content (Tribovillard et al., 2006). Therefore, while
OM may become partially or completely degraded after
deposition, the Cu released from OM can be trapped by pyrite
and preserved in sediment (Huerta-Diaz and Morse, 1992; Algeo
and Maynard, 2004). Thus, the ratio of Cu to Al can represent the
level of paleoproductivity (Tribovillard et al., 2006). The average
value of Cu/Al in the shale samples was 3.86 x 107>, and the Cu/Al
values of samples from wells B11x and XI25x and some from
N202 were much higher than those from G103 and others from
N202 (Figure 7E). The samples from shore-shallow lake facies
implied relatively low paleoproductivity, which may be due to the
destruction of the phytoplankton growth environment by clastic
influx. In addition, the concurrence of increased TOC content
and Cu/Al (Figure 7E) indicates that paleoproductivity has an
impact on OM enrichment.

Paleosalinity Proxies

The chemical properties of Sr and Ba are similar, and the
migration ability of Ba is lower than that of Sr, so Sr can
continue to migrate further towards, or away from, areas of
higher salinity. Thus, Sr/Ba ratios usually indirectly indicate
the salinity of the water body (Fu et al, 2018; Zhou et al,
2020). According to previous research, water can be classified
as a freshwater (Sr/Ba<0.6), brackish (0.6<Sr/Ba<1.0), or saline
environment (Sr/Ba>1.0) (Wang et al., 1979; Wang and Wu,
1983). The average Sr/Ba values of wells B11x, X125x, N202, and
G103 were 1.74, 2.51, 1.61, and 0.58, respectively; indicating that
the first three wells experienced saline environmental conditions,

Paleoenvironment and Shale Oil Enrichment

while well G103 experienced a freshwater environment. The
average depths of the sampling points of the above four wells
were 3,410.04, 3,336.08, 3,567.07, and 2,751.10 m, respectively,
which corresponds to their historical salinity conditions. These
observations demonstrate that the semi-deep and deep lake water
bodies had relatively high salinities and were vertically
heterogeneous with stratified water columns.

The TOC content first increased and then decreased with
increases in paleosalinity (Figure 7F). TOC was more enriched
when the value of Sr/Ba was 1.0-3.0, indicating that both low
paleosalinity and excessive paleosalinity were not conducive to
the enrichment of OM, which is consistent with the results of He
et al. (2018); based on their use of biomarker compounds in
paleosalinity analysis.

We also found that arid climates caused evaporation to
significantly reduce lake water levels, which increased the
salinity of the deep lake water body (Figure 7G). However,
the shallow lake area was more affected by the influx of
terrestrial debris and experienced a high turnover of water
exchange, resulting in low salinity and water column
stratification. Saltwater environments in the study area also
usually experienced reducing conditions, with freshwater and
brackish water having oxidizing conditions [Figures 7H, 8
(profile 1 in Figure 1A)]. This indicates that water column
stratification also induced different preservation conditions at
different lake depths. This is also confirmed by the extensive
development of laminar structures (Figures 4B,H,]). In addition,
the productivity profile (Cu/Al) also exhibited a phenomenon in
which it first increased and then decreased with increasing
salinity, indicating that neither freshwater nor excessive
salinity were suitable environments for ancient organisms
(algae, etc.) (Figure 7I). Therefore, salinity is important for
OM enrichment. The low input of terrestrial debris, arid
climate, moderate lake salinity, reducing environment, and
high productivity are conducive to OM enrichment.

OM and Shale Qil Enrichment

The first two geochemical indices that can directly reflect the oil
content within shale are the amounts of chloroform bitumen S,
and “A” (Lu et al, 2012). The former represents low-carbon
hydrocarbon content, and the latter is the sum of heavier
hydrocarbons, nonhydrocarbons, and asphaltenes (Li et al,
2015). The S, of shale samples can be used as an indicator to
evaluate absolute oil content because most shale reservoirs have
low permeability and produce light or condensate oil.

Figure 9A illustrates the relationship between the oil content
and TOC of shale samples from Es," The oil content of the
samples exhibits the characteristics of a triple-division with
increases in TOC value. First, the oil content of the samples
increased slowly when the TOC was low, then rose rapidly for a
while, finally entering a steady state. According to the absolute oil
content corresponding to the turning points of the envelope of the
scattered points in Figure 9A, the shale samples were classified
into three types, based on the TOC value of the turning points:
dispersed resources (TOC < 0.6%), potential resources (0.6%
<TOC<1.7%), and enriched resources (TOC > 1.7%). Enriched
resources mean that the total oil generated by the OM can meet
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the requirements of shale residual oil when the TOC reaches a
critical value (1.7%). The hydrocarbons in shales are saturated,
resulting in their expulsion when the TOC exceeds the critical
value (Lu et al, 2012). The layer formations with enriched
resource conditions are the most promising exploration targets
for shale oil. In addition, the OM and hydrocarbon enrichment of
different lithofacies also varied (Figure 9B). Types A, D, and E of
OM were more enriched (mean values were 2.35, 2.60, and 1.54,

respectively) and corresponded to enriched resources. The
characteristics of self-generation and self-storage of shale oil
also enriched the hydrocarbons of Types A, D, and E (mean
values were 0.93, 0.84, and 0.50, respectively). This shows that
carbonate minerals play an important role in shale oil
enrichment. Previous studies have shown that the mesopores
and macropores (dissolution pores, intercrystalline pores and
microfractures) existing in the lacustrine shale interval are closely
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FIGURE 10 | Analysis of the sedimentary environments of different
lithofacies.

related to the carbonate composition, which is a key factor
affecting the quality of the shale oil reservoir. Moreover, larger
pores are most conducive to the enrichment and development of
shale oil (Wang et al., 2015; Birdwell et al., 2016; Li et al., 2017; Bai
et al,, 2020). It is worth noting that there were abnormally high
values of Type C, which may have been caused by the migration
of hydrocarbons in the surrounding organic-rich shale. For shale
oil reservoirs with mainly self-generation and self-storage
characteristics, OM content is a cornerstone that largely
determines the degree of hydrocarbon enrichment in shale.
The different types of shale have varying degrees of OM
enrichment because of their dissimilar sedimentary
environments.

Paleoenvironment and Shale Oil Enrichment

Paleosedimentary Environment and

Lithofacies

The deposition period of A and D was less affected by terrigenous
clastic input ((Fe;O3+ALO;)/(CaO + MgO) < 1.0), and TOC was
rarely diluted. The paleoclimatic conditions corresponding to the two
lithofacies were relatively arid, leading to increased lake concentration,
moderate paleosalinity (1.0<Sr/Ba<3.0), and a massive precipitation of
calcareous minerals. A favorable paleoclimatic environment and
moderate paleosalinity provided a good habitat for algae and other
organisms, causing them to flourish in large numbers, resulting in a
significant increase in paleoproductivity. The OM formed by
paleontology deposited in stratified water columns, and the strong
reducing conditions (Th/U < 2.0) guaranteed the enrichment of the
OM (Figure 10). Organic-rich shale (e.g, A and D) produced
hydrocarbons in large quantities and accumulated in situ to form
shale oil reservoirs under the changing formation temperature and
pressure conditions caused by an increase in burial depth.

Types C and F are quite different from the above two lithofacies.
They were greatly affected by the input of terrestrial debris—silicon
content was relatively high (SiO, > 50%), and the OM was severely
diluted. During the period of deposition, they experienced a humid
paleoclimate, frequent water body exchanges, and low lake water
paleosalinity (Sr/Ba < 0.6). These conditions meant that the water
bodies generally rich in oxygen and had
paleoproductivity, resulting in low OM generation, preservation,
and enrichment (Figure 10). Although lithofacies C and F have low
OM contents and lack the capacity to generate a large number of
hydrocarbons because of the large amount of felsic minerals
trapped by organic-rich shale, their high-quality storage capacity
should be noted (Figure 9B).

After terrigenous detrital material was brought into the lake
basin, fine-grained clay in the water body was concentrated in a
suspended state. When suspension equilibrium conditions were
broken, the fine-grained clay was gradually deposited in the form
of single particles mixed with felsic minerals, carbonates, OM,
and other components to form clay shale. The lithological
compositions of B and E are mainly clay minerals and were
deposited in a sedimentary environment that was not strongly
affected by terrigenous clastics and was partial to reduction and
brackish water-saltwater bodies (Figure 10).

were low

Enrichment Model of Shale Oil

We used a BP neural network combined with logging data and
measured XRD data (Li et al., 2015) to predict the rock mineral
composition of 79 wells in the study area. The lithofacies profile of
N201-N301 was obtained, as shown in Figure 11, corresponding
to profile 2 in Figure 1A. The shale oil enrichment model of the
Raoyang Sag, which takes lithofacies and sedimentary
environments into account, has been established.

The overall mineral composition of the Raoyang Sag changes
from felsic minerals to clay and carbonate and back to felsic
minerals, from northwest to southeast, reflecting changes in the
sedimentary environment. Under a background of arid
paleoclimate, rainfall decreased, weathering and denudation of
source rock areas weakened, and the detrital material transported
by the river decreased. Because lake water evaporation was greater
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than the inflow, the lake level entered a downward cycle, the
concentration of Ca** and Mg®" in the lake water gradually
increased, and the lake basin entered a salty period. Under
appropriate lake water salinity, algae bloomed and consumed
the CO, in the water body, and a large amount of OM was
deposited in the stratified water column. Good storage conditions
(strongly reducing) and an environment far from the material
source provided conditions for OM enrichment. OM and the
seasonal deposition of carbonate rocks deposited under biological
and chemical sedimentation formed organic-rich calcareous
shale, which is a favorable source reservoir for shale oil. A
large volume of terrigenous debris was imported, and the
water body was relatively turbulent, which can be attributed to
the shallow water high-energy oxidation environment in the slope
belt and steep slope belt of the Raoyang Sag. Most of the
provenantial felsic minerals entered the lake directly to form C
and F near their provenance. Externally sourced fine-grained clay
minerals were dispersed and suspended in the lake water, and
they were mixed with felsic minerals, carbonates and adsorbed
OM deposited in semi-deep and deep lake regions.

Because the lithofacies of A and D were mostly formed in a
depositional environment with low debris influx, an arid
paleoclimate, moderate paleosalinity, high paleoproductivity, and
good preservation conditions, the OM was abundantly enriched.
With the increase in stratum burial depth, the OM generated
hydrocarbons to form self-generated and self-stored in situ shale
oil reservoirs (sweet spots) (Figure 11). Although clay minerals
usually carry OM and are deposited on the bottom of lakes, this type
of shale oil reservoir has low movable oil content and generally poor

development characteristics due to the strong adsorption and poor
fracturing properties of clay minerals (Ju et al., 2018; Li et al., 2018).
In addition, the C and F types of lithofacies sandwiched by mature
organic-rich shale might also have been enriched oil due to the short-
distance migration of hydrocarbons from the organic-rich shale.

CONCLUSION

In this study, the reconstruction of the paleoenvironment of the
Es," shale in the Raoyang Sag was based on geochemical,
mineralogical, and well logging data, and was used to establish
an enrichment model of OM and shale oil that corresponds to the
paleosedimentary environment.

The shale oil enrichment model of the Es," in Raoyang Sag was
established through a combination of lithofacies and
paleosedimentary environments. The kerogen type of the Es,"
shale is mainly Type 1. The shales are also rich in carbonate
minerals, with an obvious enrichment of major elements (e.g.
CaO, MgO, and Na,O) and trace elements (e.g., Sr, Mo, and Re).
These elements reflect the relationship between the specific
paleosedimentary environment and OM. The parameters
(Fe,03+AL,05)/(CaO + MgO), Sr/Ba, Rb/Sr, Cu/Al, and Th/U
indicate that the Es," shale in the Raoyang Sag was deposited
under an arid paleoclimate, reducing conditions, and a
paleoenvironment dominated by saline water. OM accumulation
in the shale was mainly controlled by the high paleoproductivity of
surface water from algal blooming and moderate salinity, with the
help of a stratified water column under strong reducing water
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conditions. The influx of clastics had a significant effect on the OM.
Carbonate plays an important role in shale oil enrichment, and class
A and D shales are the dominant lithofacies for shale oil and OM
enrichment. Owing to deposition occurring in an arid paleoclimate,
conducive salinity water bodies, high paleoproductivity, lower clastic
influx, and anoxic preservation conditions were beneficial for OM
and shale oil enrichment.
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