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Abstract: Shale diagenesis differs from that of sandstone and carbonate rocks with regard to the type,
evolution stage, and evolution mode. The quality of shale reservoirs is closely linked to the extent of
diagenetic evolution. This study identifies the types and characteristics of shale diagenesis using thin
sections and scanning electron microscopy (SEM) observations. The stages of shale diagenesis are
determined by analyzing organic matter evolution and clay mineral transformation and establishing
a diagenetic evolution sequence. This paper describes the comprehensive diagenetic evolution of
organic matter, clay minerals, clastic particles, and carbonate minerals to determine the diagenesis
types, diagenetic sequences, and pore evolution occurring during diagenetic evolution. The results
show that the diagenesis types of shale in the second member of the Funing Formation include
compaction, dissolution, cementation, metasomatism, dolomitization, syneresis, and transformation
of clay minerals, as well as thermal evolution of organic matter. The middle diagenetic A stage
is prevalent, with some areas in the early and middle diagenetic B stages. The shale underwent a
diagenetic evolution sequence, including the collapse and shrinkage of montmorillonite interlayers
in the early stage; the rapid formation and transformation of illite and smectite mixed layers, massive
hydrocarbon generation of organic matters, and dissolution of unstable components in the middle
stage; and the occurrence of fractures filled with gypsum, quartz, ferrocalcite, or other authigenic
minerals in the later stage. Dissolution pores and fractures are the dominant shale reservoirs of
the second member of the Funing Formation in the Subei Basin. The results provide new insights
into understanding the formation and evolution of reservoir spaces during shale diagenesis and
information for the exploration and development of lacustrine shale oil and gas.
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1. Introduction

Shale diagenesis is a complex process with various physical, chemical, and biological
effects between sediment deposition and metamorphism [1-3]. The mineral composition
in shale is intricate and delicate, making it highly sensitive to temperature, pressure, and
fluid activity fluctuations. Additionally, clay mineral dehydration and organic hydrocarbon
generation heighten fluid activity, resulting in a strong heterogeneity in shale reservoirs.
Dissolution, cementation, and metasomatism are more intricate in shale than in sandstone
and carbonates. Therefore, the mechanism of burial diagenesis transformation is more
intricate in shale than in other reservoirs. As geologists have focused more on unconven-
tional oil and gas exploration and development, shale reservoirs have become increasingly
important [4-8].Shale diagenesis influences several shale characteristics, such as its sed-
imentary structure, material composition, reservoir physical and mechanical properties,
and the generation and preservation of pores [9,10]. Consequently, diagenesis is critical
in controlling oil and gas generation, migration, and concentration, and the exploration
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and development of shale oil and gas resources [11,12]. Therefore, many scholars have
recognized the significance of shale diagenesis research for the optimal exploration and
development of shale oil and gas resources [13-18].

Research on the diagenesis of marine shale comprises various aspects, including mud-
stone compaction and its effect on the microstructure and properties of rock [19,20], the
transformation of clay minerals and siliceous cementation during burial [21,22], the identi-
fication and progression of the quartz source in marine silica shale (Milliken et al., 2016),
the formation and dissolution of secondary pores in shale reservoirs [23], the role of the
initial composition of the shale material on its diagenetic path [24], and the organogenesis
in shale reservoirs [25]. On the other hand, the main focus of research on the diagenesis of
lacustrine shale has been shale diagenesis and the evolution of reservoir pores in forma-
tions such as the Lucaogou Formation in the Malang Sag and the Paleogene of the Jiyang
Depression [26-28].

The current focal points in shale diagenesis research include examining changes in the
mechanical properties during the thermal evolution of organic matter, spatially characteriz-
ing underground diagenetic cementation belts, exploring the impact of diagenesis on the
mechanical and reservoir properties of shale reservoirs, analyzing the influence of initial
material composition on mudstone compaction, identifying the original clastic materials
and possible diagenetic evolution paths in mudstones, and studying fine-grained deposi-
tion and its influence on diagenesis [18]. The ultimate goal of shale diagenesis research is to
discern the spatial characterization of diagenetic facies zones by obtaining a comprehensive
understanding of shale diagenetic evolution and its effects on reservoir properties. One key
approach to accomplish this is to investigate the initial material composition and its impact
on diagenetic evolution from a sedimentation perspective. The initial material composition,
bedding structure, oxygen content, chemical properties, and biological productivity of
shale depend on sedimentation and the sedimentary environment, which can substantially
affect several biochemical reactions, compaction processes, and subsequent thermochemical
reactions that occur during sediment burial [24,29-31].

The shale strata in lake basins hold great potential for oil and gas exploration. How-
ever, due to the high variability of salinization in different lake basins, the diagenesis of
these strata is quite complex and specific; thus, further research is required to understand
it fully [32]. Current research has focused on the transformation of clay minerals during
diagenesis, but there is no unified standard for dividing the different stages of shale di-
agenesis and no clear understanding of the diagenetic evolution sequence of the shale’s
components [33-35]. This study aims to address this gap by analyzing a typical continental
lake shale in the second member of the Funing Formation (Fu-2) to refine the shale dia-
genetic stages, establish a diagenetic evolution sequence and model, and summarize the
pore evolution. We provide a novel method for shale diagenesis studies to improve the
comprehension of the formation and evolution of reservoir spaces during shale diagenesis.
The findings can be used for the future exploration and development of lacustrine shale
oil and gas.

2. Overview of the Study Area

The Subei Basin is the terrestrial part of the Subei-South Yellow Sea Basin. It is located
between Jiangsu Province and Anhui Province in eastern China, north of the Yangtze River
in Jiangsu Province, and extends to the Yellow Sea. It covers an area of about 3.5 x 10% km?.
The basin borders the Lusu uplift to the north, Zhangbaling uplift to the south, Tanlu fault to
the west, and Yellow Sea to the east. It is a Mesozoic-Cenozoic continental basin developed
on the Lower Yangtze activated platform. The Subei Basin consists of four sags: the Haian
sag, Gaoyou sag, Jinhu sag, and Yancheng sag, from east to west (Figure 1). The Funing
Formation was formed during the Paleogene in the Subei Basin in a fault-depression
tectonic cycle. The Fu-2 in the Subei Basin is located in the transgressive system tract of
the secondary sequence or the highstand system tract of the lake. It is a complete third-
order sequence. Numerous organisms and extensive lacustrine sediments exist because
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of the continuous subsidence of the basin and the injection of terrigenous clasts. Many
layers of thick, dark shale were deposited in the deep lake during a period of intense
fault-depression activity. The aqueous medium is semisaline, weakly alkaline, and strongly
reductive. The Funing Formation can be divided into four sections, from bottom to top: the
first, second, third, and fourth members of the Funing Formation (Fu-1, Fu-2, Fu-3, and
Fu-4). The upper part of Fu-1 consists primarily of delta front sub-facies, Fu-2 comprises
coastal and shallow lake subfacies, Fu-3 consists of delta front subfacies, and Fu-4 contains
predominantly lake facies [36,37]. The lithologic assemblages of Fu-2 include thin interbeds
of shale, marl, and dolomite.
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Figure 1. Structural units of the Subei Basin.

3. Methods

A total of 300 shale samples were selected according to the shale facies type and burial
depth to grind ordinary thin sections. The mineral composition and distribution, organic
matter distribution, bio-fossil type and characteristics, micro-bedding type, diagenesis type,
and fracture type and characteristics were observed using a Zeiss Axio Scope A1 pol polar-
izing microscope at the Key Laboratory of Marine Reservoir Evolution and Hydrocarbon
Accumulation of the China University of Geosciences (Beijing, China). The samples were
cut into blocks of approximately 1 cm® and ground, and secondary electron imaging (SE)
and backscattered electron imaging (BSE) were conducted at an accelerating voltage of
2-10 kV. The microscope was equipped with a high-quality optical system, including color
aberration correction, automatic brightness compensation, spherical aberration correction,
and other functions. The thin sections were observed at high resolution and high contrast.

The mineral grains in the shale were small, generally less than 62.5 um, and the
dominant pore sizes were micropores and nanopores. The maximum magnification of
optical microscopy is typically 500, too small to observe the shale’s microcharacteristics.
However, the resolution of scanning electron microscopy (SEM) can reach 0.3 nm, enabling
microstructure observations. Since Loucks first used argon ion polishing to treat Barnett
shale samples and utilized SE and BSE in field emission scanning electron microscopy
(FE-SEM) combined with energy dispersive spectroscopy (EDS) to observe the size and
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distribution of nanopores in shale, FE-SEM has become a necessary method for studying
shale microstructure [5,7,38-40]. A Quanta 200F field emission scanning electron micro-
scope was used to observe the shale samples polished by a Gatan697 Ilion II broad-beam
argon ion polishing system to study the types and microcharacteristics of minerals and
organic matter, diagenesis types, reservoir space types, and diagenetic evolution.

X-ray diffraction (XRD) is an effective method to quantify shale mineral composition
and perform whole-rock mineral and clay mineral analyses to determine the lithofacies
type and diagenesis [41-43]. The samples were ground to a fine powder, dried, and
pressed through a sieve, and the elements of 32 samples were quantified using X-ray
fluorescence spectrometry (SPECTRO). An X'Pert PRO MPD diffractometer was used at the
Key Laboratory of Orogenic Belts and Crustal Evolution at Peking University, and X'Pert
HighScore software 2.2a was used to analyze the type and content of clay minerals in the
shale. The clay mineral evolution was determined by calculating the ratio of illite and
smectite in mixed layers to obtain the diagenesis stages.

Organic geochemical testing is commonly used in source rock evaluation [44,45]. Or-
ganic matter is the main component of shale and is sensitive to temperature and pressure.
Therefore, organic geochemical parameters reflecting the thermal evolution of organic
matter can be used to indicate the shale’s diagenetic evolution. The color and thermody-
namic index (TAI) of the sporopollenin and the kerogen vitrinite reflectance (Ro) were
determined using thin sections, a transmission light microscope, and an MVP-SP micro-
scope photometer [46]. Before the experiment, 10% hydrochloric acid was used to remove
carbonates; the test sensitivity was 10-13 mg/g. The peak temperature (Tmax) was mea-
sured using a GHM-02 hydrocarbon analyzer [47]. The hydrocarbons derived from the
shale pyrolysis experiments were analyzed by an HP 6890 gas chromatograph. The carbon
preference indices (CPIs) of the n-alkanes were obtained [48]. Additionally, measurements
were obtained to determine the isolated kerogen content and identify the organic kerogen
macerals, carbon isotope content, and organic element content according to the (GB/T)
191442010, (SY/T) 51252014, (GB/T) 18340.2e2010, and (GB/T) 19143-2003 standards,
respectively. The kerogen measurements and the rock pyrolysis analysis were performed
at the Keyuan Engineering Technology Testing Center.

4. Results
4.1. Shale Petrological Characteristics

Compositionally, the shale in the Fu-2 in the North Jiangsu Basin is fine-grained,
mixed, and temperature/pressure sensitive, and it has an active fluid system. It contains
fine-grained felsic minerals (silt or very fine silt), clay minerals, carbonate minerals, and
organic matter [27]. The genesis of the shale’s components is complex and is influenced by
multiple factors. For example, silt and clay minerals are formed by mechanical deposition
and are transformed by diagenesis at a later stage (Figure 2). Calcite and dolomite in
carbonate minerals are of syngenetic or quasi-syngenetic chemical sedimentary origin,
whereas iron calcite and iron dolomite are formed during diagenesis. Organic matter has a
biogenic origin and is predominantly generated by plankton in the basin; examples include
collophanite and calcareous or siliceous microfossils. Pyrite, siderite, galena, sphalerite,
gypsum, and barite have a more diverse genesis, and multiple genesis types can occur in
the same shale sample (Figure 2). Pyrite and siderite typically originate in an organic-rich
environment that releases acidic elements during decomposition. This process etches the
minerals and creates shale pores. When plaster dissolves in an aqueous solution, it forms
tiny karst caverns and channels that can serve as pores and reservoirs for shale. In addition,
hydrothermal minerals such as zeolite can form in magma in active tectonic areas (Figure 2).
Zeolite has excellent catalytic performance, promoting the pyrolysis and transformation
of organic matter in shale. Hydrocarbon generation by organic matter pyrolysis creates
organic pores. The acidic fluids produced by organic matter pyrolysis dissolve minerals
such as feldspar and calcite, forming dissolution pores and increasing the shale’s storage
capacity and permeability.
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Figure 2. Components of the E;f, shale and their genesis.

The debris particles in the shale are not randomly distributed but generally exhibit
features parallel to the layers, showing three types of microscopic bedding patterns: sheets,
directional orientation, and blocks (Figure 3). The sheetlike microscopic bedding is com-
posed of argillaceous, calcareous, or fine interbedded layers rich in organic matter, and the
layer interface is clear, straight, and continuous. Microscopic bedding with a directional ori-
entation consists of strips of argillaceous, carbonaceous, organic, bioclastic, or terrigenous
clasts, and the interfacial layers are intermittent or unclear. The microscopic bedding with
blocks is characterized by a uniform distribution or an indistinct directional orientation
of the components. A lamellar bedding pattern is formed by the hydrodynamic force
and gravity in the sedimentary environment. Many parallel planes exist in the horizontal
direction, and the angle between these planes is small, usually from 1 to 10 degrees. The
laminates exhibit cohesiveness, limiting the expansion and development of pores and affect-
ing the shale’s permeability. The directional bedding pattern is formed by hydrodynamic
action in the sedimentary environment, and the dip angle of the plane is generally between
10 and 30 degrees. The pore connectivity is high, and the pore distribution is relatively
uniform. The pores are aligned in the plane’s inclination direction, and the pore size is
affected by the plane’s inclination angle. The blocky bedding pattern is formed by gravity
in the sedimentary environment, and large blocky rock masses with large angles occur,
usually between 30 and 90 degrees. The pores are often unevenly distributed between the
rock masses, and their connectivity is low.
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Figure 3. The types of microscopic stratifications of the E; f, shale.

4.2. Types of Shale Diagenesis

Shale contains the dominant minerals comprising sandstone and carbonate rock, as
well as clay minerals and organic matter. Due to temperature and pressure, the fluid
generated by clay minerals and organic matter interacts with the rock skeleton, produc-
ing various types of diagenesis, including compaction, dissolution, cementation, and
metasomatism [26], dolomitization in carbonate rocks, dehydration, shrinkage, and trans-
formation of clay minerals in clay rocks, and the unique thermal evolution of organic matter.

4.2.1. Compaction

After the sediment has been deposited, the overlying strata pressure increases with
the burial depth. The water in the intergranular pores of the clastic particles and mineral
intercrystalline pores is continuously discharged, and the shale volume decreases due
to compaction. Compaction is the most common type of diagenesis in shale. Typical
phenomena are the directional orientation of long clastic particles, bending deformation of
plastic minerals, fragmentation of brittle minerals, or compression into plastic argillaceous
laminae. Pressure solution can be observed in lime laminae with a high carbonate mineral
content (Figure 4).

4.2.2. Dissolution

Dissolution in shale is an important diagenesis type, especially in organic-rich shale.
Organic acids produced by the maturation of organic matter cause the dissolution of
unstable components during their transportation. Calcite (Figure 5A-C) and feldspar
(Figure 5D) are the main unstable components of dissolution in the Fu-2. The dissolution of
pyrite (Figure 5E) or zeolite (Figure 5F) can also be observed in some samples. The acidic
fluid dissolves the particles along the edge, cleavage, or microcrack, forming intergranular
or intragranular dissolution pores (Figure 5).
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Figure 4. The compaction of the E;f; shale. (A) Directional orientation of Ostracoda shells, Yancan 1,
3008.77 m; (B) crushed Ostracoda shells, Xinzhu 1, 2714 m; (C) bending deformation of plastic clay
minerals, Lin 1, 2601.04 m; (D) brittle mineral particles are pressed into plastic argillaceous laminae,
An 16, 3671.4 m; (E) directional orientation of mica, Xinzhu 1, 2912.18 m; and (F) pressure solution of
carbonate minerals, Dan 1, 2100.85 m.

Figure 5. Dissolution of the E{f, shale. (A) Dissolved calcite, 2302.6 m; (B) dissolved calcite,
Anl6, 3669.8 m; (C) dissolved calcite, Lin1, 2601.87 m; (D) dissolved feldspar, Hecanl, 3164.77 m;
(E) dissolved pyrite, Hexie4, 2302.6 m; and (F) dissolved zeolite, Sha31, 2740.52 m.
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4.2.3. Cementation

When the fluid carrying dissolved diagenetic components migrates in the pore throat
network or fractures of the shale, authigenic minerals precipitate and fill the reservoir
space due to a change in the flow rate or chemical equilibrium reaction. Cements develop
primarily in cracks and larger pores, and the crystal morphology is well-developed. There
are various types of cements in the Fu-2, including sulfide (pyrite), sulfate (gypsum),
carbonate (calcite or iron calcite), and siliceous materials (authigenic quartz and chert)
(Figure 6). Pyrite is widely distributed and has various aggregate forms, such as dispersed
spheres, strawberry-shaped particles, filaments, bands, or massive shapes (Figure 6A).
Gypsum occurs predominantly as fillings (complete or semicomplete) of pores and fractures;
sometimes it is dense, with a high content (Figure 6B). Carbonate cements mostly occur
in shale facies with a high silt content, cementing sandy particles or filling intergranular
pores (Figure 6C). Similar to carbonate cements, authigenic quartz in siliceous cements fills
holes or cracks in a perfectly crystalline form (Figure 6D).

Figure 6. The cementation of the E;f, shale. (A) Pyrite cementation with strawberry shapes, Huaxie
28, 3653.75 m; (B) gypsum cementation with filaments, Ma 1, 1743.14 m; (C) iron calcite cementation
with a rhombohedral shape, Hexie 4, 2302.6 m; and (D) authigenic quartz cementation with cylindrical
cones, Huaxie 28, 3655.5 m.

4.2.4. Metasomatism

Metasomatism can occur at all stages of diagenesis. Unlike sandstone and carbonate
metasomatism, shale metasomatism is difficult to observe. Metasomatism in the Fu-2
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involves primarily calcite (Figure 7A), iron calcite (Figure 7B), or pyrite-altering quartz
(Figure 7C,D). The reason is that shale has a high degree of compactness and microscopic
porosity, making it difficult for fluids to enter. In addition, the content of organic matter
in shale is high, and the interaction between the organic matter and fluid can affect the
metasomatism of shale.

Figure 7. The metasomatism of the E;f; shale. (A) Quartz metasomatized by calcite, An 1, 2687.3 m;
(B) quartz metasomatized by iron calcite, Yancan 1, 3060 m; (C) quartz metasomatized by pyrite,
Hexie 4, 2302.6 m; and (D) quartz metasomatized by pyrite, Huaxie 28, 3655.5 m.

4.2.5. Dolomitization

Dolomitization is commonly observed in shale facies with a high carbonate mineral
content, forming rhombohedral dolomite particles that occur in isolation or are aggregated
into laminae, resulting in granular or intercrystalline pores (Figure 8).

4.2.6. Dehydration/Shrinkage and Transformation of Clay Minerals

Clay minerals significantly affect shale structure and diagenetic evolution [49]. As the
burial depth increases, higher temperatures and pressures cause clay minerals to absorb
interlayer water and ions, generating fluids. As a result, the clay minerals are transformed
from montmorillonite to illite or chlorite (Figure 9A,B,E,F)[50]. In addition, the orderliness
of the clay minerals improves, and the volume is increased, resulting in shrinkage joints.
When magmatic rocks, such as basalt or diabase, are transformed into shale, they lose
a significant amount of water at high temperatures in a short time (Figure 9C,D). Shale
undergoes shrinkage and thermal contact metamorphism, and cracks occur due to the
excessive pressure of the hydrothermal fluid.
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Figure 8. The dolomitization of the E;f, shale. (A) Sha 31, 2741.74 m; (B) An 1, 2550.5 m; (C) Hexie 4,
2302.6 m; and (D) Ma 1, 1743.64 m.

Figure 9. The syneresis and transformation of clay minerals of the E1f2 shale. (A,B) Shale shrinkage
fracture caused by clay mineral dehydration and shrinkage, Fa 2, 2187.7 m; (C,D) diabase intrusion:
shale undergoes low-grade thermal contact metamorphism, forming cracks, Sha 20, 2184.25 m;
(E) lamellar montmorillonite, Sha 20, 2183.9; and (F) filamentous illite, Ma 1, 1743.64 m.
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4.2.7. Thermal Evolution of Organic Matter

Organic matter is an essential component of shale, and its volume fraction can reach
32% in the Fu-2. Similar to clay minerals, organic matter is also sensitive to temperature and
pressure, generating organic acids and hydrocarbons, another source of fluid generation in
shale. Therefore, organic matter can be regarded as a unique component of shale, and the
thermal evolution of organic matter can be regarded as a unique diagenesis type that differs
from sandstone and carbonate rock diagenesis. As the Ro increases, organic matter matures
and is converted into hydrocarbons, and numerous organic-matter pores are produced in
the residual organic matter. The size and shape of these pores change constantly (Figure 10).

R0=0.59% Ro=0.70% Ro=0.80%

Figure 10. Changes in the size and shape of organic pores during the thermal evolution of organic
matter in the E;f; shale. (A) Lin 1, 2601.87 m; (B) Lin 1, 2730.43 m; and (C) Huaxie 28, 3653.75 m.

5. Discussion
5.1. Diagenetic Stages of Shale

The contents of organic matter and inorganic minerals in the shale reflect the diagen-
esis intensity of shale, which changes with the physical and chemical conditions during
burial [12]. The organic matter and inorganic minerals are independent and interact during
diagenetic evolution [11]. Therefore, the diagenetic stages are divided according to the
diagenetic evolution characteristics in this paper.

5.1.1. Thermal Evolution of Organic Matter

The degree of the thermal evolution of organic matter is crucial for the division of the
diagenetic stages of organic-rich shale. The main parameters that characterize the thermal
evolution of organic matter are the Ro, CPI, Tmax, and other parameters. The diagenetic
stages of the shale are determined according to the parameter range (Table 1).

Table 1. The relationship between the organic maturation index and the diagenetic stage [50].

Diagenetic Stage Organic Matter Maturity Ro% Tmax/°C Pollen Color TAI
A Immature <0.35 Yellow <2
Early <435
B Semimature 0.35-0.5 Deep yellow <25
A Al Low maturity 0.5-0.7 435-440 Orange 2.5-2.7
Middle A2 Mature 0.7-1.3 440-460 Brown 2.7-3.7
B High maturity 1.3-2.0 460-480+  Dark brown-black 3.7-4
Late Post-mature 2.0-4.0 500+ Black >4

The depth of shale in the Fu-2 ranges from 1000 m to 4000 m. The Ro is 0.45-0.9%
(Figure 11A), and the Tmax is 430450 °C (Figure 11B). The CPI decreases logarithmically
during the thermal evolution and tends to 1, indicating parity equilibrium (Figure 11C).
Accordingly, the organic matter maturity of the Fu-2 is low to mature, and the shale is in
the middle diagenetic stage A.
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Figure 11. The thermal evolution of organic matter and the transformation of clay minerals of the
E1f2 shale.

5.1.2. Clay Mineral Transformation

The transformation of clay minerals is crucial for determining the diagenetic stages.
The types and transformation characteristics of the mixed illite and smectite layers are
widely used [51,52]. Zoning is observed during the transformation of the illite and smectite
mixed layers in the Fu-2 in the North Jiangsu Basin. According to the change in the
content of the montmorillonite layer (S%) with the depth, four zones are observed: the
montmorillonite layer, slow transformation zone, fast transformation zone, and illite layer.
The main body of the shale in the study area is in the slow and fast transformation zones
(Figure 11D). In conjunction with the thermal evolution index of organic matter (Figure 11A-
C), it is determined that the middle diagenetic stage A is the dominant stage of the Fu-2 in
the Subei Basin, with some areas in the early diagenetic stage B and the middle diagenetic
stage B. The details are as follows.

Some shale samples of the Fu-2 in the montmorillonite zone are buried less than
1300 m, and the montmorillonite layer is dominant in the mixed illite and smectite layers.
The Ro is less than 0.5%, the organic matter is immature or semimature, and the early
diagenetic stage B is prevalent [21]. The shale burial depth in the slow transformation
zone ranges from 1300 m to 2800 m. The montmorillonite content varies substantially, and
the average content exceeds 50%; however, the montmorillonite has begun to transform
into the mixed illite and smectite layers. The Ro is 0.5-0.7%, the organic matter maturity
is low, and the middle diagenetic stage A1 occurs [31]. The shale burial depth in the fast
transformation zone is 2800-3800 m, the montmorillonite content is substantially lower
(35%), the Ro is 0.7-1.0%, and the organic matter is mature, indicating the middle diagenetic
A2 stage [46]. Only a few samples with a buried depth greater than 3800 m were obtained.
The average montmorillonite content is about 15%. The samples were obtained from the
illite layer. The Ro is larger than 1.1%, and the organic matter is highly mature, indicating
the middle diagenetic stage B.

5.2. Diagenetic Evolution Sequence of Shale

Based on the shale diagenetic events and the diagenetic stages, the diagenetic evolution
sequence of the Fu-2 is established by describing the organic matter maturity and the
contents of the clay, felsic, and carbonate minerals in the diagenetic stages.

The temperature, pressure, and fluid properties change during shale burial, altering
the dynamic balance of the diagenetic environment, creating new diagenetic stages, and
generating new diagenetic events. In the early stage of shale sedimentation, clay minerals
mixed with fine-grained clastic particles are deposited. Clay minerals are completely
dispersed and contain a large number of micropores [13,53]. Due to mechanical compaction,
the shale enters the early diagenetic stage. Pore water is discharged, clay mineral particles
have a prismatic shape way, and the shale has high viscosity [21,54]. As the compaction
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proceeds, the pore water is drained, and the adsorbed water is slowly discharged in the later
stage. The clay particles become dispersed and form flocculates with directionality [55].
Organic matter decomposes due to bacterial action, and biochemical gases are produced,
such as pyrite. A small amount of montmorillonite undergoes interlayer collapse due to
dehydration and shrinkage and begins to transform into a mixed layer of illite and smectite.

As the compaction continues, the shale enters the middle diagenetic stage. The forma-
tion temperature and pressure increase, and the montmorillonite continues to dehydrate,
resulting in interlayer collapse [56]. Organic matter generates hydrocarbons in large quanti-
ties and produces organic acid, resulting in acidic pore fluid [57]. The unstable components,
such as feldspar, are dissolved and release potassium ions. Thus, montmorillonite is rapidly
transformed into the illite and smectite mixed layer, which is transformed into illite and
releases interlayer water [44]. At this time, pyrite occurs in large quantities. The volume
of clay minerals shrinks during the outflow of interlayer water, causing shrinkage joints
in the shale [34,55]. The shale is rigidly consolidated in the later stage. The fluid released
during the transformation of clay minerals and the thermal evolution of organic matter
cannot be discharged. Thus, cracks are formed due to excessive pore fluid pressure and
tectonic stress, forming seepage channels. The precipitation of authigenic minerals, such
as gypsum, quartz, or iron calcite, occurs due to the maturation of organic matter and the
weakening of the pore fluid’s acidity (Figure 12).
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Figure 12. The diagenetic evolution model of the E1f2 shale.

5.3. Pore Evolution of Shale

The diagenetic events and pore evolution are assessed based on the transformation
of the shale reservoir space during diagenesis [58] (Figure 13). In the early diagenetic
stage, shale diagenesis is dominated by mechanical compaction, and the reservoir space
consists of clastic grains and mineral intercrystalline pores. As the mechanical compaction
continues and the intermediate diagenetic stage A is entered, the number of primary pores
decreases, and the organic matter begins to generate hydrocarbons [59]. The organic matter
produces organic pores, and the pore fluid becomes acidic. Unstable components, such as
calcite and feldspar, are dissolved, resulting in dissolution pores [60]. Sulfide is generated,
enriching pyrite, and pyrite intercrystalline pores are generated. The interlayer water
of clay minerals is removed during the transformation, and the volume of clay minerals
shrinks, resulting in shrinkage joints [35]. Therefore, dissolution pores and fractures are
the most important reservoir types in the middle diagenetic stage A, followed by organic
pores and mineral intercrystalline pores. In the middle diagenetic stage B, organic matter
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evolves to the highest maturity, and numerous organic-matter pores appear, representing
the dominant reservoir space in this stage. Solution pores and fractures are still critical
reservoir spaces, but they are often completely or semifilled by authigenic minerals, such
as gypsum, quartz, or iron calcite.
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Figure 13. The diagenesis events and the pore evolution of the E;f; shale.

6. Conclusions

)

@

)

The shale diagenesis types in the second member of the Funing Formation (Fu-2)
in the Subei Basin included compaction, dissolution, cementation, metasomatism,
dolomitization, dehydration/shrinkage, transformation of clay minerals, and thermal
evolution of organic matter.

The diagenetic stages of shale were determined by considering the thermal evolution
of organic matter and the transformation of clay minerals. The middle diagenetic
stage A is dominant in the Fu-2 in the Subei Basin; some parts of the formation are in
the early diagenetic stage B and the middle diagenetic stage B.

A diagenetic evolution model of the shale in the Fu-2 in the North Jiangsu Basin was
established by considering the diagenetic changes in organic matter maturity and the
contents of the clay, clastic, and carbonate minerals during diagenesis. The diagenetic
evolution sequences included interlayer collapse and shrinkage of montmorillonite
in the early stage; rapid formation and transformation of mixed layers, massive
hydrocarbon generation and dissolution of unstable components of organic matter in
the middle stage; and fracture generation and filling by authigenic minerals, such as
gypsum, quartz, or iron calcite in the later stage.
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(4) The diagenetic events and pore evolution of the Fu-2 were summarized. Primary
intergranular pores and mineral intercrystalline pores were the dominant reservoir
spaces during early diagenesis. Solution pores and fractures were the most prevalent
in the middle diagenetic stage A, followed by organic pores and mineral intercrys-
talline pores. Organic pores were the main reservoir spaces in the middle diagenetic
stage B. Dissolution pores and fractures still represented key reservoir spaces, but
many were completely or semifilled by authigenic minerals, such as gypsum, quartz,
or iron calcite.
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