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Abstract: Pore structure features govern the capacity of gas storage and migration in shales and are
highly dependent on the types of pores, i.e., interparticle (InterP) pores, intraparticle (IntraP) pores
and organic matter (OM)-hosted pores. However, fractal features in terms of pore types and their
respective contributions to permeability have been rarely addressed. On the basis of high-resolution
imaging, fractal dimensions (Ds) have been determined from both pore size distributions and digital
rock to quantify the heterogeneity in pore morphology and spatial textures. Overall, OM-hosted
pores are smaller in size and more abundant in quantity, corresponding to a relatively high D, while
IntraP pores are mainly isolated and scarce, translating into lower D values. Additionally, crack-like
InterP pores with a moderate level of porosity and the D can play a pivotal role in shale seepage
potential. A comparison of the estimated permeability among different pore types highlights that the
contribution of interconnected OM pores to the overall permeability remains constrained unless they
can link neighboring pore clusters, as commonly observed in organo-clay composites. Furthermore,
the pore morphology and fractal features of shale rocks can exhibit noteworthy variations subjected
to sedimentology, mineralogy, diagenesis and OM maturation.

Keywords: shale rock; pore type; structural feature; fractal dimension; permeability

1. Introduction

Shale reservoirs, as self-contained source–reservoir systems, have become a high research
priority because of their potential to provide long-term gas and oil resources [1–3]. Unlike
conventional reservoirs, pores in shale are mainly on the nanoscale, and their properties
vary in size, shape and connectivity depending on the mineral composition [4]. Shale gas
exists as free gas in relatively large pores and microfractures, as adsorbed gas on the surface
of organic matter (OM) and clay grains and as dissolved gas in fluids and kerogens [5,6].
Therefore, an in-depth investigation of pore structure properties is essential to assess the
gas storage and migration capacity of shales, as well as the economics of gas production [7].

While the sedimentary and diagenetic history differs for shale reservoirs, pores can be
generally classified into intraparticle (IntraP), interparticle (InterP) and OM-hosted ones in
terms of their spatial relation with mineral phases and OM [8,9]. Generally, intraparticle
pores are mostly located within single mineral grains, i.e., carbonate phases, as well as clay
pellets and pyrite framboids [10]. In contrast, interparticle pores occur between clay flakes,
detrital grains and authigenic minerals. OM-hosted pores are usually formed through the
generation and expulsion of hydrocarbons in primary pores or surfaces of minerals filled
by OM [11,12]. In this regard, pore structural features, i.e., their abundance, morphology
and spatial distribution, can vary remarkably depending on pore types, leading to a high
degree of heterogeneity in shales. Recently, advances in fluid invasion methods and high-
resolution imaging techniques have provided solutions for the multiscale characterization
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of shale pore systems [13–18]. Experimental observations also highlight the critical effects
of pore-type-dependent features on the bulk properties of shales and thus the potential of
gas exploration. However, the challenge remains: how to quantify the complexity of shale
pore systems and how to compare the irregularities of different pore types?

Fractal methods, acknowledged for their ability to assess statistical self-similarity, have
been widely used to evaluate the quantity of pore networks, which cannot be addressed using
Euclidean geometry theory [19–22]. In particular, the fractal dimension (D), as an important
indicator of structural heterogeneity, can be determined based on mercury intrusion tests, gas
adsorption analyses, nuclear magnetic resonance or digital rocks [23–25]. Generally, a larger
value of fractal dimension can translate to a higher degree of complexity in pore systems.
Many studies have also confirmed that the pore structure features, mineral composition
and total organic carbon (TOC) content of shale samples, along with the methods employed
for data acquisition and analysis, can affect the value of fractal dimensions to varying
degrees [12,24,26]. In general, a smaller pore size and larger porosity correspond to higher
fractal dimensions, while the impacts of mineral or TOC contents remain inconclusive,
even with contradictory findings reported across various studies [19,27]. For instance,
the relationship between fractal dimensions and the TOC value can be delineated by a
U-shaped curve, implying a shift in the correlation pattern at a specific TOC threshold [28].
It should be noted that variations in the composition of individual minerals result in
corresponding changes in other mineral constituents, thereby altering their overall pore
network and associated properties. Consequently, it becomes imperative to isolate the
impact of the aforementioned factors on fractal dimensions, which is also the primary aim
of this paper.

Our work focuses on the distinctive fractal features inherent to pore types and their
respective contributions to the storage and migration capacity of shales. Variations in pore
size, shape and spatial distribution, as well as the corresponding fractal dimension of InterP,
IntraP and OM-hosted pores, were identified and compared based on SEM and FIB-SEM
data. In particular, the fractal dimensions for three types of pores were determined using
both pore size distributions (PSDs) and digital rocks to highlight the heterogeneities in pore
morphology and spatial texture. Further estimations of permeability regarding various
pore types and the implications for overall gas migration were also performed in this paper.
Our work demonstrated that studying the pore storage capacities and heterogeneities of
shale pores is of crucial significance for prospects and the intended zone optimization
during the exploration and development of shale gas.

2. Materials and Methods
2.1. Sample Preparation and Imaging

Shale rocks buried at depths ranging from 2749 to 2751 m were collected from the
Weiyuan area in western Chongqing Province, China [29]. Cylindrical samples (4 mm diam-
eter) were recovered from core plugs and prepared for pore structure characterization. In
particular, thin sections and cuboidal samples were then prepared for FE-SEM and FIB-SEM
imaging, respectively. All the measurements were performed at Multi-Scale Imaging and
Characterization Laboratory, IGGCAS in Beijing, China. The FE-SEM experiment using a
ZEISS Merlin scanning microscope (ZEISS, a German manufacturer of optical systems and
optoelectronics) at 5 kV was performed on both bedding-parallel and -perpendicular sur-
faces of thin sections (with a diameter of 4 mm). Three cubic samples (2.5 × 2.5 × 2 mm3)
were characterized by a ZEISS Crossbeam 540 instrument and electron-beam-scanned
at a vacuum of <5 × 10−6 mbar for reconstruction. FIB milling and SEM imaging of
shale samples layer by layer enable the reconstruction of 2D sections into 3D volumes
with a voxel size of 10 nm3. In particular, regions of interest were selected with a size of
11.3 × 10.3 × 8.2 µm3, 11.1 × 10.7 × 5.8 µm3 and 10.1 × 9.7 × 4.3 µm3, respectively, for
covering the different pore types concerned in this paper.
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2.2. Image Processing and Analysis

While SEM images provide direct observations such as the morphology and distri-
bution of pores, mineral grains and OM, more detailed information on 3D pore structure
was characterized using FIB-SEM data. All the image processing and analysis were imple-
mented in the open-source program Fiji 2.14.0 (https://imagej.net/software/fiji/). The
FIB-SEM image stacks were first aligned with an affine scale-invariant feature transform
algorithm [13], and then the processing steps of cropping, noise reduction and streak re-
moval were performed in sequential order for further segmentation. Overall, grayscale
images were segmented via the multi-thresholding approach into low-density components,
e.g., different types of pores, OM and high-density components, e.g., clay, calcite, quartz
and pyrite.

Different types of pores were then manually distinguished depending on their mor-
phology and spatial distribution. In order to eliminate the effect of the field depth issue for
FIB-SEM image stacks, an edge detection algorithm was also used to correct the segmenta-
tion of IntraP and InterP pores. Based on the segmented pore space, the porosity, pore size
distribution and shape factor can be estimated to highlight the type-dependent properties
of pore structure.

2.3. Determination of Fractal Dimension and Permeability

Fractal dimension (D) is a key parameter in fractal geometry to characterize the degree
of heterogeneity in pore structure. Generally, the larger the D is, the more complex the pore
structure becomes. In this work, the D was determined for different types of pores based
on both PSDs and images. According to the relationship between pore size and the D, the
number of pores with a radius greater than r (N(r)) can be expressed as [30]:

N(r) =
∫ rmax

r
f (r)dr = c1r−D, (1)

where rmax is the maximum pore radius, c1 is the fractal factor and f (r) is the density
function of r. The cumulative volume of pores with a radius less than r, v(r), is calculated by

v(r) =
∫ r

rmin

f (r)c2r3dr = −Dc1c2

3 − D

(
r3−D − rmin

3−D
)

, (2)

where rmin is the minimum pore radius and c2 is the proportional constant. The cumulative
volume fraction of the pore radius is

v(r)
Vmax

=
−Dc1c2

3−D (r
3−D − rmin

3−D
)

−Dc1c2
3−D (rmax3−D − rmin

3−D)
=

r3−D − rmin
3−D

rmax3−D − rmin
3−D , (3)

where Vmax is the total pore volume. If rmin ≪ rmax, Equation (3) can be simplified to a
logarithmic form:

log(v(r)/Vmax) = (3 − D)log(r/rmax), (4)

where 3 − D is the slope of the straight (log(v(r)/V(r)), log(r/rmax) ) line.
For 3D image stacks, D is determined using the box-counting method [31,32]:

D = lim
l→0

log (N l)

log
(

1
l

) , (5)

where l is the side length of the boxes and Nl is the number of boxes required to cover the
fractal pore space. The scale of the double-logarithmic plot is fitted for the identification of
the D. The BOXCOUNT function in MATLAB was used in this work for D determination
based on segmented images. In particular, the D was evaluated using the PSD, which is
cited as DF, while DB was obtained from the 3D pore space.

https://imagej.net/software/fiji/
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Under the assumption that a porous medium comprises a bundle of tortuous capil-
laries and follows the fractal scaling law, the effective permeability, k, can be evaluated
through the integration of the Hagen–Poiseulle equation and Darcy’s law. The fractal
permeability model in 3D was formulated and then refined as [33–35]

k =
π

128
L0

1−Dτ

A f

3 − D
3 + Dτ − D

3r3+Dτ
max

1 − (rmin/rmax)
3+Dτ−D

1 − (rmin/rmax)
3 , (6)

where L0 and A f are the side length and area of the field of view, respectively. Here, the D
is usually determined using the box-counting method, i.e., DB. Dτ is the tortuosity fractal
dimension, and it can be determined by

Dτ = 1 + lnτav/ln
(

L0

rav

)
, (7)

where τav is the average tortuosity and rav is the average pore diameter, which can be
evaluated from the FIB-SEM images.

3. Results and Discussion
3.1. Visiualization of Shale Pore System

Differences in the morphology and distribution of pore-type-dependent structures can
be identified from SEM images (Figure 1). InterP pores are generally observed adjacent
to the surfaces of framework mineral grains and between clay flakes (Figure 1b,c). They
mirror the shape of the bordering mineral phase and are well connected. To clarify, the
clay minerals mentioned in this paper are a general term for a class of hydrous phyllo-
silicate minerals, and the specific type of clay minerals is difficult to distinguish based on
images. In particular, the presence of InterP pores generated by flocculation results in more
interconnected channels along the face of clay flakes. Figure 1d displays the moldic IntraP
pores induced by calcite dissolution. They are mostly rounded and too sparse in space to
contribute to flow pathways. IntraP pores can also occur between mineral grains, e.g., clay
flakes and pyrite framboids [10]. In many instances, they are filled with OM that develops
pores due to maturation. As shown in Figure 1e,f, the OM-hosted pores are discrete, round,
grouped and in spaces between overlapping clay and pyrite. OM pores in sizes ranging
from tens to hundreds of nanometers also form in the original in-place kerogen (Figure 1g).
Previous work has demonstrated that larger OM pores result from the trapping of fluids in
the bitumen during burial [36]. Compared to InterP and IntraP pores, OM-hosted pores are
smaller in size while more abundant in quantity, and thus can provide considerable space
for the adsorption and percolation of shale gas.

More detailed characteristics, especially the 3D pore connectivity, for different types
of pores are also compared based on the FIB-SEM data. Figure 2 shows the results of
the FIB-SEM experiments and reconstructed digital rocks. According to the variations
in phase density, the pore, OM and other minerals are displayed in blue, light blue and
reddish colors, respectively. A comparison of the spatial texture between minerals and OM
and the pore space highlights the important role of OM pores in shale storage and flow
capacity. While InterP and IntraP pores are commonly larger in size, their contributions to
permeability pathways are limited by the poor connection in 3D space. In contrast, grouped
pores within OM significantly facilitate the interconnectivity of the OM-enriched regions.
The presence of OM pores may bridge surrounding microfractures and pore networks,
resulting in a considerable increase in overall permeability.



Fractal Fract. 2023, 7, 803 5 of 14

Fractal Fract. 2023, 7, x FOR PEER REVIEW 4 of 14 
 

 

Under the assumption that a porous medium comprises a bundle of tortuous capil-
laries and follows the fractal scaling law, the effective permeability, 𝑘, can be evaluated 
through the integration of the Hagen–Poiseulle equation and Darcy’s law. The fractal per-
meability model in 3D was formulated and then refined as [33–35] 𝑘 = గଵଶ଼ బభషವഓ ଷିଷାഓି 3𝑟௫ଷାഓ ଵି( ೌೣ⁄ )యశವഓషವଵି( ೌೣ⁄ )య ,  (6)

where 𝐿 and 𝐴 are the side length and area of the field of view, respectively. Here, the 
D is usually determined using the box-counting method, i.e., DB. 𝐷ఛ is the tortuosity frac-
tal dimension, and it can be determined by 𝐷ఛ = 1  ln𝜏௩/ln ( బೌ ೡ),  (7)

where 𝜏௩ is the average tortuosity and 𝑟௩ is the average pore diameter, which can be 
evaluated from the FIB-SEM images. 

3. Results and Discussion 
3.1. Visiualization of Shale Pore System 

Differences in the morphology and distribution of pore-type-dependent structures 
can be identified from SEM images (Figure 1). InterP pores are generally observed adja-
cent to the surfaces of framework mineral grains and between clay flakes (Figure 1b,c). 
They mirror the shape of the bordering mineral phase and are well connected. To clarify, 
the clay minerals mentioned in this paper are a general term for a class of hydrous phyllo-
silicate minerals, and the specific type of clay minerals is difficult to distinguish based on 
images. In particular, the presence of InterP pores generated by flocculation results in 
more interconnected channels along the face of clay flakes. Figure 1d displays the moldic 
IntraP pores induced by calcite dissolution. They are mostly rounded and too sparse in 
space to contribute to flow pathways. IntraP pores can also occur between mineral grains, 
e.g., clay flakes and pyrite framboids [10]. In many instances, they are filled with OM that 
develops pores due to maturation. As shown in Figure 1e,f, the OM-hosted pores are dis-
crete, round, grouped and in spaces between overlapping clay and pyrite. OM pores in 
sizes ranging from tens to hundreds of nanometers also form in the original in-place ker-
ogen (Figure 1g). Previous work has demonstrated that larger OM pores result from the 
trapping of fluids in the bitumen during burial [36]. Compared to InterP and IntraP pores, 
OM-hosted pores are smaller in size while more abundant in quantity, and thus can pro-
vide considerable space for the adsorption and percolation of shale gas. 

 

Figure 1. SEM images of different matrix constituents and pores. (a) An overall view of mineral
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(e–g) OM-hosted pores, are shown in this figure.
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3.2. Pore Structure Dependence on Pore Types

In order to compare the pore structure features of different pore types, 12 subdomains
were selected from the three FIB-SEM image stacks (shown in Figure 2) for further quan-
tification. For each subdomain, a sole type of pores, that is, InterP, IntraP or OM pores, is
included only. In particular, six subtypes of pores, which are highlighted in Figure 3, are
identified according to the hosted and adjacent mineral phases. IntraP pores located within
clay floccules and pyrite framboids are mostly filled by OM in these shale samples, and the
pores observed in them are treated as a kind of OM pores. Two subdomains pertaining to a
specific subtype of pores were chosen for the analysis, aiming to quantify their structural
properties and conduct comparative assessments with other types of pores.
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Figure 3. Reconstructed subdomains for different subtypes of pores, i.e., (a) OM-associated InterP
pores, (b) cement-associated InterP pores, (c) dissolution IntraP pores and OM pores, in the (d) clay
flakes, (e) pyrite framboids and (f) in-place kerogen, respectively. Two subdomains for each subtype
of pore were analyzed in this paper, while one of them is presented here for illustration.

A comparison of the porosity, pore size and shape between different subdomains is
summarized in Table 1. The average pore diameter of InterP and IntraP pores ranges from
26.27 nm to 105.75 nm and is significantly larger than that of OM pores. However, the
porosity in the range of 0.115% to 2.02% is relatively low, especially for dissolution-induced
IntraP pores. This indicates that InterP and IntraP pores in shale subdomains have a limited
abundance in quantity and a dispersed distribution in space. The difference between
OM-associated and cement-associated InterP pores can be identified using both pore size
and shape. As shown in the 3D Slice and View reconstructions (Figure 3a,b), the InterPOM
pores exhibit shapes matching those of the bordering mineral phases and mainly occur at
organo-mineral interfaces, while InterPcement pores with angular or elongated shapes are
observed between clay minerals and other phases. In this regard, a relatively high value
of the average aspect ratio, up to 1.88, is determined from the subdomains with InterPOM
pores. In contrast, the IntraPdissolution pores show a rounded shape with the average aspect
ratio ranging from 1.07 to 1.11.
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Table 1. A comparison of porosity, pore size and pore shape across different types of pores.

Type of Pore Subdomain Subdomain Size
(Voxel/10 nm3)

Porosity
(%)

Average Pore Diameter
(nm)

Average Aspect
Ratio

InterP pore

InterPOM_1 400 × 400 × 350 1.21 27.63 1.88
InterPOM_2 350 × 350 × 350 1.23 31.27 1.78

InterPcement_1 400 × 400 × 350 1.85 30.90 1.71
InterPcement_2 350 × 350 × 350 2.02 28.11 1.73

IntraP pore IntraPdissolution_1 650 × 430 × 360 0.136 92.46 1.07
IntraPdissolution_2 450 × 420 × 380 0.115 105.75 1.11

OM pore

OMclay_1 256 × 256 × 256 2.92 16.93 1.21
OMclay_2 256 × 256 × 256 2.01 17.38 1.33

OMpyrite_1 256 × 256 × 256 1.88 18.31 1.24
OMpyrite_2 256 × 256 × 256 1.16 31.11 1.30

OM_1 256 × 256 × 256 4.82 25.34 1.35
OM_2 256 × 256 × 256 3.94 26.99 1.29

Three subtypes of OM pores, depending on the surrounding mineral phases, are com-
pared. The porosity, average pore diameter and aspect ratio are in the range of 1.16~4.82%,
16.93~31.11 nm, and 1.21~1.35, respectively. Occurrences of IntraP OM-hosted pores, i.e.,
OMclay and OMpyrite pores, are very common in these shale samples. Compared to pores
hosted in the original depositional kerogen, these two subtypes of pores exhibit a relatively
low porosity, and their spatial distribution is highly controlled by the assemblage of clay
floccules and pyrite framboids. A noticeable difference in pore structure properties between
the subdomains of OM_1 and OM_2 can be observed, which indicates that pore volume,
size and shape can vary as a function of in-place kerogen.

Overall, a complex pore system of shales can be confirmed by both 3D Slice and View
images and pore structure properties. Different types of pores lead to obvious variations in
porosity, pore size and shape, and complicate pore networks. Meanwhile, well-developed
InterP pores and grouped OM pores are expected to enhance shale permeability. Also,
what is important to note is that pore structure characterization with limited resolution
can result in the omission of nanopores, leading to a significant underestimation of both
porosity and permeability.

3.3. Fractal Geometry Dependence on Pore Types

While insights into pore structure properties in shales have been gained, an inves-
tigation on fractal geometry was performed here to provide further understanding of
heterogeneities in pore sizes and spatial distributions across pore types. Based on fractal
dimensions determined using both PSDs and 3D images, the major pore networks of shales
and their contributions to permeability are also discussed in this section.

3.3.1. Fractal Dimension Based on PSDs

As shown in Figure 4, the data points on the Log–Log plots of v(r)/Vmax and r/rmax fall
into two linear segments, highlighted in red and blue, respectively, and the corresponding
fractal dimensions, DF1 and DF2, were defined and calculated. For all the types of pores,
the values of DF1, varying from 1.143 to 1.800, are lower than those of DF2, varying from
2.041 to 2.841. According to Equation (3), used for D determination, DF1 can be an indicator
of fractal geometry for smaller pores, while DF2 is more associated with larger pores. In this
regard, the heterogeneity in the pore size of relatively large pores is stronger; that is, they
have a more heterogeneous distribution, than that of relatively small pores. Furthermore,
higher values of DF can translate to a larger surface area with more complexity in pore
geometry [27]. All the correlation coefficients of the linear regression analysis are larger
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than 0.9, indicating that the pore system of shale is self-similar and has apparent fractal
features, especially in small pore distributions.
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In the consideration of pore-type-dependent fractal characteristics, OM-hosted pores
lead to both larger DF1 and DF2, illustrating the complexity of pore morphology in OM.
Meanwhile, there is negative feedback between fractal dimension and pore size. This is
highly evident in dissolution IntraP pores, which are the largest with an average pore
diameter around 100 nm and with the lowest DF1 and DF2 as well. In contrast, OM pores in
clay flakes show a high degree of heterogeneity in the full distribution of pore size identified
by the D. This may result from the irregular pore structure of preexisting IntraP pores in
clays, which are filled by OM later and treated as OM-hosted pores. Taking the aspect ratio
into account, the transition from slit-shaped pores (e.g., InterP pores) and rounded pores
(e.g., Intra P pores) to jagged-shaped pores (e.g., OM-hosted pores) tends to increase the
DF. Generally, a similar tendency for variations in DF1 and DF2 can be observed in terms of
pore types, indicating that a broader PSD and a rougher surface denote a complex pore
system. An exception is the subdomain of InterPOM_2, which has a low DF1 and a high
DF2. This demonstrates that limited variations in small pore size can result from elongated
or crack-like shapes.

3.3.2. Fractal Dimension Based on Pore Space

The D is also calculated using 3D binary images of subdomains to estimate the spatial
complexity of different pore types in shales. Figure 5 summaries the Log–Log plots, and the
corresponding DB ranges from 2.084 to 2.427 with an average value of 2.304. The rounded
and isolated IntraP pores led to a simple texture in space, while the OM pores differed by
the development location and process, which complicated the pore structure. Previous
studies have stated that spongy OM pores generally have a smaller size compared bubbled
pores, which form along with trapped fluid or in cracked bitumen [10]. The coexistence of
these pores results in a more heterogeneous distribution of pores in size and space, as well
as a larger DB. Compared to other subtypes of OM pores, the OM-hosted pores located
in pyrite framboids have a relatively uniform pattern, controlled by the arrangement of
pyrite grains. In addition, a higher DB is determined from InterP pores at clay–mineral
interfaces rather than the OM–mineral ones. As mentioned above, the InterPcement pores
occurring between framework mineral grains and occluded with clay can contribute to
a complex spatial texture due to random crystal orientations and clay floccules. Overall,
DB correlates positively with porosity, whereas it has a weak correlation with the average
pore diameter, indicating pore tortuosity and connectivity subjected to spatial distribution
govern the pore network to a greater extent.

Taking both DF and DB into account can provide further insights into the shale struc-
tural characteristics associated with mineral composition and OM content. Many studies
demonstrated that the D increases with brittle mineral and TOC contents and exhibits a
negative correlation with clay minerals [12,19]; however, other studies have reported incon-
sistent conclusions [27,28]. In this work, OM-associated pores mostly reflected a higher DF
and DB, indicating a more complex pore system in the original kerogen and migrated solid
bitumen that fills primary pore spaces. The relationship between clay minerals and fractal
features is more complicated. Most of the clay floccules observed in the shale samples in
this research were altered by OM trapping or brittleness participation, triggering IntraP
and InterP to be lined with organics and jagged shapes. Therefore, the clay-associated pores
correspond to a relatively high D compared to brittle pores. It has also been confirmed
that pores in an organo-clay matrix or at interfaces exhibit a complex morphology (e.g.,
elongated and crack-shaped pores) [10,36]. Such insights highlight the joint impacts of
sedimentology, mineralogy, diagenesis and organic matter maturation on pore systems and
their fractal characteristics.
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3.4. Pore Networks and Implications on Permeability

Permeability prediction has critical implications for the gas exploration of shale reser-
voirs. While the Kozeny–Carman equation has been widely applied in various fields or used
as the basis of other permeability models, it becomes less effective when heterogeneities in
pore morphology and connectivity complicate rock structural properties [34,37–39]. Here,
pore-type-dependent permeability was estimated by considering the PSD, tortuosity and
fractal features. Our findings suggest that both the D and porosity have weak correlations
with permeability (as shown in Figure 6). This highlights that bulk permeability is more
dependent on the pore-throat ratio and tortuosity than the value of porosity, especially in
semi-similar pore spaces. A relatively high permeability (a mean value of 2 × 10−17 m2)
can be estimated for pores in kerogen (i.e., OM pores) or between multiple mineral phases
(i.e., InterP pores), as a result of their good interconnectivity. It is worth noting that the
morphology and abundance of pores in solid bitumen, which evolves during thermal
maturation, can vary as a function of maturity [40]. Resulting from a relatively scattered
distribution in space, these secondary OM-hosted pores exhibit a lower permeability (a
mean value of 3 × 10−18 m2) compared to the primary ones. Further, IntraP pores are
usually isolated and scarce within a single mineral, leading to a low value of permeability
(a mean value of 1 × 10−19 m2).
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Figure 6. Pore-type-dependent (a) fractal dimension and (b) porosity versus permeability. Experi-
mental data of permeability originate from the work of Li (2013) for shale samples collected from the
Weiyuan area as well [41].

However, the shale pore network is the sum of pore types and how these pore types
connect and evolve during thermal maturation and mechanical compaction. When com-
pared to the shale permeability measured by experiments for the samples collected from
the same reservoir (displayed in Figure 6b), most single-type pores coincide with a lower
value of porosity and permeability [41]. While kerogen-associated pores correspond to a
relatively high permeability, kerogen is commonly sparsely disseminated throughout a
shale matrix. As a result, such OM pores may not contribute much to an effective pore
network. In contrast, OMclay and OMpyrite pores in solid bitumen mainly distribute in the
original InterP and IntraP pores, which may play a critical role in pore connectivity and
thus permeability enhancement. This phenomenon is more pronounced in the organo-clay
composite, which usually forms due to the chemical bonding or adsorption between clay
minerals and OM [42]. The OM-hosted pores that occur between clay platelets can connect
with IntraP pores in clay minerals and other pore groups, thereby providing more flow
pathways. Such pore networks are commonly protected by neighboring brittle miner-
als, e.g., quartz, during formation compaction; conversely, they are more susceptible to
destruction in shale with a higher content of clay minerals.
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4. Conclusions

The storage and migration capabilities of shale rocks are predominantly governed by
pore morphology (e.g., pore size, shape, internal surface, volume and distribution) and
connectivity, which strongly depend on pore types. In this study, the structural properties
and fractal signatures of IntraP, InterP and OM-hosted pores in shale were isolated, enabled
by the FIB-SEM datasets, to assess their respective contributions to the overall permeability.
In order to quantify the heterogeneities in both pore size and spatial texture, the fractal
dimensions were determined from PSDs and 3D images, respectively. A further discussion
on the relationship among pore morphology, fractal dimension and permeability was
also included.

Overall, a pore space with a larger porosity and smaller pore size can coincide with a
larger surface area, which in turn results in both higher DF and DB, while pore shape has a
weak correlation with the D. In terms of pore types, clustered and well-connected pores
hosted by OM correspond to the smallest pore diameter and the highest D, while rounded
and scarce IntraP pores translate into the least D. Compared to kerogen-hosted pores, the
secondary OM pores within solid bitumen commonly exhibit a sponge-like shape and a
relatively low porosity, and their pore size and spatial distribution significantly vary as a
function of maturity.

In general, a larger D, indicating a higher surface area and a rougher edge, correlates
positively with the adsorption potential, but it does not always coincide with a higher
seepage potential. The grouped OM pores are characterized by a relatively high porosity
and permeability (a range of 2.4 × 10−18 to 5.4 × 10−17 m2). However, their contribution
to an effective pore network is constrained by their scattered distribution, mainly con-
trolled by the assemblage of kerogen, clay floccules and pyrite framboids. A considerable
enhancement in overall permeability can be expected when OM-hosted pores intercon-
nect with crack-like pores or other effective pore networks, as observed in the case of the
organo-clay composites.

In summary, the fractal dimension, as an effective indicator of heterogeneity in pore
sizes and spatial distributions, can provide further insights into tortuosity, connectivity
and thus the permeability of shale rocks. Remarkable differences in pore morphology and
fractal characteristics in terms of pore types highlight that an assessment of shale reservoirs
cannot alone account for the porosity but also how various porous regions connect to an
effective pore network. Additionally, the shale reservoir quality, which is a sum of porosity,
permeability and lateral continuity, highly depends on pore-type-dependent features and
has profound implications for the economic assessment of shale gas production.
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