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Lithofacies are the fundamental geological units for shale oil and gas exploration and
development, and soluble organic matter (SOM) is most similar to crude oil in composition.
Both aspects attract our attention in the interpretation of SOM in different lithofacies, which
can provide direct evidence to predict shale oil “sweet spots”. Here, twenty-five shale
samples were collected from the Eocene Shahejie Formation in the Dongying Sag and
were subjected to X-ray diffraction, Rock-Eval pyrolysis, and SOM characterization.
Comparison of the SOM contents in shales with different lithofacies revealed
remarkable differences: 1) The contents of SOM, saturates and total hydrocarbons
(THC) showed the order of detrital massive mudstone < homogenous massive
mudstone < wide laminated shale < discontinuous laminated shale < fine laminated
shale < gypsum-bearing mudstone, and the SOM content was controlled by lithofacies
through differences in both OM and minerals. 2) The SOM in detrital and homogenous
massive mudstones was mainly composed of saturates and resins. Saturates were the
main component in wide and fine laminated shales. The SOM in discontinuous laminated
shale was mainly composed of saturates and aromatics. The SOM in gypsum-bearing
mudstone was mainly composed of saturates, and the percentage of asphaltenes was
quite high. Based on the evaluation parameters of high-quality lithofacies in terms of
abundance (i.e., SOM, THC or saturate contents) and quality (i.e., quality index and
asphaltene percentage), the fine, wide and discontinuous laminated shales were regarded
as relatively favorable lithofacies. Based on the lithofacies combination, the fine, wide and
discontinuous laminated shales in Es3x and Es4ss (upper section of Es4s) in the Dongying
Sag were interpreted as “sweet spots” for shale oil exploration and development. Thus, it is
of great significance to study the characteristics of SOM in shale with different lithofacies for
shale oil exploration and development.
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INTRODUCTION

Shale oil and gas has become a hot topic in the exploration and
development of unconventional oil and gas resources around the
world and has attracted wide attention from petroleum geologists
(Jarvie, 2012; Wang et al., 2015; Misch et al., 2016; Kumar et al.,
2017; Chen et al., 2018; Wang et al., 2020; Zou et al., 2020; Hou
et al., 2021a). A lithofacies is a rock type or rock combination that
forms in a certain sedimentary environment and is the main
component of sedimentary facies (Yang et al., 2015). As
fundamental units representing the sedimentary environment,
lithofacies are mainly identified by rock color, composition,
structure and other characteristics (Xie, 2009; Zhang J et al.,
2016). Moreover, lithofacies are the fundamental geological units
for well logging identification, stratigraphic correlation and
reservoir evaluation in shale oil and gas exploration and
development (Yang et al., 2015; Zhang et al., 2015; Zhang Y
et al., 2016). Thus, lithofacies are of great significance to
unconventional petroleum geology.

During different sedimentary stages, shale is significantly
affected by its ambient physical, chemical and biological
environments and can be grouped into various types of
lithofacies with distinct characteristics (Seville et al., 2000;
Bennett et al., 2012; Zeng et al., 2017). Many researchers have
classified shale lithofacies under different rules and discussed
their origin, sedimentary environment, hydrocarbon generation
potential, reservoir space and diagenetic evolution (Hickey and
Henk, 2007; Loucks and Ruppel, 2007; Xie, 2009; Abouelresh and
Slatt, 2012; Fu et al., 2013; Wang et al., 2014; Wang et al., 2016;
Zhang J et al., 2016; Zeng et al., 2017; Liang et al., 2018). Within
shale, soluble organic matter (SOM) is an important product of
hydrocarbon generation (Zhu et al., 2016). Normally, SOM
extracted by organic solvents is mainly free in pores and
physically adsorbed onto mineral surfaces (Rumpel et al.,
2005; Pan and Liu, 2009; Wei et al., 2014; Zhu et al., 2016;
Hou et al., 2021b), and has a composition similar to that of crude
oil (Song et al., 2013; Liu et al., 2014). However, few reports have
been made on the characteristics of shale oil in different
lithofacies. As a consequence, understanding shale SOM in
different lithofacies can help to understand the crude oil in
shale and is beneficial to selecting a lithofacies that can
generate high-quality shale oil. In this paper, the lithofacies
that can generate high-quality shale oil is termed high-quality
lithofacies.

In the present study, we selected typical shale samples from
the Shahejie Formation in the Dongying Sag and employed
different methods to 1) compare the differences in shale
SOM in different lithofacies; 2) clarify the factors
controlling the shale SOM content in different lithofacies;
and 3) establish the evaluation parameters of high-quality
lithofacies and predict shale oil “sweet spots”. Our results
are practical and significant to shale oil exploration and
development.

SAMPLES AND METHODS

Samples
The Dongying Sag is a secondary structural unit in the Jiyang
Depression in the Bohai Bay Basin (Figure 1) (Li et al., 2015; Zeng
et al., 2017). A large suite of lacustrine shale was developed in the
upper fourth submembers (Es4s, which can also be divided into
Es4sx and Es4ss from bottom to top), lower third submembers
(Es3x) and middle third submembers (Es3z) of the Eocene
Shahejie Formation (Figure 1), which is the main source rock
in the sag (Zhang et al., 2009; Zeng et al., 2017). In particular,
several industrial oil-flowwells of shale oil have been developed in
Es4s and Es3x in the sag (Zhang et al., 2008; Zhang L et al., 2012;
Li, 2014; Bao et al., 2016). In the sag, the lithologies and
sedimentary environments of the shales in different members
are quite different (Zeng et al., 2017): 1) Massive mudstone and
gypsum mudstone are developed in Es4sx, which comprises
intermittent saltwater lake sediments; 2) gray-black oil shale
and laminated shale are developed in Es4ss, which comprises
perennial closed saltwater lake deposits; 3) a set of black shale and
oil shale are present in Es3x, which comprises brackish and deep
lake deposits; and 4) massive mudstone and siltstone are
developed in Es3z, indicating that the lake was markedly
shallower.

In this study, shale core samples from depths of 2,954–3,496 m
are selected from Es4s, Es3x and Es3z from wells NY1 and N38 in
the Dongying Sag (Figure 1). Sixteen samples from well NY1
were distributed in Es4s and Es3x, and nine samples from well
N38 were distributed in Es3x and Es3z. These studied shales have
been grouped into different lithofacies, and the lithofacies
classification integrates the shale rock type, mineral
composition, sedimentary structure, and OM characteristics
(Zeng et al., 2017). Overall, there were six types of lithofacies:
fine laminated shale (Fl), wide laminated shale (Wl),
discontinuous laminated shale (Dl), homogenous massive
mudstone (Hm), detrital massive mudstone (Dm) and
gypsum-bearing mudstone (Gb) (Figure 2; Supplementary
Material). It should be noted that there was only one sample
for the discontinuous laminated shale or gypsum-bearing
mudstone, resulting in that the comparisons from these two
lithofacies were limited in the present study.

X-Ray Diffraction
X-ray diffraction (XRD) was used to examine the mineral
composition of the original shale samples. The XRD analyses
were performed under an X’PERT-PRO-MPD diffractometer
(PANalytical, Amelo, Netherlands) using a CuK X-ray tube at
40 mA and 40 kV with a curved graphite monochromator. The
CuK α radiation wavelength was 1.540,596 Å. The scattering slit
was 1°, and the receiving slit was 0.3 mm. Each oriented slide was
scanned from 3 to 30°2θ at 2°2θ/min using a step width of 0.02°2θ.
The randomly oriented powder mounts were scanned from 3 to
40°2θ at 2°2θ/min using a step width of 0.02°2θ.
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Pyrolysis
Powdered original shale samples (50 mg) were pyrolyzed by using
a RockEval six pyrolysis apparatus (Vinci Technologies,
France). The powdered samples were first subjected to a
3 min isotherm at 300°C, at which free hydrocarbons were
volatilized (peak S1, mg/g rock). Then, programmed pyrolysis
at 50°C/min to 600°C was performed to determine the amount
of potential hydrocarbons that were released by the thermal
cracking of OM (peak S2, mg/g rock). Simultaneously, the CO
and CO2 that were released during the thermal cracking of
organic oxygen-bearing compounds between 300 and 390°C
were measured by a thermal conductivity detector (TCD). This
product was reported in mg CO2/g rock and was referred to as
the S3 peak. A fourth peak, S4 (mg CO2/g rock), refers to the
combustion of residual carbon under an air atmosphere at
600°C. Total organic carbon (TOC) and the hydrogen index
(HI) were computed from the S1, S2, and S4 peaks and were
reported in weight percent. Tmax corresponded to the
temperature at the maximum S2.

Organic Solvent Extraction
Organic solvent extraction was conducted to obtain the SOM
in accordance with Zhu et al. (2016). The original shale
samples were ground to a particle size of less than
0.18 mm. Shale samples (>50 g) were weighed and placed
in a Soxhlet extractor. n-Pentane and dichloromethane
were successively used for more than 72 h to extract and
collect SOM within shale samples. The group components
were separated by column chromatography (see Column
Chromatography). Finally, the SOM and group components
were accurately quantified using a balance with a precision of
1/10,000, and their contents in the shale samples were
calculated.

Column Chromatography
Column chromatography has been widely used for the separation
of group components of SOM and crude oil (Pan et al., 2005; Wei
et al., 2012; Yang Y. et al., 2015). In this study, the SOM extracted
by organic solvents was separated into saturates, aromatics, resins
and asphaltenes by using conventional column chromatography.
The adsorbent was a mixture of silica gel and alumina. The silica
gel was extracted with chloroform until there was no fluorescence.
Then, the silica gel was activated by heating in an electric oven at
150°C for 8 h. The neutral alumina was activated by heating in a
muffle furnace at 450°C for 6 h. The eluents were n-pentane,
dichloromethane and methanol.

RESULTS

X-Ray Diffraction
The XRD analysis showed that the bulk minerals of the studied
shales were mainly composed of clay, quartz, feldspar and
carbonate with minor amounts of anhydrite, siderite and
pyrite (Figure 3A; Supplementary Table S1). The mineral
phases of the studied shales were classified into three main
constituents: detrital minerals (quartz and feldspar), clay
minerals and carbonate minerals (Zeng et al., 2018; Zhu et al.,
2019). Among the different shale lithofacies, the mineral
compositions or constituents varied greatly (Figure 3B): 1)
The detrital massive mudstone was characterized by high
contents of clay minerals and detrital minerals and low
contents of carbonate minerals. 2) The contents of the three
mineral constituents in the homogenous massive mudstone were
basically similar. 3) The carbonate mineral content in the wide
laminated shale was very high. 4) The mineral composition of the
fine laminated shale was similar to that of the wide laminated

FIGURE 1 | Location, structural map and stratigraphic column of the Dongying Sag, modified after Zeng et al., 2017.
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shale and was characterized by a high carbonate mineral content.
5) The clay and detrital mineral contents in the discontinuous
laminated shale were higher than the carbonate mineral content.
6) The gypsum-bearing mudstone was characterized by high
contents of gypsum and dolomite (24 and 35%, respectively).

Rock-Eval Pyrolysis
OM Abundance and Hydrocarbon Generation
Potential
TheTOCof the studied shales was generally high, ranging from1.12 to
8.30 wt% (average of 3.39 wt%) (Figure 4A; SupplementaryTable S2).

FIGURE 2 | Microscopic photographs of shale samples from the Dongying Sag. (A) Organic and argillaceous laminae interbedded in fine laminated shale. (B)
Sparry calcite developed in fine laminated shale. (C) Fine laminated shale. (D) Carbonate and argillaceous laminae interbedded in wide laminated shale. The carbonate
laminae were partially lenticular. (E) Organic laminae distributed in argillaceous matrixes in discontinuous laminated shale. (F) Homogenous massive mudstone mainly
composed of argillaceous minerals with no obvious layers. (G) Detrital particles distributed in a dispersed manner in homogenous massive mudstone. (H) Detrital
particles dispersed in argillaceousmatrixes in detrital massive mudstone. (I)Detrital massive mudstone. (J)Gypsum-bearing mudstone. (K) Anhydrite veins developed in
argillaceous matrixes. (L) Gypsum under orthogonal light.
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However, the TOC contents of shale with different
lithofacies were significantly different (Figure 4A). The
TOC of the fine laminated shale was the highest, ranging from
2.36 to 8.30 wt% (average of 4.73 wt%). The second highest was the
gypsum-bearing mudstone (5.42 wt%). The TOC of the wide
laminated shale was also relatively high, ranging from 1.74 to
4.32% (average of 3.1 wt%). The TOC of the homogenous massive
mudstone ranged from 1.91 to 3.02 wt% (average of 2.41 wt%). The
TOC of the discontinuously laminated shale was relatively low
(1.82 wt%). The TOC of the detrital massive mudstone was the
lowest, ranging from 1.12 to 1.97 wt% (average of 1.43 wt%).

In the studied shale samples, S1+S2 ranged from 1.60 to
60.30 mg/g (average of 19.69 mg/g) and indicated a relatively

high hydrocarbon generation potential (Figure 4B;
Supplementary Table S2). The hydrocarbon generation
potential of shale with different lithofacies also varied
significantly (Figure 4B). The hydrocarbon generation
potential of the fine laminated shale was the highest, with
S1+S2 ranging from 14.23 to 60.30 mg/g (average of 31.21 mg/g).
The second highest was the gypsum-bearing mudstone
(23.94 mg/g). The hydrocarbon generation potential of the
wide laminated shale was also high, with S1+S2 ranging
from 11.44 to 23.73 mg/g (average of 17.88 mg/g). This was
followed by homogenous massive mudstone, with S1+S2
ranging from 8.88 to 14.94 mg/g (average of 12.65 mg/g). The
hydrocarbon generation potential of the discontinuous laminated

FIGURE 3 | Mineral compositions (A) and constituents (B) of the shale samples.

FIGURE 4 | Average TOC (A) and S1+S2 (B) of shale samples with different lithofacies.
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shale (7.05 mg/g) was low. The hydrocarbon generation potential
of the detrital massivemudstonewas the lowest, with S1+S2 ranging
from 1.60 to 6.14 mg/g (average of 3.24mg/g).

OM Type
TheOM types of the studied shale samples mainly included Types Ⅰ
and Ⅱ (Figure 5). In different lithofacies, the OM types varied
greatly: 1) The OM in the detrital massive mudstone was mainly
Type Ⅱ2. 2) The OM in the homogenous massive mudstone was
Type Ⅰ-Ⅱ1. 3) The OM in the fine and wide laminated shales was
predominantly Type Ⅰ. 4) The OM in the discontinuous laminated
shale and gypsum-bearing mudstone was Type Ⅱ2.

Thermal Maturity
Tmax and Ro are effective parameters for judging the level of
thermal maturity of shales (Wang et al., 2015; Wang et al., 2021).
The Tmax values of the samples above 3,450 m ranged from 434 to
445°C with an average of 440°C (Figure 6A), suggesting that the

shale samples were within the early oil generation stage. However,
the Tmax values below 3,450 m rapidly inverted with increasing PI
(Figures 6A,B). A high PI value indicates a high content of SOM in
source rocks, leading to a low Tmax value (Wang et al., 2015).
Therefore, it was very uncertain to use the Tmax values to infer the
maturity of samples below 3,450 m. Figure 6C shows that there
was a good positive trend with Ro values increasing as expected
with increasing depth, in accordance with the data in Zhang S et al.,
2012; Chen, 2017. According to the trend line of organic maturity
(Figure 6C), the Ro values increased from approximately
0.50–0.65% in the depth interval of 2,900–3,500 m, suggesting
that the shale samples were within the zone of early oil generation.

Soluble Organic Matter and Group
Components
Significant differences in the absolute contents of SOM and group
components can be found among the shale samples with different

FIGURE 5 | HI versus Tmax plot showing the OM type of shale with different lithofacies.

Frontiers in Earth Science | www.frontiersin.org July 2021 | Volume 9 | Article 7185966

He et al. SOM in Different Lithofacies

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


lithofacies (Figure 7; Supplementary Table S3): 1) The content
comparison of SOM, saturates and total hydrocarbons (THC)
revealed generally similar trends, e.g., detrital massive mudstone
< homogenous massive mudstone < wide laminated shale <
discontinuous laminated shale < fine laminated shale <

gypsum-bearing mudstone (Figures 7A,B,F). 2) For aromatics,
the content comparison showed the order of detrital massive
mudstone < homogenous massive mudstone < wide laminated
shale < fine laminated shale < discontinuous laminated shale <
gypsum-bearing mudstone (Figure 7C). 3) The content

FIGURE 6 | Tmax, PI and Ro versus depth profiles. (A) Tmax-depth. Tmax values slightly increased with increasing depth above 3,450 m, but beneath 3,450 m, the
Tmax trend reversed, indicating suppression of Tmax. (B) PI � S1/(S1+S2) versus depth plot. Samples with higher PI values usually showed lower Tmax values (Wang et al.,
2015). (C) Ro-depth. There was a good positive trend with Ro values increasing as expected with increasing depth. The green triangle data come from Li (2011), and the
blue square data come from the database of the Shengli Oil Company.

FIGURE 7 | Average absolute contents of SOM and group components in shales with different lithofacies.
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comparison of resins showed the order of detrital massive
mudstone < homogenous massive mudstone ≈ discontinuous
laminated shale < wide laminated shale < fine laminated shale ≈
gypsum-bearing mudstone (Figure 7D). 4) For asphaltenes, the
content comparison showed the trend that detrital massive
mudstone < discontinuous laminated shale < homogenous
massive mudstone < wide laminated shale < fine laminated
shale < gypsum-bearing mudstone (Figure 7E).

From the relative contents of SOM components in shales with
different lithofacies, remarkable differences can be seen
(Figure 8): 1) In the SOM in the detrital massive mudstone,
saturates (average of 34.8%) and resins (average of 31.0%) were
the main components, followed by aromatics (average of 19.7%)
and asphaltenes (average of 14.5%). 2) In the SOM in the
homogenous massive mudstone, saturates (average of 63.6%)
were the main component. The percentage of resins (average
of 19.9%) was higher than that of aromatics (average of 11.4%).
The percentage of asphaltenes (average of 5.1%) was the lowest. 3)
In the SOM in the wide laminated shale, saturates (average of
62.2%) were the main component. The percentage of aromatics
(average of 16.5%) was roughly the same as that of resins (average

of 15.9%). The percentage of asphaltenes (average of 5.4%) was
the lowest. 4) In the SOM in the fine laminated shale, saturates
(average of 68.2%) were the main component, followed by
aromatics (average of 13.2%), resins (average of 13.4%), and
finally asphaltenes (average of 5.2%). 5) In the SOM in the
discontinuous laminated shale, saturates (62.2%) were the
main component, followed by aromatics (28.9%). The
percentages of resins (7.5%) and asphaltenes (1.4%) were very
low, especially asphaltenes. 6) In the SOM in the gypsum-bearing
mudstone, saturates (average of 59.5%) were the main
component. The percentage of asphaltenes (17.3%) was
roughly the same as that of aromatics (16.8%). The percentage
of resins (6.4%) was the lowest.

DISCUSSION

Control of Lithofacies on Soluble Organic
Matter Content
The contents of SOM and group components in shale with
different lithofacies were significantly different (Figure 7).

FIGURE 8 | Percentage of group components in shales with different lithofacies.
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Because the extracted SOM is most similar to crude oil in
composition (Song et al., 2013; Liu et al., 2014), it is of great
significance to understand the controlling effect of lithofacies on
SOM. The differences among lithofacies were mainly present in
sedimentary structure, mineral composition and organic
characteristics (Figures 2–6). The SOM content in shale had a
significant positive correlation with TOC and S1+S2 (Figures
9A,B), which indicated that the OM abundance and hydrocarbon
generation potential of shale were important factors affecting the
content of SOM. The massive mudstone had low OM abundance,
low hydrocarbon generation potential and a poor OM type
(Figures 4, 5), so the SOM content was low. However, the
laminated shale had high OM abundance, high hydrocarbon
generation potential and a better OM type (Figures 4, 5),
resulting in a relatively high SOM content.

Among the different lithofacies, varying relationships between
the SOM and minerals in shale were observed (Figures 9C–E).
Overall, in the massive mudstone, the SOM content is negatively
correlated with the contents of detrital and clay minerals, but
positively correlated with the carbonate mineral content (Figures
9C–E). However, in the laminated shale, the SOM content has
inverse relationships with mineral content (Figures 9C–E).
Previous studies have indicated that the SOM extracted by
organic solvents in shale is mainly free in pores and physically
adsorbed onto mineral surfaces (Rumpel et al., 2005; Pan and Liu,
2009; Wei et al., 2014; Zhu et al., 2016). Moreover, different
minerals in shale have various contributions to shale pores and
surfaces, in which SOM can exist. For example, quartz and
carbonates may act as a rigid framework for pores (Loucks
et al., 2012), carbonate cements may reduce the pore surface
area and pore volume (Gaines et al., 2012; Loucks et al., 2012),
and clay minerals contribute positively to pore development (Slatt
and O’Brien, 2011; Bennett et al., 2012; Zhu et al., 2019). In

particular, carbonates in shales in the Dongying Sag clearly occur
as cements (Deng and Liang, 2012; Zhang Y et al., 2016). Thus,
high contents of detrital and clay minerals with a low content of
carbonates in shale results in abundant shale pores and surfaces,
promoting high SOM contents, and this phenomenon can be seen
in the laminated shale (Figures 9C–E). However, the relationship
between the SOM content and the mineral content in the massive
mudstone is opposite that in the laminated shale (Figures 9C–E).
This difference is attributed to the relatively poor conditions for
OMpreservation and enrichment, where the massive mudstone is
interpreted to have been deposited close to the provenance under
relatively strong water dynamics because the detrital minerals and
clay minerals in the Dongying Sag are exogenous (Zeng et al.,
2018). Consequently, the massive mudstone has low OM
abundance and relatively low hydrocarbon generation
potential (Figure 4). Therefore, the SOM content was
controlled by lithofacies through differences in both OM and
minerals.

Abundance of Shale Oil in Different
Lithofacies
The oil saturation index (OSI � S1/TOC) is widely used to
evaluate mobile shale oil, and the value of this parameter
varies in different regions (Jarvie et al., 2007; Jarvie, 2012; Xue
et al., 2015; Xie et al., 2016; Yu, et al., 2018; Li et al., 2020). By
correlating OSI with the content of SOM, saturates and THC,
positive correlations are present overall (Figure 10). However, the
correlations in specific lithofacies are not very clear, whichmay be
attributed to limiting sample sets. From the overall positive
correlations (Figure 10), it seems that the contents of SOM,
saturates or THC might be reliable indicators to evaluate the
abundance of shale oil in shale with different lithofacies.

FIGURE 9 | OM-SOM and mineral-SOM relationship in shale with different lithofacies.
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The composition of SOM free in the pores of shale is close to
that of crude oil, and its content can effectively reflect the
abundance of shale oil (Song et al., 2013; Liu et al., 2014). The
contents of SOM, saturates and THC showed basically the same
characteristics, that is, detrital massive mudstone < homogenous
massive mudstone < wide laminated shale < discontinuous
laminated shale < fine laminated shale < gypsum-bearing
mudstone (Figure 7). Therefore, the abundance comparison of
shale oil in different lithofacies showed that: 1) The contents of
SOM, saturates and THC were very high in fine laminated shale,
discontinuous laminated shale and gypsum-bearing mudstone,
which were the relatively favorable lithofacies for shale oil
exploration and development. 2) The contents of SOM,
saturates and THC in the wide laminated shale were relatively
high overall but low in some cases; thus, this lithofacies could also
be a good target for shale oil exploration and development. 3) The
detrital and homogenous massive mudstones, in which the
contents of SOM, saturates and THC were relatively low, were
relatively poor targets for shale oil exploration and development.

Quality of Shale Oil in Different Lithofacies
Shale oil is a mixture of hydrocarbons (mostly alkanes,
cycloalkanes and aromatics) and other organic compounds

containing nitrogen, oxygen, sulfur and traces of metals
(Langevin and Argillier, 2016). Differences in the shale oil
components affect the oil’s viscosity, which directly determines
the oil quality and economic value. Previous studies have
suggested that the viscosity of crude oil is proportional to the
contents of resins and asphaltenes and is inversely proportional to
the content of saturates (Liu and Guo, 2008; Wang et al., 2010;
Gai, 2011; Zhang et al., 2014). Aromatics are conducive to the
dispersion of asphaltenes, so the association of resins and
asphaltenes can be dispersed in the saturates (Su and Zheng,
2007), thus contributing to the reduction of viscosity. These
studies imply that an increase in the hydrocarbon content is
beneficial to reducing the crude oil viscosity and thus improving
the quality of crude oil, while the effect of resins and asphaltenes
is the opposite. Based on this, we propose a parameter, the quality
index (QI, QI � Contentsaturates+aromatics/Contentresins+asphaltenes),
to judge the shale oil quality. Comparison of the QI values of
different lithofacies revealed the following trend: detrital massive
mudstone < homogenous massive mudstone < gypsum-bearing
mudstone < wide laminated shale < fine laminated shale <
discontinuous laminated shale (Figure 11A). Overall, the QI
values of the discontinuous, fine and wide laminated shales
were relatively high, and the quality of their shale oil was better.

FIGURE 10 | Correlations between OSI and the contents of SOM, saturates and THC content.

FIGURE 11 | Average QI and asphaltene percentage in shale with different lithofacies. (A) QI (Quality index, QI � Contentsaturates+aromatics/Contentresins+asphaltenes).
(B) Asphaltene percentage.
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From the percentage of asphaltenes in shale with different
lithofacies (Figure 11B), great variations can be seen. The
percentage of asphaltenes in the gypsum-bearing mudstone

and detrital massive mudstone exceeded 10%. The percentage
of asphaltenes in the wide and fine laminated shales and
homogenous massive mudstone was approximately 5%. The

FIGURE 12 | Comprehensive evaluation of shale oil in shales with different lithofacies.
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percentage of asphaltenes in the discontinuous laminated shale
was very low (less than 2%). As organic macromolecules,
asphaltenes easily precipitate, accumulate, block pores, and
chemically adsorb onto mineral surfaces (Mikami et al., 2013;
Adebiyi and Thoss, 2014; Langevin and Argillier, 2016), the
increase in content of which will not only reduce the SOM
or crude oil quality, but also increase the difficulty of shale oil
production. Thus, the differences in the percentage of
asphaltenes of different lithofacies indicated that the quality
of SOM or shale oil in the wide, fine and discontinuous
laminated shales and homogenous massive mudstone was
relatively good.

Therefore, combining the results from the QI value and
asphaltene percentage, it can be concluded that the quality of
shale oil in the discontinuous, fine and wide laminated shales was
obviously better than that in the detrital and homogenous
massive mudstones and gypsum-bearing mudstone.

Evaluation of Shale Oil “Sweet Spots”
Based on comparisons of the characteristics of SOM in shales
with different lithofacies in the Dongying Sag, the shale oil
in different lithofacies was evaluated from two aspects
(abundance and quality) (Figure 12). Combining
evaluations of abundance and quality in the comparison
made it clear that the fine laminated shale, wide laminated
shale and discontinuous laminated shale were the high-quality
lithofacies, as these lithofacies had higher contents of SOM,
THC or saturates, higher QI values, and lower asphaltene
percentages.

From a large sample set of shale lithofacies (n � 234)
distributed from Es4s to Es3z in the Dongying Sag, the
comparison of the proportions of different lithofacies
between submembers can indicate a relatively good target
for shale oil exploration and development with optimization
of high-quality lithofacies. After classification of different
lithofacies, the proportions of different lithofacies in the
submembers in the Dongying Sag were determined
(Figure 13): 1) The shales in Es3z were mainly composed

of detrital massive mudstone (65%) and homogenous massive
mudstone (28%), and the proportion of laminated shale was
less than 10%. 2) The shales in Es3x were mainly
characterized by a lamellar structure. The proportions of
fine laminated shale, wide laminated shale and
discontinuous laminated shale were 39, 24 and 28%,
respectively, and the proportion of massive mudstone was
less than 10%. 3) More than 75% of the shales in Es4ss featured
lamellar structures. The proportions of fine laminated shale,
wide laminated shale and discontinuous laminated shale were
24, 43 and 12%, respectively, and the proportion of
homogenous massive mudstone was 22%. 4) The shales in
Es4sx were mainly composed of homogenous massive
mudstone (65%) and gypsum-bearing mudstone (28%), and
the remainder was laminated shale. From the perspective of
lithofacies combinations, the shales in Es3z and Es4sx were
mainly massive mudstone and gypsum-bearing mudstone,
while the shales in Es3x and Es4ss were mostly laminated
shale. Based on identification of high-quality lithofacies
(i.e., the fine, wide and discontinuously laminated shales),
the shales in Es3x and Es4ss were more favorable for shale
oil development in the study area.

CONCLUSION

1) In terms of the contents of SOM, saturates and THC, the
lithofacies showed the order of detrital massive mudstone
< homogenous massive mudstone < wide laminated shale
< discontinuous laminated shale < fine laminated shale <
gypsum-bearing mudstone. The relationships of the SOM
content with pyrolysis parameters (TOC, S1+S2) and
mineral content showed that the SOM content in shales
with different lithofacies was mainly influenced by
differences in mineral composition and organic
characteristics. The SOM in the detrital massive
mudstone and homogenous massive mudstone was
mainly composed of saturates and resins, especially in

FIGURE 13 | Lithofacies proportion of shales in different members. The data compile from Zeng et al., 2017.
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the detrital massive mudstone. Saturates were the main
component in the wide laminated shale and fine laminated
shale. The SOM in the discontinuous laminated shale was
mainly composed of saturates and aromatics. The SOM in
the gypsum-bearing mudstone was mainly composed of
saturates, and the percentage of asphaltenes was
quite high.

2) Evaluation parameters were established to identify high-
quality lithofacies and were based on abundance (i.e., the
contents of SOM, THC and saturates) and quality (i.e., QI
and asphaltene percentage). Comparisons of the
evaluation parameters among different lithofacies
showed that fine laminated shale, wide laminated shale
and discontinuous laminated shale were high-quality
lithofacies suitable for shale oil exploration and
development, as these lithofacies had higher contents of
SOM, THC or saturates, higher QI values, and lower
asphaltene percentages.

3) From the perspective of lithofacies combination, the
shales in Es3x and Es4ss, which were mainly laminated
shales, were more favorable for shale oil development. The
shales in Es3z and Es4sx, which were mainly massive
mudstone and gypsum-bearing mudstone, were
relatively poor targets. Therefore, it can be clearly
defined that the fine laminated shale, wide laminated
shale and discontinuous laminated shale in the Es3x
and Es4ss in the Dongying Sag are “sweet spots” for
shale oil exploration and development. It is of great
significance for the exploration and development of
shale oil to study the characteristics of SOM in shales
with different lithofacies.
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