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Abstract: The lacustrine fine-grained sedimentary rocks in the upper interval of the fourth member of
the Eocene Shahejie Formation (Es4s) in the Dongying Depression are important shale oil exploration
targets in Bohai Bay Basin. They are widely distributed and rich in organic matter. In this study,
samples were observed under the optical microscope and FESEM, combined with geochemical test
and physical property analysis to study the sedimentary characteristics and reservoir characteristics of
them. Nine lithofacies are recognized based on the mineral composition, the content of organic matter
and the beddings. The middle-high organic laminated calcareous fine-grained sedimentary rocks
(LF1) and the middle-high organic laminated mixed fine-grained sedimentary rocks (LF2) resulted
from seasonal sediment variations and settled by suspension in the deep lake. The middle-high
organic flaggy mixed fine-grained sedimentary rocks (LF3), the middle-high organic flaggy calcareous
fine-grained sedimentary rocks (LF4), the middle-high organic massive calcareous fine-grained
sedimentary rocks (LF5) and the middle organic massive mixed fine-grained sedimentary rocks
(LF6) were formed by redeposition. The low organic massive argillaceous fine-grained sedimentary
rocks (LF7), the low organic massive felsic fine-grained sedimentary rocks (LF8) and the low organic
massive mixed fine-grained sedimentary rocks (LF9) are affected by the terrigenous input events.
The pore structures vary in different beddings which are influenced by the kinds and arrangement of
minerals and particles. In the laminated lithofacies, the ink-bottle-shaped pores are dominant. In the
flaggy and massive lithofacies, the ink-bottle-shaped pores and the slit-shaped pores coexist. LF1
and LF2 are the best target for shale oil exploration and the LF3, LF4, LF5 and LF6 are the second.
The deposition processes control the lithofacies and reservoir characteristics of the fined-grained
sedimentary rocks.
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1. Introduction

Success in shale oil and gas in the United States promoted enthusiasm for exploration
and exploitation of shales [1-3]. Huge breakthroughs have been made in the theory and
practice of shale oil and gas exploration and development [4-10], especially in the marine
shales due to their large scale and wide distribution, such as the Wolfcamp shale in the
Permian Basin [11], the Barnett shale in the Ford Worth Basin [4] and the Longmaxi shale
in the Sichuan Basin [12-15]. However, as there are significant differences between the
lacustrine shales and the marine ones in the geological setting of the basins [3,9,16-19],
although there also exist abundant lacustrine shales in continental basins in China [20,21],
there still many problems with increasing the production of the shale oil and gas in the
lacustrine shales [3,22].

In the main oil fields in East China, lacustrine shales are developed widely in the
Mesozoic and Cenozoic continental rift basins [20,23,24]. It is uncommon that the shale oil
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and gas production varies significantly even for adjacent wells at a very close distance, since
the reservoir properties change more rapidly and more dramatically both in horizontal
and vertical directions. One important reason is that lake basins are much smaller than
the marine ones in size, which makes them more sensitive to the sediment input, climate
changes and local tectonic activities [3,25,26]. All these factors have great influence on
deposition processes which in turn determines the sedimentary characteristics of lacustrine
shales. Composed of fine grains smaller than 62.5 pm [6], shales can be deposited from
the suspension, the hyperpycnal flow and sediment gravity flows induced by tectonic
activities, slides and storms in deep water [27-29]. The resulting shales exhibit distinct
sedimentary characteristics such as compositions, textures and sedimentary structures
which are correlated to different depositional processes [18]. As a result, the reservoir
properties of the shales are definitely different. As the lake basins are relatively small-scale,
when several depositional processes contribute the deposition of the fine grains, shales are
more likely to present greater heterogeneity, which increases the difficulty of exploration
and development of shale oil and gas [19,30].

According to previous studies, in the upper interval of the fourth member in the
Eocene Shahejie Formation (Es4s) in the Dongying Depression in the Bohai Bay Basin,
shales distribute widely, 250-350 m thick [31]. A large number of works have shown that
these shales were deposited in the salinized deep lake environment [9,31-34] during a warm
and humid period when algae were blooming [9]. As a result, these shales are thick-bedded
and organic-rich reservoirs with great potential for shale oil and gas exploration [29,31],
and appropriate objects to study the depositional processes of organic-rich shales. Many
researches of these shales reported that they could be classified into laminated lithofacies
and massive lithofacies [29,35-37]. The laminated ones were interpreted to be deposited
in quiet and low-energy water while the massive ones were considered to be related to
rapidly deposited sorts [29,38]. However, in our work, some massive dolomites were found
as interlayers in these shales which cannot be interpreted via the rapid deposition. On
the other hand, numerous works have been performed to study how the diagenesis and
interaction of hydrocarbons affected the pore structures [39,40]. There are also a lot of
studies that focused on quantitatively evaluating the reservoir properties such as pore
types, pore volume and pore size distribution of these shales [36,39-42]. All these factors
are influenced by the micro-structures which are determined by the deposition processes.
However, since most of the studies on deposition and reservoir properties are isolated,
much uncertainty still exists between the deposition processes and reservoir properties.

In this study, we analyzed and presented the mineral composition, sedimentary struc-
tures and organic matter origin of fine-grained sedimentary rocks in Es4s in the Dongying
Depression. We discussed the sedimentary characteristics and the formation mechanisms
of each lithofacies. Then we characterized reservoir qualities of the different lithofacies.
In accordance with the analysis above, we identified the relationship between the pore
structures and the sedimentary structures, and studied the control effect of deposition
processes on lithofacies and reservoir characteristics of shales in the study area. Finally, we
summarized the favorable lithofacies for shale oil and gas exploration. We hope this can be
helpful for promoting understanding and exploitation of the lacustrine shale oil and gas.

2. Geological Setting

The Dongying Depression is located in the southeastern corner of the Bohai Bay
Basin and trends NEE (Figure 1a,c) [43]. Controlled by faults in the north margin, it is a
typical half-graben basin. The Dongying Depression is bordered by the Linfanjia Uplift and
Qingcheng Uplift to the west, the Qingtuozi Uplift to the northeast, the Binxian Uplift and
Chenjiazhuang Uplift to the north and the Luxi Uplift and the Guangrao Uplift to the south
(Figure 1c), which cover an area of 5700 km? [44]. It is divided into four sags by secondary
fault, including Lijin Sag, Boxing Sag, Niuzhuang Sag and Minfeng Sag.
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Figure 1. (a) The structural map of Bohai Bay Basin and the location of Dongying Depression
(modified after [29]). (b) The strata and tectonic evolution of the Dongying Depression (modified
after [45]). (c) The structural map of the Dongying Depression showing key well locations (used with
permission and modified from the Geoscience Research Institute of Shengli Oilfield Company).

The Dongying Depression is filled by Cenozoic strata (Figure 1b), including the
Kongdian (Ek), Shahejie (Es), Dongying (Ed), Guantao (Ng), Minghuazhen (Nm) and
Pingyuan (Qp) Formations from bottom to top [46]. The Shahejie Formation (Es) in the
Eocene is divided into four members, which are Es4, Es3, Es2 and Es1, from bottom to
top. The fourth member of the Shahejie Formation (Es4) is subdivided into the Upper
Es4 Interval (Es4s) and the Lower Es4 Interval (Es4x) (Figure 1b). The shales in Es4s were
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deposited in the deep lake when the depression intensely rifted, accompanied with lake
basin expanding rapidly and water level rising [15]

3. Materials and Methods

Data and samples for this research regard 8 wells in the Dongying Depression. We
observed well cores and thin sections. Some samples were observed through field emission
scanning electron microscope (FESEM). The X-ray diffraction data, the total organic car-
bon (TOC) content nuclear magnetic resonance data and nitrogen adsorption data were
provided by the Geoscience Research Institute of Shengli Oilfield Company, SINOPEC,
Dongying City, Shandong Province.

The thin section observation was completed at China University of Geosciences,
Beijing. Thin sections at a thickness of 0.03 mm were observed under a polarized optical
Zeiss microscope (Axio Scope Al) to identify mineral characteristics and microstructures.
The microscope was manufactured by Carl Zeiss in Jena, Germany.

FESEM samples were polished via Ar ion-beam milling and observed via a Zeiss
Supra 55 Sapphire field emission scanning electron microscope equipped with Genesis
2000 X-ray energy dispersive spectroscopy (EDS) after Pt coating, under an accelerating
voltage of 10 kV and a working distance of 15 mm. The FESEM was manufactured by Carl
Zeiss in Jena, Germany. This was completed at China University of Geosciences, Beijing.

4. Results
4.1. Mineral Composition

The fine-grained sedimentary rocks in the Es4s in Dongying Depression are composed
of carbonate minerals, clay minerals, quartz, feldspar, pyrite and a small amount of other
minerals (Table 1). Based on the XRD analysis, carbonate minerals (average: 50.85 wt%) are
the dominant minerals which include the calcite (average: 37.20 wt%) and the dolomite
(average: 13.65 wt%). The content of calcite ranges from 0 to 85 wt% and the content of
dolomite ranges from 0 to 79 wt%. The content of clay minerals ranges from 4 to 52 wt%
with an average of 21.18 wt% and include illite (average: 74.17 wt%), illite/smectite mixed
layers (average: 22.39 wt%), kaolinite (average: 1.89 wt%) and chlorite (average: 1.55 wt%).
The content of the quartz varies from 6 to 41 wt% and the average content is 18.33 wt%.
The content of feldspar is from 0 to 22 wt%, with an average of 4.64 wt%. The grain size of
quartz and feldspar is mainly clay- to silt-size. The average content of pyrite is 3.12 wt%.
The pyrites mainly exist as framboids and a small number of individual crystals.

4.2. Lithofacies

To summarize more sedimentary characteristics of fine-grained sedimentary rocks, the
lithofacies classification considers three main parts: mineral composition, bedding and the
content of TOC [18,47]. Based on the ternary compositional diagram of the relative content
of the carbonate minerals, clay minerals and felsic minerals, the fine-grained sedimentary
rocks can be divided into the argillaceous, calcareous, felsic and mixed ones (Figure 2) [18].
We recorded the variations in beddings at the centimeter scale in cores and divided them
into the following three types according to the thickness of one bedding: laminated (less
than 1 cm), flaggy (1-5 cm) and massive (more than 5 cm) in this study [24,48]. According
to the content of TOC, the fine-grained sedimentary rocks are divided into the low organic
(TOC < 2 wt%), middle organic (2 wt% < TOC < 4 wt%) and high organic (TOC > 4 wt%)
ones [47]. Combined with these three factors, the fine-grained sedimentary rocks in Es4s
in Dongying Depression can be divided into the following nine lithofacies: middle-high
organic laminated calcareous fine-grained sedimentary rocks (LF1), middle-high organic
laminated mixed fine-grained sedimentary rocks (LF2), middle-high organic flaggy mixed
fine-grained sedimentary rocks (LF3), middle-high organic flaggy calcareous fine-grained
sedimentary rocks (LF4), middle-high organic massive calcareous fine-grained sedimentary
rocks (LF5), middle organic massive mixed fine-grained sedimentary rocks (LF6), low
organic massive argillaceous fine-grained sedimentary rocks (LF7), low organic massive



Energies 2023, 16, 2200

50f18

felsic fine-grained sedimentary rocks (LF8) and low organic massive mixed fine-grained
sedimentary rocks (LF9). The characteristics of each lithofacies are described below.

Table 1. Mineral content (wt%) of different lithofacies in the Es4s Dongying Depression.

Lithofacies MiCn]:ryals Quartz  Feldspar  Calcite  Dolomite Pyrite Anhydrite Siderite Halite Aragonite Barite
Average 14.77 15.49 2.67 49.94 13.38 2.16 0.19 0.66 0.85 0.07 0
LFL Range 4-24 3-28 0-7 6-85 0-78 0-5 0-1 0-3 0-2 04 0
Average 28.95 22.50 5.95 25.10 10.25 4.60 0.45 1.00 1.00 140 0
L2 Range 17-37 15-41 2-15 11-47 0-28 1-10 0-1 0-2 0-1 0-13 0
Average 32.57 23.07 9.07 19.14 9.79 3.50 0.79 1.21 1.25 0 2.00
LS Range 25-43 17-32 4-22 8-35 3-28 2-8 0-2 0-2 0-2 0 0
Average 14.67 12.00 3.67 29.00 36.67 2.00 0.67 0.67 1.00 0 0
L Range 11-17 7-17 34 11-59 4-54 1-3 0-1 0-1 0-1 0 0
Average 1543 15.07 2.50 39.86 23.00 2.07 0.14 1.14 0.79 0 0
L Range 6-23 7-22 1-5 0-62 0-79 0-6 0-1 0-2 0-2 0 0
Average 30.13 22.88 6.25 23.88 8.38 4.75 1.25 1.88 1.00 0 0
LF6 Range 21-39 18-26 4-11 10-38 3-21 3-10 0-4 1-4 0-1 0 0
Average 50.33 24.67 7.33 6.33 5.67 3.67 0.67 1.00 1.00 0 0
L7 Range 47-52 22-28 69 5-8 5-9 2-5 0-2 0-2 0-1 0 0
Average 16.00 32.00 20.33 15.33 11.00 2.33 1.00 1.00 1.00 0 0
LF8 Range 13-19 29-34 19-21 13-17 6-15 2-3 1 1 1 0 0
Average 28.70 25.80 12.53 12.63 14.20 3.03 0.80 1.50 1.00 0 0
L Range 24-41 13-27 3-11 0-39 4-36 2-5 0-1 1-3 1 0 0
Clay(%)

Quartz&
Feldspar(%)

Carbonate(%)

Figure 2. Ternary compositional diagram of the relative content of the carbonate minerals, clay
minerals and felsic minerals of fine-grained sedimentary rocks in Es4s in Dongying Depression.

4.2.1. Middle-High Organic Laminated Calcareous Fine-Grained Sedimentary Rocks (LF1)

Middle-high organic laminated calcareous fine-grained sedimentary rocks (LF1) are
grayish black or dark gray (Figure 3a). The content of TOC in them ranges from 2.00
to 9.79 wt%, with an average of 3.77 wt%. They are characterized by well developed
laminae and abundant carbonate minerals (average: 63.32 wt%) (Table 1) including calcite,
ferrocalcite, dolomite and ankerite (Figure 4a—c). Lamina boundaries are fairly distinct in
cores and thin sections (Figures 3a and 4a—c). Laminae are continuous planar or wavy while
some are curved due to deformation (Figure 4d) [18]. Under the plane-polarized light, light
laminae are composed of carbonate minerals while the dark ones are mainly composed of
clay minerals, organic matter, quartz and feldspar (Figure 4a—c). The light laminae and
dark laminae are regularly superimposed, forming into rhythmic laminae (Figure 4a—c).
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Grain size of carbonate minerals varies from 2 to 500 um. Some sparry (grain size > 20 um)
carbonate minerals form into bedding-parallel veins whose thickness is 0.2-1.0 cm in cores
and gypsum occurs in the veins (Figure 4e,f) [24]. Sinusoidal solid inclusions that are
composed of quartz, feldspar, clay minerals and organic matter are developed in the veins
(Figure 4e—g) [49]. On the cross section of the clay laminae, there are carbon debris locally.

Figure 3. (a) Middle-high organic laminated calcareous fine-grained sedimentary rocks. Well NY1,
3419.40 m. (b) Middle-high organic laminated mixed fine-grained sedimentary rocks. Well NY1,
3411.20 m. (c) Middle-high organic flaggy mixed fine-grained sedimentary rocks. Well G17X10,
3200.15 m. (d) Middle-high organic flaggy calcareous fine-grained sedimentary rocks. Well G17X10,
3211.30 m. (e) Middle-high organic massive calcareous fine-grained sedimentary rocks. Well FY1,
3430.8 m. (f) Middle organic massive mixed fine-grained sedimentary rocks. Well NY1, 3449.30 m.
(g) Low organic massive argillaceous fine-grained sedimentary rocks. Well NY1, 3471.24 m. (h) Low
organic massive felsic fine-grained sedimentary rocks. Well G17X10, 3226.90 m. (i) Low organic
massive mixed fine-grained sedimentary rocks. Well G17X10, 3230.05 m.

4.2.2. Middle-High Organic Laminated Mixed Fine-Grained Sedimentary Rocks (LF2)

Middle-high organic laminated mixed fine-grained sedimentary rocks (LF2) are gray-
ish black (Figure 3b). The content of TOC in them ranges from 2.12 to 11.2 wt%, with
an average of 4.64 wt%. The average content of clay minerals, quartz and feldspar and
carbonate minerals are, respectively, 28.95 wt%, 28.45 wt% and 35.35 wt%. Laminae are
developed but weaker than LF1 in cores and some laminae are uncontinuous. Under the
plane-polarized light, carbonate minerals that exist as micritic (<5 pm) and microsparry
(5-20 um) grains form into light laminae. The dark laminae are mainly composed of clay
minerals, organic matter, quartz and feldspar (Figure 4h). It is common that there are a
series of fossils such as leaves, fishes and some other aquatic organisms on the cross section
of the clay laminae.

4.2.3. Middle-High Organic Flaggy Mixed Fine-Grained Sedimentary Rocks (LF3)

Middle-high organic flaggy mixed fine-grained sedimentary rocks (LF3) are dark gray
(Figure 3c). The content of TOC in them ranges from 2.15 to 6.01 wt% with an average
of 4.06 wt%. The average content of clay minerals, quartz and feldspar and carbonate
minerals are, respectively, 32.57 wt%, 32.14 wt% and 28.93 wt%. The LF3 are generally the
interlayer in the LF2. They are abrupt contact with overlying and underlying laminated
lithofacies in cores. Carbonate minerals mainly exist as marl mixed with clay minerals,
with a small amount of sparry (>20 um) and microsparry (5-20 um) grains. The quartz,
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feldspar, pyrite aggregates, biodetritus and carbonate grains are scattered in a disordered
manner in marl and clay minerals in a flaggy bedding (Figure 4i).

sinusoidal
solid inclusions
quartz

Hv:20kV Mag:2,720%

—
Sig. A:SE2 WD:14.3mm 10nm (g

Figure 4. (a) The thin section of middle-high organic laminated calcareous fine-grained sedimentary
rocks. Dyed calcites are red. Well NY1, 3409.77 m. (b) The thin section of middle-high organic
laminated calcareous fine-grained sedimentary rocks. Dyed ferrocalcites are mauve. Well NX55,
3789.50 m. (c) The thin section of middle-high organic laminated calcareous fine-grained sedimentary
rocks. Dyed ankerites are blue. Well NX55, 3784.80 m. (d) Laminae are curved due to deformation.
Well NY1, 3341.75 m. (e) Sinusoidal solid inclusions that are composed of quartz, feldspar, clay
minerals. The organic matter develops in the sparry ankerite veins. Well N55X1, 3588.60 m. (f) The
photo of (e) under the crossed-polarized light. Gypsum occurs in the sparry ankerite lamina. Well
N55X1, 3588.60 m. (g) Quartz, feldspar, clay minerals and organic matter in sinusoidal solid inclusions.
Well N55X1, 3588.60 m. (h) The thin section of middle-high organic laminated mixed fine-grained
sedimentary rocks. Well NY1, 3442.33 m. (i) The thin section of middle-high organic flaggy mixed
fine-grained sedimentary rocks, Well NY1, 3339.18 m. (j) The thin section of middle-high organic
flaggy calcareous fine-grained sedimentary rocks, Well NY1, 3360.07 m. (k) The scanning photo of
the thin section, Well FY1, 3430.8 m. (1) The thin section of middle-high organic massive calcareous
fine-grained sedimentary rocks. The dyed ankerite is blue. Well FY1, 3430.8 m. (m) The thin section
of middle organic massive mixed fine-grained sedimentary rocks, Well NY1, 3362.63 m. (n) The thin
section of low organic massive argillaceous fine-grained sedimentary rocks, Well NY1, 3471.68 m. (o)
The thin section of low organic massive felsic fine-grained sedimentary rocks. Well NY1, 3468.65 m.
(p) The thin section of low organic massive mixed fine-grained sedimentary rocks. Well NX55, 3789.73
m.

4.2.4. Middle-High Organic Flaggy Calcareous Fine-Grained Sedimentary Rocks (LF4)

Middle-high organic flaggy calcareous fine-grained sedimentary rocks (LF4) are gray
(Figure 3d). The TOC content of them ranges from 2.77 to 4.32 wt% with an average of
3.43 wt%. Carbonate minerals are dominant components in the LF4. The average content
of clay minerals, quartz and feldspar and carbonate minerals are, respectively, 14.16 wt%,
15.67 wt% and 65.67 wt%. The LF4 is generally the interlayer in the LF1 (Figure 5a). They are
abrupt contact with the overlying and underlying laminated lithofacies in cores (Figure 5a).
Carbonate minerals mainly exist as marl mixed with clay minerals, with a small amount of
sparry (>20 pm) and microsparry (5-20 um) grains. The quartz, feldspar, pyrite aggregates,
biodetritus and carbonate grains are scattered in a disordered manner in marl and clay
minerals in a flaggy bedding (Figure 4j).
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Figure 5. The lithofacies in cores. (a) Well NY1, 3199.6-3200.6 m; (b) Well NY1, 3467.23-3468.23 m.

4.2.5. Middle-High Organic Massive Calcareous Fine-Grained Sedimentary Rocks (LF5)

Middle-high organic massive calcareous fine-grained sedimentary rocks (LF5) are light
gray (Figure 3e). The TOC content of them ranges from 2.02 to 8.12 wt% with an average
of 3.61 wt%. The average content of clay minerals, quartz and feldspar and carbonate
minerals are, respectively, 15.43 wt%, 17.57 wt% and 62.86 wt%. The content of carbonate
minerals can be up to 79 wt%. Carbonate minerals also mainly exist as marl and sparry
(>20 um) grains (Figure 4k). Under the microscope, there are abundant biodetritus and
some have been replaced by carbonate minerals (Figure 4k,1). The LF5 only occur locally.

4.2.6. Middle Organic Massive Mixed Fine-Grained Sedimentary Rocks (LF6)

Middle organic massive mixed fine-grained sedimentary rocks (LF6) are grayish black
(Figure 3f). The TOC content of them ranges from 2.16 to 3.31 wt% with an average of
2.48 wt%. The average content of clay minerals, quartz and feldspar and carbonate minerals
are, respectively, 30.13 wt%, 29.13 wt% and 32.26 wt%. Carbonate minerals also mainly
exist as marl mixed with clay minerals (Figure 4m). In cores, the LF6 are continuous and
up to 1 m long. They occur between the laminated lithofacies and abruptly contact with
them. They are massive and homogeneous.

4.2.7. Low Organic Massive Argillaceous Fine-Grained Sedimentary Rocks (LF7)

Low organic massive argillaceous fine-grained sedimentary rocks (LF7) are grayish
black (Figure 3g). The TOC content of them ranges from 0.43 to 1.29 wt% with an average
of 0.68 wt%. The average content of clay minerals, quartz and feldspar and carbonate
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minerals are, respectively, 50.33 wt%, 32.00 wt% and 12.00 wt%. The LF7 is charactered by
high content of clay minerals which is dominated by illite and the illite/smectite mixed
layers (Figure 4n). Carbonate minerals are mainly present in the form of marl. Under
the microscope, the direction of the long axis of the illite and the illite/smectite mixed
layers or ostracods fragments are oriented so that the cores are present indistinct horizontal
beddings. Cores of the LF7 are massive and homogeneous.

4.2.8. Low Organic Massive Felsic Fine-Grained Sedimentary Rocks (LF8)

Low organic massive felsic fine-grained sedimentary rocks (LES8) are light gray (Figure 3h).
The TOC content of them ranges from 0.39 to 0.64 wt% with an average of 0.48 wt%.
The average content of clay minerals, quartz and feldspar and carbonate minerals are,
respectively, 16.00 wt%, 50.33 wt% and 25.33 wt%. Carbonate minerals mainly exist as marl.
The quartz and feldspar are dominant minerals, scattered among the clay minerals with
cluttered arrangement (Figure 40). They are generally silt-sized grains and subangular.
Generally, cores of the LF8 are massive but there are wavy beddings locally (Figure 5b).

4.2.9. Low Organic Massive Mixed Fine-Grained Sedimentary Rocks (LF9)

Low organic massive mixed fine-grained sedimentary rocks (LF9) are gray (Figure 3i).
The TOC content of them ranges from 0.36 to 1.62 wt% with an average of 0.95 wt%.
The average content of clay minerals, quartz and feldspar and carbonate minerals are,
respectively, 28.70 wt%, 38.33 wt% and 26.83 wt%. Carbonate minerals also mainly exist
as marl. Quartz, feldspar and other mineral grains are scattered among the marl and clay
minerals with cluttered arrangement (Figure 4p).

4.3. Organic Matter Characteristics

The plot of the hydrogen index (HI) versus the pyrolysis temperature of maximum
yield of pyrolysate (Tyuy) for different lithofacies (Figure 6) reveals that the sources of
organic matter in them changes from Type I to Type III. In LF1, LF2, LF3, LF4, LF5 and LF6,
Type I and Type II are predominant while Type II-III and Type III-II are minority. In LF7,
LF8 and LF9, the sources of organic matter are Type III-II and Type III [50,51].

4.4. Reservoir Characteristics
4.4.1. Pore Types

According to the observation, interparticle pores, intraparticle pores, lamina fissures
and fractures are main pore types in the fine-grained sedimentary rocks in the Es4s in
Dongying Depression [52].

1.  Interparticle pores.

The intergranular pores are dominant in the study object and are developed in all nine
lithofacies. In the carbonate laminae, interparticle pores are developed between carbonate
crystals (Figure 7a). In the clay laminae, interparticle pores are developed between quartz,
feldspar, clay minerals and pyrite aggregates (Figure 7b). Pores between clay minerals
generally have a smooth edge and are oriented parallel to the lamina (Figure 7b). In flaggy
and massive rocks, interparticle pores are developed between calcite, dolomite, quartz,
feldspar, clay minerals and pyrite aggregates (Figure 7c). Edges of these pores are generally
sharp (Figure 7c). Pores in flaggy and massive rocks are scattered without orientation. Some
are triangular due to compaction [52]. Interparticle pores are generally well connected and
form a permeable pore network [52-54].

2. Intraparticle pores.

The intraparticle pore is the other important pore type that occurs in the nine lithofacies.
The dissolution pores (Figure 7d), intrafossil pores (Figure 7f), intercrystalline pores within
pyrite framboids and cleavage-plane pores within clay aggregates are the main intraparticle
pore in the study area (Figure 7e,f). The dissolution pores are common in calcite and
dolomite, so they are more common in the calcareous lithofacies (LF1, LF4 and LF5)
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(Figure 7d). Intercrystalline pores within pyrite framboids (Figure 7e) and cleavage-plane
pores within clay aggregates (Figure 7g) commonly occur in LF1, LF2, LF3, LF4 and LF6.
There are relatively few organic-matter pores in the study area (Figure 7h).
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Figure 6. The plot of the hydrogen index (HI) versus the pyrolysis temperature of maximum yield of
pyrolysate (Tqy) for different lithofacies in Es4s in Dongying Depression that displays the kerogen
types and the thermal maturity stages (modified from [50]).

3. Lamina fissures.

Lamina fissures are important storage space and flow paths in LF1 and LF2. Lamina
fissures occur between the contiguous laminae which are distinguished by different com-
ponents (Figure 7a). Lamina fissures extend well laterally and their widths vary from 2 um
to 6 um. They connect the intergranular pores in different laminae.

4.  Fractures.

Fractures are also important flow paths in the study object. Structural fractures are
well developed in cores. Microfractures can be observed under an optical microscope
(Figure 7i) and FESEM. Some are open while some are cemented by calcite. Fractures occur
in all nine lithofacies but more commonly in LF1, LF2, LF3, LF4 and LF6 for higher content
of brittle mineral. Fractures connect the pores and the laminae fissures.

4.4.2. Pore Size Distribution and Pore Structures Characteristics

Nuclear magnetic resonance is an effective method to reflect the full-scale pore size
distribution in the reservoir rocks [55,56]. The plots of the T, spectra of the nine lithofacies
are shown in Figure 8. It presents three peaks, i.e., p1 at <1 ms, p2 at 10-60 ms and p3 at
>100 ms, which, respectively, correspond to micropores, mesopores and macropores. In
Figure 8, a distinct high amplitude p1 peak can be seen, while there are small amplitude p2
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and p3 peaks. This indicates numerous micropores account for a relatively high proportion
in the pore volume and macropores are a minority.
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Figure 7. (a) Interparticle pores in carbonate laminae. Well GX 27, 2313.75 m. (b) Interparticle pores
in clay laminae, Well GX27, 2311.53 m. (c) Interparticle pores in massive rocks. Well GX27, 2303.18 m.
(d) Dissolution pores in dolomite. Well GX27, 2317.29 m. (e) Intercrystalline pores within pyrite
framboids. Well NY1, 3454.4 m. (f) Intrafossil pores. Well GX 27, 2300.91 m. (g) Cleavage-plane
pores within clay grains. Well NX55, 3787.56 m. (h) Organic-matter pores. Well N55X1, 3572.98 m.
(i) Fractures. Well NY1, 3443.55 m.

Nitrogen adsorption is an effective method for studying the micropores [40,57,58].
IUPAC grouped physisorption isotherms into six types and eight subtypes [58]. From
Figure 9, the adsorption isotherms of the nine lithofacies can be divided into three stages,
which makes them S-shaped, in accordance with Type II [58]. When the relative pressure is
low (P/Py < 0.4), the adsorption amount is low and slowly increases as the relative pressure
increases. After that, the adsorption isotherm reaches the middle section, which increases
almost linearly as the relative pressure varies from 0.4 to 0.8. At the end of the adsorption
isotherm (0.8 < P/Py < 1.0), the adsorption amount increases sharply as the relative pressure
approaches 1. In addition, the hysteresis loop forms between the adsorption isotherm and
the desorption isotherm [58,59]. Six characteristic types of hysteresis loops were identified
to describe pore morphology [58]. The hysteresis loop of Type H2 is characterized by a very
steep desorption isotherm with a sharp inflection point in the middle section. The Type
H2 hysteresis loop indicates the ink-bottle-shaped pores are dominant in rocks [58]. It is
noted that the hysteresis loops of nine lithofacies present this characteristic. Moreover, the
hysteresis loop of Type H3 has the feature that the desorption branch is almost parallel to
the adsorption branch in the middle section, resulting in a narrow hysteresis loop [59]. The
Type H3 hysteresis loop is given by slit-shaped pores in rocks [58]. The hysteresis loops
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of LF3, LF4, LF5, LF6, LF7, LF8 and LF9 exhibit this attribute. Therefore, the hysteresis
loops of LF1 and LF2 are Type H2. This indicates that in LF1 and LF2, the ink-bottle-shaped
pores are dominant. The hysteresis loops of LE3, LF4, LF5, LF6, LF7, LF8 and LF9 possess
characteristics of both Type H2 and Type H3 simultaneously. Consequently, the hysteresis
loops of them are Type H2-H3, which indicates that ink-bottle-shaped pores and slit-shaped
pores coexist in them [40,58].
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Figure 8. The NMR T spectra of the nine lithofacies in Es4s Dongying Depression.

2

]

)
0 ~Adsorption
~Desorption

o=

~Adsorption
6| ~Desorption

®

~Adsorption
~Desorption

®

w
]

[ - e
)
ES

Quantity Adsorbed (cm?/g STP)

Quantity Adsorbed (cm?3/g STP)

Quantity Adsorbed (cm?3/g STP)

1.6
2
0.8
1
0 0 0
02 04 06 038 02 04 06 038 02 04 06 038
Relative Pressure (P/Po) Relative Pressure (P/Po) Relative Pressure (P/Po)
E;:\lﬁ ~Adsorption Ez'“ ~Adsorption Z18{ ~ Adsorption
% |~ Desorption 524 ~Desorption £ 16 ~Desorption
El)12 = 214
£ 2.0 > E —
j% 8 3 210
3 S1.2 LF5 S8 LF6
S 5 <
<
z4 $08 2 Z
g £0.4 2,
=) & o &,
02 04 06 08 72 04 06 08 %02 03 06 038
3 Relative Pressure (P/Po) ) Relative Pressure (P/Po) Relative Pressure (P/Po)
a :gdsorpt_ion ekl :/S(%forption E 8 ~Adsorption
30 esorption ;20 esorption 5 7] =Desorption
o e 26
=25 A ” : B
= 2 Z g o
B <> == 516 <> == 5, —
=20 ] =
2 212 £4
sl51 1F7 S LF8 = LE9
z Is 2’
510 = 2
S = 4 =
g E S1
& Sy S0
02 04 06 08 0 02 04 06 0.8 1 0 02 04 06 08
Relative Pressure (P/Po) Relative Pressure (P/Pos) Relative Pressure (P/Po)

<> the ink-bottle shaped pores =7 theslit-shaped pores

Figure 9. The physisorption isotherms and hysteresis loops of the nine lithofacies in Es4s Dongy-
ing Depression.
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5. Discussion
5.1. Deposition Processes and Deposition Model

Beddings reflect the way that sediments accumulate, so they are significant sedi-
mentary structures recording the deposition processes [18,60]. As to the fine-grained
sedimentary rocks, the deposition processes commonly include pelagic and hemipelagic
settling, hemiturbiditic and turbidity currents, contouritic deposition, hyperpycnal flow,
debris flow, slides and slumps, chemical processes, biological processes and biochemical
processes [21,29,61].

LF1 and LF2 are laminated lithofacies. They are formed by the carbonate lamina and
the clay lamina alternating vertically. The rhythmical succession of laminae reveals a cycle
of deposition which is commonly driven by seasonal climate variability [62,63]. During the
deposition period of the Es4s, the Dongying Depression was located in the mid-latitude
site where the climate varied with seasons. In warm seasons, microorganism bloomed and
induced the precipitation of carbonate minerals that formed into the light laminae [64,65].
When it turned cold, microorganisms decayed. The terrigenous particles became the
dominant sediment supplies [66]. When the paleosalinity in the water during the deposition
period is high, it was conducive to the crystallization of carbonate minerals [9,29], thus
tending to deposit LF1. In contrast, LF2 occurred. Both LF1 and LF2 are deposited in the
deep lake so the type of organic matter in them is Type I and Type II [67].

The unconsolidated sediments can be re-suspended, mixed and redeposited when
influenced by gravity, wave and currents [68]. The original laminae were destroyed and
the mixed sediments formed flaggy and massive beddings. As a result of these episodic
redepositional events, such as turbidity currents, slides and slumps, LF3, LF4 and LF6
occur as interbeds in LF1 and LF2 (Figure 10) [69]. They have similar composition and
organic matter to LF1 and LF2, which are deposited from suspension. Bioturbation is
another important redeposition which totally changes the original beddings and generally
results in massive lithofacies (LF5) [63,68]. Moreover, thick massive dolomitic fine-grained
sedimentary rocks are related to the biological processes [21,24]. The types of organic
matter in LF5 are Type I and Type II which also indicates they are deposited in the deep
lake [67]. In LF7, LF8 and LF9, the organic matter in them is Type III-II and Type III which
suggests they are terrigenous [67]. The massive bedding, the high content of terrigenous
particles and the organic matter origin reveal that LF7, LF8 and LF9 resulted from strong
terrigenous input events (Figure 11) [65,67]. Based on the statistics and analysis, we found
that LF1 and LF2 are dominant in the study area.

5.2. Pore Structures

Based on the nuclear magnetic resonance, the pores in the study objects vary from
micropores to macropores but micropores are dominant [70]. With the FESEM, it is easy
to observe the morphology and distribution of the pores whose diameters are more than
100 nm [40]. These pores include intergranular pores (between carbonate crystals, quartz,
feldspar, pyrite framboids and clay aggregates), dissolution pores, lamina fissures and
fractures. In the laminated lithofacies (LF1 and LF2), the mineral crystals and particles are
arranged in an orderly manner. The intergranular pores between them are polygonal, and
the long axes are commonly parallel to the orientation of the lamina. However, due to rede-
position, the mineral crystals and particles in flaggy (LF3 and LF4) and massive (LF5, LF6,
LF7, LF8 and LF9) lithofacies are disorderly so that the pores are not obviously orientated.

As major pore types, the morphology of micropores in rocks with different beddings
are in different shapes. Under the FESEM, the intergranular pores are polygonal and
dissolution pores are elliptic [59]. As the carbonate laminae and the clay laminae are
distinctly separate, the carbonate crystals in the carbonate laminae and the quartz, feldspar,
pyrite framboids and clay aggregates in the clay laminae, respectively, form into polygonal
intergranular pores (Figure 7a,b). These polygonal and elliptic pores are regarded as ink-
bottle-shaped pores, which is accordance with the analysis of hysteresis loops [40,58,59].
Therefore, micropores in the laminated lithofacies (LF1 and LF2) are ink-bottle-shaped.
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However, in the flaggy (LF3 and LF4) and massive (LF5, LF6, LF7, LF8 and LF9) lithofacies,
as they resulted from redeposition or event deposition, the mineral crystals and particles
are mixed [63]. The carbonate crystals, quartz, feldspar and pyrite framboids are mainly
surrounded by the clay minerals so that there is less contact between these rigid minerals
and particles. Therefore, the quantity of ink-bottle-shaped intergranular pores between
the carbonate crystals, quartz, feldspar and pyrite framboids reduces obviously. Instead,
because illites and illite/smectite mixed layers are the main clay minerals in the research
object, numerous slit-shaped interparticle pores resulted from the plate-like aggregates of
them. Therefore, the hysteresis loops of them present to be Type H2-H3, which indicates
the ink-bottle-shaped pores and slit-shaped pores coexist [40,58,59]. Moreover, the higher
the content of the clay minerals, the more slit-shaped pores there are. Then, hysteresis loops
are closer to Type H3. In addition, fractures are developed in all the nine lithofacies, but are
more common in the LF1, LF4, LF5 and LF8 due to the high brittle mineral content.

Depth | Litho- TOC Clay Carbonate uartz(% Feldspar(%)
m | facies lo 15]o Mineral(%) ol Mineral@)goly @50l 25

OENE B D@ B (] O

LF1 LF2 LF3 LF4 LF6 LF7 LF8 LF9

Figure 10. The main mineral composition in different lithofacies of the Es4s shale in well NY1.
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Figure 11. Generalized deposition model showing depositional processes for the fine-grained sedi-
mentary rocks in Es4s in Dongying Depression.

According to the obsevation via FESEM, the intergranular pores are dominant in all
the lithofacies and they have better connectivity than the intraparticle pores.

5.3. Controlling Effect of Deposition Processes on Lithofacies and Reservoir Characteristics

Based on the analysis above, the deposition processes determine the composition,
the type of organic matter, and the size and arrangement of minerals and particles in the
fined-grained sedimentary rocks. The arrangements of minerals and particles determine
the beddings and the pore structures. The composition and the beddings are important
factors in lithofacies classification. The lithofacies rich in brittle mineral easily crack so
fractures commonly occur in them. The dissolution pores are common in the carbonate-rich
lithofacies. Therefore, the deposition processes control the lithofacies and reservoir charac-
teristics of the fined-grained sedimentary rocks. The diagenesis also plays an important role
in reservoir characteristics, which mainly works after deposition. The deposition processes
laid the foundation of the mineral composition and pore structures.

6. Conclusions

Based on mineral composition, the content of organic matter and the beddings, the
fine-grained sedimentary rocks in Es4s in Dongying Depression were divided into nine
lithofacies: middle-high organic laminated calcareous fine-grained sedimentary rocks (LF1),
middle-high organic laminated mixed fine-grained sedimentary rocks (LF2), middle-high
organic flaggy mixed fine-grained sedimentary rocks (LF3), middle-high organic flaggy
calcareous fine-grained sedimentary rocks (LF4), middle-high organic massive calcareous
fine-grained sedimentary rocks (LF5), middle organic massive mixed fine-grained sed-
imentary rocks (LF6), low organic massive argillaceous fine-grained sedimentary rocks
(LF?), low organic massive felsic fine-grained sedimentary rocks (LF8) and low organic
massive mixed fine-grained sedimentary rocks (LF9). LF1 and LF2 are deposited from
suspension. LF3, LF4, LF5 and LF6 are formed by redeposition. LF7, LF8 and LF9 are
affected by terrigenous input events. The pores in the laminated lithofacies are dominated
by the ink-bottle-shaped sort. In the flaggy and massive lithofacies, ink-bottle-shaped pores
and slit-shaped pores coexist. The storage properties of the ink-bottle-shaped sort are better
than the slit-shaped pores so LF1 and LF2 are the best targets for shale oil exploration and
LF3, LF4, LF5 and LF6 are the second best. The deposition processes control the lithofacies
and reservoir characteristics of the fined-grained sedimentary rocks.
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