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Abstract: Marine shales from the Niutitang Formation and marine–continental transitional shales
from the Longtan Formation are two sets of extremely important hydrocarbon source rocks in South
China. In order to quantitatively compare the pore complexity characteristics between marine and
marine–continental transitional shales, the shale and kerogen of the Niutitang Formation and the
Longtan Formation are taken as our research subjects. Based on organic petrology, geochemistry,
and low-temperature gas adsorption analyses, the fractal dimension of their pores is calculated by
the Frenkel–Halsey–Hill (FHH) and Sierpinski models, and the influences of total organic carbon
(TOC), vitrinite reflectance (Ro), and mineral composition on the pore fractals of the shale and
kerogen are discussed. Our results show the following: (1) Marine shale predominantly has wedge-
shaped and slit pores, while marine–continental transitional shale has inkpot-shaped and slit pores.
(2) Cylindrical pores are common in organic matter of both shale types, with marine shale having a
greater gas storage space (CRV) from organic matter pores, while marine–continental transitional
shale relies more on inorganic pores, especially interlayer clay mineral pores, for gas storage due to
their large specific surface area and high adsorption capacity (CRA). (3) The fractal characteristics of
marine and marine–continental transitional shale pores are influenced differently. In marine shale,
TOC positively correlates with fractal dimensions, while in marine–continental shale, Ro and clay
minerals have a stronger influence. Ro is the primary factor affecting organic matter pore complexity.
(4) Our two pore fractal models show that the complexity of the shale in the Longtan Formation
surpasses that of the shale in the Niutitang Formation, and type I kerogen has more complex
organic matter pores than type III, aiding in evaluating pore connectivity and flow effectiveness in
shale reservoirs.

Keywords: marine shale; marine–continental transitional shale; pore structure; fractal dimension;
FHH model; Sierpinski model; pore complexity

1. Introduction

Shale gas refers to natural gas existing in mud shale in adsorbed, free, and dissolved
states, etc. It is a large-scale, continuous, and low-abundance unconventional oil and gas
resource [1–3]. According to different sedimentary environments, shale can be divided into
marine shale, marine–continental transitional shale, and continental shale [4,5]. At present,
the Sichuan Basin and its surrounding marine shale have been utilized for stable industrial
gas flow, and the development and utilization of marine shale have resulted in a strategic
breakthrough [6–8]. The production of shales in the Wufeng–Longmaxi Formation in
Luzhou, Changning, the Weiyuan and Fuling areas of the Sichuan Basin, and the Niutitang
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Formation in Zheng, an area of Northern Guizhou, has achieved commercial breakthroughs
and scale-effective development. However, the geological research of marine–continental
transitional shale is still in its infancy, and no systematic research on oil and gas has been
carried out.

Guizhou is located in South China on the periphery of the Sichuan Basin and has
experienced multiple tectonic movements and sedimentary environment changes. From
the Sinian to the Middle Triassic period, its sedimentary rocks were marine sediments
dominated by carbonates. In the Upper Triassic period, its marine–continental transitional
sediments were transformed from a shallow sea platform to an inland lake basin. From the
Jurassic to the Tertiary period, its sedimentary rocks were a set of continental sediments
dominated by clastic rocks. Therefore, Guizhou has developed a set of thick sedimentary
rocks and formed multiple sets of source–reservoir–cap rock assemblages in the vertical
direction. The marine Niutitang Formation and the marine–continental transitional Long-
tan Formation are considered to be shale gas strata with development potential [9–11].
However, in the geological tectonic stage of the collision between the Pacific and the Indian
Plate, the Qinghai–Tibet Plateau began to rise sharply, resulting in the formation of the
Yunnan–Guizhou Plateau and a large number of folded mountains. The complex pore
storage space in shale gas formations is a result of intense structural evolution and substan-
tial heterogeneity. Determining the exact location and associated conditions for shale gas
enrichment poses considerable challenges due to these complexities [12–14].

The evaluation methods for pore structure characteristics are diverse, with commonly
used ones including image analyses (scanning electron microscopy and image analysis
software), experimental techniques (high-pressure mercury intrusion, low-temperature
nitrogen adsorption, carbon dioxide adsorption, and small-angle scattering), and geometric
fractal methods (the Menger model, Sierpinski model, BET fractal model, FHH fractal
model, thermodynamic fractal model, and Langmuir fractal model, etc.). The fractal
dimension is an important aspect of geometric fractals and is often utilized to describe
the complexity and heterogeneity of solid material pore structures. However, different
methods characterize pore diameter distributions differently. Reference [15], based on
low-to-medium-grade structural coal, combined with high-pressure mercury intrusion
and low-temperature nitrogen adsorption experiments, discussed the applicability of
the Menger model, Sierpinski model, FHH fractal model, and thermodynamic fractal
model. The authors concluded that the Menger model is not suitable for characterizing
the heterogeneity of structural coal pores, the Sierpinski model is suitable for describing
the nanoscale pore fractal characteristics of structural coal, and the FHH fractal model is
suitable for characterizing the heterogeneity of pores in primary coal and structural coal
with pore sizes of 8–100 nm. Reference [16] studied the Longmaxi Formation and Niutitang
Formation shales in the southern marine areas of China, using a combination of micro-pore
fractal models and FHH fractal models to calculate the fractal dimensions of their pores,
and discussed the applicability of the two methods. The authors found that the micro-pore
fractal model is suitable for calculating carbon dioxide adsorption data and effectively
characterizes the fractal dimensions of shale micropores, while the FHH fractal model is
suitable for calculating high-pressure nitrogen adsorption data and effectively characterizes
the fractal dimensions of shale mesopores. To summarize previous research on the fractal
dimension theory, the use of the Sierpinski model is mostly concentrated in coal and rock
formations, with relatively less research on the fractal dimension of shale pore structures
based on carbon dioxide adsorption experiments using the Sierpinski model.

Therefore, this study explores the development characteristics of pores in the marine
shales of the Niutitang Formation and the transitional marine–continental shales of the
Longtan Formation in Guizhou through nitrogen adsorption and carbon dioxide adsorption
experiments. We use the FHH model and the Sierpinski model to reveal the complexity
of shale and organic matter pores of different sizes and their main influencing factors.
Establishing a model to explore the development of pores in the marine shales in the
Niutitang Formation and the transitional marine–continental shales and organic matter in
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the Longtan Formation will help us predict the production of shale gas in Guizhou more
accurately and optimize development strategies.

2. Samples and Methods
2.1. Samples and Preparation

In this study, 13 samples were prepared, which were taken from the black shale of the
Niutitang Formation in Northern Guizhou and the black shale of the Longtan Formation in
Western Guizhou (Figure 1). Among them, 2 samples of Niutitang Formation black shale
belonged to platform sedimentary environment and 4 samples from slope sedimentary
environment. Seven samples of the Longtan Formation black shale were from the Dahebian
syncline structure, representing a transitional marine–continental depositional environment.
This type of black shale is typically associated with coal and is also known as coal-bearing
shale. Due to their diverse depositional environments and depths, these samples exhibit
variations in mineral composition, total organic carbon (TOC) content, and organic matter
maturity levels. This allows for a comprehensive analysis of shale gas occurrence states
in marine and transitional marine–continental shale formations as well as an exploration
of the factors controlling pore structure complexity. Consequently, prior to studying shale
and organic matter’s pore structures, all black shale samples underwent detailed organic
geochemical characterization and mineral composition analyses, including TOC, thermal
maturity, whole-rock, and clay mineral analyses.
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Figure 1. Geological setting. (a) Regional location of the Upper Yangtze Platform; and (b) a geological
map of Guizhou Province, showing its tectonic zones.

Organic matter is usually formed by diagenesis at the same time as shale and evolves
into solid kerogen and secondary organic matter in the late diagenetic stage. The main
parent material of organic matter is kerogen. In order to study the characteristics of pore
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development of organic matter and explore the relationship between kerogen pores and
shale pores, we isolated kerogen from shale according to National Standard GB/T 19144-
2010 [17]. The operation aimed to remove Al2O3, CaO, and MgO from the shale by two
acid treatments, followed by the removal of the modern sediment formed after the acid
treatment by NaOH. At this point, there was still pyrite in the black shale, which was
removed by zinc and HCL. Finally, the experimental sample was mixed with heavy liquid
(mixture of hydrogen chloride, potassium iodide, and glacial acetic acid with a relative
density of 2.01~2.10 g/mL) and centrifuged to separate kerogen. Kerogen can be purified
by chloroform treatment of isolated kerogen.

2.2. Field Emission Scanning Electron Microscopy (FE-SEM)

The pore development characteristics of organic matter in black shale were qualita-
tively observed by field emission scanning electron microscopy (FE-SEM). The experimental
instrument was ZEISS SIGMA field emission scanning electron microscope, under which
microscopic images magnified 20,000~100,000 times could be observed. Before the experi-
ment, some of the samples were ion polished using argon to remove impurities and form a
smooth two-dimensional plane.

2.3. Low-Pressure Gas (N2 and CO2) Adsorption

For the analysis of black samples and kerogen samples, we conducted low-pressure
N2 and CO2 adsorption experiments using the Micromeritics ASAP 2460 automatic specific
surface area and pore size analyzer. The N2 adsorption experiment focused on identifying
pores ranging from 1.7 to 300 nm through monolayer adsorption. On the other hand, the
CO2 adsorption experiment aimed to identify pores ranging from 0.35 to 1.5 nm through
double-layer adsorption [18,19]. Based on the results obtained from nitrogen adsorption
experiments, we utilized the Brunauer–Emmet–Teller (BET) theory and BJH model to
calculate parameters such as pore size distribution, specific surface area, and pore volume.
To further analyze carbon dioxide adsorption, we employed density functional theory
(DFT) to calculate micropore volume and micropore specific surface area [20–24].

2.4. Fractal Theory
2.4.1. Frenkel–Halsey–Hill (FHH) Model

Based on low-temperature N2 adsorption, fractal models primarily include the BET
model, Langmuir model, Frenkel–Halsey–Hill (FHH) model, and thermodynamic methods.
Among these, the FHH model has been widely used for analyzing dimensionality in porous
media materials. The fractal theory for low-temperature N2 adsorption in porous media
was initially proposed by Pfeifer and Avnir in 1983 [25,26]. This theory suggests that the
pore fractal dimension D can be used to characterize the complexity and heterogeneity
of porous material pore structures, typically ranging between 2 and 3, where 2 indicates
smooth planes and 3 indicates free space. Therefore, when D approaches 2, the pore
structure in porous media tends to be simple with low surface roughness, while as D
approaches 3, the pore structure becomes more complex. Shale, similar to porous materials,
also exhibits typical fractal characteristics in its pore structure [27].

Previous studies have shown that the Pfeifer-corrected FHH model can effectively
characterize the pore fractal dimension of shale and kerogen based on nitrogen adsorption
experimental results, with a relatively high fractal dimension fitting degree (R2 exceeding
0.90), reflecting high levels of pore structure heterogeneity and complexity [14,28,29]. Thus,
this study similarly opts for the Pfeifer-corrected FHH fractal model to calculate pore fractal
dimensions, aiming to explore the pore structure characteristics of shale and kerogen, as
shown below:

ln V = C + Kln
[

ln
(

P0

P

)]
(1)

where P is the equilibrium pressure, MPa; V is the adsorption volume at equilibrium
pressure P; P0 is the saturated steam pressure, MPa; C is a constant; and K is the slope
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of the fitted line. In this study, it was observed that the adsorption curve and desorption
curve of the N2 adsorption/desorption experiment did not coincide. Hysteresis loops were
observed at a relative pressure of 0.45, indicating the presence of capillary condensation
during the nitrogen adsorption process. Consequently, the fractal dimension of the nitrogen
adsorption was calculated using the equation D = K + 3.

2.4.2. Sierpinski Model

It is worth noting that the FHH fractal model, considering multi-layer adsorption and
capillary condensation effects, is mainly suitable for calculating fractal dimensions within
the mesopore range. Errors were consistently found when applying the FHH model to
calculate carbon dioxide adsorption experimental data, indicating that the FHH model
based on uniform plate-like molecular layer adsorption is not suitable for calculating
the fractal dimensions of micropores (less than 1.5 nm) [29]. In micropores, adsorbate
molecules typically undergo pore filling, a process distinct from adsorption behavior under
mesoporous conditions. Additionally, there is diffusion resistance for liquid N2 molecules
entering micropores at experimental temperatures. Therefore, the applicability of the
FHH fractal model is limited, and the model for calculating micropore fractal dimensions
should differ from that of mesopores. Considering the existence of micropore filling in CO2
(273 K) adsorption, a model based on Sierpinski fractal theory was applied by recursively
describing the embedding of typical fractal volumes in three-dimensional space relative to
their characteristic lengths in the Sierpinski set, as shown below [30–32]:

V = L(3−D) (2)

where L is length of the yardstick, m; D is volume fractal dimension; and V is the adsorption
volume at equilibrium pressure P, mL.

Angulo et al. argued that fluid filling processes, such as mercury intrusion and
micropore filling in CO2 (273 K) adsorption, do not follow a box counting process and
adjusted Formula (2) to relate volume to pressure as shown below:

V ∝ (P − Pt)
(3−D) (3)

where Pt is the threshold pressure. For CO2 adsorption at 273 K, the pressure of the
first point in the adsorption isotherm was regarded as Pt, MPa. D is the volume fractal
dimension. When P is very close to or above Pt, V is the adsorption volume at equilibrium
pressure P, mL. Here, if we apply logarithms to both sides of Equation (3), we obtain
the following:

lnV = C + (3 − D)ln[ln(P − Pt)] (4)

from which D can be readily derived through the physisorption data.

2.5. Calculation Method of Organic Pore Contribution

Organic matter pores are a distinct type of intergranular pore. In this paper, a calcula-
tion method (CRV and CRA) for the contribution rates of specific surface area and pore
volume of organic matter is proposed. The CRV formula equation is expressed as follows:

CRV =
Vorg ∗ TOC

Vshl
∗ C1 (5)

where Vorg is the pore volume of 1.0 g of kerogen, Vshl is the pore volume of 1.0 g of black
shale, TOC is the total organic carbon content of black shale, and C1 is the pore volume
constant of the shale.

Shale pore development exhibits significant heterogeneity, which varies across differ-
ent formations. Therefore, we suggest that the constant value (C1) representing the pore
characteristics of each formation is essential for analyzing the contribution rate of organic
matter pores. The calculation is predominantly contingent on data gathered from prior re-
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search, encompassing the average pore volume, average TOC content, and average organic
matter pore volume of black shale in the target formation [10,33–39]. These parameters
serve as correction constants (C1) in the study as shown below:

C1 =
Vshl ∗ Lv

Vorg ∗ TOC
(6)

where Vshl is the average shale pore volume, Lv is the average organic matter pore volume
rate, and Vorg is the average organic matter pore volume.

In addition, the contribution rate of the organic matter pore surface area (CRA) of the
black shale is expressed as follows:

CRA =
Sorg ∗ TOC

Sshl
∗ C2 (7)

where Sorg is the pore surface area of 1.0 g of kerogen, Sshl is the pore surface area of 1.0 g of
black shale, TOC is the total organic carbon content of the black shale, and C2 is a correction
constant.

C2 has a similar meaning to C1. The formula equation of C2 is expressed as follows:

C2 =
Sshl ∗ LS

Sorg ∗ TOC
(8)

where Sshl is the average specific surface area of black shale, Ls is the average specific surface
area ratio of organic matter, and Sorg is the average specific surface area of organic matter.

3. Results
3.1. Organic Geochemistry and Mineralogical Composition
3.1.1. TOC Content

The TOC can better reflect the hydrocarbon generation capacity of shale and affects
the occurrence state and gas content of hydrocarbon gases [40]. The TOC content of the
Niutitang Formation shale ranges from 1.0 wt% to 10.0 wt%, with an average of 6.0 wt%.
The TOC content of the Longtan Formation shale ranges from 1.2 wt% to 11.3 wt%, with an
average of 5.3 wt% (Table 1). According to the classification and evaluation standard of the
organic matter abundance of source rocks, it can be judged that the Niutitang and Longtan
Formation shales are mainly “good-best” source rocks when only using the TOC index.
These indicate that the shale samples of the Niutitang Formation and Longtan Formation
are rich in organic matter.

Table 1. TOC content, Ro, kerogen type, mineralogical composition, and clay mineral content of the
shales from the Niutitang Formation and Longtan Formation.

Shale Type Sample TOC
(%)

Ro
(%)

Kerogen
Type

Mineral Composition (%) Clay Mineral Content (%)

Quartz Feldspar Siderite Dolomite Calcite Pyrite Clay I/S It Kao Chl

Marine
shale

(Niutitang
Formation)

DY-1 1.0 2.4 I 25.6 12.2 - - 0.5 11.4 58.1 10.6 88.8 - 0.6
DY-2 1.1 2.6 I 46.4 8.2 - 1.3 0.7 9.8 40.9 - 73.9 - 0.4
YX-1 7.7 2.5 I 23.8 18.3 - 14.4 1.9 6.1 33.0 10.0 72.5 1.7 2.9
YX-2 8.9 3.0 I 54.0 15.0 - 6.0 0.3 6.1 17.2 10.0 77.5 - -
ZK-1 6.6 4.1 I 28.2 10.6 0.4 15.1 - 2.0 34.3 13.2 64.4 5 -
ZK-2 8.8 4.1 I 52.1 5.5 1.4 - 2.0 2.5 29.1 16.5 60.4 5 -

Marine–
continental

transi-
tional shale
(Longtan

Formation)

DS-1 11.3 0.76 III 54.0 - - - 19.1 7.2 19.7 - - 46.9 53.1
DS-2 6.34 0.78 III 13.5 - - - 28.0 11.2 47.3 - - 79.8 20.2
DS-3 7.13 0.81 III 10.5 2.4 - - 0.0 0.0 87.1 - - 69.6 30.4
DS-4 3.89 0.88 III 26.9 18.8 - - 1.6 0.0 52.7 32.6 5.2 41.0 21.2
DS-5 1.2 0.95 III 47.1 0.0 - - 5.3 14.2 33.4 92.0 - 3.2 4.8
DS-6 1.81 0.94 III 23.9 1.4 - - 1.3 0.0 73.4 11.5 4.7 55.2 28.6
DS-7 13.40 0.68 III 36.2 - - - 34.9 7.6 21.3 - - 67.0 33.0
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3.1.2. Thermal Maturity

Organic matter undergoes irreversible maturation evolution after deposition, resulting
in variations in the occurrence form and structural characteristics of the same type of
organic matter at different stages of evolution (the immature stage, mature stage, highly
mature stage, and over-mature stage) [41]. The Niutitang Formation samples have an
Ro range of 2.40% to 4.10%, with an average of 3.10%, indicating high maturity to over-
maturity and passage through the gas window. The Longtan shale has an Ro range of 0.68%
to 0.95%, with an average of 0.83%, suggesting that it is in the mature stage and has reached
the gas window threshold [42,43].

3.1.3. Mineralogical Composition

Shale minerals were subjected to an XRD analysis, and the results are presented in
Table 1. The dominant mineral components of the Niutitang Formation shale consist of
quartz and clay minerals, accounting for over 50% of the total mineral composition. The
high proportions of clay minerals and quartz in the Niutitang Formation shale suggest
that sedimentation processes are primarily influenced by terrigenous clastic, biological, or
hydrothermal deposition mechanisms. On the other hand, the Longtan Formation shale
predominantly contains high levels of clay minerals, indicating the significant influence of
terrigenous detritus during deposition [44]. The mineral compositions within the Longtan
Formation shale display significant variability (Figure 2), which is particularly evident when
looking at the presence of carbonate minerals and pyrite. This reflects a marine–continental
transitional deposition environment in the Longtan Formation characterized by frequent
water turbulence. The depositional setting was mainly composed of deltaic deposits,
tidal flats, and lagoon sediments, resulting in varying shale mineral compositions [10].
According to the ternary mineral classification (Figure 2), DY-1, DS-4, and DS-6 belong
to siliceous-rich clay shale (SRCS). DY-2, ZK-2, and DS-5 belong to clay-rich silicon shale
(CRSS). YX-2 and DS-1 belong to silicon shale (SS). YX-1 and ZK-1 belong to a clay/silicon
shale mixture (CSSM). DS-2 belongs to calcium-rich clay shale (CRCS). DS-3 belongs to clay
shale (CS). DS-7 belongs to a silicon/calcium shale mixture (SCSM).
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3.2. Pore Morphology and Types
3.2.1. Inorganic Pores

The inorganic pores present in the marine shale and marine–continental transitional
shale primarily consist of pyrite intergranular pores, clay mineral interlaminar pores,
dissolution pores, etc. (Figures 3a–f and 4a–f). Among these, the most prevalent are the
interlaminar pores formed by disordered sheets, slits, or wedges of clay minerals that
are susceptible to deformation or closure due to external compression. The strawberry-
shaped intergranular pores of pyrite were observed through an FE-SEM analysis. Pyrite
dissolution resulted in the formation of dissolution pores which were subsequently filled by
clay minerals within the intergranular spaces. While clay minerals contribute a significant
number of pore spaces, their high abundance can also impede shale porosity development.
Dissolution pores are associated with interactions between organic acids and minerals in
coal measure shales; feldspar is commonly dissolved along with quartz, calcite, and pyrite,
exhibiting dissolved pore structures. Therefore, in FE-SEM images, it can be observed that
inorganic pores exhibit a multitude of pore types, revealing the intricate nature of their
pore structure.

Figure 3. The mineral composition, organic matter morphology, and pore development of Longtan
Formation shale under FE-SEM. (a) Intergranular pores of illite–montmorillonite mixed layer, Longtan
Formation. (b) Intergranular pores of illite, Longtan Formation. (c) Intergranular pores of pyrite,
Longtan Formation. (d) Dissolution pores of pyrite, Longtan Formation. (e) Intergranular pores of
kaolinite, Longtan Formation. (f) Fractures of feldspar and intergranular pores of chlorite, Longtan
Formation. (g) Organic-clay complex with undeveloped pores, Longtan Formation. (h) Organic-
pyrite complex with intragranular pore development. Longtan Formation. (i) Organic-clay complex
developed in intragranular pores, Longtan Formation. (j) Intragranular pores of organic matter,
Longtan Formation. (k) Fractures of organic matter, Longtan Formation. (l) Banded organic matter
wraps pyrite, Longtan Formation.
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Figure 4. The mineral composition, organic matter morphology, and pore development of Niu-
titang Formation shale under FE-SEM. (a) Intragranular pores of calcite, Niutitang Formation.
(b) Intergranular pores of quartz and calcite, Niutitang Formation. (c) Intergranular and intragranu-
lar pores of quartz, Niutitang Formation. (d) Dissolution pores of dolomite, Niutitang Formation.
(e) Intergranular pores of pyrite. (f) Intergranular pores of illite, Niutitang Formation. (g) Dissolution
pores of organic matter, Niutitang Formation. (h) Organic-clay-pyrite complex with interparticle
pores development. Niutitang Formation. (i) Intragranular pores are partially developed in or-
ganic matter, Niutitang Formation. (j) Honeycomb pores of organic matter, Niutitang Formation.
(k) Intergranular pores of organic matter, Niutitang Formation. (l) Banded organic matter developed
fractures, Niutitang Formation.

3.2.2. Organic Matter Pores

Developments in the shape, size, and number of organic matter pores can be effectively
observed under FE-SEM. Organic matter pores are the most widely developed pore type in
marine organic-rich shale [45,46]. However, the development of organic matter pores in
marine–continental transitional shales is suboptimal.

FE-SEM revealed that the pore development of organic matter varied among the
different occurrence types (Figures 3g–l and 4g–l). Despite similar TOC contents in the
Niutitang Formation shale and the Longtan Formation shale, the number of organic matter
pores in the Niutitang Formation shale is significantly greater than that in the Longtan
Formation shale [10]. The sapropelic kerogen macerals from the Niutitang Formation
primarily consist of 72.00~89.70%, with an average content of 81.45%. Only a few samples
contain inertinite, implying that lower aquatic organisms with algae as their primary
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source contribute mainly to the organic matter composition, while higher plants make
up only a small portion. Type I kerogen is predominant in the Niutitang Formation. Our
maceral composition analysis reveals that vitrinite constitutes most (76.80~91.00%) of
the Longtan Formation shale’s macerals; however, there is a relatively low content of
inertinite (4.69~15.55%) and exinite (2.06~10.94%), respectively. These results indicate that
the Longtan Formation shale predominantly consists of type III kerogen. Different types
of organic matter reflect distinct sedimentary environments, determining their maceral
compositions [47,48].

Therefore, this discrepancy may be attributed to type III kerogen having fewer pores
present in the Longtan Formation’s organic-rich shale compared to type I kerogen [49].
Additionally, the lower thermal maturity (0.68% < Ro < 0.95%) of the Longtan Formation’s
organic matter relative to that of the Niutitang Formation (2.40% < Ro < 4.10%) contributes
to differences in their respective pore developments. In addition, elliptical and slit pores
are the predominant pore types formed by organic matter, characterized by a relatively
complicated pore structure. Typically, these pores originate from hydrocarbon production
channels and the self-condensation of organic matter itself.

3.3. Quantitative Characteristics of Pore Development
3.3.1. The Low-Pressure N2 Adsorption Analysis

An adsorption analysis of low-pressure gas (N2/CO2) can effectively identify pores in
organic-rich shale ranging from 0.35 to 300 nm. Additionally, the amount of gas adsorbed
reflects the number of pores present and the complexity of the pores. Various classification
schemes exist for pore size, and in this study, we primarily adopted the pore classification
scheme proposed by The International Union of Pure and Applied Chemistry (IUPAC). Ac-
cording to this scheme, pores are categorized into three groups: micropores with diameters
less than 2 nm, mesopores with diameters between 2 nm and 50 nm, and macropores with
diameters exceeding 50 nm.

Figure 5 illustrates the N2 adsorption and desorption curve under low-pressure con-
ditions. Based on the IUPAC’s N2 adsorption and desorption curve classification system,
both the Niutitang Formation shale and Longtan Formation shale exhibit typical IV curves.
In contrast, their kerogen curves differ significantly from those observed in the black shale
samples; they resemble type II or type III curves. Hysteresis rings resulting from the
non-coincidence between the adsorption/desorption curves are commonly observed in
black shale and kerogen, providing insights into their pore morphologies [50].

The IUPAC divides hysteretic loops into H1, H2, H3, and H4 types (Figure 6). Based
on our N2 adsorption/desorption curve analysis, the pore morphology of the Niutitang
Formation shale can be characterized as a combination of lamellar pores (H3 type) and
slit holes (H4 type). Similarly, for the Longtan Formation shale samples, a mixture of
ink-bottle-shaped pores (H2 type) and slit-shaped pores (H3 type) is observed. These
findings highlight the complex nature of pore structures in both of these formations,
indicating that a single classification cannot fully capture their morphological diversity.
Notably, our examination under FE-SEM revealed further complexity in terms of pore types
(Figures 3 and 4). It is worth mentioning that the kerogen samples predominantly exhibited
cylindrical pores followed by slit pores; however, only the YX-2 kerogen and DY-2 kerogen
displayed hysteresis rings characteristic of H4-type behavior. This suggests that organic
matter plays a significant role in shaping shale porosity with a higher adsorption capacity
compared to inorganic components at equivalent masses.



Fractal Fract. 2024, 8, 288 11 of 28

Fractal Fract. 2024, 8, x FOR PEER REVIEW 12 of 29 
 

 

 
Figure 5. Low-pressure gas N2 adsorption/desorption of the shales and the organic matter. (a) The 
marine Niutitang Formation shale. (b) The marine–continental transitional Longtan Formation 
shale. (c) The marine Niutitang Formation kerogen. (d) The marine–continental transitional Longtan 
Formation kerogen. 

 
Figure 6. Curve types of gas adsorption and pore morphology (modified for Sing., 1985 [51]). 

Figure 5. Low-pressure gas N2 adsorption/desorption of the shales and the organic matter. (a) The
marine Niutitang Formation shale. (b) The marine–continental transitional Longtan Formation
shale. (c) The marine Niutitang Formation kerogen. (d) The marine–continental transitional Longtan
Formation kerogen.

Based on the N2 adsorption and desorption curves, the pore specific surface area and
pore volume of the shale and kerogen were calculated using the BJH model [28]. The pore
specific surface area of the Niutitang Formation shale ranges from 3.17 m2/g to 10.38 m2/g,
with an average of 10.38 m2/g. The shale pore volume ranges from 0.0123 to 0.0222 cm3/g,
with an average of 0.0161 cm3/g. The pore specific surface area of the Longtan Formation
shale ranges from 0.86 to 29.27 m2/g, with an average value of 14.72 m2/g. The shale
pore volume ranges from 0.0025 to 0.0351 cm3/g, with an average of 0.0202 cm3/g. The
specific surface area of the Niutitang Formation kerogen pores ranges from 20.26 m2/g to
33.34 m2/g, with an average of 20.26 m2/g. The kerogen pore volume ranged from 0.0954
to ~0.1639 cm3/g, with an average of 0.1155 cm3/g. The specific surface area of the
Longtan Formation kerogen pores ranges from 2.76 m2/g to 18.41 m2/g, with an average of
6.79 m2/g, and the volume of the kerogen pores ranges from 0.0077 cm3/g to 0.0916 cm3/g,
with an average of 0.0311 cm3/g (Figure 7). The pore specific surface area and pore volume
of the Longtan Formation shale are higher than those of the Niutitang Formation shale,
and the pore specific surface area and pore volume of the Niutitang Formation kerogen are
higher than those of the Longtan Formation kerogen. This shows that the inorganic pores
of the Longtan Formation shale are more developed than those of the Niutitang Formation
shale, and the organic matter pores of the Niutitang Formation are more developed.
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3.3.2. The Low-Pressure CO2 Adsorption Analysis

CO2 adsorption can characterize the pore structure at 0.3~1.5 nm. Based on the BDDT
classification scheme [21], the CO2 adsorption isotherms of the shale and kerogen samples
from the Niutitang Formation and Longtan Formation all belong to type I (Figure 8). The
CO2 adsorption capacity of the Longtan Formation shale is higher than that of the Niutitang
Formation shale, indicating that the Longtan Formation shale has more micropores. The
CO2 adsorption capacity of the Niutitang Formation kerogen is higher than that of the
Longtan kerogen, indicating that the type I kerogen developed more micropores than the
type III kerogen.
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Figure 8. Low-pressure CO2 adsorption curves of the black shales and the organic matter. (a) The
marine Niutitang Formation shale. (b) The marine–continental transitional Longtan Formation
shale. (c) The marine Niutitang Formation kerogen. (d) The marine–continental transitional Longtan
Formation kerogen.

The specific surface area and volume of the micropores of the shale and kerogen were
calculated using the DFT model [23,24]. The specific surface area of the micropores in the
Niutitang Formation shale ranges from 1.10 to 12.67 m2/g, with an average of 7.11 m2/g,
and the volume of the micropores ranges from 0.0004 to 0.0047 cm3/g, with an average
of 0.0027 cm3/g. The specific surface area of the micropores in the Longtan Formation
shale ranges from 8.76 to 18.29 m2/g, with an average of 14.23 m2/g, and the volume
of the micropores ranges from 0.0046 to 0.0077 cm3/g, with an average of 0.0064 cm3/g.
The specific surface area of the Niutitang Formation kerogen micropores ranges from 7.83
to 50.01 m2/g, with an average of 31.02 m2/g, and the micropore volume ranges from
0.0032 cm3/g to 0.0192 cm3/g, with an average of 0.0119 cm3/g. The specific surface area
of the Longtan Formation kerogen micropores ranges from 19.65 to 30.94 m2/g, with an
average of 26.43 m2/g, and the micropore volume ranges from 0.0067 to 0.0116 cm3/g, with
an average of 0.0101 cm3/g (Figure 9). Similarly, in terms of micropores, the micropore
specific surface area and pore volume of the Longtan Formation shale are higher than those
of the Niutitang Formation shale, while those of the Niutitang kerogen are higher than
those of the Longtan kerogen. This shows that the Longtan Formation shale pores are more
developed, and the organic matter pores are mainly micropores.
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Figure 9. Specific surface area distribution/pore volume distribution of shale and organic matter
based on CO2 gas adsorption. (a) Pore specific surface area of shale and kerogen. (b) Pore volume of
shale and kerogen.

3.4. Fractal Dimension Characteristics

By analyzing N2 and CO2 adsorption data, we obtained insights into the pore adsorp-
tion properties of these shales. The results indicate distinct differences between the shale
pores in the Niutitang Formation and those in the Longtan Formation, with a higher level
of porosity observed in the latter while an enhanced development of organic matter pores
was evident in the former. Therefore, we employ the FHH model and the Sierpinski model
to investigate the structural characteristics of the shale and kerogen pores in marine and
transitional marine–continental facies, aiming to elucidate the primary factors controlling
pore development.

3.4.1. Fractal Dimensions Calculated from the N2 Adsorption

In order to enhance our understanding of pore development complexity in the Niutang
and Longtan Formations, extensive investigations have been conducted on the pores of
shale and kerogen above the mesopore range. These studies have involved the calculation of
the fractal dimension using Formula (1) and the examination of N2 adsorption/desorption
results to assess the complexity of shale and kerogen mesopores.

Curve fitting for the N2 adsorption fractal dimension characteristics is shown in
Figure 10a–d, yielding an excellent correlation coefficient (R2) ranging from 0.9845 to 0.9992,
showing a strong fit between them. The fractal dimensions are mainly categorized into
D1 and D2 types, reflecting two different adsorption characteristics. Fractal dimension D1
primarily represents the low-pressure region fractality (P/P0 < 0.45), reflecting the van der
Waals force phenomenon of monolayer adsorption in micropores with diameters smaller
than 3 nm and dominated by adsorption pores containing adsorbed gas. Fractal dimension
D2 corresponds to the mid- to high-pressure region fractality (P/P0 > 0.45), indicating the
spatial complexity and irregularity of mesopores and macropores with diameters larger
than 3 nm, mainly composed of flow-through pores containing free gas [52].

Our calculation results show the following: The fractal dimension D1 of the Longtan
Formation shale is observed to be higher than that of the Niutitang Formation shale, while
the fractal dimension D2 of the Longtan Formation shale is lower than that of the Niutitang
Formation shale (Table 2). This suggests a greater complexity in the micropores within the
Longtan Formation compared to that of those within the Niutitang Formation and a higher
complexity in mesopore development within the Niutitang Formation relative to that of
the Longtan Formation. These findings further highlight differences in the evolution of
pore characteristics between marine shales and marine–continental transitional shales. For
kerogen, it is noted that both fractal dimensions D1 and D2 are higher for the Niutitang
Formation kerogen compared to the Longtan Formation kerogen; however, this difference
is not substantial, possibly due to variations caused by the low level of maturity in the
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Longtan Formation and the high level of maturity in the Niutitang Formation impacting
organic matter pore development.
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Figure 10. Fractal characteristics of the pore structure from the shales and the organic matter based
on N2 adsorption experiments. (a) Fractal dimensions of ZK-2 Shale based on the FHH model.
(b) Fractal dimensions of ZK-2 Kerogen based on the FHH model. (c) Fractal dimensions of DS-6
Shale based on the FHH model. (d) Fractal dimensions of DS-6 Kerogen based on the FHH model.
(e) Fractal dimensions of ZK-2 Shale based on the Sierpinski model. (f) Fractal dimensions of ZK-2
Kerogen based on the Sierpinski model. (g) Fractal dimensions of DS-6 Shale based on the Sierpinski
model. (h) Fractal dimensions of DS-6 Kerogen based on the Sierpinski model.
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Table 2. Fractal dimensions based on the N2 adsorption results of the shales and the organic matter.

Samples
P/P0 < 0.45 P/P0 > 0.45 CO2 Adsorption

R2 D1 R2 D2 R2 Dm

DY-1 0.9962 2.4680 0.9986 2.5117 0.9870 2.3232
DY-2 0.9966 2.4523 0.9988 2.5796 0.9974 2.4443
YX-1 0.9969 2.5199 0.9994 2.6160 0.9962 2.537
YX-2 0.9947 2.4894 0.9997 2.6674 0.9989 2.5772
ZK-1 0.9955 2.5495 0.9992 2.6412 0.9993 2.6320
ZK-2 0.9883 2.5854 0.9992 2.7019 0.9994 2.6343
DS-1 0.9900 2.6083 0.9996 2.4357 0.9920 2.4881
DS-2 0.9893 2.5681 0.9955 2.4681 0.9930 2.4968
DS-3 0.9988 2.8743 0.9264 2.5667 0.9990 2.5577
DS-4 0.9985 2.7467 0.9937 2.6514 0.9979 2.5602
DS-5 0.9990 2.7895 0.9548 2.5880 0.9996 2.5284
DS-6 0.9967 2.8421 0.9391 2.6335 0.9985 2.5796
DS-7 0.9978 2.4267 0.9749 2.5147 0.9986 2.4500

DY-1 K 0.9877 2.4490 0.9973 2.4529 0.9957 2.5092
DY-2 K 0.9945 2.4679 0.9996 2.5799 0.9991 2.5891
YX-1 K 0.9939 2.4791 0.9979 2.5558 0.9988 2.5592
YX-2 K 0.9923 2.4782 0.9991 2.5832 0.9988 2.6021
ZK-1 K 0.9928 2.5423 0.9948 2.4883 0.9985 2.5437
ZK-2 K 0.9946 2.5355 0.9854 2.4611 0.9993 2.5429
DS-1 K 0.9672 2.4396 0.9956 2.5210 0.9977 2.4395
DS-2 K 0.9737 2.4362 0.9951 2.4922 0.9973 2.4111
DS-3 K 0.9782 2.4391 0.9976 2.5192 0.9989 2.4494
DS-4 K 0.9848 2.4921 0.9945 2.4702 0.9978 2.4904
DS-5 K 0.9627 2.4558 0.9940 2.5614 0.9989 2.4466
DS-6 K 0.9629 2.4040 0.9973 2.5363 0.9993 2.4778
DS-7 K 0.9593 2.4622 0.9955 2.5278 0.9993 2.4450

3.4.2. Fractal Dimensions Calculated from the CO2 Adsorption

We calculated the pore fractal dimension under CO2 adsorption using Formula (4) to
investigate the pore complexity of the shale and organic matter micropores. Curve fitting
for the CO2 adsorption fractal dimension characteristics is shown in Figure 10e–h, yielding
an excellent correlation coefficient (R2) ranging from 0.9920 to 0.9996, showing a strong
fit between them. The obtained fractal dimension (Dm) values ranged between 2 and 3,
suggesting varying levels of complexity in the micropores present in each sample. The
similar Dm values observed for the Niutitang Formation and Longtan Formation shales
imply a comparable degree of complexity in the micropores across different shale types.
However, it is worth noting that the Dm value for kerogen in the Niutitang Formation
group was higher compared to that in the Longtan Formation group. This discrepancy
indicates that different types of kerogen exhibit diverse micropore complexities, with Type
I kerogen displaying a higher level of complexity than Type III kerogen (Table 2).

Shale pores exhibit higher fractal dimensions than those of kerogen pores as they
encompass various types within shale pore systems, including the intergranular pores
associated with organic matter. Additionally, different mineral composition types may
lead to distinct pore types and quantities within shale pore systems, which is particularly
evident when examining the marine Niutitang Formation shales and marine–continental
transitional Longtan Formation shales, in which their varying sedimentary facies result in
differences in mineral composition, thereby influencing shale pore development.

4. Discussion
4.1. Contribution Rate of Organic Matter Pores to Shale Pore System

To investigate the contribution of organic matter pores in the shale pore system, calcu-
lations were made based on the previously described method for assessing the contribution
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of organic matter pores. This allowed for the determination of the contribution rates of
organic matter pores in shale under different depositional environments.

According to Formula (6) and previous studies data, the C1 constants of the Niutitang
Formation shale and the Longtan Formation shale are 0.93 and 1.13, respectively.

After applying Formula (5) to the gas adsorption data (Figure 11a,b), our results are
as follows: the CRV value of the shale in the Niutitang Formation ranges from 6.38% to
60.91%, with an average of 36.08%; and the CRV value of the Longtan Formation shale
ranges from 0.93% to 42.53%, with an average of 16.28%.
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According to Formula (8), the C2 correction constant of the Niutitang Formation and
Longtan Formation is 0.9301. After applying Formula (7) to the pore specific surface area
data measured by gas adsorption, the calculated CRA result is as follows: the CRA value
of the Niutitang Formation is between 6.29% and 49.68%, with an average of 36.08%; and
the CRA value of the Longtan Formation ranges from 1.26% to 19.68%, with an average
of 8.12%.

It is obvious from the calculated contribution rate of organic matter pores that the
CRV and CRA values of the Niutitang Formation are significantly higher than those of the
Longtan Formation (Figure 11). This indicates that the pores of type I and II kerogen are
more developed than those of type III kerogen, so the proportion of type I and II kerogen in
the shale pore system increases. At the same time, the contribution of organic pores is also
different due to different levels of thermal evolution maturity and the strong heterogeneity
of shale.

In order to further discuss the contributions of different organic matter pore sizes, the
contribution of micropores, mesopores, and macropores are calculated according to the
IUPAC pore partitioning scheme. In the Niutitang Formation, organic matter mesopores
are the primary contributors to the shale pore volume, followed by macropores. Organic
matter micropores are the main contributors to the specific surface area of the shale pores,
followed by mesopores. In the Longtan Formation, organic matter with different pore sizes
contributes significantly to the shale’s overall pore volume (Figure 11a,b). The micropore
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specific surface area of the Niutitang Formation accounts for a maximum of 30.53% of
the total specific surface area, with an average of 15.39%. For the Longtan Formation, the
maximum contribution to the specific surface area by micropores is 17.96%, with an average
of 7.64%. This indicates that organic matter micropores are the primary contributors to the
specific surface area of the pore systems in both sets of shales (Figure 11c,d).

The contribution of different organic matter pore sizes reflects both hydrocarbon
generation and storage capacity in shale gas reservoirs [53,54]. Specifically, organic matter
micropores provide a substantial amount of specific surface area and serve as numerous
adsorption sites for gases [55–57]. This study reveals that most of the Niutitang Formation
samples have an organic matter specific surface area occupying over one-third of total
shale porosity, providing a significant amount of specific surface area for gas adsorption
primarily through its micropores’ and mesopores’ networks. Conversely, the Longtan
Formation shale, which is characterized by low-maturity marine–continental transitional
conditions, shows relatively small specific surface areas within its organic matter pores
due to the limited development of this type of formation environment. Pore connectivity
plays a crucial role in fluid migration and natural gas development within shale reservoirs;
thus, high-porosity connectivity is advantageous for improving natural gas production
and recovery under favorable preservation conditions [58,59]. In the Niutitang Formation
shale, organic matter contributes to a significant number of mesopores and macropores,
accounting for more than 10% of the pore volume and providing ample space for shale gas
storage. Although the specific surface area contribution from organic matter pores in the
Longtan Formation is relatively small, certain samples from this formation (DS-1, DS-3,
and DS-5) exhibit substantial contributions to the organic matter pore volume, indicating a
good level of connectivity within these pores. Therefore, organic matter pores play a crucial
role in the shale pore system. Building upon gas adsorption experiments and geochemical
analyses, we further investigate the fractal characteristics of the shale pores and kerogen
pores, as well as the controlling factors influencing pore complexity.

4.2. Effect of Organic Matter Characteristics on Fractal Dimension and Pore Structure

Previous studies have shown that mineral composition, TOC, thermal evolution matu-
rity, and kerogen type are the main factors affecting pore characteristics [60,61]. However,
the influence of organic matter pore structure needs to be further explored. In this study,
by examining the influence of the main factors affecting the pore structure on the fractal
dimension, we explore the relationship between the pore complexity of shale with different
sedimentary facies and the main influencing factors.

4.2.1. Effect of TOC on Pore Complexity

The fractal dimension (D1, D2, and Dm) of the marine Niutitang Formation shale
exhibits a positive correlation with the TOC, whereas the fractal dimension of the marine–
continental transitional Longtan Formation shale demonstrates a negative correlation with
the TOC (Figure 12a,c). This finding contradicts previous studies [62–64]. This phenomenon
suggests that a higher TOC content does not necessarily lead to more complex shale pore
development. As the TOC content increases in the shale, the degree of organic matter
enrichment rises, but the complexity of organic matter pores varies among the different
types. Specifically, at lower TOC levels, the fractal dimensions of the pores in the Longtan
Formation shales dominated by type III kerogen are higher than those in the Niutitang
Formation shales dominated by type I kerogen. However, as the TOC content increases,
the fractal dimensions of the pores in the Niutitang Formation shales dominated by type
I kerogen surpass those in the Longtan Formation shales dominated by type III kerogen.
This indicates that shales with different types of organic matter exhibit varying degrees of
pore complexity as the TOC content increases.
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Therefore, conducting a separate correlation study of the fractal dimensions of different
types of kerogen and TOC contents reveals that an increase in the TOC content does
not exhibit a significant relationship with the fractal dimensions of the kerogen pores
(Figure 12b,d). This suggests that the increase in TOC content may lead to an increase in the
quantity of organic matter pores and exhibit a correlation, but this does not inherently relate
to the complexity of pores within the organic matter. From our FE-SEM observations, it is
noted that the organic matter pores dominated by type I kerogen in the Niutitang Formation
are well developed and exhibit diverse morphological changes (Figure 4g–l). Conversely, in
the Longtan Formation, in which type III kerogen dominates, the development of organic
matter pores is poor, with only a small number of pores observed under FE-SEM, and
their complexity level is low (Figure 3g–l). This also indicates that the complexity of
organic matter pores is not significantly correlated with the TOC but rather with the type
of organic matter. Different organic matter components possess varying capabilities for
pore development.

As for how the TOC content influences the pore complexity of shales from different
depositional environments, resulting in opposing correlations between the two types of
shales, when considering the relationship between the kerogen pore fractal dimensions and
TOC content alongside our scanning electron microscopy results, it is evident that the pore
complexity of the kerogen in the Niutitang Formation is consistently higher than that in
the Longtan Formation. Additionally, the level of complexity of the organic matter pores
observed during our microscopic examination is also higher in the Niutitang Formation
compared to that in the Longtan Formation. With an increase in TOC content, the kerogen
in the Niutitang Formation positively contributes to the overall pore complexity of the
shale. Conversely, in the Longtan Formation, an increase in organic matter content may
result in relatively reduced contributions from other mineral components, leading to a
lower level of pore complexity.
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4.2.2. Effect of Ro on Pore Complexity

During the process of hydrocarbon generation from organic matter burial, the develop-
ment of organic matter pores undergoes a multi-stage evolution process [45,65]. In terms of
the relationship between the shale pore fractal dimension and Ro, the relationship between
the fractal dimensions D2, Dm, and Ro in the Niutitang Formation shale demonstrates an
initial increasing trend followed by a decrease, with the inflection point occurring at Ro =
3.5%, while D1 initially increases and then decreases with increasing Ro values. Although
most of the Longtan Formation shales have a low level of maturity, it still demonstrates a
weak positive correlation (Figure 13a,c). This indicates that as thermal evolution progresses,
organic matter initiates hydrocarbon generation and develops varying degrees of pores.
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A further analysis of the complexity of kerogen pores during thermal evolution
reveals a similar effect of Ro on the fractal dimension in the Niutitang Formation kerogen
(Figure 13b,d). However, this phenomenon is less pronounced at the stage of the low level
of maturity of the Longtan Formation kerogen. Nevertheless, it can be inferred that the pore
complexity is influenced by thermal evolution. As the organic matter undergoes thermal
maturation, hydrocarbon generation commences, resulting in predominantly dry gas
production at high levels of maturation while continuing to develop pores. However, over-
maturation leads to graphitization and the collapse of organic matter [34,40]. Therefore, the
fractal dimension Dm increases first and then decreases with Ro, indicating that the organic
matter begins to generate hydrocarbons and increase micropores at the low level of maturity,
leading to an increase in micropore complexity. After Ro reaches 3.5%, the micropores
in the organic matter start to collapse and contract, resulting in a decrease in micropore
complexity. Similarly, the fractal dimension D2 represents the gradual contraction of the
macropores after Ro reaches 3.5%, leading to a decrease in complexity. Meanwhile, due
to the macroscopic contraction, macropores gradually transform into mesopores, which is
also the reason for the increase in the fractal dimension D1 of mesopores.
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4.3. Effect of Mineral Composition on Fractal Dimension and Pore Structure
4.3.1. Effect of Clay Minerals on Pore Complexity

The fractal dimension of the Niutitang Formation shale decreases with the increase in
clay mineral content, while that of the Longtan Formation shale increases with the increase
in clay mineral content (Figure 14a,c). The properties, occurrence, and pore size of different
types of clay minerals are obviously different and have different degrees of influence on
the pore structure of shale reservoirs [66–68]. According to the XRD clay mineral anal-
ysis conducted in this study, it was observed that illite is the predominant clay mineral
in the Niutitang Formation shale, whereas kaolinite is primarily present in the Longtan
Formation shale, followed by chlorite (Table 2). Previous research indicates that different
clay minerals exhibit varying levels of pore complexity and adsorption capacities [69],
with their adsorption capacities ranked as follows: montmorillonite > an aemon mixed
layer > kaolinite > chlorite > illite [70]. Consequently, having a high illite content within
marine shales negatively impacts both their fractal dimension and pore structure. Con-
versely, in a marine–continental transitional setting, an increase in the contents of kaolinite
and an illite–montmorillonite mixed layer positively influences the fractal dimension and
pore structure.
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In the relation between the fractal dimension of kerogen and clay minerals, the fractal
dimension of the kerogen of the Niutitang Formation shale is weakly negatively correlated
with clay minerals, while the fractal dimension of the kerogen of the Longtan Formation
shale is not correlated with clay minerals (Figure 14b,d). Under FE-SEM, it can be observed
that some clay minerals in the Niutitang Formation shale combine with organic matter in
an organic–clay complex, but this is rare in the Longtan Formation shale (Figure 3a–c,f
and Figure 4f). The organic–clay complex can develop a certain number of pores with a
high degree of pore complexity, but with the increase in clay mineral content, the organic
matter content is relatively reduced, and the pores developed in the clay minerals are
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not enough to offset the decrease in organic matter pores developed with the same large
number. However, there is no such problem in the Longtan Formation shale, because type
III kerogen has fewer pores and has little relationship to clay minerals.

4.3.2. Effect of Pyrite Mineral on Pore Complexity

Pyrite has two main crystal types: strawberry pyrite and autogenous pyrite. Generally,
strawberry pyrite indicates a sedimentary environment, while autogenous pyrite is mainly
considered to be a product of burial processes [71,72]. In both the Niutitang Formation
shale and Longtan Formation shale, strawberry organic-filled pyrite usually develops a
large number of intergranular pores.

The fractal dimensions of the two sets of shales show a tendency to decrease with
increasing pyrite content (Figure 15a,c). Among them, the correlation between the fractal
dimension of the Niutitang Formation shale and pyrite is the strongest, while the correlation
between the Longtan Formation shale and pyrite is weaker. In the relationship between
the pyrite content and kerogen pore fractal dimension, the fractal dimension D1 of the
kerogen in the Niutitang Formation shows a strong negative correlation with pyrite, while
the relationships between the fractal dimensions Dm and D2 and the pyrite content are
not significant. On the other hand, the relationship between the fractal dimension Dm of
the kerogen in the Longtan Formation and pyrite shows a weaker negative correlation,
while the relationships between the fractal dimensions D1 and D2 and the pyrite content
are not significant (Figure 15b,d). Pyrite transforms into autopyrite during environmental
changes [73–75]. The marine shale of the Niutitang Formation is at a thermal evolutionary
stage of high maturity to over maturity, during which the strawberry pyrite transforms into
autogenous pyrite, leading to a reduction in porosity and a decrease in pore complexity.
Moreover, with the increase in pyrite content, autogenous pyrite becomes the dominant
type of pyrite. Apart from providing abundant intergranular pores and a higher level of
pore complexity, it is difficult for strawberry pyrite on its own to develop porosity.
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4.3.3. Effect of Brittle Minerals on Pore Complexity

Quartz, feldspar, and carbonate minerals are brittle minerals, but through correla-
tion analyses, they have been found to have no obvious correlation in shale and kerogen.
However, brittle minerals also develop intergranular pores, micro-fractures, and secondary
dissolution pores, etc., which have an impact on pore complexity, but this impact is lim-
ited [76]. This is of great significance for the manufacturing of artificial pore and fracture
networks in the mining process, and a certain content of brittle minerals in shale is a
favorable condition for the mining of shale gas resources [77].

4.4. Differential Pore Developments of Marine and Marine–Continental Transitional Shales

Due to the differences in their sedimentary environment and diagenetic process, the
marine Niutitang Formation shale and marine–continental transitional Longtan Formation
shale have great differences in organic matter sources, organic matter content, thermal
maturity, mineral composition, and other aspects, resulting in differences in pore structures
and fractal dimensions between the marine shale and the marine–continental transitional
shale and organic matter. Organic matter, thermal maturity, and clay minerals are the
main factors affecting the pore structure and fractal dimension of shale, followed by
pyrite [17,78,79]. The type of organic matter along with the content of clay minerals and
pyrite that are conducive to preserving organic matter pores predominantly affect the pore
structure and fractal dimension of organic matter.

Organic matter plays a pivotal role in marine shale due to its high abundance, primar-
ily comprising solid kerogen and migrated asphalt, along with elevated maturity levels. As
a result, marine shale exhibits an abundance of organic matter pores with a substantial con-
tribution rate from such pores while also featuring intricate heterogeneous characteristics
(Figure 16a). In contrast, clay minerals assume significance in marine–continental transi-
tional shales in which kaolinite mixed beds provide numerous adsorption sites for pores.
Diverging from marine shales due to their lower maturity levels coupled with different
types of organic matter compositions mainly consisting of terrestrial plant detritus along
with other primary components, secondary pores do not develop within the organic matter
framework (Figure 16b). The pore development of secondary organic matter is insufficient,
resulting in the poor porosity of organic matter in the marine–continental transitional
phase, and its porosity complexity is lower than that of marine shale. However, the porosity
provided by abundant clay minerals and pyrite makes the porosity of marine–continental
transitional shale more complex than that of marine shale.
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Considering the comprehensive fractal dimensions Dm, D1, and D2 for the two dif-
ferent sets of shale and kerogen pore complexities, the highest fractal dimension Dm is
observed in the Niutitang Formation kerogen, indicating organic micropores have the
highest level of complexity in type I kerogen. The highest fractal dimension D1 is found in
the Longtan Formation shale, suggesting that mesopores have the highest level of complex-
ity in the Longtan Formation shale. The highest fractal dimension D2 is observed in the
Niutitang Formation shale, indicating that macropores have the highest level of complexity
in the Niutitang Formation shale. Therefore, based on our N2 and CO2 adsorption anaylses,
we established two sets of pore fractal models for shale and organic matter (Figure 17). The
shale pores of the Longtan Formation in the marine–continental transitional facies exhibit
higher levels of complexity compared to those of the marine Niutitang Formation, provid-
ing numerous gas adsorption sites (Figure 17a,c). The organic matter pores dominated
by type I kerogen in the marine Niutitang Formation show higher levels of complexity
than those dominated by type III kerogen in the Longtan Formation marine–continental
transitional shale (Figure 17b,d). We have identified the fractal characteristics of these two
sets of shale and organic matter, along with their influencing factors, which will aid in
the evaluation of subsequent reservoir development. However, further discussions are
required to delve deeper into this matter.
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5. Conclusions

In this study, the differences in the pore development of shale and organic matter in
different sedimentary environments and the effects of organic geochemical characteristics
and mineral components on pore structure and fractal characteristics were studied in the
marine Niutitang Formation and the marine–continental transitional Longtan Formation in
Guizhou. The results show that the pore complexity of the marine–continental transitional
shale is slightly higher than that of the marine shale, and type I kerogen is more complex
than type III kerogen. The main conclusions of this study are as follows:
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(1) The predominant pore types in the marine shale are wedge-shaped pores (H3 type)
and slit pores (H4 type), while inkpot-shaped pores (H2 type) and slit pores (H4 type)
dominate in the marine–continental transitional shale. Cylindrical pores (H1 type) are the
primary pore structure observed in the organic matter of the marine and marine–continental
transitional shale, followed by slit pores (H4 type).

(2) The high CRV value can provide shale gas storage space, and the high CRA
value can provide a strong adsorption capacity. In addition to CRV and CRA values, it
is shown that organic matter pores contribute more to the marine Niutitang Formation
shale pores, which can provide storage space for gas. In contrast, inorganic pores are the
main contributors to the marine–continental transitional Longtan Formation shale, with
interlayer clay mineral pores being particularly prominent. The clay mineral composition
group is primarily composed of kaolinite and emmon mixed layer minerals, which can
provide an abundant pore specific surface area and a high adsorption capacity.

(3) The influencing factors of the fractal characteristics of the two sets of shale and
organic matter pores are clarified. For the marine shale, the fractal dimensions (Dm, D1 and
D2) are positively correlated with the total organic carbon (TOC) and negatively correlated
with clay minerals and pyrite. Specifically, D1 and Dm initially increase and then decrease
with increasing Ro values, while D2 gradually increases. For the marine–continental
transitional shale, the fractal dimensions (Dm, D1, and D2) are positively correlated with
Ro and clay minerals and negatively correlated with the TOC and pyrite. Additionally, D2
of the marine–continental transitional shale is negatively correlated with Ro. It is evident
that the TOC content, clay minerals, and pyrite are not the primary factors influencing the
fractal changes in the organic matter pores. Instead, Ro is the primary factor affecting the
fractal characteristics of organic matter pores, indicating that the complexity of the organic
matter pores is influenced by their thermal maturity.

(4) Based on N2 and CO2 adsorption, two sets of pore fractal models were established
for shale and organic matter. It is evident that the complexity of the Longtan Formation
shale in the marine–continental transitional facies is higher than that of the Niutitang
Formation marine shale. Additionally, the complexity of organic matter pores dominated
by type I kerogen is higher than those dominated by type III kerogen. This study will aid
in subsequent evaluations of pore connectivity and flow effectiveness in shale reservoirs.
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