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Abstract: The quality of shale oil reservoirs is a major factor determining shale oil produc-
tion capacity. Research on shale oil reservoirs has primarily focused on lithology. However,
there has been little research on lithofacies classification. Moreover, there is still a lack of
research on potential reservoir differences between different lithofacies and their control-
ling factors. In this context, the present study aims to classify the lithofacies of shale oil
reservoirs in the Paleogene Shahejie Formation of the Jiyang Depression using different
methods, including rock core and thin section observations, scanning electron microscopy
(SEM) analysis, and X-ray diffraction (XRD). In addition, the characteristics and genesis
of the high-quality shale oil reservoirs were studied using three-dimensional micro-CT
scanning, low-pressure nitrogen adsorption, high-pressure mercury injection, and core
physical property testing. The results showed better physical properties of combined shale
and lenticular crystal limestone (C1), continuous parallel planar calcareous mudstone
and uncontinuous laminate mudstone (C2), and continuous parallel planar calcareous
mudstone and laminate mudstone (C3) compared with those of the other lithofacies; C1
exhibited the best physical properties. These three combined lithofacies consisted mainly
of interconnected pores with medium and large pore throats, as well as fractures; the pore
size mainly ranged from nanometers to micrometers. The high-quality reservoir conditions
in combined lithofacies are the result of both basic sedimentary lithofacies and diagenetic
history. The results of the current study provide new ideas and a useful reference for future
related studies on mud shale reservoirs.
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1. Introduction

With advancements in drilling and fracturing technology, shale oil, an unconventional
oil and gas resource, has become a significant alternative energy source [1,2]. Shales are fine-
grained sedimentary rocks with complex mineral compositions, textures, and structural
features, often represented by distinct differences in lithofacies [3]. Many research examples
have shown that the pore throat systems and properties of shale reservoirs are largely
dependent on lithofacies [4-6]. However, studies on characterizing pore structures for
different lithofacies are still rare. This significantly hinders the development of shale
reservoir theory and oil and gas exploration.

Reservoir quality is a key indicator of shale oil production capacity, which is important
for shale oil/gas exploration and development [7-10]. Previous shale reservoir character-
ization studies focused particularly on technical and methodological aspects, especially
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testing and characterization techniques, including nitrogen adsorption [5], carbon diox-
ide adsorption, nuclear magnetic resonance, and neutron scattering. In addition, several
effective characterization methods have been employed to characterize the complexity
and heterogeneity of shale pore structures, such as fractal theory and fractal dimensions,
providing a comprehensive understanding of shale reservoirs [11-14]. However, there are
still inconsistencies in the results related to the genesis of pore structures in shale reservoirs.
This is mainly because many related studies have rarely considered the initial lithofacies
classification and genesis at different levels of shale reservoirs in terms of pore structure
characterization. In terms of the study of lithofacies of shale reservoirs, a large number
of scholars have conducted beneficial exploration and development of the division of
lithofacies and lithofacies association in lacustrine shale reservoirs [15-17]. Most schol-
ars have agreed that the mineral composition, sedimentary texture, and organic carbon
content are the core basis for the division of lithofacies, especially sedimentary textures
such as laminae and stratifications, which are crucial for the characterization of lithofacies
differences [18,19]. Meanwhile, lacustrine shale lithofacies with sandstone or carbonate
interlayers can be divided into different lithofacies associations according to the vertical
overlapping relationship between shale rocks and interlayer types. The division of litho-
facies associations is of great significance to reveal the sedimentary genetic environment
and diagenetic evolution process [20,21]. Therefore, reservoir characterization based on
lithofacies classification is essential to explain the causes of pore throat structure variations
in shale reservoirs and to identify the primary controlling factors governing the formation
of high-quality reservoirs.

In reservoir studies, physical properties are important parameters to reflect reservoir
quality. Porosity and permeability are often used to describe the difference in reservoir
quality in conventional reservoirs [22]. For shale reservoirs, numerous studies have demon-
strated that complex mineral composition and diverse sedimentary structures are the
key factors directly influencing shale reservoir quality [23,24]. An increase in quartz and
feldspar content facilitates the development of felsic bands and the formation of reservoir
spaces, including intergranular pores and feldspar dissolution pores [25]. Carbonate miner-
als in shale promote the development of intercrystalline pores, which can also improve the
formation of fractures in the reservoir [26]. Similarly, an increase in clay mineral content is
beneficial the preservation of organic matter [27]. Thus, a significant number of microscopic
matrix pores are formed in shale reservoirs, while the presence of sedimentary structures
further amplifies the complexity of the pore structure. Currently, the characteristics and
distribution of pore structures in shale have become critical indicators for assessing reser-
voir and evaluating the exploration and development potential of shale reservoirs [28,29].
Furthermore, studies on complex pore structures and hydrocarbon occurrence in shale
have revealed that pore composition and size distribution vary significantly across different
lithofacies types [28]. This variation is attributed to the fact that the mineral composition
and sedimentary structure differences are controlled by the sedimentary environment, hy-
drodynamic conditions, paleoclimate changes, and diagenesis, which are the same factors
governing shale lithofacies [30,31]. Therefore, it is essential to investigate the genesis of
high-quality reservoirs by integrating the formation conditions of favorable lithofacies with
the correlation between pore structure and lithofacies. However, most previous studies
have considered lithofacies only as a single factor in shale reservoir formation, which limits
a comprehensive understanding of reservoir quality. The study of shale oil reservoirs is of
great significance for shale oil exploration and development. These reservoirs exhibit com-
plex pore structures and wettability variations, resulting in highly complex oil migration
behavior within nanopores systems [7,32].
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The Bohai Bay Basin in China hosts abundant organic-rich shales within its Paleogene
sediments, positioning it as one of the most promising regions for shale oil exploration
and development [33,34]. In recent years, extensive research has been conducted to char-
acterize shale reservoirs in the Jiyang Depression of the Bohai Bay Basin; however, most
studies have been based on different lithological classifications [13,35-37]. These studies
often incorporate reservoir spaces at multiple scales into single and simplistic rock models,
resulting in ambiguous explanation for the differences in the genesis of reservoir physi-
cal properties. With the introduction of the shale lithofacies concept, numerous studies
on lithofacies have been carried out in the Jiyang Depression in recent years [16,38—41].
Most scholars agree that significant differences in the initial lithofacies are the primary
factor driving differences in pore types and structures of shale reservoirs. Nevertheless,
inconsistencies in lithofacies division schemes persist due to different division criteria.
Additionally, research on reservoir characterizations based on lithofacies identification and
classification remains limited, and comparative analysis of reservoir differences between
different lithofacies and their controlling factors are still lacking. In this context, this study
focuses on characterizing reservoirs of different shale lithofacies of the Shahejie Formation
in the Jiyang Depression by integrating lithofacies and lithofacies classification with a
suite of advanced analytical techniques, including scanning electron microscopy (SEM),
X-ray diffraction (XRD) analysis, micro-CT, high-pressure mercury intrusion, and nitrogen
adsorption. In addition, this study further discusses potential variations in reservoir space
types and quality across different lithofacies, providing insights into the genetic analysis of
high-quality reservoirs. The findings of this study offer a valuable foundation for future
genetic analysis and evaluations of high-quality shale reservoirs.

2. Geological Setting

The Jiyang Depression is a major depression in the southeastern part of the Bohai
Bay Basin in East China. It is bordered by the Tan-Lu Fault Zone, Chengning Anticline,
and Luxi Uplift to the east, northwest, and south, respectively. This depression forms a
rifting and wrenching complex basin of the Mesozoic and Cenozoic on the basement of the
North China Plate [37,42]. The Jiyang Depression is composed mainly of several uplifts
between the Chezhen, Zhanhua, Huimin, and Dongying sags, covering a total area of about
2.5 x 10* km?, of which the Dongying Sag covers the largest area of about 6000 km? [43].
These sag structures are manifested mainly as half-graben basins with north-dipping and
south-overlapping characteristics (Figure 1a,b).

The basement of the Jiyang Depression is composed of the Oligocene, Eocene, and
Paleocene series, including the sedimentary Kongdian, Shahejie, and Dongying formations.
This research region has been in a lake-deltaic environment since the Pleogene, where
sandstone, mudstone, and shale are the main lithological classes, accompanied by small
proportions of gypsum and carbonate rocks, with a total thickness of approximately 3000 m.
On the other hand, the thickness ranges of the Neogene and Paleogene layers are about
700-1000 m and 1000-2100 m, respectively [44-46]. The organic-rich mud shales in the
Jiyang Depression are distributed mainly in the Shahejie Formation, which can be classified
into four members from the upper to the lower parts (Es4, Es3, Es2, and Esl). The lower
Es3 and upper Es4 members are the main shale oil reservoirs, exhibiting abundant organic-
rich mud shale resources as well as high amounts of laminated carbonate rocks, mainly
occurring in the form of interbedded mud shales [47].

The Shahejie and underlying Kongdian formations are in unconformity contact, indi-
cating an angular unconformity relationship. On the other hand, these formations are in
conformity contact with the Dongying Formation. The upper parts of the Kongdian and
Dongying formations consist mainly of large mudstone and sandy mudstone formations,
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respectively. The lower part of the Es4 member consists of interbedded mudstone, dolomitic
mudstone, and argillaceous limestone, while the upper part of the Es4 member consists of
interbedded mudstone, limestone, and argillaceous limestone deposited in semideep lake,

coastal shallow lake, and saline water environments [48,49]. The Es3 member is divided
into three submembers, of which the lower subzone is composed mainly of dark gray
mudstone, lime mudstone, and marl limestone, with interbedded carbonate rocks. This
segment represents the sedimentary environment of the deep lake, semideep lake, and
saline to semisaline water facies (Figure 1c) [49].
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Figure 1. Structural and stratigraphic characteristics of the study area. (a) The location of the Bohai Bay
Basin. (b) Locations of sampling wells and simplified structural framework in the Jiyang Depression.
(c) Stratum in the study area. Es3—third member of the Shahejie Formation, Es4—fourth member of the
Shahejie Formation. The red box outlines indicates the main target stratum [44].

3. Data Collection and Methodology

The data used in this study were divided into two parts, namely data collection and
measurement. The actual measurement data included rock core observations and sample
testing at 11 drilling wells (L67, L69, FY1, GX27, G110, G17-11, G17-X10, N55-X1, W31, NY1,
and LY1) in the Jiyang Depression (Figure 1b). The rock cores were analyzed using several
techniques, including microscopy (N55-1, FY1, L69, NY1, LY1, N55-X1), scanning electron
microscopy (N55-X1, GX27, L67, L69, G110, FY1, W31), and micro-CT (L69). The sample
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testing included mainly low-pressure nitrogen adsorption (G17-X10, G17-11), high-pressure
mercury intrusion experiments (FY1), and XRD (L67, L69, G110). Core testing porosity,
permeability, total organic carbon (TOC), and XRD from four drilling wells, namely FY1,
NY1, L69, and N55-X1, were supplied by the Shengli Oilfield Research Institute of China
Petroleum and Chemical Corporation (Shangdong, China).

3.1. Core Observation

Core observation included mainly core observation in the core library, microscopic thin
section observation, and argon ion polishing field emission scanning electron microscopy
(SEM). Argon ion polishing and field emission scanning electron microscopy can be used
to identify nanomicron scale pores and fractures. The samples were pretreated using the
argon ion polishing technique prior to the SEM observations to improve the resolution
of the microscope images. The pretreatment was carried out at the Key Laboratory of
Unconventional Oil and Gas Geology of the China Geological Survey using a Buehler
Auto-met™ 300 (Lake Bluff, IL, USA) fully automatic polishing instrument. The argon ion
polishing samples were prepared using a Leica EM TIC 3X (Wetzlar, Germany) triple-ion
beam cutting instrument.

Field emission scanning electron microscopy was employed in this study to assess the
structure, composition, and pore structure and distribution of the shale oil reservoirs. The
analyses were conducted at the SEM laboratory of the China University of Geosciences
(Beijing, China). The composition of the target area was analyzed using an energy dispersive
spectrometer (EDS). In total, 15 samples from seven wells (L69, L67, N55-X1, FY1, GX27,
G110, and W31) were analyzed using the SEM technique (Table 1).

Table 1. Sample information for SEM.

Sample Well Depth Member Lithofacies
1 L69 3136.05 Es4 L2
2 L69 3041.55 Es3 L2
3 L67 3140.5 Es4 C3
4 G110 2453.4 Es4 C3
5 L69 3066.6 Es3 C3
6 L69 3081.65 Es3 C3
7 W31 2492.4 Es3 C3
8 N55-X1 3338.5 Es3 C2
9 G110 2454 Es4 C2
10 N55-X1 3509.55 Es4 C2
11 FY1 3418.35 Es4 C1
12 L69 3026.25 Es3 C1
13 L69 3062.2 Es3 C1
14 N55-X1 3581.8 Es4 C1
15 GX27 2317.29 Es4 C1

3.2. X-Ray Diffraction (XRD)

In this study, X-ray diffraction analysis was conducted at the Beijing Research Institute
of Uranium Geology using the Panalytical X'Pert PRO X-ray diffractometer (Malvern, UK).
The analysis was conducted based on the SY/T5163-2018 standard analysis method for clay
and nonclay minerals of sedimentary rocks. The XRD method was employed to analyze
the mineral composition types of the Shahejie Formation in the Jiyang Depression. The
samples used in this study were derived from the rock core library samples of Sinopec
Shengli Oilfield. A total of 37 samples from three drilling wells (L67, L69, and G110) were
analyzed. The same sample can exhibit different testing positions in the XRD analysis,
of which location 1 and 2 represent the bright and dark-colored bands of the sample,
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respectively (Table 2). In addition, a total of 1062 samples from three wells, including
214, 49, and 799 samples from L69, NY1, and FY1, respectively, were further analyzed
using XRD.

Table 2. The results of X-ray diffraction.

Mineral (%)

Sample Depth (m)  Location Felsic Carbonate Minerals . Clay
- - - - Pyrite Gypsum Minerals
Quartz  Feldspar Plagioclase Calcite Dolomite Aragonite

L67-1-23a 3140.50 1 9.9 60.4 7.0 41 18.6
L67-1-23b 3140.50 2 11.1 56.4 11.2 3.9 0.3 171
L67-1-24a 3146.26 1 8.8 615 9.5 42 16.0
L67-1-24b 3146.26 2 10.0 61.2 8.7 4.1 16.0
L67-1-25a 3158.85 1 10.2 62.6 8.0 34 15.8
L67-1-25b 3158.85 2 11.3 61.1 7.8 3.4 16.4
L67-1-46a 3159.76 1 9.3 63.9 / 2.6 242
L67-1-46b 3133.36 2 20.7 11.4 14.7 6.4 46.8
L67-1-37 3060.60 13.9 43.8 13.6 34 1 24.3
L67-1-47 3060.60 9.7 69.2 4.8 16.3
L69-1-27a 3081.65 1 7.4 68.1 9.5 3.0 12.0
L69-1-27b 3081.65 2 9.6 614 7.8 3.9 17.3
L69-1-30a 3096.95 1 7.0 68.5 10.4 2.7 11.4
L69-1-30b 2911.15 2 8.4 62.3 8.9 3.2 17.2
L69-1-31 2948.35 5.7 715 6.9 2.8 13.1
L69-1-39 3061.70 15.0 2.9 37.2 6.4 4.0 34.5
L69-1-40 3061.70 12.3 344 53 3.2 448
L69-1-44a 3041.55 1 10.7 60.7 6.0 4.2 18.4
L69-1-44b 3041.55 2 18.3 2 23.2 9.5 5.8 41.2
L69-1-48 3057.30 9.6 66.4 5.3 18.7
L69-1-49 3058.70 7.8 719 34 16.9
L69-1-50 3062.00 9.1 75.5 2.0 13.4
L69-1-51 3061.00 6.6 774 2.6 13.4
L69-1-52 3078.00 5.7 73.6 5.0 15.7
L69-1-53 3048.70 7.8 67.8 3.6 5.0 15.8
L69-1-53 3048.70 13.9 19.2 16.2 6.1 44.6
G110-1-10 2444.20 8.8 47.5 25.8 17 16.2
G110-1-12a 2446.50 1 9.7 54.9 8.2 2.7 245
G110-1-12b 2446.50 2 9.5 48.6 8.7 79 253
G110-1-13 2447.20 7.8 2.1 1.6 63.7 8.9 15.9
G110-1-14 2452.20 5.8 64.8 15.0 2.0 12.4
G110-1-15a 2452.50 1 14.8 74 44.2 12.8 20.8
G110-1-15b 2452.50 2 15.8 53 54 20.0 48 48.7
G110-1-16 2453.40 8.4 62.1 13.1 16.4
G110-1-33 2444.80 18.2 4.6 7.6 11.5 6.4 517
G110-1-34 2447.85 11.5 3.3 35.8 11.6 54 324
G110-1-35 2449.80 10.5 3.1 36.5 14.9 3.8 312

Note: Location 1 and 2 represent the bright and dark-colored bands of the sample.

3.3. Three-Dimensional Micro-CT Scanning (Micro-CT)

Three-dimensional micro-CT was conducted at Nanjing Hongchuang Geological Explo-
ration Technology Service Co., Ltd. (Nanjing, China). The micro-CT uses mainly cone beam
X-rays to penetrate rock samples. A large amount of attenuated X-ray signals was obtained by
rotating samples through 360 degrees. The object fault images can be obtained following the
reconstruction of an algorithm. In this study, two rock samples, namely L69-CT1 and L69-CT2,
were collected from the L69 well at depths of 3062.2 and 3026.5 m, respectively. The rock
samples were processed into an approximate cuboid of approximately 10 x 10 x15 cm before
further analysis.

3.4. Low-Pressure Nitrogen Adsorption

Low-pressure nitrogen adsorption is the most commonly used and reliable method for
determining the specific surface area and pore size distribution. A total of 12 samples from
two wells (G17-X10 and G17-11) were considered in the low-pressure nitrogen adsorption
test. The low-pressure nitrogen adsorption experiment was conducted in this study using
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quantum instruments from the United States in the laboratory of China University of
Petroleum (Beijing, China). Before the experiment, the sample was ground and sieved
through 40-80 mesh (198-350 um) and then subjected to gradually increased pressure at
a temperature of 77.3 K until reaching the saturated vapor pressure of nitrogen and then
gradually decreased. The amount of nitrogen adsorbed was measured at different relative
pressures (P/Pp) to determine the nitrogen adsorption/desorption isotherm. The specific
surface area, pore volume, and pore size distribution corresponding to the adsorption
capacity were calculated using existing experimental models and formulas. Specific surface
areas have been commonly used to characterize pores with diameters lower than 50 nm,
representing the total surface area per unit mass of the material skeleton [50]. The nitrogen-
adsorption-based specific surface areas measured in this study correspond to the sums of
the connected pore areas to the outer and inner surfaces of the particles that gas molecules
can reach [51]. The nitrogen-adsorption-based specific surface area was calculated using the
Brunauer-Emmett-Teller (BET) method, while the pore volume and pore size distributions
were obtained using the Barrette—Joyner-Halenda (BJH) method [51].

3.5. High Pressure Mercury Intrusion Test

In total, 10 samples from the FY1 well were subjected to the high-pressure mercury
intrusion test to determine pore volume. The high-pressure mercury intrusion test was
conducted in the laboratory of Northeast Petroleum University using a Micromeritics
Auto Pore IV 9520 (Norcross, GA, USA), with pressure and pore throat radius ranges of
10,000-61,000 psia and 3 nm—-100 pm, respectively. The test was carried out according to the
petroleum and natural gas industry standards of the People’s Republic of China, namely
the Core Sampling and Analysis Methods (SY /T 5336-2006) and Rock Capillary Pressure
Measurement (SY/T 5346-2005) [52,53]. Ten samples were pretreated at the early stage
of the experiment. They were cut into 1 cm long cubes at the Institute of Geology and
Geophysics, Chinese Academy of Sciences. The 10 samples were first oven-dried at 60 °C
for over 48 h before the mercury intrusion test and then cooled in a dryer at a temperature
relative humidity of 23 °C and less than 10%, respectively. The total pore volume and pore
throat diameter distribution of the sample were obtained based on the physical constants
of mercury.

4. Results
4.1. Reservoir Physical Properties

In this study, the core test porosity, permeability, and TOC data of the Shengli Oilfield
were collected. The core test porosity data were derived from 342 samples from the main
target layer (the lower of Es3 and upper Es4 members) of four wells, namely FY1, NY1,
N55-X1, and L69. The distribution of porosity ranged from 1.20% to 15.20%; the mean was
5.45%, and the median is 5.10%. The permeability data were determined using 316 sample
data from four wells, namely FY1, NY1, N55-X1, and L69. The distribution of permeability
was from 0.01 md to 153.00 md; the mean was 5.25 md, and the median was 0.73 md. The
TOC data were derived from 468 core tests from four wells, namely FY1, NY1, N55-X1, and
L69. The distribution of TOC was from 0.26 to 11.83; the mean was 3.03, and the median
was 2.53 (Table 3). These data were used in this research to assess the physical properties of
the reservoir in the study area.

4.2. Lithofacies Classification Results

The lithofacies classification was carried out based on the core observation, XRD
composition results, and microscope and SEM-based observations.
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Table 3. The results of porosity, permeability, and TOC.
Name Min 25% Mean Median 75% Max
Porosity (n = 342, %) 1.20 4.00 5.45 5.10 6.50 15.20
Permeability (1 = 316, md) 0.01 0.22 5.26 0.73 3.07 153.00
TOC (n = 468) 0.26 2.04 3.03 2.53 3.50 11.83

4.2.1. XRD Analysis Results

A trigonometric diagram was drawn in this study using the three-end elements of felsic
(quartz + feldspar), carbonate (calcite, dolomite, aragonite), and clay minerals determined
based on the collected CRD data from the three wells [15,54-56]. The felsic, carbonate, and
clay mineral content ranges at the FY1 well were 2%-82%, 3%-95%, and 2%-62%, with
average contents of 28.14, 47.38, and 21.09%, respectively (Figure 2a). The felsic, carbonate,
and clay mineral content ranges at the L69 well were 3%-47%, 12%-93%, and 2%-48%, with
average contents of 19.5, 57.65, and 18.89%, respectively (Figure 2b). The felsic, carbonate,
and clay mineral content ranges at the NY1 well were 11%-52%, 5%-76%, and 4%-59%,
with average contents of 27.14, 45.08, and 24.06%, respectively (Figure 2c).

Carbonate minerals (Wt%)

0
d 100

Carbonate minerals (wt%) Carbonate minerals (wt%)

Figure 2. Distribution characteristics of main mineral components, felsic (quartz + feldspar), carbonate
(calcite, dolomite, aragonite), and clay minerals: (a) well FY1; (b) well L69; (c) well NY1; (d) 37 test
samples. In this study, the XRD and TOC data of the Shengli Oilfield were collected. The XRD data
and TOC data were derived from four wells, namely FY1, NY1, N55-X1, and L69.

According to the XRD results, the felsic (quartz + feldspar), carbonate (calcite, dolomite,
and aragonite), and clay mineral contents in the 37 samples ranged from 5.7% to 22.8%,
25.5% to 81.8%, and 11.4% to 51.7%, with average contents of 11.19, 65.69, and 23.12%,
respectively (Table 2 and Figure 2d). Overall, the majority of the collected rock samples
from the study area belonged to mixed fine-grained sedimentary rocks, while others
corresponded to carbonate rocks. In fact, it is challenging to assess shale oil reservoirs
solely based on their lithological characteristics.
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4.2.2. Lithofacies Classification

Lithofacies refer to rocks or rock combinations in specific sedimentary environments,
which can indicate sedimentary processes and environments [57]. Since 2015, the con-
cept of lithofacies has been introduced in studies on shale oil reservoirs. Liu et al. (2022)
classified the Paleogene shale in the Jiyang Depression into 16 lithofacies of three main
classes (striated, laminated, and massive) based on rock compositions, sedimentary struc-
tures, and organic matter abundance [33]. The Shahejie Formation consists mainly of six
lithofacies, including organic-rich laminated muddy limestone, organic-rich laminated
calcareous mudstone, organic-rich layered muddy limestone, organic-rich layered calcare-
ous mudstone, organic-containing layered calcareous mudstone, and organic-containing
blocky calcareous mudstone. Bai (2019) classified the shale oil reservoir of the Shahejie
Formation in the Jiyang Depression into five key lithofacies based on core observation and
thin section identifications according to the sedimentary environment conditions, including
lithology, rock structure, and mineral crystal morphology (Table 4) [17]. These lithofacies
are thin lens-shaped grain limestone (LF1), laminated mudstone limestone (LF2), thick
block-shaped calcareous mudstone (LF3), block-shaped calcareous mudstone (LF4), and
black shale (LF5).

Table 4. The comparison between the lithofacies division in this study and those before.

Lithofacies Lithofacies Sedimenta
Category Number  Lithofacies [17] Code Lithofacies Code Description Environmelr?:‘.
[17] (This Paper)
Shale and carbonate minerals
are interbedded, and carbonate
Lithofacies Thin, lens-shaped LF1 Combination lithofacies of shale c1 mineral crystals are thick, deep lake
combination grain limestone and lenticular crystal limestone bright, and distributed in a thin, P
lens-like or slightly thin, long,
lens-like pattern
Combination lithofacies of Carbonate mineral crystals are
Laminated continuous parallel planar land d st v of ideen lak
2 mudstone LF2 calcareous mudstone and C2 smalland composed mainly o semideep fake
limestone uncontinuous mud crystals, with continuous environment
laminate mudstone distribution of laminates
Comblnatlon lithofacies of Compared with C2, continuous .
3 continuous parallel planar 3 layered structures semideep lake
calcareous mudstone and hyave developed environment
continuous laminate mudstone P
Argillaceous s Continuous parallel planar L1 Compared with L2, there are shallow lake
limestone argillaceous limestone differences in composition
Thick, .
. : Gray mudstone with
Calcareous 5 block-shaped LE3 Continuous parallel planar 12 continuous distribution deep lake
mudstone calcareous calcareous mudstone : :
mudstone of laminates
Continuous parallel planar Compared with L4, continuous
6 Block-shaped argillaceous rock L3 layered structures deep lake
Mudstone calcareous LF4 have developed
mudstone -
7 Massive argillaceous rock L4 Masswg mudstone, §0mposed deep lake
mainly of clay minerals
The color is mostly dark and has
Shale 8 Shale LF5 Shale L5 a good page structure formed deep lake

by the directional arrangement
of clay minerals

In this study, we referred to the lithofacies classification scheme proposed by Bai
(2019) and Liu (2022) to identify the main lithofacies in the study area [17,33]. In addition,
we considered the interbedding of black shale, lens-shaped crystalline limestone, lami-
nated calcareous mudstone, and mudstone limestone at the centimeter scale in the Jiyang
Depression, as well as the coring from four wells in the entire section of the Jiyang De-
pression, along with core description, thin-section analysis, XRD results, and organic
carbon content analysis. The structure and composition of rocks were characterized
across different scales, ranging from macroscopic to microscopic. In total, eight lithofacies
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were identified, including calcareous mudstone lithofacies, muddy limestone lithofacies,
two mudstone lithofacies types, and shale lithofacies. The target layer (the lower Es3 and
upper Es4 members) in this study area was basically deprived of pure shale lithofacies.
Compared with previous lithofacies classification schemes, this lithofacies classification
further refines the structural characteristics of the lithofacies (Table 4).

(1) Combined shale and lenticular crystal limestone lithofacies (C1).

C1 was composed mainly of two lithofacies, namely the black shale and crystal
limestone lithofacies. In this study, the coring revealed interbedded shale with thin or
slightly longer lens-shaped white carbonate interlayers (Figure 3a). In addition, microscopic
petrographic observations revealed that the carbonate interlayers consisted of large and
bright crystalline calcite, with single or multiple discontinuous lenses of calcite particles.
The grain calcite had fibrous or granular forms (Figure 3b), suggesting the occurrence of a
deep lake sedimentary environment [16,17].

N55-X1
3429.9m

4001 m

FYI
3378.75m

. W w W i .

Figure 3. Core and microscope photos. Core sampling (a) and micrograph (b) of well N55-X1, 3338.5 m;
core and microscope photos. Core sampling (c) and micrograph (d) of well N55-X1, 3429.9 m; core and
microscope photos. Core sampling (e) and micrograph (f) of well FY1, 3377.05 m; core and microscope
photos. Core sampling (g—i) of wells N55-X1, 3089.54 m; L69, 2940.6 m; and FY1, 3378.75 m, respectively.
Yellow arrows indicate carbonate interlayers; pentagrams show discontinuous lenses.

(2) Combination of continuous parallel planar calcareous claystone and uncontinuous
laminate mudstone lithofacies (C2)

C2 consisted mainly of calcareous claystone and laminated micrite. However, the
continuity of the laminated micrite was relatively poor, showing discontinuous or lens-
shaped structures interbedded with calcareous mudstone (Figure 3c). Microscopically,
micrite with lens-like distribution was observed (Figure 3d). Therefore, this combined
lithofacies might have developed primarily under a semideep lake environment [16,17].
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(3) Combination of continuous parallel planar calcareous claystone and laminate micrite
lithofacies (C3)

The C3 lithofacies consisted primarily of calcareous claystone and laminated carbonate
layers, of which the laminated carbonate consisted mainly of micrite calcite. Core observa-
tion revealed two distinct lithological boundaries with light- and dark-colored laminated
micrite and calcareous claystone, respectively (Figure 3e). Microscopically, the laminated
carbonate exhibited a microcrystalline structure (Figure 3f). These results suggested that the
combined lithofacies type was developed primarily in a semideep lake environment [16,17].

Furthermore, the continuous parallel planar argillaceous limestone (L1) (Figure 3h),
continuous parallel planar calcareous claystone (L2) (Figure 3e), and continuous parallel
planar argillaceous rock (L3) (Figure 3g) lithofacies were not identified in the collected
cores and microphotos. The lithology was initially assessed based on the differences in
mineral composition to identify the main lithofacies (L1, L2, L3). A massive argillaceous
rock lithofacies (L4) (Figure 3i) was identified in the core photo. Based on the aforemen-
tioned lithofacies identification scheme, detailed core observations were conducted for
four cored wells from the study area at the Shengli Oilfield Core Repository. The lithofacies
classification of cored intervals was performed by integrating logging curve (GR) analysis,
TOC content, XRD data, and microscopic photographs (Figure 4).

Depth/m GR(API) Lithology TOC Mineral (%) Lithofacies Lithology photo
1:800 |40 120 0 15 20 40 60 80 100
3296 — e————— C1: core samplin,
S s s
e ————
3312 i 3 f :
3320 e
395 4 Pl
3336 P
—I —‘ 2 _‘ |
3352
i B S0
3360 + [
3368 | S B
= I Lithology
3376 E (I
E : : : : E Clayey carbonate rock
94 - 5 P
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3392 = - e
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3400 E— e - Shale
3408 | = 3 3 Mineral
3416 4 = Wovary [ retaspar
3424 = P W coteie [lotomice
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Figure 4. Well: NY1 composite columnar section based on lithofacies classification.
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The sedimentary environment of the Shahejie Formation, especially the Es3 mem-
ber in the Jiyang Depression, is characterized primarily by deep lake to semideep lake
settings (Table 4). The microenvironments of mud shale deposition in this area are rela-
tively insensitive to changes in lake level. Previous studies have generally suggested that
lithofacies C1 was formed in a deep lake environment, while C2 and C3 were deposited in
semideep lake environments [16,17].

4.2.3. Three-Dimensional Micro CT Scanning (Micro-CT)

The micro-CT scan results (Figure 5) showed obvious layers in Sample L69-CT1 (C1),
with parallel and interactive distributions of bright and dark substances. However, the
layer of Sample L69-CT2 (C2) was relatively less distinguishable than those in Sample 1. In
addition, the luster of the bright substance in Sample 2 was darker, while the particle sizes
were smaller when compared with those in Sample 1. The 3D micro-CT results showed a
higher porosity in Sample 1 than in Sample 2.

b z

Y\I/x

Pore volume [pm’]
I 1.0%10"
8.0%10°

6.0%10°
I 4.0%10°

s
0.00 @ 20710
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Pore volume [pm’] d
3.0%10"
2.5%10°
2.0%10°
1.5%10°
1.0%10”
5.0%10°
0.00
4500 pm 4500 pm

Figure 5. Pore volume distribution under three-dimensional micrometer CT. Pore volume distribution
(a) and three-dimensional photographs (b) of well L69, 3062.2 m; pore volume distribution (c) and
three-dimensional photographs (d) of well L69, 3026.5 m.

4.3. Pore Types

According to the genesis, the fractures could be classified into structural and diagenetic
fractures. In addition, the pores could be classified into three different types based on the
position between the pores and particles, namely intergranular (pores between mineral
particles), intragranular (pores developed within mineral particles), and organic pores
(pores within or at the edges of organic matter-mineral complexes) [4,58—61]. Fractures
and pores could be observed clearly by argon ion polishing field emission scanning elec-
tron microscopy. The observed structural fractures were mostly found in the laminated
lithofacies, consisting mainly of interlayer fractures parallel to the bedding, while some
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fractures were filled with quartz, calcite, and organic matter. Most of the structural fractures
extended on a large scale, ranging from tens to hundreds of micrometers and, consequently,
forming microfractures (Figure 6a). Numerous microfractures could be observed in the
micrite laminas, which were often filled with clay minerals or organic matter, indicating
the dehydration of clay minerals (Figure 6b) and contraction of organic matter (Figure 6¢,h).
The intergranular pores were developed mainly in the mudstone lamina (Figure 6d,e),
showing relatively large sizes. The internal pores of pyrite aggregates (Figure 6f) and
dissolution pores (Figure 6g) were the main intragranular pores in the study area. Organic-
matter-associated pores in the study area were mainly organic-matter-related shrinkage
pores (fractures), which were developed mainly at the edges of organic-matter-associated
particles, forming pores and fractures in contact with surrounding minerals (Figure 6i-1).
Meanwhile, the organic-matter-related internal pores were developed.
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Figure 6. Characteristics of pore and fractures under scanning microscope. (a) Well N55-X1,
3338.5 m, structural fractures; (b) well N55-X1, 3338.5 m, shrinkage fractures formed by dehydration
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Pore Volume (cm?/kg)

Volume of Hg ingested (pl)

of clay minerals; (c) well G110, 2454 m, microfractures formed by shrinkage of organic matter;
(d) well GX27, 2317.29 m, intergranular pores; (e) well N55-X1, 3509.55 m, intergranular pores and
dissolution pores in the muddy layer; (f) well L69, 3026.25 m, intragranular pores in pyrite; (g) well
L69, 3026.25 m, dissolution pores in anorthite; (h) well L69, 3062.2 m, pores and microfractures
formed by organic matter shrinkage; (i) well G110, 2454 m, pores formed by organic matter shrinkage
(the pentagram shows biological fossils); (j) well GX27, 2317.29 m, pores formed by organic matter
shrinkage (pentagrams show biological spherical particles); (k) well FY1, 3377.05 m, pores formed
by organic matter shrinkage (pentagrams show rod-shaped bacteria); (1) well FY1, 3377.05 m, pores
formed by organic matter shrinkage (pentagram shows biological spherical particles). Red arrows
indicate fractures, yellow arrows indicate pores, Cal—calcite, An—anorthite, Py—pyrite.

4.4. Pore Throat Distribution Characteristics
4.4.1. Results of Low-Pressure Nitrogen Adsorption

According to the nitrogen adsorption experiment results, eight and four samples from
the G17-X10 and G17-11 wells, respectively, showed a pore size range of 3-180 nm. The
pore volume for a single pore ranged from 0 to 2.5 cm?/kg (Figure 7a); pore radii with
relatively large adsorption volume for single pores were concentrated mainly in pores
smaller than 50 nm; the cumulative pore volume for a single sample ranged from 1 to
37 cm?/kg (Table 5, Figure 7b).
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Figure 7. (a) Relationship between radius of pore throat and pore volume based on low-pressure
nitrogen adsorption (single pore); (b) relationship between radius of pore throat and pore volume
based on low-pressure nitrogen adsorption (cumulated pores); (c) relationship between Radius
of pore throat and pore volume based on the high-pressure mercury intrusion test (single pore);
(d) relationship between radius of pore throat and pore volume based on the high-pressure mercury
intrusion test (cumulated pores).
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Table 5. Results of the nitrogen adsorption experiment.
Maximum Pore Average Pore S Pore Volume
. . . . urface Area, .
Well Depth Lithofacies Sample Throat Radius Throat Radius 2 (Cumulative),
(nm) (nm) mis em3/kg
G17-X10 3224.4 L4 1 180.8 2971 27.206 27
G17-11 3275.85 L4 2 181.0 3.149 41.615 37
G17-11 3168.60 L3 3 209.4 2.975 6.752 11
G17-11 3282.70 L3 4 264.9 3.146 3.142 9
G17-X10 3152.50 L2 5 216.5 3.140 3.381 7
G17-11 3166.00 L2 6 197.6 2.976 3.017 6
G17-X10 3168.70 C3 7 186.7 3.136 2.664 6
G17-X10 3221.34 C3 8 182.3 3.322 3.206 9
G17-X10 3171.64 C2 9 200.3 3.716 1.544 4
G17-X10 3168.09 2 10 221.8 3.718 0.84 3
G17-X10 3176.60 C1 11 199.7 2.976 0.859 3
G17-X10 3203.25 C1 12 227.6 3.148 2.473 0.006

4.4.2. Results of High-Pressure Mercury Intrusion Experiment

The high-pressure mercury intrusion test data of the 10 samples from the Fanye 1 well
showed a pore size range of 25-150,000 nm. The distribution of pores showed three-peak
distributions, with pore size ranges of 50-500 nm, 500-5000 nm, and over 5000 nm. The
range of volume of Hg ingested for a single pore was 0-9 pL (Figure 7c), and the range of
cumulative volume of Hg ingested was 7.17-14.6 uL (Table 6, Figure 7d).

Table 6. Results of the mercury injection test.

Porosit Average Maximum Pore Volume  Average Pore
Well Sample Depth (m)  Lithofacies Member (%) y Porosity Mercury (Cumulative) Throat
° (%) Saturation (%) (uL) Radius (nm)
FY1 1 3201.49 C1 Es3 417 435 35.01 14.60 18,500
FY1 2 3180.34 C1 Es3 4.53 ’ 29.61 14.32 19,250
FY1 3 3267.51 c3 Es4 3.24 338 34.85 11.29 29,030
FY1 4 3090.74 C3 Es3 3.52 ’ 35.53 12.50 19,920
Fy1 5 3135.06 C2 Es3 3.18 331 36.93 11.71 21,710
FY1 6 3257.37 C2 Es4 3.45 : 28.79 10.35 19,120
FY1 7 3120.85 L2 Es3 2.44 75 27.99 6.83 17,330
FY1 8 3098.26 L2 Es3 3.06 : 24.66 7.52 20,610
FY1 9 3367.33 L3 Es4 3.19 3.03 29.23 9.32 6784
FY1 10 3376.44 L3 Es4 2.88 : 18.58 7.17 5399

5. Discussion
5.1. Differences in Physical Properties of Different Lithofacies

The porosity and permeability of shale oil reservoirs are key indicators of reservoir
quality. In this study, there were great differences in the porosity and horizontal permeability
within the reservoir from different lithofacies, showing high heterogeneity characteristics.

Porosity represents the percentage of pore to rock volumes and is one of the fun-
damental parameters used to characterize reservoir spaces. In this study, the porosity
characteristics of 342 core samples from four wells (L69, FY1, NY1, LY1) were classified
and statistically analyzed based on the lithofacies classification (Figure 8a). Samples from
lithofacies combinations showed relatively high average porosity values. Among them,
52 C1 samples exhibited the highest values, reaching 6.98%, followed by the C2, C3, L2, L1,
L3, and L4 samples, with average porosity values of 5.8, 5.43, 5.28, 4.39, 5.34, and 4.53%,
respectively. In addition, 3D-CT scan results showed higher porosity of the crystalline layer
than the micrite layer (Figure 5a,c). The average porosity values of five main lithofacies and
combinations were calculated based on the high-pressure mercury intrusion-based porosity
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values of 10 samples from the FY1 well (Table 6). In fact, C1 showed the highest average
porosity values, reaching 4.35%, followed by C3, C2, L3, and L2, with average porosity
values of 3.38, 3.31, 3.03, and 2.75%, respectively. The mercury-based porosity values of
these lithofacies were higher than those of the other lithofacies.
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Figure 8. (a) Porosity distribution of different lithofacies. (b) Permeability distribution of different
lithofacies. (c) TOC distribution of different lithofacies.

The horizontal permeability data of 316 core samples from the four wells (L69,
FY1, NY1, LY1) were classified and statistically analyzed according to the different
lithofacies (Figure 8b). Among them, the 43 samples of C1 had the highest average horizon-
tal permeability value of 11.47 millidarcy (md), and the maximum value was 153 md. In
addition, the C2 samples showed an average horizontal permeability value of 7.38, with a
maximum value of 70 md, followed by L3, L2, L1, C3, and L4, with average permeability
values of 4.8, 4.26, 3.64, 2.84, and 0.64 md, respectively.

Based on physical property analyses, it was evident that the average porosity and
horizontal permeability values of the three combined lithofacies were higher than those of
the other lithofacies and that C1 had comparatively better physical properties.

Organic matter contents play a controlling role in shale oil reservoirs. Although mud
shale possesses self-generation and self-storage capabilities, produced oil and gas can
migrate over short distances or be stored in situ. Therefore, the hydrocarbon generation
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capacity of mud shale reservoirs can affect oil and gas reserves. The hydrocarbon generation
potential of mud shales is microscopically and macroscopically related to organic matter
abundance and mud shale scales, respectively [62,63]. Organic matter abundance can be
represented by the TOC content, which is the most commonly used indicator. According
to the collected data from the target layers of four wells in the Shengli Oilfield (FY1, NY1,
G17-X10, and L69) and the lithofacies classification (Figure 8c), 86 samples of C1 showed
the highest average TOC contents, reaching 4.18, whereas the average TOC contents in C2,
C3,L2,L1, L3, and L4 were 2.84, 2.89, 2.7, 2.74, 2.77, and 2.04, respectively. Therefore, C1
exhibited a substantially higher average TOC content than the other lithofacies.

Although the porosity ranges obtained from different testing methods were not en-
tirely consistent between the different measurement methods (core testing, horizontal
permeability, and mercury intrusion experiments), the overall porosity and permeability of
C1, C2, and C3 outperformed those of the other lithofacies; C1 had the most optimal poros-
ity and permeability. Additionally, these three combined lithofacies exhibited relatively
high organic matter abundance. These three combined lithofacies consisted of interbedded
micrite or high brittle mineral layers that coexisted with clay minerals (Figure 3a,c,e).

The obtained results showed relatively scattered spatial distributions of porosity,
permeability, and organic matter contents in each lithofacies, especially for the permeability
values. Therefore, analyzing shale oil reservoirs based solely on core data is insufficient,
making it necessary to conduct further comprehensive investigations on the microstructural
porosity characteristics of the reservoir in this area.

5.2. Reservoir Pore Characteristics and Genesis Under the Lithofacies Constraints

The measured porosity and permeability of the rocks can represent the quality of
the reservoir only to a certain extent because of the high heterogeneity of the shale oil
reservoirs. To further evaluate the quality of the reservoir in the study area, it was necessary
to investigate the pore characteristics. Hence, we further explored the reservoir space and
pore structure characteristics in this study.

The pore structures of shale oil reservoirs have multiscale characteristics, from
nanoscale pores to micrometer-sized fractures. The connectivity and reservoir proper-
ties of different pore types can vary significantly [64,65]. In this study, the pore structures
were characterized using low-pressure nitrogen adsorption and high-pressure mercury
intrusion. The nitrogen adsorption and high-pressure mercury intrusion techniques char-
acterized mainly pores with sizes below 50 nm (Figure 9a) and in the 50-100,000 nm
range (Figure 9b), respectively.

The nitrogen-adsorption-based pore size mainly ranged from 0 to 30 nm. The L4 pore
volume was comparatively well developed within this pore range, followed by L2 and
L3. However, a poor combination of the three lithofacies (C1, C3, C2) was observed. In
summary, the L4 pore volume was substantially better than that of the remaining lithofacies
within the 0-30 nm range (Figure 9).

According to nitrogen adsorption analysis of the different rock phases, the main
pore size of L4 was in the range of 0-100 nm, while the pore sizes of the combined
lithofacies and other layered rock phases were greater than 100 nm. On the other hand,
the high-pressure mercury intrusion experiments revealed developed pores with a size
range of 25-100,000 nm. The intersection curve between the mercury-intrusion-based pore
sizes and volumes showed a three-peak distribution, with pore size ranges of 50-500 nm,
500-5000 nm, and over 5000 nm. The single mercury-intrusion-based pore volume ex-
hibited a sharp increase to the maximum value with the pore radius of C1 increasing to
over 5000 nm. The single mercury-intrusion-based volumes of C3 and C2 substantially
increased within pore size ranges of 500-5000 nm and >5000 nm. In fact, the highest single
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mercury-intrusion-based volume was observed at pore sizes greater than 5000 nm. The
highest single mercury-intrusion-based volumes of L2 were observed mainly in the pore
size ranges of 500-5000 nm and over 5000 nm, as well as in the 50-500 nm range to some
extent, whereas the highest single mercury-intrusion-based volumes of L3 were observed
in the pore size range of 500-5000 nm.
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Figure 9. Comparison of pore volume distributions in different lithofacies. (a) Pore volume vs pore size
(nitrogen adsorption method). (b) Volume of mercury ingested vs pore size (mercury injection method).

Building upon existing classification schemes [59] and incorporating experimental
results from our study area, we adopt the following pore size categories: micropores
(<50 nm), small pores (50-500 nm), mesopores (500-5000 nm), and macropores (>5000 nm).
The above-mentioned classification scheme and high-pressure mercury intrusion data of
10 samples from the Fanye 1 well were used to determine the corresponding pore volume
proportions (Figure 10). The statistical results showed that C1 mainly developed macrop-
ore throats, while C3 and C2 mainly developed macro- and mesopore throats. These three
combined lithofacies exhibited mainly intergranular pores, diagenetic microfractures, and
structural microfractures (Figure 6), with free oil in fractures and larger pores, demonstrating
their great contributions to shale oil production [39]. The layered lithofacies (e.g., L2 and
L3) were characterized by large, medium, and small-sized pore throats, with developed
intergranular pores, organic-matter-associated pores, diagenetic microfractures, and structural
microfractures (Figure 6). L4 was characterized by a small porosity range. The microscopic
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characterization revealed the great contribution of the block mudstone pores to micropores
smaller than 50 nm, including pyrite- and clay-mineral-aggregate-related pores. These were
scattered and characterized by low permeability values (Figure 6).
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Figure 10. The proportion of pore types of different lithofacies ((a-e): C1, C3, C2, L2, L3).

The difference scales of the pore structures demonstrated the capacity of the main
combined lithofacies (C1, C3, C2) to connect the reservoir space with nanoscale pores and
microscale fractures. In addition, shale oil is enriched mainly in pores and microfractures
with sizes higher than 50 nm. Shale oil reservoir pores can be classified based on their size
characteristics [60]. According to the relationship between the pore volume and pore size
distribution depicted by nitrogen adsorption, the pore size below 200 nm can be measured
by low-temperature nitrogen adsorption experiments, and the characterization of pore
size between 2 and 50 nm is relatively reliable. The pore size distribution of the shale
samples in this study was below 100 nm, with a peak mainly below 50 nm. Meanwhile,
the relationship between the adsorption pore volume and pore size distribution derived
from high-pressure mercury intrusion indicated that the intersection curve between the
mercury-intrusion-based pore sizes and volumes showed a three-peak distribution, with
pore size ranges of 50-500 nm, 500-5000 nm, and over 5000 nm. These pores could be
observed under a scanning electron microscope (SEM).

In this study, we classified the main reservoir pores into four categories based on previ-
ous classification schemes and the actual mercury-intrusion-based pore size results. These
categories were micropores (<50 nm), small pores (50-500 nm), mesopores (500-5000 nm),
and macropores (>5000 nm). The main pore types with pore sizes below 50 nm were the
intraparticle pores of pyrite aggregates and clay mineral aggregates, including intercrystalline
pores and mineral interior dissolved pores within pyrite aggregates as well as intraparticle
pores of clay mineral aggregates. All these pores were related to the contents of clay minerals,
pyrite, and felsic minerals. Pores within clay mineral aggregates with sizes less than 50 nm
were observed (Figure 11a), and the pore sizes of intraparticle pores in pyrite were mainly
in the range of 100-300 nm (Figure 11b). According to SEM observations, the intraparticle
pores of pyrite aggregate sand dissolution pores and the internal dissolution pores of parti-
cles were the main pore types in the study area. The main pore types of micropore throat
(50-500 nm) were calcite intergranular pores and intergranular micropores; pores ranging
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from 100 to 400 nm were observed (Figure 11c,d). The intergranular pores were developed
mainly in the mudstone lamina, showing relatively large sizes with high porosity and good
connectivity, thereby providing relatively sufficient reservoir spaces and migration channels
for shale oil formation and flow. The intragranular pores were developed within mineral
particles (e.g., pyrite and clay mineral aggregates), forming dissolution and fossil cavity pores.
These pore types can be scattered in the minerals and characterized by relatively poor con-
nectivity. The main types of mesopores (500-5000 nm) were intergranular macropores and
diagenetic microfractures. The intergranular pores were developed mainly in the mudstone
lamina. Microfractures were formed through dehydration of clay minerals (Figure 11e) and
contraction of organic matter (Figure 11f). The macropore throats (>5000 nm) were composed
mainly of structural microcracks (Figure 11g) and bedding microcracks (Figure 11h). The
observed structural fractures were mostly found in the laminated lithofacies, consisting mainly
of interlayer fractures parallel to the bedding, while some fractures were filled with quartz,
calcite, and organic matter. Most of the structural fractures extended on a large scale, ranging
from tens to hundreds of micrometers and, consequently, forming microfractures.

Micropores (<50 nm) Small pores (50 nm~500 nm) Mesopores (500 nm~5000 nm) Macropores (>5000 nm)
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Figure 11. Pore characteristics at different scales. (a) Clay mineral aggregates. (b) Pyrite intragranular
pores. (c) Calcite intergranular pores. (d) Calcite intergranular pores. (e) Clay mineral dehydration
cracks. (f) Organic matter shrinkage cracks. (g) Structural microcracks. (h) Bedding microcracks. Red
arrows indicate cracks, yellow arrows indicate pores.

5.3. Genesis of High-Quality Shale Oil Reservoirs

The comparison analysis of the physical properties and pore characteristics of the
reservoirs under the lithofacies constraint revealed high-quality shale oil reserves in the
Shahejie Formation of the Jiyang Depression, concentrated mainly in the three combined
lithofacies (C1, C2, and C3), of which C1 showed the highest shale oil quality in the
study area. Previous related studies have highlighted the great contribution of initial rock
differences to reservoir heterogeneity. However, further investigations are required to
comprehensively investigate the reservoir evolution process and the main factors leading
to relatively good reservoir properties of these combined lithofacies (Figure 12).



Minerals 2025, 15, 406 21 of 26

Age(Ma) Depth(m i s Ro(%
geMa) D™ rigim ot c2, €3) Origin of (C1) e

0— 0

Early
diagenetic
Stage

Al

14—1200

Early
Diagenetic
stage

A2

22.5—2000

Clay
Detrital quartz
Middle
Diagenetic
stage
Al

Detrital feldspar
Calcite
Pyrite

Pores and cracks

38—3200

Mudstone

Crystalized calcite

Middle
diagenetic
stage

A2

Dissolution pore

Authigenic quartz

Orjgin matter

42— 4000
15 20

Porosity (%) Porosity (%)

Figure 12. Genetic evolution model of composite lithofacies. (a) Pores in pyrite aggregates. (b) Pores
between mud crystals and clay. (c) Organic pores. (d) Intergranular pores. Red arrows indicate pores,
blue arrows indicate pores formation stage.

Differences in lithology can reflect potential differences in sedimentary conditions.
Numerous scholars have discussed in detail the sedimentary environment (C2 and C3)
of interbedded combined lithofacies of micrite limestone and calcareous mudstone (or
mudstone), highlighting that this type of combined lithofacies is the result of rich-clay and
biochemical depositions under periodic lake level fluctuations [16,66,67]. The biochemical
depositions were driven by dead organisms entering the deep oxygen-depleted environ-
ment for sedimentation, which highlights the lack of obvious density stratification under
wet and cold environmental conditions [68,69]. In this study, spherical particles (Figure 6i,j),
rod-shaped bacteria (Figure 6k), and algal fossils (Figure 61) were observed in micrite layers.

Considering the differences in the initial sedimentary microenvironment, the sedi-
mentation rate of micrite calcite may exhibit spatial variations. The weak hydrodynamic
conditions and seasonal stratification of water controlled by environmental factors can
promote the development of laminated structures, improving the pore conditions of initial
rocks when compared with those in other lithofacies, such as the original pores along the
surface between the contact surface of the micrite calcite and clay matrix (Figure 12b). The
longitudinal heterogeneity of the reservoir was characterized in this study using the 3D
micro-CT method (Figure 5c). The C1 type was characterized by organic-matter-rich clay
deposits formed under a deep-water background at the sedimentary stage [38]. Although
the organic matter content was high at the early diagenetic stage (A1), the initial pore con-
ditions were not advantageous compared with the other lithofacies, while the precipitated
pyrite contributed few intragranular pores (Figure 12a) [45,70]. Subsequently, all of the
lithofacies types were affected mainly by compaction at the early diagenetic stage (A2),
resulting in a high porosity reduction rate.

Organic matter begins to expel hydrocarbons at the middle diagenetic stage, the Al
stage. Organic matter in claystone is more prone to decomposition because of its high
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content in this mudrock type, resulting in the formation of organic-matter-associated pores
in all combined lithofacies (C2, C3, and C1). However, these pores are mainly nanoscaled
micropores, exhibiting few positive effects on reservoir quality. In addition, potential
foliations can gradually form, leading to the transformation of deep water depositional
claystone to shales and consequently greatly improving the shale storage conditions. Fluid
migration can be relatively smooth in the overpressure area because of the influence of
regional overpressures at the intermediate A2 stage. At this time, the micrite layers in
the combined micrite limestone lithofacies (C2 and C3) become prone to local dissolution,
forming brine and enhancing the storage conditions for this lithofacies type. Diagenetic
microfractures and contraction fractures can promote the entry of calcium (Ca?*) and
bicarbonate (HCO3 ™) from the brine into the shale bedding fractures, resulting in calcite
precipitation. This process can greatly reduce the storage performance of shales, even
though some pores may retain shale formation due to the potential occurrence of incom-
plete filling and the presence of intergranular pores during the grain calcite precipitation
process (Figure 12¢,d). However, it can increase the complexity of the pore structures in the
combined shale lithofacies (C1) to some extent [38]. Therefore, the high-quality reservoir
conditions in the combined lithofacies were the result of both basic sedimentary lithofacies
and diagenetic history.

6. Conclusions

1. The physical properties of the combined lithofacies (C1, C2, and C3) were superior to
those of other lithofacies, with C1 exhibiting the most favorable physical properties.
The high porosity, permeability, and TOC of these lithofacies provide optimal condi-
tions for shale oil enrichment. These three combined lithofacies consist of interlayers
of shale/claystone and other highly brittle mineral layers.

2. In this study, reservoir pores were classified into four categories: (i) micropores
(<50 nm), predominantly associated with pyrite aggregates and clay mineral aggre-
gates; (ii) small pores (50-500 nm), mainly comprising calcite intergranular pores and
intergranular micropores; (iii) mesopores (500-5000 nm), dominated by intergranular
macropores and diagenetic microfractures; and (iv) macropores (>5000 nm), consisting
primarily of structural microcracks and bedding microcracks. The primary lithofacies
(C1, C2, C3) exhibited medium to large pore throats and fractures, the development
of which was controlled by mineral composition. These features serve as crucial
reservoir spaces and migration pathways for shale oil. SEM observations revealed the
spatial distribution and connectivity of these pores, demonstrating that microfractures
and intergranular pores play a significant role in both oil storage and flow.

3. The formation of micrite (C2 and C3) was attributed primarily to favorable sedimen-
tary conditions during the diagenetic stage. In contrast, C1 lithofacies formation was
associated with overpressure, the formation of interlayer bedding, and the incom-
plete filling of grain calcite. The high-quality reservoir conditions in the combined
lithofacies were the result of basic sedimentary lithofacies and diagenetic history.

This study presents a detailed characterization and genetic analysis of high-quality
shale oil reservoirs in the Shahejie Formation of the Jiyang Depression based on lithofacies
classification. The results demonstrate that lithofacies classification serves as a crucial tool
for understanding shale oil reservoir characteristics and optimizing development strategies.
However, the relationship between lithofacies and sedimentary microenvironments remains
insufficiently studied, representing a key focus of our future research.
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