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Abstract: Various types of pores, including organic and inorganic variations, exhibit distinct impacts
on the storage capacity of shale gas reservoirs and play a significant role in shale gas occurrence.
However, there is a limited number of studies that have quantitatively addressed the developmental
characteristics of these diverse pore types and their primary controlling factors. This paper explores
the development of inorganic pores, specifically interparticle pores and intraparticle pores, as well
as organic matter (OM) pores within the shales of the Wufeng–Longmaxi Formation in the Upper
Yangtze region. Parameters such as areal porosity, pore diameter, and pore number based on the FE-
SEM and image digitization are discussed. Additionally, the influence of the sedimentary environment
on the development of various pore types through integrated wavelet transform techniques and
geochemical analysis are analyzed. This analysis reveals the distinctive mechanisms governing
the development of pore types under the sequence stratigraphic constraints. The findings reveal
that the Wufeng–Longmaxi Formation within the study area can be classified into four systems
tracts (transgressive systems tracts TST1 and TST2, and highstand systems tracts HST1 and HST2).
Within TST1+HST1, OM pores emerge as the predominant pore type, contributing to over 65% of
the porosity. TST2 similarly displays OM pores as the dominant type, comprising over 45% of the
total porosity, with an average OM areal porosity of 7.3%, notably lower than that of TST1+HST1
(12.7%). Differences in OM pore development between TST1+HST1 and TST2 shales are attributed
to variations in OM abundance and type. In HST2, inorganic pores are the dominant pore type,
primarily consisting of interparticle pores associated with clay minerals, contributing to more than
50% of the porosity, while OM pores remain almost undeveloped. The frequent sea level fluctuations
during the sequence stratigraphic evolution caused variations in sedimentary environments across
different depositional sequences. These differing depositional environments lead to varying OM
content and types, mineral genesis, and content, ultimately resulting in disparities in the development
of shale pore types within different sequences.

Keywords: shale; pore types; sequence stratigraphy; sedimentary environment; organic matter

1. Introduction

Due to new techniques, particularly hydraulic fracturing and advances in horizontal
drilling, the extraction of oil and gas from shale has become economically viable [1,2]. Shale
gas reservoirs differ from conventional reservoirs in that they consist of a heterogeneous
porous medium characterized by intricate pore sizes and various pore types, which add
intricacies to gas storage and conversion mechanisms [3–5]. This complexity arises because
different pore types have varying effects on the storage capacity of shale gas reservoirs and
influence the occurrence of shale gas [6–8]. Therefore, conducting quantitative research on
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the developmental characteristics and primary controlling factors of these distinct pore
types holds significant importance for characterizing shale reservoirs and advancing shale
gas exploration and development.

The precise characterization of the pore size of shale gas reservoirs and the factors
governing it have garnered substantial research attention over the past decade, with a
primary focus on controlling factors [9–17]. However, systematic research based on pore
types and their control factors remains limited. Pore types in shale can be classified and
analyzed based on the morphology of adsorption and desorption curves obtained from
low-temperature N2 adsorption (LTN2A) and the morphology of injection and ejection
curves from mercury intrusion porosimetry (MIP) [18–20]. Furthermore, direct observa-
tions can be made through experimental techniques such as scanning electron microscopy
(SEM) [10]. Significant differences exist between the pore types (e.g., slit-shaped pores,
wedge-shaped pores) identified through hysteresis loop analysis and the actual pore mor-
phology, which cannot be quantitatively characterized. Currently, the primary method for
studying shale pore types involves SEM combined with digital image processing. Using
classification schemes such as that previously proposed [10], researchers categorize these
pores into interparticle pores, intraparticle pores, and organic matter (OM) pores for in-
depth analysis. Image analysis effectively utilizes high-resolution SEM images to determine
various properties of different pore types, including their number, size, geometric shape,
and area [21–24].

The mineral content and genesis, as well as the OM content and type, can signifi-
cantly influence the prevalence of different pore types within shale [11,12,14,25]. Shale
enriched in OM typically develops a substantial quantity of OM pores [26]. The type of OM
plays a crucial role in controlling the development of these OM pores. In the case of the
Wufeng–Longmaxi Formation shale, OM pores are more prevalent within pyrobitumen
and less so in other macerals, such as graptolites [27,28]. The mineral matrix pores within
the Wufeng–Longmaxi Formation shale primarily consist of interparticle pores. These
interparticle pores typically develop at the interfaces between brittle minerals such as
quartz, carbonate minerals, and pyrite, and can be found between clay mineral particles
such as illite, kaolinite, and chlorite [29–31]. Generally, shales with a high content of brit-
tle minerals exhibit greater resistance to compaction, making them more likely to retain
their primary interparticle pores compared to shales rich in clay minerals [32]. Recent
research has revealed that biogenic quartz plays a dual role in shale characteristics. It not
only contributes to shale brittleness but also forms a rigid framework that can preserve
the primary pores of shale. Furthermore, it influences the distribution of OM and the
development of OM pores [33–36]. Additionally, intraparticle dissolution pores develop in
carbonate minerals and feldspar. Studies suggest that these dissolution pores result from
the dissolution of chemically unstable minerals during burial diagenesis [7,10].

As the mineral composition and OM content within the formation change, the porosity
and dominant pore types of shale also undergo modification [15]. This stratigraphic
variability may be linked to the process of sedimentation and diagenesis [37], and it is
further impacted by fluctuations in relative sea levels during the evolution of sequence
stratigraphy [38,39]. A multitude of previous studies have illustrated the role of sequence
stratigraphy in shaping the enrichment of OM in shale [40–45]. Notably, OM tends to be
most abundant in the transgressive systems tract (TST) or in proximity to the maximum
flooding surface (MFS), with the highest total organic carbon (TOC) value serving as a
marker for the MFS [46]. However, there has been insufficient focus on investigating the
variations in shale pore type characteristics within the context of sequence stratigraphy,
and the understanding of the mechanisms influencing these variations remains limited.

The focus of the present investigation lies on the marine shale of the Wufeng–Longmaxi
Formation situated in northern Guizhou of South China’s upper Yangtze Platform. Various
pore types were systematically identified and quantitatively characterized using SEM and
image analysis. The emphasis is on leveraging the enrichment patterns of major and trace
elements to reconstruct the redox conditions and paleoproductivity during the sedimen-
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tation of the Wufeng–Longmaxi Formation shale. Furthermore, an analysis is conducted
to explore the impact of the sedimentary environment on both the enrichment of OM and
the mineralogical composition of the shale. The findings of this study are subsequently
integrated into a sequence stratigraphic framework, allowing for an analysis of the distinct
development mechanisms of shale pore types within the context of sequence stratigraphy.

2. Geological Setting

Since the Ordovician, the Yangtze Platform has undergone multiple tectonic move-
ments, giving rise to a series of paleo-uplifts in the vicinity of the Sichuan Basin. These
uplifts notably include the Chuanzhong Uplift, the Xuefeng Uplift, and the Qianzhong
Uplift, collectively contributing to the establishment of a relatively low-lying tectonic
framework within the Sichuan Basin and its surrounding regions [47]. In response to
two significant global transgressions during the late Ordovician and Early Silurian, the sea
level increased rapidly, culminating in the formation of a low energy and anoxic sedimen-
tary environment. This period witnessed the deposition of a thick layer of OM-rich shale,
with prominent examples being the upper Ordovician Wufeng Formation and the lower
Silurian Longmaxi Formation.

Well YC1 is positioned in the northern part of the Guizhou Province in southern China.
It is situated along the southwestern edge of the Yangtze Platform and is adjacent to the
Sichuan Basin (Figure 1A,B). The burial depth of the Wufeng Formation in well YC1 ranges
from 2030.31 to 2037.38 m. The lithology of this formation primarily consists of grey black
silty shale and black carbonaceous shale, both exhibiting a high OM content (TOC > 2%)
(Figure 1C). Meanwhile, the burial depth of the Longmaxi Formation in well YC1 ranges
from 1854.96 to 2030.31 m. The lithological composition of the Longmaxi Formation mainly
comprises grey black shale and grey black silty shale, characterized by a low OM content
(TOC < 2%). The described variations of lithology and TOC content are comparable to
the Wufeng–Longmaxi Formation shales elsewhere in the Upper Yangtze Platform and
correlative “hot shales” elsewhere in the world [48,49].
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Figure 1. (A) Location of the study area (modified from [50]). (B) Location of the sampling YC1 well
(modified from [50]). (C) Stratigraphic column, TOC, and core photographs of the Wufeng–Longmaxi
Formation in YC1 well. Ord. = Ordovician, WF = Wufeng Formation, Kat. = Katian, Hir. = Hirnantian,
Lith. = Lithology.
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3. Experimental Methods and Data Processing
3.1. Sampling and Methodology

A total of 52 fresh core samples were systematically collected from the Wufeng–Long-
maxi Formation shale in well YC1, situated in the northern part of Guizhou. Each of these
samples underwent comprehensive analysis, encompassing determinations of total organic
carbon (TOC) content as well as major and trace element concentrations. Moreover, a
subset of 21 samples was subjected to a more detailed assessment using X-ray diffraction
(XRD) [51], scanning electron microscopy-cathodoluminescence (SEM-CL), and helium
porosimeter. The methodologies employed throughout this study mirror those applied in
our previous studies, with a detailed description being included in these references [52,53].

3.2. Processing FE-SEM Image Data

High-resolution SEM images at the nanoscale were subjected to image analysis us-
ing Image Pro Plus (IPP) software. The SEM images were first binarized using manual
thresholding (Figure 2). Threshold methods segment greyscale images into features of
interest and background using lower and upper greyscale difference threshold values [54].
Pores can be described as an area where the greyscale is lower than a threshold, because
the area of pores is invariably lower than other distinct areas of the image [54]. Different
types of pore information, including pore area, diameter, and quantity, were extracted
through spatial calibration and count/size. The method of Artificial Identification of Area
of Interests (AOI) is used to extract pore structure information from OM and major minerals
in shale, as shown in Figure 2. It is worth noting that due to the limited magnification
of SEM, pores smaller than 8 nm cannot be identified, and most of these pores should be
OM pores.
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3.3. Data Processing of Major and Trace Elements and Its Geological Significance

The concentration and enrichment characteristics of Mo and U are commonly applied
for the reconstruction of redox environments. In oxic aqueous systems, Mo predomi-
nantly exists in the form of molybdate (MoO4

2−) [55,56]. However, in anoxic or euxinic
(anoxic-sulfidic) aqueous systems, molybdate (MoO4

2−) transforms into thiomolybdate
(MoO4−xSx

2−) or Mo polysulfide. These compounds can be sequestered by OM or iron
sulfide, leading to their precipitation and consequent Mo enrichment in sediments. As a
result, strong Mo enrichment serves as an indicative marker of a sulfidic environment. In
oxic marine settings, U predominantly exists in the form of U6+ as UO2(CO3)3

4−. How-
ever, under anoxic conditions, soluble U6+ can be reduced to U4+, a form that is generally
insoluble and readily adsorbed by sediments [55]. Thus, the substantial U enrichment
is a significant indicator of an anoxic environment. To measure the extent of Mo and
U enrichment, the enrichment factor (EF) is employed, offering insight into the relative
enrichment or depletion of an element in relation to the Post-Archean Australian shale
(PAAS). XEF can be obtained using the following equation:

XEF = (X/Al)sample/(X/Al)PAAS (1)

where X and Al represent the concentrations of a specific element and Al in the shale sample.
The trace element and Al concentration data for the PAAS are provided in McLennan [57].

In the modern ocean, a Mo concentration exceeding 100 ppm indicates a consistently
euxinic environment characterized by a substantial presence of aqueous Mo. A concen-
tration ranging from 25 ppm to 100 ppm reflects a persistent anoxic environment, while a
concentration between 2 ppm and 25 ppm signifies predominantly oxic conditions [58].

In oxic aqueous systems, Cu, Ni, and Zn predominantly exist as organometallic com-
plexes, with a minor portion occurring as soluble ions [59]. The strong enrichment of
Cu, Ni, and Zn is indicative of a substantial influx of OM into the sediment. Under oxic
conditions, OM degrades, subsequently releasing Cu, Ni, and Zn back into the water. These
elements then combine with sulfur (S) to form insoluble sulfide compounds, which under
reducing conditions, particularly sulfate-reducing conditions, are integrated into pyrite
as solid solutions [55]. Therefore, the concentrations of Cu, Ni, and Zn serve as reliable
indicators of paleoproductivity. The origins of elements within sediments primarily encom-
pass terrigenous, biogenic, and hydrothermal sources. When estimating paleoproductivity
using geochemical elements, it is essential to consider only biogenic elements for produc-
tivity assessments, as they contribute to paleoproductivity inversion [60]. Consequently,
the influences of terrigenous and hydrothermal origins must be eliminated. Given the
limited impact of formation of thermal fluid input within the study area, the contribution
from hydrothermal sources can be disregarded. To mitigate the influence of terrigenous
origins on the trace element content, trace element values in the samples were subjected to
correction. The formula for this correction is as follows:

XXS = Xsample − Tisample × (X/Ti)PAAS (2)

where Xsample and Tisample represent the concentrations of a specific element and Ti in
the shale sample, respectively. The trace element and Ti concentration data for PAAS are
provided in McLennan [57].

Siex denotes Si that is not associated with terrigenous minerals in rocks. It is deter-
mined by subtracting the Si content linked to terrigenous clastic Al from the total Si content
of the rock [61]. The calculation for Siex can be performed using the following equation:

Siex = Sisample − (Si/Al)PAAS × Alsample (3)

where (Si/Al)PAAS is calculated based on PAAS, which has a value equal to 3.11 [62,63].
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4. Results
4.1. Sequence Stratigraphic Division Based on Wavelet Analysis

At present, logging data represent the geological information characterized by the
highest attainable resolution and optimal continuity. This data type contains an extensive
repository of sedimentary cycle details within the strata, rendering it an ideal candidate
for the quantitative division of sequence stratigraphy [64]. By employing wavelet analysis,
it becomes possible to amplify the geological characteristics inherent in high-resolution
logging signals, operating in the two-dimensional time-frequency domain. This analytical
method also serves to process one-dimensional logging signals, thus accentuating their
underlying geological characteristics [65]. Consequently, through continuous wavelet
transform processing, logging curves can be dissected. These curves, formed through the
superposition of multiple sedimentary cycles bearing distinct periods, are disentangled
into independent periodic cycles, each exhibited through a scale (a) [64,66]. The mag-
nitude of the scale (a) parameter inversely correlates with the frequency of the wavelet
curve, impacting its resolution. Larger values of scale (a) correspond to wavelet curves
with lower frequency and reduced resolution, indicative of the long-period component
within the logging signal. This, in turn, signifies the presence of extended sedimentary
cycles and substantial formation thickness, facilitating the differentiation of long-term
cycles [66]. Conversely, smaller scale (a) values correlate with higher frequency wavelet
curves, yielding higher resolutions. Such characteristics denote the short period component
within the logging signal, highlighting the presence of condensed sedimentary cycles and
comparatively modest formation thickness, thereby delineating medium and short-term
cycles [66]. Previous studies have convincingly demonstrated that the temporal boundaries
of long-term, medium-term, and short-term cycles within the strata closely align with those
of the third-, fourth-, and fifth-order sequences (Table 1) [67].

Table 1. Orders and driving mechanism of sequence cycles [68].

Sequence Stratigraphic Term Deposition Cycles Time Range
(Ma) Genetic Mechanism

First-order megasequence 200–400 Stereotype sea level
changes caused by the
movement of tectonic
plates

Global sea level changes
caused by Pangaea formation
and breakup

Second-order supersequence 10–40
Global sea level changes
caused by ocean ridge
spreading system

Third-order sequence long-term cycle 1–10

Global sea level changes
caused by the variation in
mid-ocean ridge and the
oscillation of continental
glacier + regional sea level
changes influenced by
intraplate tectonic subsidence
and uplift

Fourth-order subsequence sets
or system tract medium-term cycle 0.4 Glacier type sea-level

changes caused by
Milankovitch
astronomical cycle
Long eccentricity cycle

Long eccentricity cycle

Fifth-order subsequence short-term cycle 0.1 Short eccentricity cycle
Sixth-order cyclothem 0.02–0.04 Precession and obliquity cycle
Seventh-order alternating
laminae 0.002–0.005 Change of glacier and geoid

The natural gamma curve (GR) of well YC1 within the study area has undergone
wavelet analysis. Figure 3 depicts the resultant wavelet scalogram derived from the
wavelet transformation, where blue–green hues indicate lower values, and yellow–red
hues signify higher values. Observing the wavelet scalogram, it becomes apparent that
a distinct two-stage color transition at the scale a = 250 is predominantly indicative of
substantial, large-scale sedimentary cycles. This feature proves valuable in demarcating
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long-term cycles (Figure 3). Additionally, a noticeable cyclic shift emerges at the scale
a = 120, offering a useful criterion for segmenting medium-term cycles (Figure 3). Based on
the characteristics observed in the change curve of the wavelet coefficient at scale a = 250,
along with the corresponding color transition in the wavelet scalogram, two distinct
third-order sequences were discerned within the Wufeng–Longmaxi Formation in well
YC1. Expanding further, the characteristics exhibited in the change curve of the wavelet
coefficient at scale a = 120, alongside the associated color shift in the wavelet scalogram,
facilitated the identification of the transgressive systems tract (TST) and highstand systems
tract (HST) contained within the third-order sequence (Figure 3). Furthermore, a robust
alignment is noted between lithological characteristics, logging curve features, and each
sequence boundary, rendering them more distinct and discernible within the GR and
SP curves.
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Ord. = Ordovician, BT = Baota Formation, WF = Wufeng Formation, SNL = Shiniulan Formation,
Kat. = Katian, Hir. = Hirnantian, TST = Transgressive systems tract, HST = Highstand systems tract,
SB = Sequence boundary, MFS = Maximum flooding surface.

In summary, the division of the Wufeng–Longmaxi Formation in well YC1 into two
distinct third-order sequences, SQ1 and SQ2, is derived from a comprehensive analysis
of lithological characteristics, logging curve attributes, wavelet coefficient change curve
features, and alterations in the color patterns of the wavelet scalogram. SQ1 corresponds
to the Wufeng Formation and encompasses both the TST1 and HST1. On the other hand,
SQ2 corresponds to the Longmaxi Formation and comprises the TST2 and HST2 intervals.
Notably, the Guanyinqiao bedding forms a significant part of HST1 within the Wufeng
Formation [37]. Given its thin nature, making it challenging to identify in the drill core of
the study area and having limited sample points, TST1 and HST1 are considered a unified
section in the subsequent discussion.

4.2. TOC and Mineralogical Composition

The TOC of shales within TST1 and HST1 varies from 2.04% to 9.24%, averaging 4.70%.
The primary minerals within this interval are quartz, carbonate minerals, and clay minerals
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(Table 2). Notably, the average quartz content constitutes 34.50%, followed by an average
of 38.17% for carbonate minerals, and an average of 15.33% for clay minerals. Moving to
TST2, the TOC of shales ranges between 0.50% and 1.98%, with an average value of 0.89%.
Correspondingly, the average mineralogical composition within this interval consists of
34.08% quartz, 20.00% carbonate minerals, and 24.48% clay minerals. For HST2, the TOC of
shales ranges from 0.05% to 0.73%, averaging 0.20%. The average content of the primary
minerals within this interval comprises 27.86% quartz, 31.91% carbonate minerals, and
23.24% clay minerals.

Table 2. TOC and mineralogical composition of the Wufeng–Longmaxi Formation shale samples
from well YC1.

Shale Components (wt %)
TST1 + HST1 TST2 HST2

Min. Max. Ave. Min. Max. Ave. Min. Max. Ave.

TOC 2.04 9.24 4.7 0.5 1.98 0.89 0.05 0.73 0.2
quartz 23 53 34.5 22.4 38 34.08 20 31.5 27.86
K-feldspar 0 9 3.83 2.1 12 7.22 2.7 7.7 5.32
albite 4 14 7.83 4.9 20 13.58 9.6 14.3 11.09
calcite 11 53 36.5 13 26 17.52 17.2 46.8 24.76
dolomite 0 6 1.67 0 4 2.48 3.3 10.1 7.15
pyrite 0 1 0.33 0 2.1 0.62 0 2.4 0.57
illite 44 58 49 40 46 43.5 13 36 22.7
mixed-layer illite-smectite 28 40 33.83 38 41 39.75 46 65 55.3
kaolinite 0 0 0 0 0 0 4 7 5.4
chlorite 10 24 17.17 13 19 16.75 14 22 16.6
clay minerals 12 21 15.33 18 41.4 24.48 9.5 27.6 23.24
carbonates 16 53 38.17 13 26 20 26 51.6 31.91

4.3. Pore Types

According to the descriptive classification scheme proposed by Loucks et al. [9,10],
pores within the Wufeng–Longmaxi Formation shale are categorized into OM pores, inter-
particle pores, and intraparticle pores.

4.3.1. OM Pores

In the study area, the OM pores of the Wufeng–Longmaxi Formation shale exhibit
predominantly circular and oval morphologies, encompassing pore sizes ranging from
several nanometers to hundreds of nanometers (Figure 4A–C). A noticeable correlation
exists between the number, porosity, and the broader distribution of pore sizes for OM
pores in the shale of the study area and the OM morphology. The OM found in shale
samples can be categorized into three categories based on its morphology: gap-filling OM,
scattered OM, and striped OM.

(1) Gap-filling OM: Gap-filling OM is predominantly dispersed among authigenic
minerals, primarily quartz and pyrite (Figure 5A–C). Previous studies have indicated that
OM in the shale of the Wufeng–Longmaxi Formation is mainly composed of pyrobitumen.
Oil-prone macerals (such as algae) generate oil and gas, eventually transforming into
pyrobitumen during thermal maturation. These pyrobitumens subsequently migrate short
distances to occupy primary interparticle pores, leading to the formation of gap-filling OM.
This type of OM contains a substantial number of OM pores, with areal porosity ranging
from 5.0% to 24.2%, averaging 12.7% (Figure 6A). The pore sizes range from 8 to 100 nm
(Figure 7A). As pore size increases, the number of pores gradually decreases, with pores
smaller than 20 nm being the most prevalent.

(2) Scattered OM: Scattered OM often appears as irregular blocks (Figure 5D–F), with
particle dimensions typically reaching the micrometer level. Scattered OM is the result of
local enrichment of pyrobitumen. This type of OM contains a substantial number of OM
pores, with areal porosity ranging from 2.8% to 12.8%, averaging 7.3% (Figure 6A). The



Processes 2023, 11, 3436 9 of 26

pore sizes range from 10 to 100 nm (Figure 7B), with pores smaller than 30 nm being the
most developed.
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Figure 4. SEM images of different types of pores in the Wufeng–Longmaxi Formation shale samples.
(A) Abundant OM pores in the TST1 shale samples. (B) OM filling between framboidal pyrite grains,
with abundant OM pores, TST1. (C) OM filling between biogenic quartz particles, with abundant
OM pores, TST1. (D) Intraparticle pores within carbonate minerals, TST2. (E) Intraparticle pores
within detrital quartz grains, and interparticle pores at the contacts of quartz and pyrite grains, TST2.
(F) Interparticle pores at the contacts of detrital quartz grains and clay minerals, HST2. OM, organic
matter; Q, quartz.

(3) Striped OM: Striped OM typically presents an irregular striped distribution within
the matrix (Figure 5G–I). Based on its morphological characteristics, it is suggested that
this type of OM may be graptolite. This observation aligns with findings by Yang et al. and
Delle Piane et al. [69,70], who also noted the absence of developed OM pores in graptolites
from the Wufeng–Longmaxi Formation shale, consistent with SEM observations in this
study. This type of OM primarily develops shrinkage cracks only at the edges of particles,
with areal porosity ranging from 0.0% to 6.4%, averaging 0.9% (Figure 6A).
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4.3.2. Inorganic Pores

Interparticle pores often occur between clay minerals, quartz, and pyrite particles
(Figure 4E,F). The interparticle pore morphology associated with authigenic minerals, such
as authigenic quartz and pyrite, is primarily triangular. Typically, these pores represent
the residual primary interparticle pores after strong compaction. Subsequent diagenesis
usually results in most of these pores being filled with OM or clay minerals (Figure 4B,C). In
contrast, the interparticle pores associated with terrigenous detrital minerals (clay minerals)
often appear as narrow slit-shaped openings. Examination of the SEM images of the
samples reveals a small number of pores (with diameters between 50–200 nm) that have a
widely varying and uneven distribution of interparticle pore sizes (Figure 8).
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Intraparticle pores are notably prevalent within carbonate and quartz particles (Figure 4D,E).
For carbonate minerals, intraparticle pores typically manifest as circular or triangular struc-
tures, with pore sizes generally measuring in the hundreds of nanometers or micrometers,
likely formed through dissolution processes [71]. Meanwhile, intraparticle pores within
quartz particles primarily adopt an isolated circular configuration, characterized by small,
disjointed pore sizes. These intraparticle pores might represent fluid inclusions that were
unveiled through ion milling [12,34,72]. The number of intraparticle pores is relatively
small (with diameters between 50 and 500 nm), resulting in a wide and uneven distribution
of pore sizes (Figure 8). Moreover, intraparticle pores are typically larger than interparticle
pores, and they are scattered within the mineral particles, resulting in greater spacing and
relatively poor connectivity.

4.4. Characteristics of Pore Types under Sequence Stratigraphic Constraints

The TST1 and HST1 shale samples predominantly consist of gap-filling OM and scat-
tered OM (accounting for 90%), with an average OM areal porosity of 12.5% (Figure 6B,C).
In this section, OM pores in the shale are the most abundant (with diameters between 8
and 50 nm), contributing the most to the pore area (Figures 8 and 9). The number of intra-
particle pores is secondary, primarily dominated by intraparticle pores within carbonate
minerals. Interparticle pores are the least numerous, primarily found within clay minerals
(Figures 8 and 9). The TST2 shale sample is predominantly composed of scattered OM and
striped OM (80%), with an average OM areal porosity of 5.2% (Figure 6B,C). In this section,
OM pores in the shale are the most numerous (with diameters between 8 and 50 nm),
contributing the most to the pore area (Figures 8 and 9). Interparticle pores are secondary,
primarily dominated by interparticle pores within clay minerals, while intraparticle pores
are less prevalent, primarily found within carbonate minerals (Figures 8 and 9). The HST2
shale sample mainly consists of striped OM (80%), with an average OM areal porosity
of 0.9% (Figure 6B,C). In this section, the number of OM pores in shale samples is rel-
atively small, with a predominant development of interparticle pores (with diameters
between 50 and 200 nm), primarily dominated by interparticle pores within clay minerals
(Figures 8 and 9). OM pores are the dominant pore type in TST1 and HST1, contributing
over 65% to the total porosity. Similarly, OM pores are also the dominant pore type in TST2,
contributing over 45% to the total porosity. In HST2, the dominant pore type is interparticle
pores in clay minerals, contributing over 50% to the total porosity (Figure 9).
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4.5. Major and Trace Elements

The contents and enrichment factors of Mo and U exhibit similar trends in the verti-
cal direction (Figure 10), gradually decreasing from bottom to top. The highest contents
and enrichment factors of Mo and U are observed in TST1+HST1: Mo = 0.65–46.70 ppm
(average 22.00 ppm), U = 4.94–16.30 ppm (average 9.90 ppm), MoEF = 0.97–105.05 (aver-
age 46.92), UEF = 2.34–11.72 (average 6.37). The content and enrichment factors of Mo
and U in TST2 exhibit a significant decrease: Mo = 0.92–15.7 ppm (average 2.62 ppm),
U = 2.54–12.10 ppm (average 4.76 ppm), MoEF = 0.73–35.85 (average 4.75), UEF = 1.61–8.78
(average 2.74). The lowest contents and enrichment factors of Mo and U are found in
HST2: Mo = 0.10–1.96 ppm (average 0.43 ppm), U = 1.12–3.30 ppm (average 2.84 ppm),
MoEF = 0.19–3.27 (average 0.76), UEF = 0.97–1.90 (average 1.62).
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The vertical trends of CuXS, NiXS, and ZnXS changes are generally similar (Figure 10),
gradually decreasing from bottom to top. The values of CuXS, NiXS, and ZnXS in TST1+HST1
are the highest, with averages of 93.09 ppm, 54.24 ppm, and 136.61 ppm, respectively. In
TST2, these values are significantly lower, averaging 25.58 ppm, 3.16 ppm, and 19.45 ppm,
respectively. HST2 exhibits the lowest values for CuXS, NiXS, and ZnXS, with averages of
7.99 ppm, −3.48 ppm, and 3.51 ppm, respectively.

Similarly, the Siex content also gradually decreases from bottom to top (Figure 10).
The highest Siex content is observed in TST1+HST1, with an average of 8.36%. TST2
shows a significant decrease, averaging 7.77%, while HST2 has the lowest Siex content,
averaging 6.20%.
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5. Discussion
5.1. Influence of the Depositional Environment on Organic Matter Accumulation and
Mineralogical Composition
5.1.1. Influence of the Depositional Environment on Organic Matter Accumulation

Through the assessment of U/Th, V/Cr, MoEF, and UEF, it can be inferred that the
deposition of TST1 and HST1 intervals took place under suboxic conditions, whereas
the deposition of TST2 and HST2 intervals occurred under oxic conditions (Figure 10).
Additionally, the Mo and U contents in the HST2 interval are lower compared to those
in the TST2 interval, approaching levels identified in PAAS shale. This implies a greater
degree of bottom water oxidation during HST2 deposition than during TST2. By evaluating
CuXS, NiXS, and ZnXS, it is possible to infer that paleoproductivity during the TST1 and
HST1 periods was relatively high, medium during the TST2 period, and relatively low
during the HST2 period. MoEF, UEF, U/Th, V/Cr, CuXS, NiXS, and ZnXS exhibit the same
vertical change trend as TOC (Figure 10), indicating a strong positive correlation between
these factors and TOC. This suggests that the enrichment of OM is influenced by both
paleoproductivity and paleoredox conditions. Previous studies have demonstrated that
OM accumulation is governed by production and preservation, and high paleoproductivity
and anoxic conditions can enhance OM accumulation [73].

During the Kaidi period, global sea levels rose due to the influence of the Boda global
warming event. Subsequently, global cooling and the impact of the Hirnantian glaciation
caused a gradual fall in sea levels. As a result, the TST1 and HST1 intervals in the study
area were deposited at the margin of the deep-water continental shelf (Figure 11A), under
anoxic bottom water conditions and high paleoproductivity. The high paleoproductivity
during the TST1 and HST1 intervals implies substantial nutrient input, promoting the
proliferation of algae and, consequently, the transport of a substantial amount of OM to the
seafloor sediments. Furthermore, the suboxic bottom water conditions prevailing during
the deposition of the TST1 and HST1 intervals facilitated the preservation of OM, leading
to the formation of OM-rich intervals. Following the Hirnantian, global warming and
glacier melting caused a rapid rise in global sea levels. However, regional tectonic uplift,
induced by the Kwangsian Orogeny during the Late Ordovician–Early Silurian, led to a
decline in the regional sea level [74]. Consequently, the TST2 interval in the study area
was deposited on a shallow continental shelf (Figure 11B). This shift resulted in reduced
ancient productivity within sedimentary areas and a decrease in nutrient availability in
water bodies, hindering the proliferation of algae. Additionally, the prevalence of oxic
bottom water conditions during the deposition of the TST2 interval did not favor OM
preservation, resulting in a notable reduction in TOC during this interval. During the
Aeronian period, continuous regional tectonic uplift further lowered the regional sea
level [74]. Consequently, the HST2 interval in the study area was deposited on a shallow
continental shelf (Figure 11C). In comparison to the TST2 interval, during the sedimentation
of the HST2 interval, the paleoproductivity further declined, and bottom water oxidation
was more pronounced, leading to minimal OM enrichment during this period.
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5.1.2. Influence of the Depositional Environment on Mineralogical Composition

XRD analysis reveals that the predominant minerals in the Wufeng–Longmaxi For-
mation shale are quartz, carbonate minerals, and clay minerals. The minerals present in
the shale are mainly terrigenous and authigenic [77]. Al and Ti serve as reliable indicators
reflecting terrigenous detrital influx [55], with Al mainly originating from fine-grained
aluminosilicate clay minerals [40], while Ti is typically associated with clay and heavy
minerals [78]. The contents of Al and Ti in the Wufeng–Longmaxi Formation shale in the
study area exhibit a strong correlation and mirror the distribution of clay mineral content
(Figure 12A). In comparison to TST1 and HST1, the Al and Ti contents in TST2 and HST2
shales show a significant increase (Figure 10), suggesting a higher terrigenous detrital influx
during the deposition process. Consequently, the elevated content of clay minerals in TST2
and HST2 shales can be attributed to this increased terrigenous detrital influx.
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Figure 12. (A) Relationship between Al and Ti for the shale samples from the Wufeng–Longmaxi
Formation. (B) Relationship between Al and Ca for the shale samples from the Wufeng–Longma-
xi Formation.

According to the shape, size, and CL intensity of quartz, the type of quartz can be
determined. Previous studies have demonstrated that the CL intensity of terrigenous
quartz is stronger than that of authigenic quartz [79,80]. SEM observations indicate that the
quartz particles in TST1 and HST1 shales are mostly small, appearing as aggregates and
symbiotic with OM, with weak CL intensity (Figure 13A,B). This suggests that the quartz
in this shale section is primarily authigenic. On the other hand, the quartz particles in TST2
and HST2 shales are mostly large and irregular in shape, exhibiting strong CL intensity
(Figure 13C,D). These observations indicate that the majority of quartz in this interval is
terrigenous quartz. Furthermore, the calculation results reveal that the average Siex content
of TST1 and HST1 shales is the highest, indicating a high content of authigenic quartz
in this section. In comparison, the average Siex content in TST2 and HST2 shale samples
decreased, suggesting a reduction in the content of authigenic quartz when compared to
TST1 and HST1.
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Figure 13. SEM and SEM-CL images of quartz in the Wufeng–Longmaxi Formation shale samples.
(A) SEM image showing a single large quartz grain and its surrounding smaller quartz grains, TST1.
(B) SEM-CL image of picture A showing strong luminescence of the large quartz grain and weak
luminescence of the smaller quartz grains, TST1. (C) SEM image of two large quartz grains, TST2.
(D) SEM-CL image of picture C showing two large quartz grains with strong luminescence, TST2.
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Previous studies have shown that authigenic quartz in shale can originate from various
processes, such as the dissolution and reprecipitation of siliceous biological skeletons, the
conversion of clay minerals, the pressure dissolution of clastic quartz, hydrothermal input
of silicon, and alteration of volcanic glass debris [34,80]. In the Wufeng–Longmaxi Forma-
tion shale, terrigenous quartz is primarily present as isolated particles within the shale
matrix rather than in grain-to-grain contacts (Figure 13C,D). This observation indicates
that the pressure dissolution of terrigenous quartz is not the primary source of authigenic
quartz. To recognize the hydrothermal origin of silica, Al-Fe-Mn plots are commonly
utilized [81]. In the case of the Wufeng–Longmaxi Formation samples, all of them plot in
the non-hydrothermal area (Figure 14A), suggesting that hydrothermal silicon is not the
main source of authigenic quartz. Quartz formed through the conversion of clay minerals
(illite sericitization, muscovite illiteization, kaolinite illiteization, and chloritization) is
typically observed as sheet-like quartz cement or secondarily enlarged edges of terrige-
nous quartz [63,82–84]. Moreover, the strong negative correlation between Siex and Al
(Figure 14B) suggests that authigenic quartz is not primarily derived from the conversion
of clay minerals. Additionally, the Rb/K2O ratio can be used to assess the degree of silica
from volcanic ash alteration in the sample [85]. A low Rb/K2O ratio indicates the presence
of a significant amount of silica provided by volcanic ash alteration [86,87]. The Rb/K2O
ratio of shale samples from the Wufeng–Longmaxi Formation is similar to that of PAAS
shale, implying that the alteration of volcanic glass debris is not the main source of silicon
(Figure 14C).
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between Al and Siex. (C) Relationship between K2O and Rb (K2O and Rb concentrations of bentonites
are from [87]). (D) Radiolarians in the shale samples from the Wufeng–Longmaxi Formation.

Based on the preceding discussion, the Siex in shale samples appears to be primarily
of biogenic origin. The enrichment of biogenic silicon often corresponds well to conditions
of sedimentary water with high paleoproductivity [88]. Among the shales, TST1 and HST1
exhibit the highest average Siex content, indicating deposition in a water environment with
high paleoproductivity, fostering prolific reproduction of siliceous organisms. Additionally,
a significant number of siliceous radiolarian fossils were observed in the thin sections of
TST1 and HST1 shale samples (Figure 14D). The breakdown of siliceous organisms can
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contribute to a rich supply of silica for the precipitation of authigenic quartz during early
diagenesis [82].

Generally speaking, Ca mainly originates from carbonate minerals [55]. A strong
negative correlation between Ca and Al is evident (Figure 12B), indicating that the carbonate
minerals in the shale of Wufeng–Longmaxi Formation in the study area are predominantly
authigenic. Recent research has demonstrated that within the sulfate and methane bacterial
reduction zone, bacteria increase the concentration of bicarbonate ions in sedimentary water
through sulfate reduction (Equation (4)) and methanogenesis (Equation (5)). This process
leads to the supersaturation of carbonate mineral composition in the sedimentary water,
resulting in precipitation and formation of carbonate minerals [89–91]. The deposition of
TST1 and HST1 intervals occurred in a sedimentary environment with suboxic bottom
waters and high paleoproductivity, facilitating the retention of sufficient OM to support
bacterial sulfate reduction and methanogenesis. This process consumes SO4

2−, increases
the concentration of bicarbonate ions in the sedimentary water, promotes the combination
of Ca2+ and Mg2+ with bicarbonate ions, and facilitates the formation of carbonate minerals.
Consequently, the content of carbonate minerals in this section is notably high.

2CH2O+SO2−
4 ↔ 2HCO−

3 + HS− + H+ (4)

2CH2O ↔ CH4 + HCO−
3 + H+ (5)

5.2. Relationship between Pore Types and Porosity

The porosity of shale samples was determined using the helium porosity method,
with results showing that the porosity of TST1 and HST1 shale varies from 0.9% to 2.9%
(average = 2.0%). In the case of TST2 shale, porosity ranges from 0.7 to 1.8% (average = 1.1%),
while HST2 shale exhibits porosity in the range of 1.6 to 2.2% (average = 1.8%).

The correlation between TOC and porosity in TST1 and HST1 shale is notably stronger
than the correlation between inorganic minerals (such as carbonates, quartz, and clay
minerals) and porosity (Figure 15). This suggests that OM pores significantly contribute
to the overall porosity, which aligns with the SEM observations (Figure 9). SEM obser-
vations of shale samples from this interval revealed the presence of abundant authigenic
quartz grains of biogenic origin, formed during early diagenesis. These authigenic quartz
grains are small in size, numerous, and interconnected, contributing to the formation of
a supportive framework along terrigenous quartz. This framework exhibits resistance
to compaction, thereby preserving a substantial number of primary interparticle pores
(Figure 16A,B). However, these residual primary interparticle pores are frequently filled
with resilient particles, including OM and clay minerals (Figure 16C), leading to fewer pores
associated with quartz (Figure 9). Consequently, no significant correlation exists between
quartz and porosity. Carbonate minerals, due to their chemically unstable nature, can be
dissolved by the organic acids generated during OM pyrolysis, resulting in the creation
of numerous dissolution pores (Figure 9). As a result, a positive correlation is observed
between carbonate minerals and porosity (Figure 15B). The content of clay minerals in
this interval is relatively low. Clay minerals often coexist with OM and are commonly
observed filling primary interparticle pores, occupying a significant portion of the pore
space. Although clay minerals occasionally develop interparticle pores, a majority of them
are filled with OM (Figure 16D). Consequently, there is a negative correlation between clay
minerals and porosity.

The correlation between TOC and carbonate minerals in TST2 shale shows a positive
relationship with porosity, but this correlation is weaker compared to that of TST1 and
HST1 shale (Figure 15). TST2 shale predominantly consists of scattered and striped OM,
whereas TST1 and HST1 shale mainly contain gap-filling OM (Figure 6C). Statistics reveal
that the areal porosity of scattered and striped OM is generally lower than that of gap-filling
OM. Therefore, it is believed that the change in OM type is the primary reason for the
attenuation of the correlation between TOC and porosity in TST2 shale. Due to the lower
OM content in this interval, there is a reduction in the generation of organic acids during
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OM pyrolysis, leading to a decrease in the formation of dissolution pores in carbonate
minerals (Figure 9). Consequently, the correlation between carbonate minerals and poros-
ity weakens. In comparison to the TST1 and HST1 intervals, the shale samples within
this interval contain an increased amount of terrigenous detrital minerals, primarily clay
minerals and terrigenous quartz. The interparticle pores within clay minerals contribute
more significantly to porosity (Figure 9). Terrigenous quartz is often observed in isolated
particle forms within the shale matrix and is surrounded by clay minerals, making a lesser
contribution to porosity.
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The positive correlation between clay minerals and porosity in HST2 shale, in contrast
to the lack of significant correlation between TOC, carbonates, and quartz with porosity,
suggests that the interparticle pores within clay minerals play a substantial role in porosity
development (Figure 15). The HST2 shale exhibits relatively low OM content, primarily
derived from graptolites. Graptolites have limited hydrocarbon generation potential,
resulting in underdeveloped OM pores. In comparison to the TST1 and HST1 intervals, the
shale within this interval contains a higher concentration of clay minerals, and interparticle
pores are frequently observed within clay aggregates (Figure 9). The content of brittle
minerals is relatively low and mainly comprises terrigenous quartz and carbonate minerals.
Terrigenous quartz is typically distributed sporadically within the shale matrix, surrounded
by clay minerals, and rarely comes into contact with other terrigenous quartz. During early
diagenesis, it is challenging to form a rigid framework, and primary pores tend to collapse
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due to compaction. Consequently, quartz contributes less to porosity (Figure 9). Carbonate
minerals are primarily cemented among terrigenous minerals, leading to a substantial
reduction in primary pores. Additionally, the small quantity of OM is insufficient to
generate a substantial amount of organic acid for dissolving carbonate minerals, resulting
in a limited contribution of intraparticle pores in carbonate minerals to overall porosity.
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Figure 16. (A) EDS images of TST1 shale samples. (B) The SEM image in picture A demonstrates that
the authigenic quartz is interconnected, forming a rigid framework that effectively resists compaction.
(C) The pores between the authigenic quartz are filled with OM and clay minerals. (D) The pores
between clay minerals are filled with OM. The mineral phases in the EDS image are quartz (red),
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5.3. Formation and Evolution of Shale Pores in Different System Tracts

The OM content, types, mineral genesis, and composition in shale are collectively
determined by their position within the sequence framework and distinct depositional
environments. Therefore, the evolution of diagenesis has led to variations in the devel-
opment of shale pore types in different sequences (Figure 17). During the deposition of
TST1 and HST1 intervals, a period of high paleoproductivity promoted the proliferation of
algae and siliceous organisms, favoring the enrichment of OM and authigenic quartz. In
the early diagenesis phase, the rigid mineral framework formed by authigenic quartz was
capable of withstanding compaction, thereby preserving a significant number of primary
interparticle pores. In the middle and late stages of diagenesis, primary OM underwent
thermal degradation and transformed into pyrobitumen. Subsequently, these pyrobitumens
migrate short distances, filling primary interparticle pores and leading to the formation of
gap-filling OM. During this phase, OM pores became widespread. Despite increasing com-
paction with burial depth, the integrity of gap-filling OM pores was maintained by a rigid
network of authigenic quartz. As temperature and pressure increased, the transformation
of clay minerals (e.g., from montmorillonite to mixed-layer clays such as illite) generated a
limited number of interparticle pores. Due to the unstable chemical properties of carbonate
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minerals, they were subject to corrosion by acidic fluids, including organic acids formed
during hydrocarbon generation at various stages of diagenesis, resulting in the creation of
numerous dissolution pores. Typically, these dissolution pores were preserved within or
along the edges of carbonate minerals.
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During the TST2 sedimentary period, both paleoproductivity and bottom water re-
duction decreased significantly, leading to a reduction in OM abundance and authigenic
quartz content. In comparison to TST1 and HST1 shale, TST2 shale exhibited decreased
levels of OM pores and inorganic pores (interparticle pores and intraparticle pores).

During the HST2 sedimentary period, paleoproductivity and bottom water further
decreased, resulting in almost no enrichment of OM. A significant influx of terrigenous
detrital material led to the enrichment of clay minerals in this shale layer, and the OM
was primarily composed of graptolites. During early diagenesis, a lack of protection from
brittle minerals resulted in the compaction and closure of many primary pores. Graptolites
had a chemical composition similar to that of type III kerogen, with limited hydrocarbon
generation potential, which led to minimal development of OM pores during middle to late



Processes 2023, 11, 3436 22 of 26

diagenesis. During middle to late diagenesis, the transformation of clay minerals generated
more interparticle pores.

In general, TST1 and HST1 are the sweet spots for shale gas exploration and develop-
ment in the study area. The high TOC and abundant authigenic quartz in the TST1 and
HST1 are the keys to the formation of the “sweet spot”. The authigenic quartz filling the
interparticle pores supports the pore network, and the rich OM forms a large number of
OM pores and methane during the gas window.

6. Conclusions

(1) The sequence stratigraphic framework of the Wufeng–Longmaxi Formation in the
study area was established through wavelet analysis. Within the northern Guizhou region,
the Wufeng–Longmaxi Formation is segmented into two third-order sequences (SQ1 and
SQ2). The Wufeng Formation encompasses TST1 and HST1, constituting one third-order
sequence. Meanwhile, the Longmaxi Formation is composed of TST2 and HST2, forming
another third-order sequence.

(2) Data extraction on the number, size, and area of various pore types allowed a
quantitative assessment of their relative contributions to pore space. Within TST1 and
HST1 shale, OM pores emerged as the dominant pore type, constituting over 65% of the
porosity. Similarly, TST2 shale exhibited dominance of OM pores, contributing to over
45% of the porosity, although with an average OM areal porosity of 7.3%, notably lower
than that in TST1 and HST1, which recorded 12.7%. Conversely, HST2 displayed inorganic
pores as the dominant pore type, primarily composed of interparticle pores associated
with clay minerals, contributing to over 50% of the porosity, while OM pores remained
relatively undeveloped.

(3) The development of pore types in shale is intricately influenced by factors such
as OM content, type, and mineral composition, subject to the control of both sedimentary
processes and diagenetic pathways. Global and regional geological events have caused
changes in marine paleoproductivity, redox conditions, and terrigenous detrital influx
during the deposition of the Wufeng–Longmaxi Formation in the study area, resulting in
significant disparities in OM content, types, and initial mineral composition across different
sequences. Subsequently, variations in diagenetic evolution have led to divergent patterns
in the development of shale pore types within these sequences.
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