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Abstract: The lithology and lithofacies assemblage of shale are highly complex and heterogeneous
in the continental shale formations due to rapid changes in the sedimentary environment and
source material, complicating the evaluation of shale oil enrichment areas, such as the member 3
of the Shahejie Formation in the Qikou sag, Bohaibay Basin, China. We used core observations
and descriptions of well F39 x 1 and performed X-ray diffraction, scanning electron microscopy,
nitrogen adsorption analysis, and nuclear magnetic resonance analysis to investigate the shale
lithofacies characteristics and types in member 3 of the Shahejie Formation, and their effects on
shale oil enrichment. The results showed the following. (1) The lithofacies are divided into four
types according to the shale’s laminar structure, lithological characteristics, mineral composition, and
organic matter content: thin laminar shale, thick laminar shale, massive mudstone, and argillaceous
siltstone. These are divided into six subcategories. Each lithofacies has thin vertical layers. (2) The
thin and thick laminar shale layers have favorable conditions for shale oil enrichment, such as a high
total organic carbon content (TOC) (1.1-1.6%), many micropores (with the diameter of 0.5-2 pm) and
fissures, a high residual hydrocarbon content (1.0-2.3 mg/g), and a good source-reservoir relationship,
making them suitable for shale oil exploration. (3) The degree of lamina development influences the
organic matter and residual hydrocarbon contents, the number of micropores, and the degree of shale
oil enrichment. The semi-deep and deep lake facies are favorable areas for shale oil development.

Keywords: lithofacies; pore characterization; shale oil enrichment; Shahejie Formation; Qikou sag;
Baohai Bay basin

1. Introduction

The United States has achieved rapid growth in crude oil production in recent years
through the shale oil revolution, becoming the world’s top crude oil producer. The annual
crude oil production reached 747 million tons in 2020 [1,2]. This advancement is closely
related to the superior geological conditions of the marine shale formation, including
the stable tectonics of the North American plate, resulting in the large-scale develop-
ment of organic-rich shales. One example is the Middle Devonian Marcellus Shale in
the Appalachian Basin, covering an area of 114,000 km?. There are large area and stable
distribution reservoirs with high contents of brittle minerals, such as quartz and calcite,
in marine shale formations. Their porosity exceeds 10% on average, and the compress-
ibility of the formation is high, resulting in favorable geological conditions for shale oil
enrichment [3-5].

Unlike the United States marine formations, the continental shale formations in China
are characterized by complex and diverse lithologies, short lateral distances, and high
heterogeneity, including mud shale, siltstone, tuff, dolomite, and volcanic rocks, which
are difficult to analyze [6,7]. Petrographic analysis is a critical component of assessing
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the complex lithology of continental shale oil [8,9]. Lithofacies refers to the rocks or
rock associations formed in depositional environments, including the lithology, mineral
composition, and sedimentary structure [10]. Continental mud shales have complex and
heterogeneous lithology due to rapid changes in the depositional environment of the lake
basin and source material. The petrographic characteristics substantially influence the
shale’s organic matter type and abundance, pore space development, brittle mineral content,
and oil enrichment degree [11-13]. Analyses of the Gulong shale oil in Songliao basin,
Eastern China, have shown that the petrographic characteristics of the shale formation
significantly affect the total contents of organic matter (TOC) and residual hydrocarbons.
The organic carbon and free hydrocarbon contents are higher in the laminar and foliated
shales, and the laminar layers provide storage space and seepage channels. In contrast, silty
and dolomitic shales have low TOC, resulting in low free hydrocarbon contents; however,
their brittleness and porosity are relatively high, making them suitable for fracturing [14-16].
Therefore, it is of great significance and innovation to carry out the analysis of lithofacies
characteristics and classification of continental shale, and to clarify their effects on shale oil
enrichment in order to reveal the distribution law and heterogeneity of shale oil, and to
carry out the evaluation and prediction of shale oil desserts.

Member 3 of the Paleogene Shahejie Formation(Es3) in the Qibei subsag of the Qikou
sag, Baohai Bay basin, has semi-deep to deep lake facies, and the lithology is primarily mud
shale with certain amounts of lime, dolomite, and silt [17-19], similar to the lithological
characteristics of the Gulong Shale oil formation in the Qingshankou Formation, Songliao
Basin [20]. The small area of the lake basin, the short sedimentary period, and the high
variability of sedimentary facies in the longitudinal direction caused large petrographic
variability of Es3, high heterogeneity in the organic matter and residual hydrocarbon
contents, influencing the assessment of shale oil exploration areas. Scholars have analyzed
the lithology, physical properties, and oil content of the shale oil formation in Es3 of the
Qikou sag [17,21]. However, no systematic analyses of the lithofacies characteristics and
their influence on shale oil enrichment have been conducted. This information is required
to select target areas for shale oil development.

This study uses core observations, thin sections, X-ray diffraction (XRD), scanning
electron microscopy (SEM), geochemical analysis, nitrogen adsorption analysis, mercury
porosimetry, and nuclear magnetic resonance analysis to characterize the mud shale litho-
facies in Es3. The effects of the lithofacies characteristics on organic matter enrichment
and reservoir development of different lithofacies are clarified. The influences of residual
hydrocarbon contents and source-reservoir relationship on shale oil enrichment in the
lithofacies are investigated. The results can be used to select potential target areas for shale
oil exploration in the continental shale formations.

2. Geological Setting

The Bohai Bay Basin is located in eastern China. It is a Mesozoic-Cenozoic continental
fault basin developed on the basement of the Paleozoic North China Craton. Several
depressions have developed due to an uplift from north to south in the basin, including the
Liaohe, Bozhong, Changwei, Jiyvang, Huanghua, Linging, and Jizhong depressions. The
Cenozoic is the main hydrocarbon formation in the basin. It is dominated by lacustrine
clastic rocks, which have been deposited in the entire basin. The layers include, from
the bottom to the top, the Kongdian Formation (Ek), Shahejie Formation (Es), Dongying
Formation (Ed), Guantao Formation (Ng), Minghuazhen Formation (Nm), and Pingyuan
Formation (Qp). The Qikou Sag is located in the northeast of the Huanghua Depression in
the Bohai Bay Basin, adjacent to the Cangxian uplift in the west, the Kongdian-Yangsanmu
uplift and Chengning uplift on the southern boundary, and the Shabeitian uplift on the
northeastern boundary. This depression covers an area of 5200 km? [21]. The Es3 contains
a complete third-order sequence developed in the Paleogene of the Qikou sag. It is divided
into three sections. The Qibei subsag is located in the south-central part of the depression.
The Es3 is characterized by semi-deep and deep lake facies, with locally shallow lake facies
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and depositions of dark mud shale with thin layers of siltstone and dolomitic rocks. This is
the main source rock formation of the Dagang oil field. During the sedimentation period
of the lower Es3, braided river delta and fan delta deposits developed extensively. The
semi-deep and deep lake facies deposits are only found in the middle of the depression.
A lacustrine transgressive system tract developed during the sedimentation period of the
middle section of the Es3. The depression has large areas of fine sediments that developed
during the rapid expansion of the lake basin, which is a favorable period for the formation
of organic mudstone and shale. A sedimentary transformation occurred from a lacustrine
transgressive system to a highstand system tract in the sedimentary period of the upper Es3,
forming a relatively closed sedimentary environment. The lake basin reached its maximum
area in the sedimentary period of the Es3. Thick and extensive organic mudstone and shale
strata developed. This was the most favorable development period for organic mudstone
and shale [22,23] (Figure 1).
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Figure 1. Plane distribution of sedimentary facies (left) and stratigraphic column (right) of the upper
part of Es3 in Qibei slope, Qikou Sag, Bohai Bay basin (modified from document [21]).

Shale oil exploration of the Shahejie Formation in the Qikou Sag started in 2010.
The main target stratum was the lacustrine carbonate rock of member 1 in the Shahejie
Formation (Es1), which was found to contain large geological reserves [24,25]. Due to
the successful shale oil exploration of member 2 of Kongdian formation in the Cangdong
Sag [18,24,26], old wells have been evaluated, and new wells have been drilled in the Es3 of
the Qibei Slope in the Qikou Sag since 2019. The explorations proved successful in Bin60-56,
F38 x 1, and other wells, demonstrating the shale oil exploration potential of Es3 [21]. The
F39 x 1 well was drilled to evaluate the shale oil exploration potential of semi-deep to deep
lake facies of the Es3 in Qibei slope and coring 40.1 m in the middle and upper part of the
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Es3, providing important first-hand data for geological research of shale oil in this area.
This information is used in this study.

3. Materials and Methods

This study used logging data, core samples, geochemical data, and pyrolysis data
of Well F39X1 on the Qibei Slope. The core from Well F39X1 is located in the upper
section of Es3 and has a thickness of 40.1 m. It has three depth sections: 3890.87-3899.65 m
(C2), 3982.57-3999.87 m (C3), and 4371.13-4386.23 m (C6) (Figure 2). The lithology is
predominantly gray-dark to gray mud shale mixed with small amounts of siltstone and
carbonate rock. The mud shale laminae and thin layers are relatively well developed,
and the lithology frequently changes in the longitudinal direction. The organic carbon,
pyrolysis, and mineral composition data were obtained from 115 samples in the three depth
sections, basically covers all kinds of lithology, with an average depth interval of 0.35 m.
Thirty-six samples were taken from different depths section for element analysis and
thin sections analysis to identify lithofacies types and basic characteristic of Es3. Seven
to ten samples containing different lithofacies types were used to performing electron
microscopy, nitrogen adsorption analysis, high-pressure mercury porosimetry, and nuclear
magnetic resonance analysis, and chloroform extraction was conducted using 19 samples
with different lithofacies and TOC.

20 CAL/in 30 . Log TOC/% 3

YAk Sedimentary

Depth/m | Layer Core| Lithology 1 g RELO 100 B ‘;‘:::‘ g
GRIAPL 5 h o, DEN/g-cm '),; 0 Core TOC/ ','2“%
———=—15 2 3| 0 —————?

50

§>
T T I L 1

Shale Mudstone ~ Silty mudstone ~ Limy mudstone Argillaceous siltstone Siltystone  Fine sandstone  Shallow lake Subaqueous fan Semi-deep lake

Figure 2. Comprehensive stratigraphic histogram of upper part of Es3 in well F39x1.

Polarized light microscope observations, X-ray fluorescence (XRF) analysis, XRD, and
SEM were conducted to analyze the mineral composition and content of different lithofacies
and the lamina structure of the mud shale. The pore types and pore structure characteristics
of the shale were analyzed by high-pressure mercury porosimetry and nitrogen adsorption.
A sulfur carbon analyzer, Soxhlet extractor, and rock-eval pyrolysis instrument were used
to determine the geochemical indices and residual hydrocarbon content of the mud shale.
Nuclear magnetic resonance technology has been used to analyze the characteristics of
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reservoir pore fluid, especially the content of the movable and irreducible fluid [27,28].
Two-dimensional nuclear magnetic resonance spectroscopy and fluorescence spectrum
analysis of the shale particles were used to assess the residual oil content in different
lithofacies and evaluate the shale’s oil-bearing potential (Figure 3).
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Figure 3. Schematic diagram of the experiments performed in this study.

4. Results
4.1. Mineral Composition and Content of Mud Shale

The XRD results show (Figures 4 and 5) that the dominant minerals of the mud shale
in the coring section are quartz, feldspar, clay, calcite, dolomite, and a small amount of
pyrite. Felsic and clay minerals have the highest contents, with mass fractions of 25-43%
and 20-40%, with average values of 38% and 30%, respectively. These are followed by
calcite and dolomite, with mass fractions of 10-25% and 5-22%, with average values of
13% and 8%, respectively. The feldspar and pyrite contents are low, with average values
of 6% and 2%, respectively. The mineral analysis shows (Figure 4) that the felsic content
is generally high (mass fraction of 40-65%), followed by the carbonate content (15-50%).
The SEM results show that the main component of the clay minerals is illite, accounting for
80%, followed by montmorillonite and chlorite, indicating that the diagenesis of the mud
shales in Es3 has reached the middle diagenetic stage.

c6 1
c3 I
C2 - I

0% 20% 40% 60% 80% 100%
quartz M feldspar M calcite dolomite M clay M pyrite

Figure 4. Mineral composition and average content of shale at different depths in the upper part of
Es3 in well F39x1.
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Figure 5. Ternary diagram of shale mineral at different depths in the upper part of Es3 in well F39x1.

4.2. Macro and Microstructure of Mud Shale

The structure of the fine-grained sediments, such as the mud shale, indicates that the
laminae or bedding is relatively well developed. Different classification schemes have
been used to categorize lamina according to their thickness and shape [29-31]. Ingram
(1954) categorized them into ultra-thin lamina with a thickness of less than 3 mm, thin
laminae (3 mm-1 cm), medium laminae (1-3 cm), and thick laminae (3-10 cm). Campbell
(1967) categorized the laminae based on the morphology, into uniform, wavy, and curved
laminae. Each category was further divided into continuous parallel, intermittent parallel,
continuous non-parallel, and intermittent non-parallel laminae. Liu et al. divided the
lacustrine shale of the Yanchang Formation in the Ordos Basin into bright and dark layers.
The former contained primarily quartz and plagioclase, and the latter consisted of quartz
and illite [32,33]. The core observations in this study show that the shale laminae of the
Es3 in the Qikou Depression are relatively well developed, primarily in the horizontal
direction, and the thickness of a single lamina is 0.1 mm-10 cm. Therefore, we categorized
the laminae into thin laminae (average thickness of less than 10 mm) and thick laminae
(thickness of 10 mm-10 cm). When the thickness exceeds 10 mm, the lamination charac-
teristics cannot be determined in the thin sections, but the mudstone characteristics of
the graded or homogeneous layer are visible, which have great influence on the reservoir
space and permeability. When the thickness exceeds 10 ¢cm, the layer is referred to as
massive mudstone.

The three types of mud shale in the F39X1 coring section are relatively well-developed.
The upper part consists of thin laminar shale, and the middle and lower coring sections
are primarily thick laminar and massive shale. The laminated layers are predominantly
horizontal or parallel. The core observation and element analysis show that the thin
laminar shale is generally dark gray with dense beddings, and the density of the laminae is
2-5 pieces/mm. The laminae are mainly interbeds of felsic, clay, and carbonate (Figure 6a),
while some contain pyrite laminae (Figure 6b). The felsic and carbonate laminae are mostly
bright, the clay is mostly dark, and the organic and pyrite laminae are mostly dark gray-
black. The thick laminar shale is dark-grey with light-grey interbedded sections (Figure 6b),
and the thickness of a lamina is about 0.2-5 cm. The thin-section analysis indicates that the
dark-grey areas consist of clay minerals and contain organic matter; the light grey felsic
content is high, and the TOC is low (Figure 6¢c). The massive mudstone is gray or yellow-
gray with a rock core, and the laminae cannot be identified under the microscope. Relatively
homogeneous layers (Figure 6d) are visible. They consist of yellow or dark-yellow clay
layers or felsic clay layers and contain dark-gray to black organic matter and pyrite.
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Figure 6. X-ray fluorescence (XRF) elements scan figure of different shale lithofacies in the upper Es3
member of Qibei slope. (a) Thin laminar shale, 3899.2 m, felsic, clayey, and calcareous lamina interbed-
ding; (b) thin laminar shale, 3993.28 m, felsic, clayey and pyrite lamina interbedding; (c) thick laminar
shale, 4377.2 m, the content of felsic in the upper bright lamina is high, the content of clay in the
lower dark lamina is high; (d) massive mudstone, 3894.2 m, clayey and felsic are randomly distribute.

4.3. Classification of Lithofacies

There is no uniform standard for categorizing shale lithofacies. Early research typi-
cally classified mud shale lithofacies types according to mineral composition and organic
content. The mineral composition is generally divided into felsic, clay, and carbonate. For
example, Wang & Carr (2013) classified Marcellus shale into organic-bearing siliceous rock,
migmatite, gray siliceous rock. Subsequently, the lithofacies classification also considered
the sedimentary structure, dividing the lithofacies into three types: lamellar, layered, and
massive, resulting in four components and three categories [5]. For example, Liu (2019)
divided the lacustrine shale of member 1 of the Qingshankou Formation in the Gulong
Depression into seven types, including high organic matter clayey/felsic bedded mudstone
facies, medium organic matter massive felsic mudstone facies, medium organic matter
lamellar felsic, and low organic matter bedded limestone facies [12].

No systematic division of the shale lithofacies of the Es3 in the Qikou Depression has
been carried out. Due to the small difference in the shale mineral components of Es3, it is
difficult to classify the shale according to its components. Therefore, the four-component,
three-category scheme is not applicable to this area. In this study, we divided the shale of
Es3 into four categories and six subcategories according to the shale lithology, sedimentary
characteristics, and TOC (Table 1, Figure 7). The four categories are thin laminar shale,
thick laminar shale, massive mudstone, and argillaceous siltstone. The thick laminar shale
and massive mudstone were divided into two subcategories according to the TOC (at least
1%): medium organic matter content and low organic matter content. The TOC of all thin
laminar shale is greater than 1.0%; thus, all thin laminar shales are medium organic matter
content shale. Due to the small differences in the mineral composition of the shale for
different lamina types, we did not perform further subdivisions to simplify and facilitate
the analysis and application (Table 2).
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Table 1.

Classification characteristics of shale lithofacies in Es3 formation.

Lithofacies Type

Structure Characteristic

Abundance of
Organic Matter

Mineral Content of Lamina

Thin laminar shale

Dark gray laminae
development, a single layer
thickness <1 cm

TOC content > 1.0%

Composed of felsic and clay
minerals, with high pyrite
content

Medium organic matter
thick laminar shale

composed of light and dark
laminar interbedding, a
single layer thickness >1 cm

TOC content > 1.0%

bright lamina is light gray
felsic, and dark lamina is
dark gray organic rich clay

Thick mineral
laminar Composed of light and dark
shale . laminar interbedding, light The thickness of dark lamina
Low organic matter lami hich inel TOC 1.0% is sionifi v 1 h
thick laminar shale aminae are higher, a single content < 1.0% 1s significantly lower than
layer thickness >1 cm that of bright layer
in average
Mechum organic matter ~ gray Massive, lamina is not TOC content > 1.0% Felsg ar.ld clay minerals are
Massive massive mudstone development distributed randomly
mudstone low organic matter Gray-yellow gray massive, The content of calcite or

massive mudstone

lamina is not development

TOC content < 1.0%

dolomite is relatively high

Argillaceous siltstone

Light gray bedded,
silt texture

TOC content < 1.0%

The content of felsic is
usually greater than 50%

(f)

Figure 7. Photos of cores and thin sections of different lithofacies of the upper Es3 in Qibei slope.

(a) Thin laminar shale, 3993.28 m; (b) medium organic matter thick laminar shale, 4377.2 m; (c) low

organic matter thick laminar shale 3997.9 m; (d) medium organic matter massive mudstone, 3989.7 m;

(e) low organic matter massive mudstone, 4381.1 m; (f) argillaceous siltstone, 3892.5 m.
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Table 2. Statistical table of shale facies mineral composition and organic matter content in Es3 member

(unit: mass fraction%).

Lithofacies Quartz  Feldspar Clay  Carbonate Pyrite  Organic Atter
Thin laminar shale 38 6.4 28 23.2 3.8 1.6
Medium organic
matter thick laminar 37.5 57 31 234 22 1.2
shale

Low organic matter

e e 38.7 5.8 339 20 12 0.8
Medium organic
matter massive 40.6 54 29.6 20.7 3 1.1
mudstone
Low organic matter 377 6.2 328 208 15 0.6
massive mudstone
Agillaceous 4 10.4 28 18.3 1.1 08
siltstone

4.3.1. Lithofacies of Thin Laminar Shale

The thin laminar shale is dark gray and has well-developed laminae. It is dominated
by dark laminae rich in organic matter. The thickness of a single layer is 0.05-2 mm. It
is mainly composed of quartz, clay minerals, and carbonate minerals, with average mass
fractions of 38%, 28%, and 23%, respectively. It is rich in pyrite, with an average of 3.8%.
The laminae rich in pyrite can be seen in some core or thin sections (Figure 7a). The TOC is
high, about 1.0-2.6%. The organic matter is generally enriched in the dark clay laminae.
This type of lithofacies has typically formed in the semi-deep lake facies and some deep
lake facies, where alternate depositions occurred due to seasonal flow and drying up [32].
This layer is the dominant organic-rich shale facies in Es3.

4.3.2. Lithofacies of Thick Laminar Shale

The thick laminar shale has alternating light gray and dark gray laminae. The dark
laminas have high contents of organic matter and clay minerals, and the bright laminae
have high contents of felsic and carbonate minerals (Figure 7b). The thickness of the laminae
is usually greater than 1 cm (1-10 cm). The TOC in this type of lithofacies varies greatly
from 0.5% to 1.66%. It can be divided into shale with a medium organic matter content and
shale with a low organic matter content (with a mass fraction threshold of 1%). The former
is better developed and has darker laminae, and its mineral composition is similar to that
of the thin laminar shale. The clay mineral content is slightly higher, and the pyrite content
is slightly lower, with mass fractions of 31% and 2.2%, respectively. The TOC is 1.0-1.6%.
The light-colored laminae with low TOC are lake of pyrite, with an average mass fraction
of 1.2% (Table 2). The mass fraction of TOC is low (0.5-1.0%) (Figure 7c). These two types
of lithologies have formed in shallow to semi-deep lakes with more turbulent waters and
were affected by the season and terrestrial inputs.

4.3.3. Lithofacies of Massive Mudstone

The massive mudstone is light-gray to yellow-gray, with less lamina, and the thickness
of a single layer generally exceeds 10 cm. The mineral particles are mixed, and the stratifica-
tion is poor. This lithofacies is divided into medium organic matter content and low organic
matter content massive mudstone (with a threshold of 1% TOC). The TOC mass fraction
of the former is 1.0-1.35%, and the contents of felsic and pyrite rock are high (Figure 7d),
with mass fractions of 46% and 3%, respectively. The TOC mass fraction of the latter is less
than 1%, and it contains boulders and dolomite, resulting in a light or yellow-gray color
of the rock core. The clay mineral content is high, with an average mass fraction of 32.8%
(Table 2). In addition, some of the blocky mudstone contains silty dolomite, with mass
fractions greater than 30% (Figure 7e), indicating that this type of lithofacies developed in
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the semi-deep to shallow lake areas in the middle of the basin, where there was low input
of source material and chemical deposition.

4.3.4. Lithofacies of Argillaceous Siltstone

The argillaceous siltstone has light-grey layers that are 1-5 cm thick, and quartz or
feldspar particles occur in the silt. The felsic content is high (52.5%), and the carbonate
mineral content (18%) and pyrite content (1%) are low (Table 2). The organic carbon mass
fraction is generally less than 1%, indicating that these lithofacies formed at the delta front
or the shores of the shallow lake. It is often located at the bottom of a lake and is scoured
by the lower shale (Figure 6f).

4.4. Longitudinal Distribution of Lithofacies

A comprehensive histogram is established based on the results of the lithological anal-
ysis, lithofacies classification, and mineral distribution (Figure 8). The shale lithology of Es3
is highly variable, including black shale, dark gray shale, gray mudstone, light-gray argilla-
ceous siltstone, and yellow-gray dolomitic mudstone. These layers occur alternately in the
vertical direction, indicating that the lake basin’s sedimentary environment and terrigenous
material input changed significantly in this period. The 3891-3900 m section is primarily
composed of thin black laminar shale and thick dark-grey laminar shale, accounting for
95% thickness of layer, with small amounts of massive mudstone and argillaceous siltstone.
The TOC is high in this section, with mass fractions of 1.1-2.5% and an average of 1.5%.
The lithofacies characteristics show that the water body of the lake basin was relatively
deep, and there are semi-deep and some deep lake facies, with a relatively low input of ter-
rigenous material. The lithology and lithofacies of the 39834000 m are also highly variable.
The lithology is primarily composed of dark-grey mud shale, grey mudstone, yellow-grey
dolomitic mudstone, and light-grey argillaceous interbedded siltstone. The lithofacies con-
sist of thick laminar shale interbedded with massive mudstone, a small amount of laminar
shale, and several thin laminar argillaceous siltstone lithofacies. Vertically, the lithofacies
indicate a deepening of the water body toward the top. They are composed of a thin layer of
argillaceous silt and massive mudstone or laminar shale. The layers become thinner toward
the top, and the lamellar layer becomes more developed. The average thickness of a single
layer exceeds 1 m. The mud shale in this section indicates a shallow lake environment and
some areas of a semi-deep lake environment, with extensive source material input. The
TOC is low (0.6-1.2%), with an average of 0.7%. The lithology, lithofacies, and organic
matter content of the two coring sections differ, representing two different sedimentary
environments and lithofacies development of Es3.

The mineral contents difference of the different lithofacies in the two coring sections
is relatively low. The mass fractions are 40-45% for felsic material, 30% for clay, and 20%
for carbonate, with small amounts of organic matter and pyrite. The main difference is
the higher organic matter and pyrite contents in the upper section (mass fraction of two
is 4-5%) and the lower contents of clay minerals (28-30%), while lower organic matter
and pyrite in the lower section (2-3%), and higher clay mineral content is (29-32%). These
results show a negligible change in the source material during the sedimentation period of
Es3 in the upper section due to the large difference in water depth and sedimentary facies,
affecting the spatial distribution of the lithofacies characteristics.

4.5. Pore Characteristics in the Mud Shale

The pores of the mud shale are highly heterogeneous, and the pore size distribution
differs from that of conventional reservoirs. Most pores are micro and nanopores, and the
nanopores account for the majority [34,35]. High-pressure mercury porosimetry and nitro-
gen adsorption analysis have been used to characterize pore spaces [4,36,37]. We used these
methods and SEM to clarify the pore size distribution of the shale with different lithofacies.
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Figure 8. Comprehensive histogram of lithology and lithofacies distribution of upper Es3 coring
section in F39x1.

Shale pores have been categorized into organic pores, inorganic pores, and fractures.
The inorganic pores can be divided into intergranular pores, intercrystalline pores, dissolu-
tion pores, and other pores. Zhao (2020) classified the mud shale in the Es3 in the Qikou
Depression into matrix pores and fractures and further divided them into intergranular
pores, intercrystalline pores, organism cavity pores, organic pores and bedding fractures,
and structural (micro) fractures [18]. Following this example, we categorized the pores in
the mud shale with different lithofacies based on the pore development type and character-
istics (Figure 9). The SEM analysis shows that the pores in the felsic and calcareous laminae
of the thin and thick laminar shale with a medium TOC are relatively well developed. There
are many intergranular pores with a diameter of 0.5-2 um in diameter, some intercrystalline
pores in the clay minerals, and dissolution pores in the calcareous minerals. There are no
organic matter pores because of the low degree of organic matter evolution. In contrast,
the pores in the thick laminar shale with low TOC and the massive mudstone are poorly
developed. There are no intergranular pores, a few dissolution pores, and clay mineral
intercrystalline pores. The reasons are as follows. First, the clay mineral content is low in
the felsic and calcareous laminae, and the interparticle space is not completely filled with
clay minerals. Second, the dissolution of some clay and calcareous minerals by organic
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(a)

acids generated during hydrocarbon generation in the laminar shale with a higher TOC
promoted the development of intergranular and solution pores.
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Figure 9. SEM pore characteristics of different shale lithofacies of Es3 in F39x1. (a) Thin laminar
shale, 4385.4 m; (b) medium organic matter thick laminar shale, 3893.5 m; (c) low organic matter thick
laminar shale 3899.77 m; (d) low organic matter massive mudstone, 3986.8 m.

The results of constant-rate mercury intrusion porosimetry and nitrogen adsorption
analysis are shown in Figure 10. The mud shale with different lithofacies shows well-
distributed pores, with a pore diameter range of 2 nm to 10 um. Pores with a diameter
of 10-100 nm are developed in all lithofacies, whereas differences are observed in the
abundance of macropores with a pore diameter greater than 100 nm. The thin laminar
shale, thick laminar shale, and massive mudstone with a medium organic matter content
have many macropores. The pore diameter in the thin laminar shale exceeds 10 um, whereas
there are few macropores in the massive mudstone with low TOC. More than 80% of the
massive mudstone has low TOC. In addition, there are few micropores in the siltstone.
The laminar shale has more micropores, whereas the massive mudstone is dominated by
nanopores. These results are consistent with the SEM results.

In addition, research and exploration have shown that fractures can significantly
improve shale oil reservoir performance, especially permeability [38,39]. The core observa-
tions and thin section analysis show well-developed fractures in the shale of E,s>. These are
divided into high-angle structural fractures and low-angle bedding fractures. The fracture
density is 80-120 pieces/m. Most are bedding fractures (80%), and structural fractures
only account for 20%. The highest density of bedding joints occurs in the thin laminar
shale, with an average fracture density of 110 pieces/m, followed by the thick laminar shale
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(80 pieces/m) and the massive mudstone (30 pieces/m). Therefore, the more developed
the laminae are, the greater the fracture density, porosity, and permeability are.
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Figure 10. Pore distribution of different shale lithofacies of Es3. (a) Thin laminar shale; (b) thick
laminar shale; (c) massive mudstone; (d) argillaceous siltstone.

4.6. Residual Hydrocarbon Content in the Mud Shale

Residual hydrocarbons are the main source of oil and gas in shale. The concentration
of residual hydrocarbons largely determines the enrichment degree and sweet spots of
shale oil. Two geochemical methods, rock pyrolysis and extraction, are usually used to
characterize residual hydrocarbons [20,40]. The pyrolysis analysis shows that the content of
free hydrocarbon (S;) in the mud shale of Es3 is generally low, ranging from 0.1 to 1.4 mg/g
(Figure 11a). The mud shale with different lithofacies has different free hydrocarbon con-
tents. The free hydrocarbon content is the highest in the thin laminar shale (0.6-1.4 mg/g),
with an average of 1.0 mg/g. Due to the large range in the organic matter content of the
thick laminar shale, the free hydrocarbon content has a large range (0.2-1.4 mg/g), but the
main content is 0.2-0.7 mg/g, with an average of 0.45 mg/g. The free hydrocarbon range
of the massive mudstone and argillaceous siltstone is 0.1-0.8 mg/g, and the average S; is
also low (0.35 mg/g). In general, when the TOC OF mud shale is lower than 1.5%, the free
hydrocarbon content is highly correlated with the TOC. This is not the case when the TOC is
higher than 1.5%. The soluble organic matter content, i.e., the residual hydrocarbon content,
can be obtained from the shale samples by chloroform extraction. As shown in Figure 10b,
the residual hydrocarbon content of the shale in Es3 is 0.6-2.3 mg/g. The laminar shale has
a high content (1.0-2.3 mg/g), whereas the massive mudstone and argillaceous siltstone
have low contents (0.6-1 mg/g).
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Figure 11. Distribution of residual hydrocarbon content in different shale lithofacies of Es3. (a) Pyrol-
ysis S1 of mud shale with different lithofacies; (b) residual hydrocarbon of extraction in mud shale

with different lithofacies.

5. Discussion

5.1. Effect of Shale Lithofacies on Shale Oil Content

From the Figure 11, it is clear that the shale oil content is mainly controlled by its TOC.
Due to the differences in the TOC content, shales with different lithofacies have different
shale oil content. If the laminar shale has a high TOC content, the shale oil content is
also high. In contrast, the residual hydrocarbon content is generally low if the massive
mud shale and argillaceous siltstone have low TOC contents. If pyrolysis and extraction
methods cannot comprehensively evaluate shale oil content, some indirect methods such
as two-dimensional nuclear magnetic resonance spectroscopy and particle fluorescence
analysis [41-43] can be used to further analyze the main controlling factors of shale oil
enrichment in different lithofacies.

Two-dimensional nuclear magnetic resonance spectroscopy has been widely used
for the analysis of shale oil and gas. It provides the properties of the pore fluid and the
states of oil and water, such as free oil, free water, adsorbed oil, and clay mineral-bound
water. Figure 12 shows that the free oil content(area B) of the laminar shale (both the thin
and thick laminar shales) is high (2.0-3.5 uL/g), and those of the massive mudstone and
siltstone are low (1.0-2.0 uL/g), in agreement with the pyrolysis analysis results. Further
analysis shows that residual hydrocarbon content of the laminar shale is more than twice
that of the massive mudstone and siltstone. One reason is the high hydrocarbon generation
capacity of shale with high organic carbon content. Another is the development of micron
and submicron pores in the laminar shale. The connectivity is good, the pore space to
store hydrocarbons is large, and the hydrocarbon content is high. However, the massive
mudstone and siltstone have low hydrocarbon generation capacity due to their low organic
carbon contents. They have fewer pores, especially macropores, resulting in a low content

of residual hydrocarbons.

5.2. Effect of the Source-Reservoir Relationship on Shale Oil Enrichment

Our analysis shows that the organic carbon content of the shale in Es3 of the Qibei
Slope is generally low, with mass fractions of 0.5-2.5%. The geochemical analysis shows
that the free hydrocarbon content S; of the shale in Es3 is 0.2-1.2 mg/g, both lower than
that of the shales of the Kongdian Formation in the Cangdong Sag, Bohai Bay basin, and
the Qingshankou Formation in the Gulong Sag, Songliao Basin [14,26]. Therefore, the mud
shale with relatively high organic carbon and residual hydrocarbon contents is critical
for shale oil development in this area. The thin and thick laminar shales with a medium
organic content have relatively high TOC, representing an important shale oil source in



Energies 2023, 16, 2107

150f18

this area. The felsic and carbonate laminae of these two lithofacies are relatively well-
developed and have sufficient intergranular and dissolution pores for the storage of shale
oil. Thus, the hydrocarbons generated by organic matter in the clay laminae can enter the
pores. In addition, the mud shale with well-developed laminae also has bedding joints
that are crucial spaces for shale oil accumulation. Therefore, the organic-rich laminar shale
has a good source-reservoir relationship and a high content of residual hydrocarbons,
representing a sweet spot for shale oil (Figure 13).
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Figure 12. 2D NMR shale oil content analysis of different shale lithofacies in Es3. (a) Thin laminar
shale, 4381 m; (b) thick laminar shale, 3895.6 m; (c) massive mudstone 4373.35 m; (d) argillaceous
siltstone, 3992.5 m.

The massive mudstone and siltstone have low organic matter contents, low hydro-
carbon generation capacities, few macropores. The coring section shows that the shale
adjacent to this type of lithofacies has a low content, and there are a few oil sources near
massive mudstone and argillaceous siltstone. Therefore, the thick massive mudstone, silt-
stone, and their interbeds have an unfavorable source-reservoir relationship, low residual
hydrocarbon content, and poor shale oil enrichment conditions. If these lithofacies could
interact with or be sandwiched between organic-rich shale, their oil-bearing properties
would be improved.

Therefore, shale laminae, especially organic-rich dark thin laminae, influence the
organic matter content and the development of micropores. The combination of organic-
rich, felsic, and carbonate laminae produces a good source rock-reservoir relationship.
After the formation of shale oil, it can be discharged into the reservoir at a short distance
to accumulate and create a shale oil enrichment area. Laminar shale mainly developed in
the semi-deep and deep lake facies far away from the sediment source supply. Therefore,



Energies 2023, 16, 2107

16 of 18

deep lake facies organic-rich laminar shale in the center of the eastern sag in the Qibei
slope shows better development and has a higher content and thickness of organic matter
and more abundant shale oil. This type of lithofacies has the highest values for shale oil
exploration of Es3 in Qikou sag.
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Figure 13. Shale oil enrichment mode of different lithofacies in Es3 formation.

6. Conclusions

According to the laminated structure, lithological characteristics and mineral composi-
tion, the shale in Es3 on the Qibei slope of the Qikou sag was divided into four lithofacies:
thin laminar shale, thick laminar shale, massive mudstone, and argillaceous siltstone. It was
further divided into six subcategories based on the organic matter content. All lithofacies
exhibited thin alternating layers in the longitudinal direction.

The laminar shale and few massive mudstone had high contents of organic carbon
(TOC average 1.1-1.6%), sufficient micropores (diameter of 0.5-2 um) and fractures, which
can form good source rock and reservoir for shale oil. Among them, the thin laminar shale
had the highest TOC(average 1.6%), and carbonate (average 23.2%) as well as pyrite content
(average 3.8%), and the thick laminar shale took the second place, with average TOC of
1.0%, and higher carbonate (average 21.7%) as well as pyrite content (average 1.7%). In
contrast, majority massive mudstone and argillaceous siltstone had low organic carbon
contents (TOC average 0.4-1.0%) and few micropores.

The residual hydrocarbon content was positively correlated with the organic matter
content in the mud shale. The pyrolysis and extraction analysis indicated that the residual
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hydrocarbon content were higher for the thin and thick laminar shales (1.5-2.5 mg/g and
0.8-1.5 mg/g) than for the massive mudstone and argillaceous siltstone (0.6-0.8 mg/g). The
nuclear magnetic resonance spectroscopy showed that the free oil content of the laminar
shale (both the thin and thick laminar shales) is high (2.0-3.5 uL/g), and those of the
massive mudstone and siltstone are low (1.0-2.0 uL/g).

The content of organic-rich laminae in shale affected the development of micropores
and the residual hydrocarbon content. Thin interbeds of organic-rich laminae, felsic, and
carbonate laminae developed in the laminar shale, creating a favorable source-reservoir
relationship and controlling the distribution of shale oil enrichment area. Shale oil ex-
ploration should focus on the semi-deep and deep lake facies in the center of the eastern
depression of the Qibei slope, in which the laminar shale with higher organic matter and
residual hydrocarbon contents developed.
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