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Abstract: The deep shale of the Wufeng–Longmaxi Formation in the southern Sichuan Basin has high
gas potential. The development characteristics of lamination could significantly impact reservoir
property. Samples were investigated using microscopic observation, element analysis, organic
petrology analysis, mineralogy analysis, and pore structure analysis to determine the types of laminae
and laminasets, clarify the formation conditions of argillaceous lamina and silty lamina as well as
their relationships with the sedimentary environment, and explore the influence of laminae on shale
reservoir property. Results indicate that the Wufeng Formation shale exhibits weak development
of laminae due to bioturbation, while the Longmaxi Formation shale develops continuous, parallel,
and plate-like laminae. Compared with light silty lamina-rich shale, dark argillaceous lamina-rich
shale usually develops in an anoxic reduction environment, with higher total organic carbon content,
porosity, pore volume, specific surface area, and more developed organic matter pores, which can
provide greater space for shale gas adsorption and storage. Shales in the middle section of the
Longmaxi Formation are characterized by the development of silty-argillaceous interbedded type
laminaset, which have good reservoir performance, making them the primary target for deep shale
gas exploration and development.

Keywords: sedimentary environment; lamina; pore structure; Sichuan basin; Wufeng–Longmaxi
Formation

1. Introduction

The marine shale formations in the Sichuan Basin, specifically from the Upper Ordovi-
cian Wufeng Formation to the Lower Silurian Longmaxi Formation, are known for their
significant thickness and stability. In the early stage of resource investigation and evalu-
ation, researchers primarily focused on shale formations with burial depths of less than
3500 m, leading to the development of various theories and technologies for mid-shallow
marine shale gas exploration and development [1–6]. In recent years, with the continuous
advancements in both theoretical understanding and technological capabilities, there has
been a notable shift in focus towards the exploration and development of deep (burial
depth >3500–4500 m) and ultradeep (burial depth >4500 m) shale gas in the southwestern
margin of the Sichuan Basin [7]. Compared to mid-shallow shale formations at depths of
2000–3500 m, deep shale reservoirs exhibit more complex geological structures and possess
unique characteristics, including high formation pressure and high-pressure coefficients [8].
More efforts are needed to conduct systematic research on the depositional characteristics
and reservoir quality.
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During the sedimentation process, there exists a complex geochemical equilibrium
between the sediment and the depositional environment. By utilizing elemental geochem-
ical indicators and combining them with characteristics such as minerals in the rocks
and sedimentary structures, it is possible to reveal the changing characteristics of shale
depositional environments [9,10]. Reservoir property characterization is the core of eval-
uating hydrocarbon source rock reservoirs and serves as the foundation for studying the
enrichment mechanisms of shale oil and gas [11]. Shale reservoirs have developed abun-
dant nanoscale pores and microfractures, which play a crucial role in gas adsorption and
storage, resulting in complex pore structures and increased heterogeneity [12–14]. Based
on the study of pore types in the Barnett Shale and Woodford Shale, Slatt and O’Brien
divided pore types into six categories [15], which were subsequently simplified into three
categories: intergranular pores, intragranular pores, and organic matter pores [16]. The In-
ternational Union of Pure and Applied Chemistry (IUPAC) classifies pores into micropores
(pore size <2 nm), mesopores (pore size ranging from 2 to 50 nm), and macropores (pore
size >50 nm) based on pore size [17]. Currently, shale pore characterization techniques are
primarily divided into qualitative observation and quantitative testing, and more details
can be found in Wang et al. [18]. Qualitative observation is mainly achieved through
radiation detection techniques, with FE-SEM being the most commonly used technique
for observing shale pores [19]. Quantitative tests mainly include nuclear magnetic reso-
nance (NMR), nanoscale computed tomography (CT) scan, small and ultra small angle
neutron scattering (SANS/USANS), and fluid injection techniques, such as gas adsorption
or mercury injection (MICP) [20–22]. In recent years, researchers studying shale pore
structure characterization have adopted a combined approach using multiple methods to
obtain more refined information [23]. However, research on the relationship between pore
structure, sedimentary environment, and lamina characteristics is still relatively scare [24].

Laminae refer to the smallest macroscopically recognizable layers in a sedimentary
sequence that lack internal stratification. In recent years, an increasing number of scholars
have realized that laminae not only reflect the sedimentary characteristics of shale but also
contain information related to reservoir performance and shale gas enrichment, making it
an essential aspect of the fundamental research, exploration and development of uncon-
ventional oil and gas [25,26]. It is important to focus on the morphology, continuity, and
geometric relationships of the laminae in fine-grained sedimentary deposits (with particle
sizes less than 0.00625 mm), as well as to consider the mineral composition, grain size
variations, and interface contacts [27]. Shi et al. [28] proposed that studies of lamination
should first identify and distinguish individual laminae, laminasets, and beds and then
extract their composition, texture, and structure as key attributes to characterize their
developmental characteristics. Methods such as visual and microscopic observation and
software quantification can be utilized to determine these attributes. The key attributes of
lamina composition are organic matter and mineral content [29], which are mainly influ-
enced by the interaction of physical, chemical, and biological processes during deposition
and diagenesis [30]. The main parameter of lamina texture is particle size, while main
parameters of lamina structure include the morphology, continuity, and superposition
relationships. They can be used to reconstruct sediment sources and paleoenvironments, as
well as to determine changes in water flow direction and energy [24,31].
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To clarify the depositional environment, lamina development, and pore structure
characteristics of the deep Wufeng–Longmaxi shale in the southern part of the Sichuan
Basin, we selected laminated, organic-rich shales from Well L in the Luzhou area and Well
Y in the Tiangongtang area as the research objects. Shallow shales from Well N in the
Changning area were used as a reference. Geological features such as the paleoclimate,
paleoredox conditions, and paleowater dynamic conditions during the sedimentary period
were reconstructed by elemental analysis techniques. Systematic identification and clas-
sification of lamina and laminasets were conducted from a macroscopic and microscopic
scale to reveal the development characteristics and formation mechanisms of the laminae.
Fine characterization of shale pore structure is conducted by MICP and gas adsorption to
discuss reservoir property. By revealing the matching relationship among the sedimentary
environment, lamina development characteristics, and reservoir properties, we aim to
provide theoretical support for the exploration and development of deep shale gas in the
Sichuan Basin and offer a reference for the development of the geological theory of marine
shale gas.

2. Geological Background

The Sichuan Basin is located in the northwestern part of the Yangtze Platform, with
a rhomboid-shaped distribution in NE–SW [32]. It is delineated by large-scale folds and
faults, including the Dabashan thrust-fold belt, Longmen Shan thrust-fold belt, and Emeis-
han fault zone (Figure 1a). The Sichuan Basin is a superposed basin that has undergone
multiple episodes of tectonic evolution. During the late Ordovician, the Katian Stage
deposited black shale from the Wufeng Formation. In the early Silurian period, global
temperatures decreased, and sea levels dropped [33]. During the Hirnantian Stage, sea
levels rapidly decreased, leading to the rapid and widespread exposure of the Kangdian
Old Land and Qianzhong Old Land. In some areas within the basin, sedimentary layers
are dominated by lithologies such as shell limestone, known as the Guanyinqiao Member.
In the early Rhuddanian period, the global climate warmed and glacial melting occurred,
leading to a large-scale marine transgression in the entire region. The depositional water
bodies deepened further, resulting in the deposition of carbon-rich and silica-rich black
shale at the base of the Longmaxi Formation. The material sources of siliceous minerals
such as quartz are mainly terrestrial debris and biogenic siliceous materials. The input of
terrestrial debris is controlled by factors such as water depth and source distance. Biogenic
silica mainly originates from biogenic siliceous skeletons and crustacean organisms. Clay
minerals mainly originate from the input of terrestrial debris. Carbonate minerals are
mostly derived from biogenic precipitation and chemical precipitation, which are products
of synsedimentary processes [34]. In the late Rhuddanian period, the exposed area of
the Kangdian Old Land on the western side of the basin continued to expand, while the
embryonic form of the Xuefeng Submarine Uplift appeared on the eastern side. During
the Aeronian period, the Leshan-Longnvsi Submarine Uplift on the western side of the
basin was further uplifted. Due to intense compression, the Yangtze Platform formed a sed-
imentary pattern known as “three uplifts encircling one depression” [35]. The subsidence
center of the Sichuan Basin migrated toward the central and northern regions of Sichuan.
Sea levels experienced a significant drop, transforming the environment from a confined
deep-water shelf into a partially confined, semi-deep to shallow-water shelf depositional
environment [36].
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location of the study area and burial depth, modified from Zhu et al. [6]. 
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member can be subdivided into two submembers from top to bottom. The second 
submember consists of black to dark gray limestone. The first submember is primarily 
composed of black shale that is rich in fossilized graptolites, exhibiting well-developed 
bedding. Previous researchers have identified multiple graptolite zones, including WF1-
WF4 of the Wufeng Formation and LM1-LM9 of the Longmaxi Formation, in the southern 
Sichuan area through systematic outcrop sequence stratigraphy and graptolite fossil 
stratigraphic research (Figure 1b) [37,39]. Currently, this classification scheme is 
recognized as the scale used for division in biostratigraphic research on marine shale gas 
reservoirs in the southern region, specifically the Longmaxi Formation. Based on this 
scheme, the first submember has been subdivided into four single-layers. They are Layer 
1, Layer 2, Layer 3 and Layer 4 from bottom to top [8]. Layer 1 to Layer 3 correspond to 

Figure 1. Geologic setting and generalized geologic column of the Sichuan Basin. (a) Sedimentary
facies and tectonic units, modified from Lin et al. [24]; (b) graptolite zone and lithology in the
Southern Sichuan Basin, modified from Chen et al. [37] and Ma et al. [8]; and (c) geographical location
of the study area and burial depth, modified from Zhu et al. [6].

The Wufeng–Longmaxi shale deposited in a deep-water shelf environment is the
main target for marine shale gas exploration and development in the Sichuan Basin. The
Wufeng shale is predominantly composed of black shale and bioclastic limestone [38].
The Longmaxi Formation can be divided into the Long1 and Long2 members, and the
Long1 member can be subdivided into two submembers from top to bottom. The second
submember consists of black to dark gray limestone. The first submember is primarily com-
posed of black shale that is rich in fossilized graptolites, exhibiting well-developed bedding.
Previous researchers have identified multiple graptolite zones, including WF1-WF4 of the
Wufeng Formation and LM1-LM9 of the Longmaxi Formation, in the southern Sichuan
area through systematic outcrop sequence stratigraphy and graptolite fossil stratigraphic
research (Figure 1b) [37,39]. Currently, this classification scheme is recognized as the scale
used for division in biostratigraphic research on marine shale gas reservoirs in the southern
region, specifically the Longmaxi Formation. Based on this scheme, the first submember
has been subdivided into four single-layers. They are Layer 1, Layer 2, Layer 3 and Layer 4
from bottom to top [8]. Layer 1 to Layer 3 correspond to the graptolite zones LM1-LM5 in
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the Rhuddanian Stage, while Layer 4 roughly corresponds to the graptolite zones LM6-LM8
in the Aeronian Stage. In this study, we further subdivided Layer 4 into Layer 4~Layer 7
according to their sedimentary environment and laminae characteristics.

Tectonically, the basin can be subdivided into five tectonic units: the Central Sichuan
gentle fold belt, the Western Sichuan low-steep belt, the Northern Sichuan low-gentle belt,
the Eastern Sichuan high-steep fault fold belt, and the Southern Sichuan low-steep dome
belt [6]. The study areas are located in the Southern Sichuan low-sleep dome belt (Figure 1c).
The Wufeng–Longmaxi shale is mainly distributed between 2000 and 4500 m. The Luzhou
area is located between the Qiyue Mountain Fault Zone and the Huaying Mountain Fault
Zone (Figure 2a). The fold structures within the area gradually bifurcate and spread in a
broom-shaped pattern from north to south. The main fault structures are oriented in the NE,
NNE, and nearly E–W directions [40]. Compared to the Changning area and Tiangongtang
area (Figure 2b), the target formation in this region developed in deeper water bodies in
the sedimentary period, with burial depths from 3500 to 4500 m. Previous researchers
discovered a complete graptolite zone in the L10 well, indicating that the sedimentary
development in the area remains continuous and stable, and almost unaffected by large-
scale tectonic movements, which is beneficial for the study of sedimentary environment
evolution [4]. The Tiangongtang area is located in the Yibin area in western Changning
and is currently one of the least studied areas in the Sichuan Basin. The Tiangongtang
structure is located within the low-fold tectonic belt and is controlled by both the eastern
Sichuan fold-thrust belt and the Loushan fold belt. The structure is an irregular box-shaped
anticline, with the main axis in the NW direction, showing the characteristics of the steep
northeast wing and gentle southwest wing (Figure 2c). The main burial depths of the
Wufeng–Longmaxi shale are between 3000 and 4000 m [41]. The Changning area is located
in the northwest margin of the Upper Yangtze Plate (Figure 2d). The surface structure
is controlled by folds, such as the Changning Anticline, Jianwu Syncline, and Luochang
Syncline, with localized development of fractures [1]. The main body of the Changning
Anticline extends in a NW–SE direction and has an overall westward inclination. It exhibits
characteristics of being wider in the east and narrower in the west, with a gentle southern
slope and a steep northern slope. The Wufeng–Longmaxi shale is buried at depths ranging
from 2000 to 4000 m. Although there are significant variations in burial depths across
different areas, the target formation exhibits similar geological characteristics [42].
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Figure 2. Geographical location of the study areas and their main structures. (a) Northern Luzhou
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Zhang et al. [41]; and (d) Changning area, modified from He et al. [42].

3. Materials and Methods

The main part of the research area is located far away from major fault zones, has
not been disrupted by faults, and exhibits minimal deformation [43]. In this study, a
systematic observation of the core was conducted, and samples were collected covering
Wufeng–Longmaxi Formations, effectively representing the stratigraphic interval. A total
of 64 shale samples were used for elemental analysis, organic petrologic analysis, and
mineral composition analysis. Among these samples, 30 were selected for pore structure
analysis, and 26 of them were made into thin sections for microscopic observation.
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3.1. Elemental Analysis

Major element testing was performed using a Thermo iCAP 7000 series ICP–OES
(Thermo Fisher Scientific, Waltham, MA, USA), following GB/T 14506.31-2019. The wave-
length range was from 166 nm to 847 nm, with a spectral width of 200 nm. The radio
frequency signal source operated at 27.12 MHz. The experiment procedure is described in
detail by Chen et al. [29]. The quantity of the analyte component in the sample is calculated
by measuring the signal intensity of the characteristic spectral line. Trace element testing
was conducted using an Agilent 7700e ICP–MS (Agilent Technologies, Palo Alto, CA, USA),
according to GB/T 14506.30-2010. The mass spectrometry range of the instrument was
from 2 atomic mass units (amu) to 260 amu. After preparing the solution, the isotopic
content of the sample was determined using the external standard ICP–MS method.

3.2. Microscopic Observations

The shale samples were dissected along the direction of vertical laminae, making
sections measuring 4 cm × 4 cm. Lamina identification at the microscale was conducted
using a DSX1000 digital microscope (Olympus, Beijing, China) under plane polarized light
and perpendicular polarized light. Parameters such as the particle size, lamina thickness,
and lamina density were analyzed by using Image-Pro Plus Version 6.0 software. The pore
type and morphological observations were conducted using a TESCAN CLARA FE-SEM
(Tescan, Brno, Czech Republic). Before observation, the sample was made into a rock thin
section measuring 1 cm × 1 cm × 0.5 cm. Its surface was polished using a focused ion
beam and sprayed with a layer of gold to enhance conductivity.

3.3. Organic Petrologic Analysis

The total organic carbon (TOC) content testing was conducted using a Leco-CS
844 Carbon-Sulfur Analyzer (LECO, San Joseph, MI, USA), according to GB/T 19145-
2003. Placed approximately 0.1 g of powdered sample into a permeable crucible, removed
inorganic carbon with 5% hydrochloric acid solution, and then rinsed with deionized
water until the solution was neutral. Before the test, the instrument was calibrated using a
standard substance (Leco 502-899: TOC = 3.19% ± 0.03%). The sample was mixed with iron
filings and tungsten–tin combustion enhancers and burned in a drying oven at 1100 ◦C to
obtain the TOC content.

The vitrinite reflectance (Ro) test was conducted using a MSP 400 Microfluorescence
Spectrometer (J&M, Essingen, Rhineland-Palatinate, Germany), according to SY/T 5124-
2012. Oil was dropped onto the sample surface, and the appropriate vitrinite measurement
area was selected using a rotating sample stage. At least 20 sets of randomly selected
reflectance values were measured, and the maximum, minimum, and average values, as
well as the standard deviation of the reflectance coefficient were recorded.

Carbon and oxygen isotope analysis was conducted using a MAT 253 Stable Isotope
Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), according to SY/T 5238-
2019. Based on the collected carbon isotope composition of CO2, the following equation can
be used to calculate the δ value: δ = [(Rsample/Rstandard) − 1] × 1000, where R can be either
18O/16O or 13C/12C. To determine the type of kerogen, we compare the relative Pee Dee
Belemnite (PDB) value with the known δ values of different kerogen types. Different types
of kerogens have specific ranges of carbon isotope compositions, allowing us to determine
the kerogen type of the sample through comparison.

3.4. Mineral Composition Analysis

The mineral composition experiment was carried out using a Smart Lab SE X-ray
Diffractometer (Rigaku, Tokyo, Japan), according to SY/T 5163-2018. The maximum power
of the X-ray generator was 3 kW. The scanning speed was 20◦ (2θ)/min. For whole-rock
minerals, the scanning range was from 3◦ to 45◦, while for clay minerals, the scanning
range was from 2.5◦ to 30◦. The data analysis software that was used was Rockquan and
Clayquan II, which allows for the quantitative calculation of the mineral composition.
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3.5. Pore Structure Analysis

The high-pressure mercury injection experiment was conducted using an AutoPore IV
9500 Porosity Analyzer (Micromeritics, Shanghai, China), according to GB/T 29171-2012.
The instrument had a maximum operating pressure of 60,000 psi (228 MPa), and the pore
size measurement range was from 5 nm to 1000 µm (3 nm to 300 µm). The correlation
between the pore size and applied pressure can be described by the Washburn equation,
which can be used to calculate the pore volume and specific surface area.

The N2 and CO2 adsorption experiment was performed using an ASAP 2460 Surface
Area and Pore Size Analyzer (Micromeritics, Norcross, GA, USA), according to SY/T
6154-1995 and GB/T 21650.3-2011, respectively. The N2 adsorption experiment required
approximately 1 g of powder with a particle size of approximately 200 mesh. After drying,
the sample needed to be degassed under vacuum for 24 h. Then, samples were placed
in the adsorption station and subjected to adsorption–desorption experiments within the
relative pressure range of 0.001 to 0.995. The experiment was conducted at a temperature
of 77.35 K (−195.8 ◦C), which was achieved using liquid nitrogen. The pressure range for
the experiment was from 0.1 KPa to 133 KPa. The pore size measurement range was from
0.926 nm to 500 nm, with an accuracy of ±0.02 nm. The obtained data were processed using
the Brunauer–Emmett–Teller (BET) model and the Barrett–Joyner–Halenda (BJH) model.
For CO2 adsorption experiments, the relative pressure range was from 0.001 to 0.018. The
pore size measurement range was from 0.402 nm to 0.926 nm, with an accuracy of ±0.02 nm.
The pore volume, specific surface area, and pore size distribution were processed using
the Dubinin–Astakhov (D-A), Dubinin–Radushkeyich (D-R), and density functional theory
(DFT) models.

4. Results
4.1. Shale Lithological and Mineralogical Characteristics

The Wufeng–Longmaxi shale formations in the study area are characterized by large
thickness, high TOC content, well-developed laminations and complex pore systems, mak-
ing it an ideal object for studying the development characteristics of deep shale. Figure 3
indicates that the lithology of the Wufeng Formation is mainly composed of silty mudstone
and black siliceous shale. The sedimentation in the Tiangongtang area is influenced by
bioturbation and does not develop laminae. Numerous clustered pyrite can be observed on
the surface of shale samples. The bottom of the Longmaxi Formation is composed of black
carbonaceous shale, with abundant fossils and well-developed laminations. The middle
section of the Longmaxi Formation consists of dark graptolite-rich shale, interbedded with
gray silty shale. The top section is characterized by gray-black silty mudstone and shale.

The mineral composition is closely related to the sedimentary environment, diagenesis,
and burial depth. Table 1 and Figure 4a show that shales in the study area are predomi-
nantly composed of clay minerals and quartz, with average contents of 33.7% and 32.6%,
respectively. The main composition of clay mineral is illite, with an average content of
68.6%, followed by a mixed layer of illite and smectite (I/S) and chlorite. Kaolinite has
been extensively transformed into illite and I/S. The average content of siliceous miner-
als is 39.4%, including biogenic quartz and siliceous organisms. The average content of
carbonate minerals is 26.9%, mainly derived from biological and chemical precipitation
during sedimentation. Based on the mineral composition, shale can be classified into four
major categories (siliceous shale, argillaceous shale, calcareous shale, and mixed shale) and
sixteen subcategories (Figure 4b). The dominant lithofacies in the target layer are argilla-
ceous/siliceous mixed shale lithofacies and argillaceous-rich siliceous shale lithofacies.
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Figure 3. Lithological characteristics of the typical samples in the study area. (a) N4, Layer 3, LM4-5,
black argillaceous-rich siliceous shale; (b) Y9, Layer 4, LM5-6, black argillaceous/siliceous mixed
shale; (c) Y8, Layer 5, LM6, gray black argillaceous/siliceous mixed shale; (d) L4, Layer 6, LM7, black
siliceous-rich argillaceous shale; (e) Y1, Layer 7, well-developed laminae, mixed shale; (f) L2, Layer 6,
indistinct laminae, argillaceous/carbonate mixed shale; (g) L11, Layer 1, well-developed laminae,
striped pyrite, mixed shale; (h) Y12, Wufeng, undeveloped laminae, abundant clustered pyrite,
argillaceous-rich calcareous shale; and (i) is an enlarged image of (h), showing the developmental
characteristics of bioturbation and cluster-type pyrite.

Table 1. Mineralogy composition of the Wufeng–Longmaxi Shale samples in study area.

Sample Stratum Depth (m) Quartz Feldspar Calcite Dolomite Pyrite Clay Kaolinite Illite Chlorite I/S *

L1 Layer 7 * 4053.42 28.8 10 2.9 13.1 6 39.2 2 84 13 1
L2 Layer 6 4058.05 17.4 4.5 18.2 19.7 4 36.2 4 64 9 23
L3 Layer 6 4064.29 11.9 2.6 63.6 8.2 1.1 12.6 0 64 0 36
L4 Layer 6 4072.31 27 7.1 8.5 13.7 2.7 41 0 85 14 1
L5 Layer 5 4078.24 35.1 7.2 7.3 10.6 3.4 36.4 0 89 7 4
L6 Layer 5 4085.03 29.9 15.9 7.8 11.1 2.9 32.4 0 87 12 1
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Table 1. Cont.

Sample Stratum Depth (m) Quartz Feldspar Calcite Dolomite Pyrite Clay Kaolinite Illite Chlorite I/S *

L7 Layer 4 4095.14 26.4 13 7.1 6.1 7.4 40 0 87 10 3
L8 Layer 3 4103.53 47.2 4.8 2 1.7 3.4 40.9 0 68 0 32
L9 Layer 2 4107.64 56.9 1.9 3.6 6.3 3.8 27.5 0 52 6 42

L10 Layer 2 4111.08 49.9 4 6.6 13.3 6.7 19.5 1 90 7 2
L11 Layer 1 4114.07 36.1 4.7 17.4 4.8 3.4 33.6 0 45 0 55
L12 Wufeng 4119.40 33.3 2.1 2 0.7 14 47.9 3 22 2 73
Y1 Layer 7 3846.34 29 8.3 8.6 12.2 2.2 39.7 3 75 21 1
Y2 Layer 6 3851.28 34 8.8 11.5 14.8 2.5 28.4 7 33 18 42
Y3 Layer 6 3852.53 27.4 10.9 23 17.1 2.3 19.3 0 74 20 6
Y4 Layer 6 3856.39 24.6 7.7 15.6 10.2 3.1 38.8 1 79 14 6
Y5 Layer 6 3860.28 26.7 5.9 13.4 6.5 3.2 44.3 0 67 18 15
Y6 Layer 6 3861.09 2.5 4.2 1 1.7 22.3 68.3 0 31 5 64
Y7 Layer 5 3862.89 27.3 5.4 12.5 11.3 4.3 39.2 0 44 15 41
Y8 Layer 5 3868.25 42.4 5.5 2.8 0 3.5 45.8 0 49 13 38
Y9 Layer 4 3875.43 32.7 8.6 10.3 9.9 3.4 35.1 8 55 22 15

Y10 Layer 3 3879.06 45.7 9.6 3.5 4.4 3 33.8 2 73 16 9
Y11 Layer 2 3882.35 30 3.6 5.5 12.8 34.3 13.8 2 81 16 1
Y12 Wufeng 3887.91 8.3 1.6 15.8 34.5 13.1 26.7 1 79 17 3
N1 Layer 5 2533.39 33.8 19.4 13.5 6 1.4 25.9 3 78 17 2
N2 Layer 5 2542.65 32.1 7.1 7.1 1.8 2.8 49.1 1 71 27 1
N3 Layer 4 2559.23 50.9 4.7 9.4 3.5 3.1 28.4 1 74 19 6
N4 Layer 3 2560.67 34 7.2 14 18 4 22.8 1 87 8 4
N5 Layer 3 2565.34 44.3 3.7 14.4 17 2.7 17.9 3 86 8 3
N6 Layer 2 2574.85 52 5 9.9 2.6 3.3 27.2 2 85 10 3

* Layer 7 is the seventh single layer of the first submember of Long1. I/S is the mixed layer of illite and smectite.
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4.2. Shale Sedimentary Environment
4.2.1. Paleoclimate

The paleoclimate can be studied using climate-sensitive elements and the chemical
index of alteration (CIA) [44]. Under dry climate conditions, atmospheric precipitation
decreases, and surface water evaporates extensively, resulting in the abundant precipi-
tation and deposition of elements such as Ca, Mg, K, Na, Sr, and Ba in the basin. Re-
searchers have utilized the Sr/Cu ratio for paleoclimate research. When Sr/Cu > 10, it
indicates an arid climate, while Sr/Cu < 10 represents a humid climate [45]. The CIA =
[Al2O3/(Al2O3 + Na2O + CaO* + K2O)] × 100, which can also reflect the extent of chemical
weathering. A CIA < 50 represents a low degree of weathering and a cold–arid climate.
A 50 < CIA < 65 indicates a moderate degree of weathering and a semiarid climate. A
65< CIA < 80 represents a moderate degree of weathering and a semihumid climate. A
CIA > 80 signifies a high degree of weathering and a humid climate. The results in Table 2
and Figure 5a indicate that the CIA values of the Wufeng–Longmaxi shale range from 63
to 79, with an average of 72.5. The intersection diagram of the CIA and Sr/Cu test results
suggests that the study area during the depositional period was generally characterized by
a moderately weathered semihumid climate.

Table 2. Major and trace elements analysis of the Wufeng–Longmaxi Shale samples in the study area.

Sample Depth
(m) MoEF UEF CIA Sr/Cu U/Th Sr/Ba Mn/Fe U

(ppm)
P

(%) P/Ti Al
(%)

Ti
(%)

Zr
(%)

L1 4053.42 13.90 3.16 72.38 5.76 0.84 0.21 0.007 15.85 0.11 0.17 14.41 0.60 152.84
L2 4058.05 5.68 0.80 69.33 15.23 0.26 0.13 0.027 2.60 0.15 0.30 9.35 0.49 164.29
L3 4064.29 19.19 2.77 67.73 15.63 0.62 0.28 0.020 3.41 0.08 0.50 3.53 0.16 55.91
L4 4072.31 7.42 1.82 76.22 5.76 0.70 0.25 0.07 10.37 0.10 0.20 16.31 0.50 95.29
L5 4078.24 6.25 1.40 76.14 4.68 0.70 0.23 0.004 7.18 0.12 0.23 14.73 0.51 52.02
L6 4085.03 7.84 1.75 75.09 4.61 0.73 0.25 0.04 7.51 0.11 0.27 12.31 0.41 30.90
L7 4095.14 7.87 2.27 72.67 35.47 0.65 0.30 0.08 10.13 0.10 0.19 12.79 0.50 102.30
L8 4103.53 20.40 2.99 70.28 1.75 1.09 0.04 0.006 13.70 0.12 0.18 13.14 0.65 93.20
L9 4107.64 36.85 3.98 71.27 1.57 1.75 0.05 0.005 13.06 0.12 0.27 9.41 0.43 60.65

L10 4111.08 45.20 10.41 72.11 4.80 2.33 0.35 0.009 24.00 0.10 0.34 6.62 0.29 56.20
L11 4114.07 55.48 10.19 70.07 3.74 4.57 0.11 0.013 38.56 0.10 0.17 10.87 0.56 101.92
L12 4119.40 10.86 1.46 73.30 1.94 0.56 0.04 0.004 6.90 0.05 0.09 13.58 0.59 184.26
Y1 3846.34 4.36 2.20 75.06 12.33 0.65 0.26 0.012 11.63 0.10 0.19 15.15 0.52 89.90
Y2 3851.28 6.99 3.64 71.53 9.88 0.82 0.17 0.017 17.23 0.12 0.20 13.60 0.61 189.90
Y3 3852.53 4.60 1.87 69.02 31.06 0.38 0.50 0.033 5.58 0.16 0.37 8.59 0.43 185.90
Y4 3856.39 7.93 3.08 73.58 13.94 0.89 0.27 0.018 13.93 0.13 0.30 12.98 0.45 103.90
Y5 3860.28 8.33 4.76 74.60 6.15 1.72 0.19 0.013 20.60 0.12 0.28 12.43 0.44 96.10
Y6 3861.09 8.37 1.88 79.09 7.74 0.36 0.09 0.004 13.58 0.11 0.10 20.75 1.09 907.69
Y7 3862.89 7.62 3.08 73.63 50.09 0.79 0.20 0.011 13.46 0.10 0.22 12.53 0.44 87.06
Y8 3868.25 6.38 1.83 74.07 2.78 0.83 0.13 0.005 9.26 0.09 0.17 14.50 0.51 69.90
Y9 3875.43 10.40 2.76 70.20 5.68 0.92 0.21 0.017 12.19 0.10 0.19 12.69 0.54 133.46
Y10 3879.06 33.94 6.70 71.54 2.93 1.98 0.15 0.008 17.86 0.08 0.29 7.65 0.29 47.75
Y11 3882.35 47.01 9.06 72.54 20.13 2.46 0.36 0.09 22.70 0.12 0.43 7.19 0.28 52.80
Y12 3887.91 7.28 1.97 73.89 9.86 0.31 0.51 0.012 5.80 0.01 0.04 8.47 0.42 140.10
N1 2533.39 3.21 1.35 72.68 7.27 0.38 0.94 0.006 7.12 0.09 0.15 15.20 0.62 163.78
N2 2542.65 3.97 1.28 74.91 5.13 0.42 0.60 0.005 7.39 0.09 0.15 16.53 0.62 75.10
N3 2559.23 14.63 3.35 74.69 4.06 1.03 0.75 0.006 12.83 0.10 0.25 10.99 0.40 56.18
N4 2560.67 18.30 4.00 73.31 4.86 1.06 0.80 0.005 12.32 0.09 0.26 8.85 0.35 61.67
N5 2565.34 29.87 7.29 70.17 7.20 1.50 1.41 0.012 21.10 0.08 0.21 8.31 0.39 83.80
N6 2574.85 50.79 12.67 69.14 14.39 2.31 2.09 0.036 22.50 0.05 0.19 5.10 0.25 71.30
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4.2.2. Paleoredox Conditions

The indicators for discriminating redox conditions in sedimentary water bodies in-
clude sedimentological features, such as pyrite and biological fossils, trace element geo-
chemical indicators, and certain biomarker compounds [47]. Due to the high degree of
shale evolution in Wufeng–Longmaxi, the biomarker test results may not accurately re-
flect the information in the sedimentary period. Previous studies have shown that V, Cr,
Ni, U, Th, Mo, etc. are redox sensitive elements in fine-grained sediments, and DOP,
U/Th, U/Mo, Ni/Co, V/Cr, V/(V + Ni), Ua, etc. are reliable indicators for determining
redox conditions [48–50]. The enrichment coefficient (XEF) can reflect the enrichment or
depletion of a certain trance element and is commonly used in discriminating the redox
environments. The calculation formula for the enrichment factor of X element is XEF =
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(X/Al)sample/(X/Al)ucc. The (X/Al)sample represents the ratio of the X content to Al
content in the sample, while the (X/Al)ucc comes from the standardized values of the upper
continental crust. The ratios of (Mo/Al)ucc and (U/Al)ucc are 0.19 and 0.35, respectively.
A XEF > 1 indicates enrichment of the X element. A XEF < 1 indicates depletion of the X
element [48]. The study primarily relies on MoEF-UEF synergistic curves supplemented
by U/Th results to characterize the redox conditions during the sedimentary period. The
results in Table 2 and Figure 5b indicate that the MoEF values range from 2.25 to 118.68,
with an average of 29.83, while the UEF values range from 0.60 to 40.47, with an average
of 6.88. The enrichment level of Mo is significantly higher than that of U. The MoEF/UEF
ratio ranges from 0.3 × SW to 3 × SW, the Wufeng and Layer4~Layer 7 indicate a weakly
restricted environment, while Layer1~Layer3 indicate a relatively strong restricted envi-
ronment. A U/Th >1.25 indicates an anoxic environment. A 0.75 < U/Th < 1.25 suggests
a suboxic environment. A U/Th < 0.75 presents an oxic environment. The average U/Th
ratio of the samples from Wufeng and Layer 4~Layer 7 is 0.64, indicating an oxic environ-
ment. The average U/Th ratio of the samples from Layer 1~Layer 3 is 2.29, indicating an
anoxic environment.

4.2.3. Paleowater Depth, Paleosalinity, and Paleoproductivity

The accumulation and dispersion of elements in sediments are closely related to the
paleo-water depth during the sedimentary period. Researchers often use the Mn/Fe ratio
and U content to determine water depth and water dynamic conditions during sedimentary
periods. Both of them are positively correlated with paleo-water depth. The results in
Table 2 indicate that the Mn/Fe ratios in the studied shale area range from 0.002 to 0.058,
while the U contents vary significantly between 1.7 and 61.1 ppm. Layer 1~Layer 3 show the
greatest depth with weaker energy conditions in water during deposition. The water depth
was relatively shallow during deposition of the Wufeng Formation and Layer 4~Layer 7,
with stronger energy conditions of the water. It is worth noting that elemental and ratio
analyses can only indicate relative changes in water depth. To reconstruct the specific
changes in paleo-water depth in the sedimentary basin, a comprehensive analysis concern-
ing geological background, sedimentary evolution, and changes in basin area, lithofaices
and biofacies is needed [51].

The Sr/Ba is an important method to reconstruct the paleosalinity. A Sr/Ba < 0.2
indicates a freshwater environment. A 0.2 < Sr/Ba < 0.5 indicates a brackish water environ-
ment. A Sr/Ba > 0.5 indicates a saltwater environment [52]. The results in Table 2 indicate
that the Sr/Ba values in the Wufeng–Longmaxi shales range from 0.04 to 1.54. Salinity
changes in water bodies are influenced by a variety of factors, including precipitation, sea
level changes, and biological activity. During the ice age (Upper Wufeng Formation), the
climate cooled, leading to the extinction of warm-water organisms, a decrease in rainfall,
and a drop in sea levels, resulting in an increase in salinity. After the ice age (Layer 1), the
climate warmed, causing glaciers to melt and sea levels to rise. This led to a flourishing of
planktonic organisms and a decrease in salinity.

Paleoproductivity plays an important role in organic matter enrichment and hydrocar-
bon generation potential. The contents and distribution characteristics of P in sediments
are closely related to the primary productivity of source rocks and the supply of organic
matter. The P/Ti can eliminate the influence of terrestrial detritus and better characterize
the nutrient status of water bodies [53]. The P/Ti ratios range from 0.035 to 0.503, with an
average of 0.206, which is higher than the average of 0.15 for marine shale, indicating high
productivity during the whole sedimentary period.
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4.3. Lamination Characterization
4.3.1. Composition, Texture and Structure of Lamina

Based on the composition, shale laminations can be divided into siliceous laminae,
clay laminae, calcareous laminae, and organic laminae. All four types of laminae are
developed in the Wufeng–Longmaxi shale, and their scale of development is closely related
to the corresponding mineral content. Siliceous laminae have a lighter color, appearing
white or grayish white in plane polarized light and pale yellow in perpendicular polarized
light. They are primarily composed of quartz, sodium feldspar, and small amounts of
calcite (Figure 6a,b). The siliceous laminae primarily exhibit a continuous parallel plate-like
distribution, with boundaries distinct from those of the other laminae. Local occurrences of
parallel microfractures can be observed (Figure 6b,e). The clay laminae have a relatively
dark color, appearing dark gray in plane polarized light and brown in perpendicular polar-
ized light (Figure 6e,f). The main components of the laminae are clay minerals, primarily
consisting of chlorite and illite. The clay laminae are primarily characterized by a parallel
plate-like distribution, with a small amount exhibiting a continuous or discontinuous paral-
lel wavy pattern. The interfaces between the laminae are relatively indistinct, and there are
no developed internal fractures. The clay laminae are often closely interbedded with other
laminae. The calcareous laminae have a color that ranges between that of the siliceous and
clay laminae, i.e., light gray or gray in plane polarized light and yellow in perpendicular
polarized light. The main components of the calcareous laminae are calcite and dolomite.
The calcareous laminae are mostly characterized by a continuous parallel plate-like dis-
tribution, with poor clarity at the interfaces between the laminae. Previous studies have
shown that when magnified to the nanometer scale, local transverse fractures and biogenic
debris such as graptolites and radiolaria can be observed (Figure 6h). The organic laminae
appear black under both plane-polarized light and perpendicular polarized light. They
exhibit a continuous parallel plate-like distribution with distinct boundaries. Sometimes,
they are found in association with siliceous and clay minerals (Figure 6b–d). The Wufeng
Formation is influenced by disturbance, resulting in a blocky profile. It contains abundant
pyrite and biogenic debris, such as radiolaria, in some areas (Figure 6g–i).

According to particle size, we classify the laminae that are primarily composed of
particles with diameters <31.2 µm as argillaceous laminae (with an argillaceous particle
content >50%) [26]. Similarly, the laminae that are mainly composed of particles with
diameters ranging from 31.2 µm to 62.5 µm are classified as silty laminae (with a silty
particle content >50%). Argillaceous laminae have a darker color and are often referred
to as dark laminae, while silty laminae have a lighter color and are commonly referred to
as light laminae (Figure 6). Microscopic observations and statistical analysis reveal that
the lower part of the Wufeng Formation in the study area exhibits a massive shale texture
with poorly developed laminae. Toward the top, there are thin silty laminae, with an
average silty particle content of 67.5%. Layer 1~Layer 3 are primarily characterized by
the development of argillaceous laminae, with an average argillaceous particle content
of 62.5%. In areas with greater burial depths, Layer 4 is primarily characterized by the
development of silty laminae, with a silty particle content of 51.7%. In areas with shallower
burial depths, Layer 4 is mainly composed of argillaceous laminae, with an argillaceous
particle content of 62.9%. The characteristics of Layer 5~Layer 7 development are the
most complex, with frequent alternations between argillaceous laminae and silty laminae.
However, from bottom to top, the degree of silty laminae development gradually increases.
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Figure 6. Characteristics of laminae development in the study area. (a) N6, Layer 3, 4 cm × 4 cm slice,
perpendicular polarized light, argillaceous-rich siliceous shale, and the laminae are highly developed
and exhibit a continuous parallel plate-like distribution; (b) is an enlarged image of (a), showing
a 1.2 mm-wide calcareous lamina, and organic matter coexists with siliceous minerals, forming an
organic matter-siliceous laminaset; (c) is an enlarged image of (b), in which white quartz, black
organic matter, carbonate minerals and clay matrix can be observed; (d) schematic diagram of the
characteristics of laminae development; (e) Y1, Layer 7, 4 cm × 4 cm slice, perpendicular polarized
light, mixed shale, and laminae are developed and exhibit a continuous parallel plate-like distribution;
(f) is an enlarged image of (e), in which organic matters coexist with clay minerals, and quartz and
calcite are observed; (g) is an enlarged image of (h), demonstrating the impact of bioturbation on
the development of lamination; (h) Y12, Wufeng, 4 cm × 4 cm slice, perpendicular polarized light,
homogeneous argillaceous-rich calcareous shale, with developed pyrite; and (i) is also an enlarged
image of (g), with developing pyrite and clay matrix, and biofossils and debris, such as radiolarians,
can be observed.
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4.3.2. Composition, Texture and Structure of the Laminaset

A laminaset is formed by the integration of two or more laminae with similar mineral
compositions, structures, and geometric relationships. The thicknesses generally range
from a few millimeters to several centimeters [54]. If the proportion of argillaceous laminae
is greater than 50%, it is classified as an argillaceous laminaset; otherwise, it is classified as
a silty laminaset (Figure 7). In Wufeng–Longmaxi, the thickness of argillaceous laminaset
development is generally greater than that of silty laminasets. The argillaceous laminasets in
Layer 1~Layer 3 have the greatest thickness, averaging 0.28 cm, which is twice the thickness
of Layer 5~Layer 7. The average thickness of silty laminasets in Layer 4~Layer 7 is 0.13 cm,
which is generally higher than the thickness of Layer 1~Layer 3. Both the argillaceous
laminasets and silty laminasets show good overall continuity, mostly occurring as plate-like
parallel distributions (Figure 7a). In some samples, the laminasets are discontinuously
distributed or exhibit a curved distribution (Figure 7b).
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argillaceous/carbonate mixed siliceous shale that is the silty-argillaceous transitional type, with 
more developed argillaceous laminae, and the boundaries between laminasets are clear. 

Figure 7. Characteristics of laminaset development in the study area. (a) L6, Layer 5, argilla-
ceous/siliceous mixed shale, and the laminae are highly developed and exhibit a continuous parallel
plate-like distribution; (b) Y1, Layer 7, mixed shale, with developed laminae that are the silty-
argillaceous interbedded type, and local laminae exhibit a curved shape; (c) L8, Layer 3, argillaceous-
rich siliceous shale, with a thick argillaceous laminaset and a normally graded laminaset; (d) Y1,
Layer 7, 4 cm × 4 cm slice, perpendicular polarized light, mixed shale that is the silty-argillaceous
interbedded type, with more developed silty laminae, and the boundaries between laminasets are
blurry; and (e) L10, Layer 2, 4 cm × 4 cm slice, perpendicular polarized light, argillaceous/carbonate
mixed siliceous shale that is the silty-argillaceous transitional type, with more developed argillaceous
laminae, and the boundaries between laminasets are clear.
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According to the stacking relationships and grain size characteristics, the laminasets
are classified into three types: silty-argillaceous transitional type, silty-argillaceous in-
terbedded type, and homogeneous type. These different types of combinations of lamina
reflect changes in sedimentary conditions, including fluctuations in sedimentary energy
and changes in the sediment supply. The silty-argillaceous transitional type is typically
associated with turbidity currents, density flows, bottom currents, and periodic climatic
variations [24]. The grain size in the normally graded laminaset decreases from bottom to
top (Figure 7c,e), while the grain size in the reverse graded laminaset increases from bottom
to top. They are mainly developed in Layer 2~Layer 3, exhibiting a continuous parallel
plate-like distribution. Typically, the lower interfaces are clear, while the upper surfaces
are relatively blurred, indicating a period of weak hydraulic processes and low input of
terrestrial clastic sediments. The silty-argillaceous interbedded type consists of frequent
alternations between thin argillaceous laminae and silty laminae. They often exhibit a con-
tinuous parallel plate-like distribution and have distinct differences in brightness, making
their interfaces clear and distinguishable (Figure 7a,b,d). This type is primarily developed
in Layer 4~Layer 7, indicating an increase in hydraulic conditions during the depositional
period and an influx of terrestrial clastic sediments. The homogeneous type refers to a
relatively uniform combination of lamina throughout the rock formation, without obvious
layering or transitions. It occurs in the Wufeng Formation and is associated with rapid
settling, suspension settling, bioturbation, and postdiagenetic processes [28].

4.4. Shale Reservoir Characterization
4.4.1. Organic Geochemical Characteristics

The results in Table 3 indicate that the TOC contents of the Wufeng–Longmaxi shale
in the study area range from 0.78% to 6.46%, with an average of 3.09%. The shale exhibits a
high organic abundance, suggesting a favorable source for potential hydrocarbon genera-
tion. The average TOC content of the Wufeng shale is 2.13%, which is lower than the 3.16%
observed in Longmaxi. The δ13C values of the samples are less than −28‰, indicating the
kerogen is Type I, and the hydrocarbon source material mainly comes from algal deposits
and planktons, with a significant hydrocarbon generation potential. The Ro values of the
samples are distributed between 2.39% and 2.66%, with an average of 2.56%. Kerogens are
in the highly mature to overmature stage, indicating a predominant production of dry gas.

Table 3. Organic geochemical test results and porosity of the Wufeng–Longmaxi Shale samples.

Sample Depth (m) TOC (wt.%) Ro (%) δ13C (‰) Type * Porosity (%)

L1 4053.42 1.84 2.48 −30.0 I 4.65
L2 4058.05 2.39 2.39 −27.7 II1 5.23
L3 4064.29 0.78 2.51 −29.9 I 6.67
L4 4072.31 2.33 2.49 −29.9 I 6.15
L5 4078.24 2.50 2.48 −29.8 I 6.20
L6 4085.03 2.97 2.47 −29.2 I 6.03
L7 4095.14 2.12 2.50 −29.6 I 4.51
L8 4103.53 4.69 2.45 −29.8 I 6.15
L9 4107.64 4.77 2.45 −30.4 I 6.85
L10 4111.08 5.49 2.54 −30.3 I 6.27
L11 4114.07 6.46 2.45 −30.2 I 6.38
L12 4119.4 2.22 2.39 −30.7 I 3.53
Y1 3846.34 2.11 2.61 −29.9 I 3.40
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Table 3. Cont.

Sample Depth (m) TOC (wt.%) Ro (%) δ13C (‰) Type * Porosity (%)

Y2 3851.28 2.89 2.64 −29.2 I 5.54
Y3 3852.53 3.14 2.63 −27.9 II1 3.59
Y4 3856.29 0.95 2.64 −29.9 I 2.34
Y5 3860.28 3.07 2.66 −30.0 I 1.91
Y6 3861.09 0.83 2.62 −30.4 I 2.44
Y7 3862.89 2.75 2.62 −30.2 I 4.52
Y8 3868.25 2.91 2.61 −29.8 I 5.21
Y9 3875.43 2.97 2.60 −29.9 I 4.11
Y10 3879.06 5.77 2.63 −30.5 I 7.12
Y11 3882.35 5.10 2.60 −30.5 I 6.15
Y12 3887.91 2.03 2.65 −30.3 I 4.31
N1 2533.39 1.47 2.58 −28.8 I 3.79
N2 2542.62 2.20 2.59 −29.3 I 6.08
N3 2559.23 3.72 2.61 −30.2 I 6.63
N4 2560.67 3.76 2.65 −30.3 I 6.15
N5 2565.34 4.50 2.56 −30.5 I 6.80
N6 2574.85 3.86 2.64 −29.8 I 6.74

* Type-I with δ13C less than −28‰, type-II1 with δ13C of −28‰-−26.5‰, type-II2 with δ13C of −26.5‰-−25‰,
and type-III with δ13C more than −25‰.

4.4.2. Porosity

The shale reservoir capability and shale gas occurrence primarily depend on the
properties of the reservoir space, including porosity, pore type, and the characteristics of
pore structure development [21]. The shale porosity values of Longmaxi in the study area
range from 1.91% to 7.12%, with an average of 5.18%. The average porosities of wells L
and Y are 5.72% and 4.22%, respectively, which are slightly lower than that of well N (with
an average of 6.03%). This difference could be attributed to their greater burial depth and
more intense compaction effects.

4.4.3. Pore Type

The observations reveal that the Wufeng–Longmaxi shale in the study area primarily
contains organic matter pores, inorganic pores, and microfractures. Furthermore, there
are certain differences in the type and degree of development of pores between deep
and shallow shales. Organic matter pores developed within organic matter were usually
formed during the processes of kerogen hydrocarbon generation and bitumen cracking [55].
Samples with a high TOC content usually have more developed organic matter, which is
widely distributed between inorganic minerals in the form of clusters, stripes, or irregular
shapes (Figure 8a,b). In some samples with a lower organic matter content, only sporadic
organic matter fragments or irregularly shaped organic matter are observed, and organic
matter pores are not developed (Figure 8b,c). Due to the high thermal maturity of kerogen,
organic matter pores related to hydrocarbon generation and expulsion can be observed in
most samples of the Longmaxi Formation (Figure 8d,h). These organic matter pores are
mostly bubble-shaped or elliptical, and some densely developed small pores are intercon-
nected to form large pores or more complex network systems, enhancing the heterogeneity
(Figure 8e). Abundant, closely arranged, needle-like or honeycomb-shaped bitumen pores
can also be observed in the bitumen (Figure 8f,g).
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distributed pores in organic matter; (d) Y11, irregular-shaped bitumen with numerous organic 
matter pores; (e) Y9, TOC = 2.97%, Ro = 2.6%, elliptical-shaped organic matter pores; (f) L5, TOC = 
2.59%, Ro = 2.46%, bubble-shaped organic matter pores, with small pores interconnected to form a 
complex pore network, and shrinkage fractures at the edges between organic matter and minerals; 
(g) L5, organic matter fills the interstitial pores between pyrite crystals and develops internal 
elliptical-shaped organic matter pores; and (h) is an enlarged image of (d), showing bubble-shaped 
organic matter pores related to hydrocarbon generation and expulsion. 
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there is a significant development of numerous sheet-like, layered, or irregularly shaped 
inorganic pores (Figures 9c,d). The diverse structures contribute to an increased specific 
surface area of shale, which is beneficial for gas adsorption. Intragranular pores mainly 
include intercrystalline pores and dissolution pores. The most typical intercrystalline 
pores observed in the study developed between clustered pyrite grains in argillaceous 
lamina-rich shale (Figures 9e,f), exhibiting angular shapes. Some of these pores may be 
filled with organic matter or other minerals (Figure 8g). Dissolution pores are formed by 
the dissolution of soluble minerals by corrosive fluids and are commonly found within 
feldspar and carbonate mineral particles in silty lamina-rich shale (Figure 9g). 
Microfractures are primarily distributed within or at the edges of mineral particles, often 
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gas. The widths of these fractures range from nanometers to micrometers, with lengths 
extending from a few micrometers to several hundred micrometers (Figures 9h,i). 

Figure 8. Characteristics of organic matter and organic matter pores in the Wufeng–Longmaxi
shale. (a) Y11, TOC = 5.32%, Ro = 2.6%, striped organic matter derived from graptolites; (b) Y4,
TOC = 0.96%, irregular-shaped organic matter; (c) is an enlarged image of (b), showing sporadically
distributed pores in organic matter; (d) Y11, irregular-shaped bitumen with numerous organic matter
pores; (e) Y9, TOC = 2.97%, Ro = 2.6%, elliptical-shaped organic matter pores; (f) L5, TOC = 2.59%,
Ro = 2.46%, bubble-shaped organic matter pores, with small pores interconnected to form a complex
pore network, and shrinkage fractures at the edges between organic matter and minerals; (g) L5,
organic matter fills the interstitial pores between pyrite crystals and develops internal elliptical-
shaped organic matter pores; and (h) is an enlarged image of (d), showing bubble-shaped organic
matter pores related to hydrocarbon generation and expulsion.

Inorganic pores are the most important components of the shale reservoir space,
and they mainly include intergranular pores and intragranular pores (Figure 9b). Their
formation and preservation are controlled by multiple factors, such as the sedimentary
environment, mineral composition, burial depth, diagenesis, and tectonic activity. In-
tergranular pores develop at the edges of mineral particles (Figure 9a), especially at the
edges of minerals with the ability to resist compaction. Generally, intergranular pores
tend to decrease with increasing burial depth [56]. Within or at the edges of clay minerals,
there is a significant development of numerous sheet-like, layered, or irregularly shaped
inorganic pores (Figure 9c,d). The diverse structures contribute to an increased specific
surface area of shale, which is beneficial for gas adsorption. Intragranular pores mainly
include intercrystalline pores and dissolution pores. The most typical intercrystalline
pores observed in the study developed between clustered pyrite grains in argillaceous
lamina-rich shale (Figure 9e,f), exhibiting angular shapes. Some of these pores may be filled
with organic matter or other minerals (Figure 8g). Dissolution pores are formed by the
dissolution of soluble minerals by corrosive fluids and are commonly found within feldspar
and carbonate mineral particles in silty lamina-rich shale (Figure 9g). Microfractures are
primarily distributed within or at the edges of mineral particles, often appearing as narrow
cracks, serving as significant pathways for the migration of oil and gas. The widths of
these fractures range from nanometers to micrometers, with lengths extending from a few
micrometers to several hundred micrometers (Figure 9h,i).
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L4, mixed shale, with clay mineral pores; (e) schematic diagram of intercrystalline pores in pyrite 
and organic matter pores filled in pyrite; (f) L9, intercrystalline pores in clustered pyrite; (g) L1, 
dissolved pores in dolomite; (h) L12, microfractures within minerals; and (i) L5, microfractures 
developed along the edges between organic matter and minerals. 
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specific surface area (SSA), and pore size distribution (PSD). As shown in Figure 10a, the 
CO2 adsorption capacity of argillaceous lamina-rich shale is generally greater than that of 

Figure 9. Characteristics of inorganic pores and microfractures in the Wufeng–Longmaxi shale. (a) L1,
argillaceous/siliceous mixed shale, intergranular pores, intragranular pores and microfractures; (b)
schematic diagram of intergranular pores and intragranular pores; (c) L8, clay mineral pores; (d) L4,
mixed shale, with clay mineral pores; (e) schematic diagram of intercrystalline pores in pyrite and
organic matter pores filled in pyrite; (f) L9, intercrystalline pores in clustered pyrite; (g) L1, dissolved
pores in dolomite; (h) L12, microfractures within minerals; and (i) L5, microfractures developed along
the edges between organic matter and minerals.
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4.4.4. Pore Structure

Shale pore structure characterization includes the pore type, pore volume (PV), specific
surface area (SSA), and pore size distribution (PSD). As shown in Figure 10a, the CO2
adsorption capacity of argillaceous lamina-rich shale is generally greater than that of silty
lamina-rich shale, indicating a larger micropore space. The N2 adsorption–desorption
isotherms of samples belong to type IV (Figure 10d), indicating the presence of both
small pores and large pores. In its 2015 report, the IUPAC updated the classification of
hysteresis loops, expanding H1-H4 types to H1, H2(a), H2(b), H3, H4, and H5 [57,58]. These
types represent open cylindrical pores, ink bottle-shaped pores with narrow necks, ink
bottle-shaped pores with wide necks, parallel plate-like pores, layered slit-like pores, and
materials with partially blocked pores, respectively (Figure 10e). As shown in Figure 10b,
the hysteresis loop of the argillaceous lamina-rich shale sample exhibits an H2(b)-H3-H4
type, indicating the development of ink bottle-shaped and slit-shaped pores and suggesting
a more complex pore structure. The hysteresis loop type of the silty lamina-rich shale
is mainly H3-H4, with some adsorption–desorption curves almost overlapping and a
narrow hysteresis loop. Plate-like and layered pores are conducive to gas adsorption and
accumulation but are not favorable for gas permeation and diffusion. According to Chen
et al.’s [14] classification scheme research (Figure 10f), the mercury intrusion curves of
argillaceous lamina-rich shale mainly indicate type I and type II (Figure 10c). The initial
stage of type I shows a convex or horizontal shape, indicating the development of small and
medium pores. The significant volume difference between the intrusion–extrusion curve
indicates a large number of open pores and good pore connectivity, which is conducive to
the desorption, diffusion, and permeation of shale gas, representing favorable reservoirs for
shale gas exploration and production. The mercury intrusion curves of the silty lamina-rich
shale are mainly type II, indicating the development of a certain amount of open-type
micropores in the pore system.

For the fine characterization of the shale pore structure, research combines gas adsorp-
tion and high-pressure mercury intrusion experimental test results through mathematical
methods to obtain the pore size distribution curve (Figures 11a and 12). The results
in Table 4 show that the average shale pore volumes in Well L, Well Y and Well N are
0.031509 cm3/g, 0.025558 cm3/g and 0.029146 cm3/g, respectively. In shale samples, meso-
pores have the largest contribution to the total pore volume (51.3%), followed by micropores
(21.4%) and macropores (27.3%) (Figure 11c). The average shale specific surface areas in in
Well L, Well Y and Well N are 16.9580 m2/g,18.7379 m2/g and 15.2355 m2/g, respectively.
Different from the distribution of pore volume, micropores are the absolute contributor to
the specific surface area (79.7%), followed by mesopores (20.1%). However, macropores
can be neglected (0.2%) (Figure 11d).

In this study, the PSD pattern of shale reservoirs is shown by the incremental pore
volume distribution curve (Figures 11b and 12). In Figure 12a, the PSD curve of argilla-
ceous lamina-rich shale exhibits a bimodal distribution, with the main peaks occurring
at 30 nm to 50 nm and 50,000 nm. The corresponding average pore volume increments
are 0.0032 cm3/g and 0.0044 cm3/g, indicating that the range of large pore development
is relatively concentrated. The small pores within the dashed line exhibit a multimodal
distribution, suggesting that the range of small pore development is relatively dispersed.
In Figure 12b, the silty lamina-rich shale exhibits a “nontypical” unimodal distribution,
with the main peak position offset toward a larger pore size of 100,000 nm. The increment
of pore volume is 0.0038 cm3/g, including some microfractures. The small pores within
the dashed line exhibit a bimodal pattern of development, with the main peaks occurring
at 1.2 nm and 30 nm. The study found that, compared to the peak of large pores, the peaks
of micropores and mesopores better reflect the degree of concentrated development within
their respective pore size ranges. This is because the peak of large pores may be influenced
by a few extremely developed pores. For example, the volume of a single large pore may
be equivalent to the sum of the volumes of multiple small pores. Although they have the
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same numerical value, the degree of pore development that they reflect can be different
(Figure 11a).
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Figure 10. Gas adsorption and high-pressure mercury intrusion curves in the Wufeng–Longmaxi
shale. (a) CO2 adsorption curve; (b) N2 adsorption–desorption curve; (c) mercury intrusion–extrusion
curve; (d) classification of N2 adsorption curves; (e) classification of the N2 adsorption isotherm
and hysteresis loops, modified from Thommess et al. [58]; and (f) classification of mercury intrusion
curves, modified from Chen et al. [14].
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Figure 11. Pore structure differences between argillaceous lamina-rich shale and silty lamina-rich
shale. (a) Incremental curves and (b) cumulative curves of pore volume, indicating that the pore
volume of argillaceous lamina-rich shale is more developed; (c) development of pore volume and
(d) specific surface area, with micropores and mesopores dominating.

Table 4. Micropore, mesopore, and macropore structure parameters of the Wufeng–Longmaxi Shale
samples in the study area determined by gas adsorption and MICP techniques.

Sample Stratum
Pore Volume (cm3/g) Specific Surface Area (m2/g) Average

Diameter
Calc. (nm) *Micro- Meso- Macro- Total- Micro- Meso- Macro- Total-

L1 Layer 7 0.004394 0.006970 0.006852 0.018216 9.7281 1.4156 0.0147 11.1584 13.06
L2 Layer 6 0.005169 0.006604 0.007954 0.019727 7.2450 1.8512 0.0202 9.1164 17.31
L3 Layer 6 0.001121 0.004450 0.002496 0.008067 1.8461 0.8937 0.0070 2.7468 23.49
L4 Layer 6 0.006312 0.029297 0.009684 0.045293 15.4559 4.6514 0.0238 20.1311 18.00
L5 Layer 5 0.005813 0.037259 0.019000 0.062072 14.8734 5.6982 0.0562 20.6278 24.07
L6 Layer 5 0.006395 0.042861 0.007027 0.056283 16.6959 6.5621 0.0223 23.2803 19.34
L7 Layer 4 0.006072 0.036185 0.002793 0.045050 15.8564 5.6636 0.0226 21.5426 16.73
L8 Layer 3 0.008359 0.013547 0.006744 0.028650 18.3527 3.8114 0.0173 22.1814 10.33
L9 Layer 2 0.008017 0.011194 0.006128 0.025339 17.2312 3.1563 0.0108 20.3983 9.94
L10 Layer 2 0.006741 0.012880 0.005427 0.025048 16.3583 2.0632 0.0143 18.4358 10.87
L11 Layer 1 0.009439 0.010365 0.006788 0.026592 21.0543 3.6673 0.0165 24.7381 8.60
L12 Wufeng 0.004251 0.010886 0.002631 0.017768 6.4607 2.5994 0.0786 9.1387 15.55
Y1 Layer 7 0.004286 0.006778 0.005712 0.016776 9.8072 1.5613 0.0129 11.3814 11.79
Y2 Layer 6 0.006863 0.016429 0.010876 0.034168 12.8901 3.6762 0.0286 16.5949 16.47
Y3 Layer 6 0.005306 0.006115 0.006999 0.018420 11.7375 1.4447 0.0076 13.1898 11.17
Y4 Layer 6 0.005335 0.013857 0.006762 0.025954 8.2890 2.8317 0.0193 11.1400 18.64
Y5 Layer 6 0.006653 0.016561 0.011081 0.034295 12.5641 3.6381 0.0292 16.2314 16.90
Y6 Layer 6 0.002756 0.016110 0.005919 0.024785 6.7489 2.5680 0.0228 9.3397 21.23
Y7 Layer 5 0.005673 0.015016 0.008963 0.029652 9.4504 3.3705 0.0245 12.8454 18.47
Y8 Layer 5 0.006994 0.016574 0.007369 0.030937 13.2551 3.7914 0.0173 17.0638 14.50
Y9 Layer 4 0.006448 0.013860 0.005416 0.025724 10.9667 3.2849 0.0145 14.2661 14.43
Y10 Layer 3 0.006825 0.010516 0.005154 0.022495 15.6228 3.0951 0.0200 18.7379 9.60
Y11 Layer 2 0.005503 0.017860 0.006686 0.030049 13.7423 3.2148 0.0370 16.9941 14.15
Y12 Wufeng 0.003528 0.005070 0.004839 0.013437 7.6098 1.0386 0.0059 8.6543 12.42
N1 Layer 5 0.003357 0.005250 0.008719 0.017326 7.7272 1.1955 0.0221 8.9448 15.50
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Table 4. Cont.

Sample Stratum
Pore Volume (cm3/g) Specific Surface Area (m2/g) Average

Diameter
Calc. (nm) *Micro- Meso- Macro- Total- Micro- Meso- Macro- Total-

N2 Layer 5 0.005889 0.036628 0.007631 0.050148 14.6001 5.7367 0.0147 20.3515 19.71
N3 Layer 4 0.005078 0.020105 0.006739 0.031922 12.6159 3.1105 0.0317 15.7581 16.21
N4 Layer 3 0.005409 0.007960 0.007014 0.020383 12.0128 2.0670 0.0194 14.0992 11.57
N5 Layer 3 0.006078 0.007982 0.012001 0.026061 13.6519 2.1651 0.0330 15.8500 13.15
N6 Layer 2 0.005625 0.017855 0.005558 0.029038 13.8196 2.5746 0.0153 16.4095 14.16

* Diameter Calc. = diameter calculated by Equation (4Vp/As) × 2, where Vp = total pore volume of the shale, and
As = total specific surface area of the shale.
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(b) pore size distribution of silty lamina-rich shale, with a multimodal characteristic.

5. Discussion
5.1. Influence of Lamination on Shale Reservoir Properties
5.1.1. Comparison between Argillaceous Lamina-Rich Shale and Silty Lamina-Rich Shale

As mentioned in the Results, there are significant differences in hydrocarbon genera-
tion ability, pore development characteristics, and reservoir properties between argillaceous
lamina-rich shale and silty lamina-rich shale. As shown in Figure 13a, the average TOC
content of the argillaceous lamina-rich shale is 3.88%, which is higher than the 2.05%
observed in the silty lamina-rich shale. High TOC content promotes the development of
organic matter pores, which is beneficial for the adsorption and storage of shale gas. The
average quartz content in argillaceous lamina-rich shale is 37.5%, which is significantly
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higher than that of silty lamina-rich shale (with an average of 26.2%), indicating better
fracturability. The average carbonate minerals content in silty lamina-rich shale is 30.3%,
making it more prone to natural fracturing or dissolution. As shown in Figure 4b, the
argillaceous lamina-rich shales have similar lithofacies types, with high silica content, while
the lithofacies types of the silty lamina-rich shale are diverse.

Minerals 2024, 14, x FOR PEER REVIEW 27 of 40 
 

 

bottle-shaped and slit-shaped pores, suggesting a more complex pore structure. The 
mercury intrusion curve of the silty lamina-rich shale indicates the development of a 
certain amount of open-type micropores. The PV and SSA of argillaceous lamina-rich 
shale are generally larger than that of silty lamina-rich shale (Figure 13b). The PSD curve 
of argillaceous lamina-rich shale exhibits a bimodal distribution. The development range 
of large pores is relatively concentrated, while the development range of small pores is 
relatively dispersed. The PSD curve of silty lamina-rich shale exhibits a “nontypical” 
unimodal distribution. A large number of microfractures are developed in shale. 
Comparisons show that the argillaceous lamina-rich shales developed in anoxic reduction 
environments usually have higher TOC content, porosity, PV, SSA, and more developed 
organic matter pores. They have an improving effect on shale reservoir properties. 

 
Figure 13. Comparison between argillaceous lamina-rich shale and silty lamina-rich shale in the 
study area. (a) Comparison of TOC, Ro, porosity and mineral composition; (b) comparison of pore 
volume and specific surface area. 

  

Figure 13. Comparison between argillaceous lamina-rich shale and silty lamina-rich shale in the
study area. (a) Comparison of TOC, Ro, porosity and mineral composition; (b) comparison of pore
volume and specific surface area.



Minerals 2024, 14, 171 26 of 37

The porosity of the argillaceous lamina-rich shale is higher than that of the silty
lamina-rich shale. The porosities of the argillaceous lamina-rich shale in Layer 1~Layer 3 are
generally greater than 6%, which may be related to their higher brittle mineral contents. The
hysteresis loop of the argillaceous lamina-rich shale indicates the development of ink bottle-
shaped and slit-shaped pores, suggesting a more complex pore structure. The mercury
intrusion curve of the silty lamina-rich shale indicates the development of a certain amount
of open-type micropores. The PV and SSA of argillaceous lamina-rich shale are generally
larger than that of silty lamina-rich shale (Figure 13b). The PSD curve of argillaceous
lamina-rich shale exhibits a bimodal distribution. The development range of large pores is
relatively concentrated, while the development range of small pores is relatively dispersed.
The PSD curve of silty lamina-rich shale exhibits a “nontypical” unimodal distribution.
A large number of microfractures are developed in shale. Comparisons show that the
argillaceous lamina-rich shales developed in anoxic reduction environments usually have
higher TOC content, porosity, PV, SSA, and more developed organic matter pores. They
have an improving effect on shale reservoir properties.

5.1.2. Main Factors Influencing the Development of Shale Pores

Factors such as the organic matter content, clay mineral composition, diagenesis,
lithology and texture, tectonic activity, thermal history, and water saturation interact
in complex ways and ultimately influence the storage and flow of fluids within shale
reservoirs. Previous studies have shown that the TOC content and mineral composition are
the most important factors influencing the shale pore structure. Shales with higher TOC
and appropriate maturity tend to have more abundant and well-developed pores.

As shown in Figure 14a,c, the TOC content in samples from Wufeng–Longmaxi is pos-
itively correlated with micro-PV and micro-SSA, especially in Well L where the correlation
coefficient exceeds 0.75 (Figure 14a). The TOC content also has a certain promoting effect on
the meso-PV, total PV, and total SSA (Figure 14b,c). In contrast, TOC is not closely related to
the development of macropores. Among the minerals, quartz, clay, and carbonate minerals
have a more pronounced impact on the pore structure. The quartz content of the samples
is negatively correlated with Zr, indicating that quartz is primarily of biogenic origin and
is less influenced by terrigenous detritus. Quartz shows a positive correlation with TOC
(Figure 14d), indicating a positive influence on pore development (Figure 14d–f). However,
there is no correlation between clay and carbonate minerals and TOC, and there may even
be a weak negative correlation (R2 < 0.1). Clay minerals have a significant development of
intergranular and intercrystalline pores, which play a promoting role in pore development.
However, in this study, the correlation between the clay mineral content and pore volume
is not high (Figure 14g). In addition to being influenced by shale heterogeneity, this result
may also be related to the composition of clay minerals and diagenesis. The type and
abundance of clay minerals in shales can affect pore development. Certain clay minerals,
such as illite and chlorite, may contribute to the formation of interparticle or intercrystalline
pores [11]. Diagenetic processes, including compaction, cementation, and fracturing, can
significantly impact pore development in shales. Overburden pressure and mineral precip-
itation may reduce porosity [14]. This argument explains the observation that there is a
low correlation between the clay mineral content and pore structure in deeply buried shale
(Figure 14g,h), while there is a significant positive correlation between the clay mineral
content and meso-PV and meso-SSA in shallowly buried shale (Figure 14g,h). The high
content of carbonate minerals has an inhibitory effect on pore development (Figure 14i),
indicating that the contribution of dissolution pores to pore structure is limited.
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Figure 14. Relationships between the pore structure, TOC, and mineral composition of the Wufeng–
Longmaxi shale in the study area. Images show a clear positive correlation between TOC and
pore volume. The content of quartz and clay minerals has a promoting effect on pore structure.
(a) Relationship between TOC content and micro-PV; (b) relationship between TOC content and PV;
(c) relationship between TOC content and SSA; (d) relationship between TOC content and quartz
content; (e) relationship between quartz content and micro-PV; (f) relationship between quartz
content and total PV; (g) relationship between clay mineral content and PV; (h) relationship between
clay mineral content and SSA; (i) relationship between carbonate mineral content and total PV.

5.2. Sedimentary Characteristics and Patterns of Variation

During the early deposition of the Longmaxi Formation, the entire Upper Yangtze
region mainly developed deep-water shelf facies, characterized by black organic-rich
shales. As the sedimentary environment transitioned from semideep-water shelf facies and
shallow-water shelf facies to shoreline facies, the Longmaxi Formation gradually developed
muddy sandstone, siltstone, and sandstone [59]. In this study, we used lithology and major
and trace element analysis results to reconstruct the paleoredox conditions, water dynamic
features, and productivity characteristics of the Wufeng–Longmaxi shale during deposition.
During the sedimentation process, significant changes occurred in lamina characteristics
and reservoir properties. To meet practical production requirements, this study further
subdivided Layer 4 into Layer 4~Layer 7 based on the previous division by Zhu et al. [6].
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The presence of abundant fossils from the Katian Stage to the Aeronian Stage in
southern Sichuan makes the echinoderm zone an important marker for stratigraphic
correlation and establishing geological correlations due to the high similarity in fossil
assemblages among different areas [37]. However, the development of underwater ancient
uplifts during the depositional period in certain areas resulted in thinning of high-quality
shale and the absence of some graptolite zones (such as the WF1 graptolite zone) [2].
Compared to the Tiangongtang and Changning areas, the shale samples from the Luzhou
area exhibit more complete variations in graptolites. This indicates that the stratigraphic
development in this region is continuous and characterized by good stability, providing
a comprehensive record for studying changes in sedimentary environments. Therefore,
this study takes Well L as an example to demonstrate the sedimentary characteristics and
variations in the Wufeng–Longmaxi shale in the southern Sichuan Basin (Figure 15).
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(1) At the base of the Wufeng Formation (Pss1, WF1-2), U/Th < 0.75, indicating an oxic
environment. The low U contents and Sr/Ba ratios (less than 0.2) suggest shallow water
with low salinity. A low P content and P/Ti ratios indicate relatively low paleoproductivity.
High levels of Al and Ti contents suggest a significant influence from detrital inputs. The
lithology is predominantly gray–black silty mudstone without well-developed laminations.
The core profile of the well Y sample reveals abundant banded pyrite, indicating significant
disturbance (Figure 16a).
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(2) At the top of the Wufeng Formation (Pss2, WF3-4), U/Th = 0.6, which is slightly
higher than the 0.35 observed at the base but still indicates an oxic environment. The slight
increase in the U and P contents reflects the influence of the transition from glacial to inter-
glacial conditions, indicating a gradual rise in sea level and enhanced paleoproductivity. At
the top of the Wufeng Formation, a small number of initial thin laminae begin to develop,
and the lithology consists of siliceous shale. The bentonite represents volcanic eruptions
and indicates that some of the nutrient material comes from terrestrial sources, making
them useful as stratigraphic markers [60]. In this study, no bentonite is observed, and
there is a significant decrease in the Al and Ti contents. This suggests that the sedimen-
tary environment in the study area after the first phase of large-scale transgression was
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relatively stable and had minimal influence from terrestrial detrital inputs. The nutrient
elements promoting biological proliferation in the surface water during this period may
have originated from glacial meltwater injected by upwelling ocean currents [61].

(3) In Layer 1 (Pss3, LM1), the U/Th ratio rapidly increases to 4.67, indicating an
extremely anoxic sedimentary environment with an enhanced degree of water retention.
During the same period, the second biotic extinction event led to a significant decomposi-
tion of organisms, which consumed oxygen in the water. The U content abruptly increases
from 4.8 (average value of Wufeng shales) to 38.6. This indicates that after the melting of the
ice sheet, there was a significant rise in sea level, leading to an increase in the water depth.
The P content slightly decreases but remains at a relatively high level. The combination of
high paleoproductivity and an anoxic environment favors the enrichment of organic matter.
The average TOC content in the black organic-rich shale reaches 6.5%. Laminations begin
to develop in the shale, and spot-like or banded pyrite is observed in the core profile.

(4) In Layer 2 (Pss4, LM2-3), U/Th = 3.14, indicating an ongoing anoxic environment.
The U content, P content, and P/Ti ratio remain stable, suggesting a deep-water depositional
environment with high paleoproductivity. The Al and Ti contents are relatively low,
indicating a relatively small influence from terrestrial detrital inputs. The lithology is
mainly composed of black mixed siliceous shale and argillaceous-rich siliceous shale. The
average TOC content is 5.2%, and the pyrite content is relatively high. Laminations in the
core profile are well developed, mainly consisting of thin argillaceous laminae.

(5) In Layer 3 (Pss5, LM4-5), U/Th = 1.50, indicating an anoxic environment. The
decrease in the U content suggests a decrease in sea level and a reduction in water retention.
Microbial decomposition consuming a significant amount of oxygen led to water stratifica-
tion. The P content and P/Ti ratio continue to increase, reaching their highest levels due to
the dual nutrient supply from detrital input and glacial meltwater. The average TOC con-
tent in the argillaceous-rich siliceous shale is 4.8%. Compared to Layer 1~Layer 2, the shale
exhibits lighter color, coarser grain size, and increased lamina thickness. Due to regional
geological variations, the sedimentary environment of the shale in the Changning area had
already started transitioning into a suboxic environment during this period (Figure 16b).

(6) In Layer 4 (Pss6, LM5-6), U/Th = 0.61, indicating a transition from an anoxic
environment to a suboxic or oxic environment. The average U content decreases from
16.5 ppm in Layer 3 to 8.6 ppm, suggesting the end of large-scale marine transgression.
The varying levels of paleoproductivity during the oscillating regression stages result in
a decrease in the P content and P/Ti ratio. The elevated levels of Al and Ti indicate an
increased input of terrestrial clastic material and an accelerated sedimentation rate. Some
scholars propose that the favorable coupling of the “productivity mode” and “preservation
mode” is a crucial factor for organic enrichment in shales. Under high sedimentation rates,
oxygen-rich water can also lead to the deposition of organic-rich materials [3]. Layer 4 is
primarily composed of black argillaceous-rich siliceous shale that exhibits well-developed
laminations. The average TOC content is 2.4%, surpassing the lower threshold for organic
richness needed for commercially exploitable shale gas deposits.

(7) In Layer 5 (Pss7, LM6), there is a slight increase in the U/Th ratio, U content, P
content, and Al content, suggesting a minor-scale marine transgression. However, this does
not significantly alter the overall sedimentary characteristics of the study area. It continues
to exhibit a shallow-water, oxidized environment with moderate to high productivity.
The lithology is predominantly gray and black argillaceous/siliceous mixed shale. The
thicknesses of the laminae decrease, while their density increases.

(8) In Layer 6 (Pss7, LM7), there is an overall decrease in the U/Th ratio and U
content, suggesting a minor decrease in the depth of oxygenated depositional water. Within
Layer 6, the U content fluctuates between 2.6 ppm and 14.8 ppm, pointing to frequent
fluctuations in sea level and an unstable sedimentary environment. The P and Al contents
tend to stabilize, and the average TOC content remains at 2.4%. The lithology is mainly
composed of black argillaceous-rich siliceous shale and gray–black argillaceous/siliceous
mixed shale, with a reduction in the development of laminations and a more pronounced
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interbedding of sand and mud. The bottom of Layer 6 is composed of black argillaceous-rich
siliceous shale with a high content of pyrite. It gradually transitions upward to gray–black
argillaceous/siliceous mixed shale and gray–white argillaceous/siliceous mixed calcareous
shale. The development of lamination decreases, while the silty-argillaceous interbedded
laminaset becomes more prominent.

(9) In Layer 7 (Pss8, LM8, no observation of LM9), there is a gradual decrease in the
U/Th ratio and U content, indicating a shallowing of the depositional water. Due to the
continuous input of terrestrial clastic material and the continuous consumption of algal
matter, the lithology predominantly consists of argillaceous/siliceous mixed shale and
silty mudstone in an oxygenated environment, with a TOC content lower than 2%. The
development of laminations is indistinct.

Overall, the Wufeng Formation shale exhibits the greatest variation in elemental
enrichment, indicating rapid changes in the depositional system. Layer 1~Layer 3 exhibit
the highest TOC content, with organic matter presenting in striped, clumped, or irregular
shapes, and a large number of organic pores developed internally. During the depositional
period, the water depth was relatively deep, with a low oxygen content and weak water
dynamic. Sedimentation is primarily dominated by suspended settling. Layer 4~Layer 5
exhibit a higher TOC content, an increased supply of terrestrial clastic material, and an
increase in silt-sized particles. The depositional water became shallower during this period,
with an enhanced oxygen content and water dynamic. The TOC content further decreases
in Layer 6~Layer 7. The development of the interbedded silty-argillaceous type indicates an
increase in the sedimentation rate and oxygen content, accompanied by a further increase
in the supply of terrestrial clastic material. The paleowater dynamic conditions showed
periodic changes.

5.3. Variations in Lamina and Laminaset and Their Relationship with the
Depositional Environment

Previous studies have indicated that in a continental shelf depositional setting, laminae
formation has occurred concurrently in areas such as Changning, Luzhou, Weiyuan, and
western Chongqing [6]. Therefore, in the southern Sichuan region, the characteristics of
laminae can serve as markers for stratigraphic comparison (Figures 15, 16a and 17c). From
the perspective of laminae texture, the normally graded laminaset is related to turbidity
currents or other sediment gravity flows. In contrast, the reverse graded laminaset is
associated with turbulent flow, high suspended loads or periodic climate variations, while
the homogenous laminaset is influenced by bioturbation and diagenetic processes [61].
From the perspective of the laminae structure, the laminae morphology is related to the
hydraulic action and sedimentation mode [30]. Plate-like laminae form under conditions
of strong unidirectional flow or settling in quiescent suspension, indicating a low water
dynamic. Wavy laminae and curved laminae, on the other hand, indicate a higher water
dynamic. The continuity and stacking relationship of laminae are related to the energy
conditions of the water. Weak water dynamics tend to result in continuous laminae. A
single flow direction and stable water dynamic are conducive to the formation of parallel
laminae [62].
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Figure 17. Characteristics of laminae development and pore structure of the Wufeng–Longmaxi shale
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changes, with larger pore volume in Layer 4~Layer 5; (c) Tiangongtang area shows the intermittent
changes in the pore structure, as well as a promoting effect of argillaceous laminasets and organic
matter pores on the pore volume.

(1) At the bottom of the Wufeng Formation, sedimentation is influenced by distur-
bances, and the water dynamic is relatively strong, resulting in the absence of laminae
development. (2) Toward the top of the Wufeng Formation, discontinuous thin argilla-
ceous laminae begin to develop, indicating a moderate level of water dynamic. (3) Layer 1
shows the gradual development of laminasets, primarily consisting of argillaceous lam-
inasets with an average thickness of 0.30 cm, while the silty laminasets have an average
thickness of 0.12 cm. (4) Layer 2 consists of argillaceous/carbonate mixed siliceous shale
with well-developed laminae. The continuous parallel plate-like argillaceous laminasets
dominate, with a higher density than that of Layer 1, indicating conditions of quiet water
suspension settling and a relatively low paleowater dynamic. Organic laminae can be
observed under microscopic examination, implying higher paleoproductivity conditions.
(5) Layer 3 is characterized by argillaceous-rich siliceous shale and well-developed laminae.
The thickness of both the argillaceous laminasets and silty laminasets increases. In the core
profile, a normally graded laminaset can be identified. It occurs when sediments settle out
of a fluid under decreasing energy conditions. Most of the laminae exhibit a continuous
parallel plate-like distribution, with a few showing a discontinuous distribution, indicating
a slightly enhanced water dynamic. (6) Layer 4 exhibits similar densities for both argilla-
ceous laminasets and silty laminasets (3.25 stripes/cm and 3.50 stripes/cm, respectively),
with the argillaceous laminasets being thicker. The interbedding between them becomes
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more pronounced, with alternating bright and dark layers and clear interfaces (Figure 17).
These changes are more evident in the Changning area (Figure 16b). The laminasets show
a continuous parallel plate-like distribution, without any observed undulating or curv-
ing laminasets, indicating that although the sedimentary water becomes shallower, the
energy of the water remains relatively low. (7) Layer 5 is primarily composed of argilla-
ceous/siliceous mixed shale and exhibits developed laminae. The average thickness of the
laminasets decreases, but argillaceous laminasets still dominate. The overall distribution of
laminasets appear as continuous and parallel, with a slightly reduced degree of interbed-
ding between argillaceous laminasets and silty laminasets. This indicates a decrease in
the water dynamic and an increase in the water depth. (8) Layer 6 exhibits a noticeable
decrease in laminaset thickness and a significant increase in density. In the upper section
of Layer 6, the development of silty laminasets surpasses that of argillaceous laminasets.
Some sample profiles show banded or clustered pyrite, indicating the occurrence of anoxic
environments during this period. Microscopic observations reveal an increase in the quan-
tity of calcareous laminae and a lower quantity of organic laminae, indicating accelerated
sedimentation rates, increased input of terrestrial debris, and an enhanced water dynamic.
(9) Layer 7 consists of argillaceous/siliceous mixed shale with relatively indistinct laminae
development. It is primarily characterized by continuous parallel silty laminasets, with
occasional discontinuous parallel laminasets, indicating further enhancement of water
dynamic characteristics.

Overall, the type of laminaset transitions from a homogeneous type at the base of the
Wufeng Formation to a silty-argillaceous transitional type in Layer 2~Layer 3 and then
to a silty-argillaceous interbedded type in Layer 5~Layer 7 (Figure 15). The argillaceous
laminae are developed throughout the entire sedimentary process, with a large thickness
and good continuity in Layers 1–3. They trend to form in reducing environments charac-
terized by deeper water bodies, a lower water dynamic, less input of terrestrial detritus,
and low oxygen levels, while as the sedimentary environment transitioned from an anoxic
environment into a suboxic or oxic environment, the silty laminae gradually developed
and interbedded with the argillaceous laminae. It can be concluded that the sedimen-
tary environment significantly affects the type, development degree, and development
characteristics of laminae.

5.4. Pore Structure and Its Relationship with the Depositional Environment and Lamination

Laminae are distinctive sedimentary structures widely developed in the shale of
Wufeng–Longmaxi Formation, which enhances the heterogeneity of the reservoir. They
can not only control the pattern of fracture propagation and the effectiveness of hydraulic
fracturing, but also influence the hydrocarbon generation capacity and the microstructure of
shale [25]. As discussed in Section 5.1.2, pore volume is mainly influenced by TOC content
and mineral composition, which are closely related to the sedimentary environment and
diagenesis. High TOC content, clay content, and quartz content are beneficial for the
development and preservation of organic matter pores and mineral pores, increasing the
porosity and PV of shale reservoir. At the same time, the argillaceous lamina-rich shale
developed in anoxic environments are characterized by high TOC content and high siliceous
minerals, indicating a certain coupling relationship between sedimentary environment,
lamination, and pore structure. By analyzing the development characteristics and variation
patterns of laminations, the sedimentary environment and reservoir properties of shale can
be determined.

As shown in Figure 17, the PV and SSA exhibit an intermittent fluctuating trend
with changes in the sedimentary environment. The shales developed in Layer 2~Layer 3
exhibit high micro-PV and significant SSA values. The shales in the upper part of Layer
4 to Layer 5 generally have larger pore volumes. However, the pore volume of shales
developed in Layer 6 decreased with sedimentation, while the shales in Wufeng and
Layer 7 have the smallest pore volumes. Analyzing the sedimentary environment and
lithology, it can be inferred that during the deposition of Layer 2~Layer 3, there was
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a greater water depth, lower oxygen content, higher paleoproductivity, weaker water
dynamic, finer sediment particles, and a large number of argillaceous laminae, resulting
in a more compact deposition. A high TOC content is conducive to the development of
organic matter pores and increases the micro-PV, while higher clay content reduces the
shale’s ability to resist compaction, leading to deformation or closure of some mineral
pores during diagenesis. During the deposition of Layer 4~Layer 5, there was a shallower
water depth, higher oxygen content, stronger water dynamic, coarser sediment particles,
and relatively chaotic deposition. The moderate clay mineral content and relatively weak
diagenesis enabled better preservation of pores, resulting in a significant increase in the
mesopore volume. This phenomenon also indicates that the reservoir properties of the
silty-argillaceous transitional type with moderate development of silty laminae are better
than those of the pure argillaceous type, and homogeneous type.

Furthermore, statistical results indicate that the pore volume, specific surface area, and
porosity of the argillaceous lamina-rich shale in the study area are generally greater than
those of the silty lamina-rich shale (Figure 13). According to Shi et al. [28], an important
distinction between argillaceous lamina-rich shale and silty lamina-rich shale is that the
former exhibits a significantly higher quartz content, while the latter has a higher content
of carbonate minerals. In argillaceous lamina-rich shale, quartz enhances its compressive
strength and helps protect the surrounding primary pores from closure due to compaction.
During the deposition of argillaceous lamina-rich shale, there was a greater water depth,
lower oxygen content, higher paleoproductivity, and weaker water dynamic. The abun-
dant parent material source, appropriate sedimentation rate, and higher content of brittle
minerals facilitated the enrichment of organic matter and preservation of pores. In contrast,
silty lamina-rich shale represents an open environment with strong water dynamic and a
high oxygen content. The input of terrestrial clastics and increased content of carbonate
minerals are unfavorable for the generation and preservation of pores. Overall, argillaceous
lamina-rich shale and the anoxic sedimentary environment it represents have a positive
impact on improving the shale pore structure and enhancing reservoir properties.

6. Conclusions

(1) The shale of the Wufeng–Longmaxi Formation has high TOC content, an advanced
maturity stage and strong hydrocarbon generation ability. A large number of elliptical
or bubble-shaped organic matter pores have developed within the kerogen and bitumen,
promoting the development of micropore and mesopore. The development of intragranular
pores, intergranular pores, and microfractures in minerals provides abundant space for the
storage and migration of shale gas. Compared to shallow shale, deep shale has undergone
stronger diagenesis, resulting in lower porosity and stronger reservoir heterogeneity.

(2) The Wufeng Formation was deposited in a suboxic to oxic environment, with
shallow water depth, high oxygen content and weak productivity. Affected by strong
water dynamic and biological disturbance, there is almost no development of laminae. The
TOC content and pore volume of shale are smaller than those of the Longmaxi Formation
shale. In the Longmaxi Formation, from Layer 1 at the base to the Layer 7 at the top,
the sedimentary environment changed from anoxic to suboxic and oxic, the water depth
gradually decreased, and the energy of water bodies and the input of terrigenous clastic
material gradually increased, while the ancient productivity remained at a relatively high
level. As a result, thick laminated organic-rich shale was deposited.

(3) The dark argillaceous laminae are mainly deposited in environments characterized
by anoxic, deep water, unidirectional water flow and weak water dynamic, with most
of them exhibiting continuous, parallel, and plate-like distributions. By analyzing the
development characteristics, the sedimentary environment and reservoir properties of
shale can be determined. Compared with light silty lamina-rich shale, the argillaceous
lamina-rich shale has higher contents of TOC, porosity, quartz and clay minerals, larger
pore volume and specific surface area, and more developed organic matter pores, which
can improve shale reservoir properties.
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(4) Vertically, the silty lamina increases from Layer 4, indicating an increase in the water
dynamic and changing the stacking relationship between laminae. The silty-argillaceous
transitional type mainly developed in Layer 2~Layer 3 and is characterized by a normally
graded laminaset. The silty-argillaceous interbedded type developed in Layer 4~Layer 7,
with clear boundaries and distinct variations. The pore volume of shales in Layer 4~Layer
5 with moderate development of silty laminae is larger than that of pure argillaceous type
shale and homogeneous type shale, indicating that the sedimentary environment and
laminae development have an important impact on reservoir properties.
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