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a b s t r a c t

Accurate evaluation of pore systems in shale reservoirs is critical for understanding fluid  flow, gas 
storage capacity, and overall reservoir performance. Extensive research has been conducted on the 
micro- and nano-pore structure of shale reservoirs using various experimental methods and shale 
samples. However, discrepancies in sample preparation standards and experimental parameters—such 
as observation techniques and data interpretation—raise concerns about the reliability and compara
bility of these results across different shale reservoirs. This review systematically evaluates the current 
methods for characterizing shale pore systems, with particular emphasis on commonly used techniques 
such as scanning electron microscopy (SEM), gas adsorption, and CT scanning. Key challenges related to 
sample preparation (e.g., sample size) and experimental conditions (e.g., voltage and current) are dis
cussed, as these factors can introduce significant inaccuracies into pore structure characterization, even 
for well-established methods. Additionally, we examine the difficulties in integrating these methods to 
achieve a comprehensive understanding of shale pore parameters, including the quantification  of 
organic and inorganic porosity, full-scale pore size distribution, and pore connectivity. Addressing these 
challenges requires the establishment of standardized processing workflows to enhance the compara
bility of results and minimize experimental errors. We also highlight often-overlooked issues, such as 
the potential discrepancy between pore structures observed under laboratory conditions and those at 
in-situ depths. The review concludes with recommendations for future research, including the devel
opment of advanced experimental techniques and more efficient data processing strategies to improve 
pore characterization in shale reservoirs. This review provides a new perspective for future research and 
addresses a critical gap in understanding the impact of experimental conditions on pore structure 
characterization outcomes.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

The global economic expansion and the resulting surge in en
ergy demand have exacerbated the conflict  between supply and 
demand. Unconventional energy resources, such as shale oil and 
shale gas, are crucial alternatives to conventional sources and have 
garnered significant  attention. Over the past decade, the 

development and utilization of hydrocarbons from shale systems 
have expanded considerably. Shale gas resources, in particular, 
hold significant  promise, with technically recoverable resources 
estimated at 2.1 × 105 bcm (Zou et al., 2023). Researchers world
wide generally agree that accelerating the utilization of shale gas is 
a key strategy to address the energy gap (Arif et al., 2021; Bera and 
Shah, 2021; Cai et al., 2024).

Shales serve as self-generating and self-storing reservoir sys
tems (Hao and Zou, 2013; Katz and Arango, 2018). Hydrocarbons 
are primarily stored in ultra-fine  pores and micro-fractures, 
existing in both free and adsorbed states (Slatt and O’Brien, 
2011; Loucks et al., 2012; L€ohr et al., 2015; Arif et al., 2021). The 
pore structure influences  shale gas occurrence, with free gas 
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content directly determining the initial production rates and 
estimated ultimate recovery of gas wells (Clarkson et al., 2013, 
2016; Milliken et al., 2013; Feng et al., 2018; Gou and Xu, 2019; 
Wu et al., 2020a). While hydraulic fracturing is considered 
essential for commercial shale gas production, the microscopic 
pore structure also plays a critical role in the flow  of gas from 
matrix pores to hydraulic fractures (Clarkson et al., 2016; Gou and 
Xu, 2019). Pore structure is a key parameter in controlling shale 
reservoir quality, gas molecule migration, and accumulation (Bera 
and Shah, 2021; Gou et al., 2023). Understanding pore network 
characteristics is crucial for accurately predicting hydrocarbon 
production and optimizing extraction processes (Anovitz and Cole, 
2015; Lai et al., 2018).

Over the past decade, substantial research has been dedicated 
to the description and quantification of pore space in shale reser
voirs (Loucks et al., 2009, 2012; Milliken and Reed, 2010; Curtis 
et al., 2012a, 2012b; Ruppert et al., 2013; Tian et al., 2013; Saif 
et al., 2017; Gou et al., 2019, 2021; Xu et al., 2020a, 2020b; Blach 
et al., 2021). The influence  of various factors, including organic 
richness, thermal maturity, organic type, mineral composition, 
and preservation conditions on pore structure, has also been 
reviewed (Anovitz and Cole, 2015; Ougier-Simonin et al., 2016; 
Katz and Arango, 2018; Gao et al., 2020; Afagwu et al., 2022; 
Jiang et al., 2023; Wang and Cheng, 2023; Zhao et al., 2023a). 
However, existing studies often focus on method descriptions, 
with limited attention to the critical analysis of preprocessing- 
induced errors, which can significantly  affect pore structure 
evaluations. This gap highlights the novelty and necessity of the 
present work, which aims to provide a comprehensive, systematic 
approach to pore structure characterization that considers the 
impacts of sample preparation and data post-processing.

In the following sections, we summarize various approaches 
used for pore structure recognition. While some of these methods 
have been previously introduced, newer technologies (e.g., scat
tering methods) are also discussed. We provide a thorough over
view of pore classification based on location, availability, and size. 
The challenges regarding sample preparation and data post- 
processing for common experimental methods (e.g., gas adsorp
tion and scanning electron microscopy) are analyzed, and several 
recommendations are proposed. The prospects and challenges of 
fine characterization of shale reservoirs are also explored. In the 
concluding section, we outline potential research focuses and 
development trends. This review aims to foster the development 
of standardized data analysis and processing methods, facilitating 
more accurate comparisons across studies.

2. Various methods for the investigation of shale reservoirs

In shale reservoirs, key microstructural features, such as pores, 
fractures, organic matter (OM), and matrix minerals, are of 
particular importance (Fig. 1) (Anovitz and Cole, 2015; Ma et al., 
2017; Kwieci�nska et al., 2019). These features, however, exhibit 
significant heterogeneity across various scales (Katz and Arango, 
2018; Arif et al., 2021; Chandra and Vishal, 2021). Over the past 
decade, a range of visualization and quantitative techniques have 
been employed to precisely characterize and quantify these 
properties (Fig. 1).

2.1. Utilization of imaging methods

2.1.1. 2D imaging methods
The 2D visualization of pores in shale samples relies on a va

riety of imaging techniques, including transmission electron mi
croscopy (TEM) (Chalmers et al., 2012; Bernard et al., 2013), helium 
ion microscopy (HIM) (Sun et al., 2020a; Chandra and Vishal, 

2021), field  emission scanning electron microscopy (FE-SEM) 
(Bernard et al., 2012; Curtis et al., 2012a, 2012b; Loucks et al., 2012; 
Saif et al., 2017; Gou et al., 2019), and optical microscopy (Bultreys 
et al., 2016; Chandra et al., 2020). These techniques enable direct 
observation of pore geometry, distribution, type, and size (Table 1
and Fig. 1) (Milner et al., 2010; Slatt and O’Brien, 2011; Klaver et al., 
2012; Milliken et al., 2013; L€ohr et al., 2015; Blach et al., 2021; Gou 
et al., 2021; Zhu et al., 2021; Liu et al., 2022). However, the limited 
observation area and insufficient  representativeness of high- 
resolution images produced by these methods should be noted 
(Klaver et al., 2012; Sun et al., 2020a; Wang et al., 2024). For FE- 
SEM, the use of ion polishing to produce a flat  surface remains 
controversial, and the instrument’s limitations constrain the 
smallest recognizable pore size (Table 1). Parameter settings also 
influence image quality (see section 4.4).

2.1.2. 3D imaging methods
Recently, 3D imaging techniques have enabled the calculation 

of key geometric attributes such as porosity, pore volume, pore 
size, and connectivity (Table 1 and Fig. 1) (Lai et al., 2018; Gou et al., 
2019, 2021; Wu et al., 2019, 2020b; Arif et al., 2021; Saraf and Bera, 
2021; Zhu et al., 2021). These advancements provide a deeper 
understanding of the storage and migration mechanisms of oil and 
gas molecules within reservoirs (Ma et al., 2017; Arif et al., 2021; 
Saraf and Bera, 2021). X-ray nano- and micro-CT are commonly 
employed to examine the spatial connectivity and distribution of 
pores and micro-fractures (Gou et al., 2019; Sun et al., 2020b; Zhao 
et al., 2020; Zou and Sun, 2020; Arif et al., 2021). The spatial res
olution of nano-CT is approximately 65 nm, while micro-CT has a 
resolution of about 700 nm (Table 1) (Gou et al., 2019; Chandra and 
Vishal, 2021). Nano-CT scanning requires small samples, typically 
cylindrical with a diameter of 65 μm (Wang et al., 2016; Wu et al., 
2019), which complicates sample preparation (Table 1). Although 
micro-CT has less stringent sample size requirements, to achieve 
higher resolution, very small samples are typically used, which 
creates a challenge in balancing sample representativeness with 
resolution (Gou et al., 2019; Arif et al., 2021). Furthermore, 
selecting appropriate algorithms for pore and micro-fracture 
extraction, along with potential human biases, poses challenges 
that need to be addressed in future research (Fitschen et al., 2017; 
Fan et al., 2022). Focused ion beam scanning electron microscopy 
(FIB-SEM) generates a series of sequential SEM images through 
serial sectioning, facilitating 3D characterization of nanopores 
(Curtis et al., 2012b; Anovitz and Cole, 2015; Yang et al., 2025). It 
achieves a penetration depth of approximately 3–5 nm; however, 
the extremely small sample area necessitates consideration of 
scale and potential sample bias (Silin and Kneafsey, 2012; Anovitz 
and Cole, 2015). Like CT scanning, FIB-SEM has high operational 
costs, which limit the number of samples that can be analyzed 
(Table 1).

2.2. Applications of fluid invasion methods

Fluid injection techniques, including low-pressure gas 
adsorption (using N2, CO2, and Ar), mercury injection capillary 
pressure (MICP), and helium (He) porosimetry (Fig. 1), are pri
marily employed to evaluate pore volume and pore size distribu
tion (Giesche, 2006; Clarkson et al., 2013, 2016; Mastalerz et al., 
2013; Schmitt et al., 2013; Tinni et al., 2014a; Anovitz and Cole, 
2015; Sun et al., 2020a; Iqbal et al., 2021).

2.2.1. Gas adsorption
The range of pore sizes probed by gas adsorption techniques 

depends on the properties of the gas used. The low-pressure N2 gas 
adsorption method, conducted at a temperature of 77 K, is most 
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suitable for materials with pores ranging from 2 nm to 300 nm 
(Table 1 and Fig. 1), such as those found in shale and coal (Anovitz 
and Cole, 2015; Liu and Ostadhassan, 2019; Zhou et al., 2024a). The 
quadrupole moment of the nitrogen molecule interacts with sur
face functional groups during the test, affecting the orientation of 
the surface nitrogen molecules and the filling  of micropores 
(<2 nm) (Jiang et al., 2023; Zhou et al., 2024a). As such, it is not 
typically used for evaluating micropores. Argon, with its advan
tages for micropore analysis, is limited in accessing pores smaller 
than 0.45 nm due to its low testing temperature (87.3 K) and slow 
kinetic activity (Thommes et al., 2015). In contrast, CO2 adsorption, 
with its smaller molecular diameter (0.33 nm) and higher test 
temperature (273 K), facilitates access to ultra-micropores 
(Chalmers et al., 2012; Mastalerz et al., 2013), making it a com
mon method for micropore analysis and complementary to N2 

adsorption (Table 1) (Bertier et al., 2016; Sun et al., 2020b). 
Nevertheless, the impact of particle size and analysis models on 
experimental results, especially with crushed shale samples, re
mains an ongoing research topic (see sections 4.1 and 4.2).

2.2.2. Mercury injection capillary pressure
The MICP technique is a widely used method for investigating 

pore-throat distributions in porous shale, ranging from the micro- 
scale (up to ~350 μm) to the nano-scale (Table 1 and Fig. 1) 
(Giesche, 2006; Sun et al., 2020a, 2020b; Yang et al., 2025). The 
mercury intrusion pressure is inversely proportional to pore size, 
with pores as small as 3 nm being detectable at the maximum 
pressure of 60,000 psi (414 MPa). However, it is important to note 
that artificial pores and micro-fractures may form during the high- 
pressure mercury injection process, which can affect pore 

Fig. 1. Multi-scale techniques used to study shale microstructural properties, modified from Ma et al. (2017), Sun et al. (2020a), and Arif et al. (2021).
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structure parameters (Wang et al., 2019a; Jiang et al., 2023). For 
example, Wang et al. (2015a) observed that shale samples may 
deform when the mercury intrusion pressure exceeds 25 MPa, and 
pressures must reach 110 MPa before significant changes in shale 
pore volume occur (Wang et al., 2019b). Furthermore, shale stor
age space typically consists of both pores and throats (Lai et al., 
2018). The throat diameter is generally smaller than that of the 
pore, which requires higher pressure to overcome the capillary 
forces of the throat during mercury intrusion. Consequently, high- 
pressure mercury injection tests may overestimate the pore vol
ume of smaller pores (Katz and Thompson, 1986; Torabi et al., 
2013; Jiao et al., 2020). Therefore, this technique is most 
commonly used to characterize pore structures with diameters 
>50 nm, or even >100 nm (Table 1), in sediments (Wang et al., 
2015a; Iqbal et al., 2021).

2.2.3. He-porosimetry
He-porosimetry is a well-established, comprehensive, and 

widely used method for characterizing the effective storage 

capacity of shale reservoirs (Kuila et al., 2014; Yang et al., 2015; 
Zhou et al., 2021). However, a few caveats should be considered. 
One issue is the testing error between crushed and core samples; 
the porosity of crushed shale samples may be 0.1% to 0.2% higher 
than that of core samples (Luffel and Guidry, 1992; Anovitz and 
Cole, 2015; Yang et al., 2015; Zhou et al., 2021). Another limita
tion is that He-porosimetry cannot provide detailed information 
about the geometry, location, or size of individual pores (Table 1) 
(Zhang et al., 2020; Zhu et al., 2021).

2.3. Employment of non-fluid invasion methods

2.3.1. Small-angle scattering
Ultra-small and small-angle scattering ((U)SAS) techniques 

offer relatively new tools for characterizing both connected and 
closed pores (Clarkson et al., 2013; Ruppert et al., 2013). These 
techniques employ neutron or X-ray beams to penetrate rock and 
measure the intensity of scattered signals within a specific scat
tering angle, providing valuable information about the shale pore 

Table 1 
Applicability, advantages, and disadvantages of common methods used for evaluating shale pore structure.

Classification of methods Common types of 
samples used

Measurable 
range

Measurable parameters Key advantages Main limitations

Imaging methods TEM Thin wafer-like 
sample (up to 
~100 nm thick)

>~0.2 nm Pore morphology, 
particle size 
distribution

High resolution for 
nanoscale structures

Sample thickness 
limitation, minimal 
scanning area, and sample 
preparation complexity

HIM Block samples >~0.5 nm Pore morphology, 
particle size 
distribution

High-resolution surface 
imaging, sensitivity to 
nanostructures

Limited field of view, 
sample preparation 
complexity

FE-SEM Block samples >~2 nm 2D pore type, pore 
quantity, pore size 
distribution, surface 
morphology

High resolution, surface 
analysis

Limited depth of field, 
potential for charging 
effect, and expensive

FIB-SEM Block samples, 
cross-sections

>~3–5 nm Pore morphology, 3D 
pore structure

High precision in 3D pore 
structure analysis, sample 
sectioning

Time-consuming, complex 
sample preparation, and 
minimal scanning area

Nano-CT A small cylinder 
with a diameter of 
65 μm

>~65 nm Pore size distribution, 
pore connectivity, 3D 
pore structure

Non-destructive, 3D 
imaging of internal 
structure

Limited resolution for very 
small pores, expensive 
equipment, and minimal 
scanning area

Micro-CT Small and large 
block samples

>~700 nm 3D pore and micro- 
fracture structure

Non-destructive, wide 
application, 3D imaging, 
quick results

Limited resolution for small 
pores, and minimal 
scanning area

Fluid invasion 
methods

He-porosity Plunger samples, 
block samples, 
powdered samples

>~0.2 nm Total porosity Simple, fast, cost-effective, 
precise porosity 
measurement

Cannot characterize pore 
size distribution

CO2 adsorption Powdered samples <2 nm Surface area, micropore 
volume, pore size 
distribution

Excellent for characterizing 
micropores

Limited to micropores

N2 adsorption Powdered samples 2–300 nm Surface area, mesopore 
and some macropore 
volume, pore size 
distribution

Widely used, high 
reproducibility, detailed 
pore characterization

Primarily for mesopores 
and some macropores, not 
suitable for very small 
pores and large pores

MICP Plunger samples, 
block samples

~3 nm–350 μm Pore size distribution, 
porosity, and capillary 
pressure

Accurate pore size 
distribution, effective for 
large pores

Requires sample pre- 
treatment, assumes 
cylindrical pore shapes, 
and does not resolve small 
pores well

Non-fluid invasion 
methods

(U)SANS Thin wafer-like 
samples, small 
particle samples

~1 nm to 20 μm Pore structure, 
connectivity, nanoscale 
porosity

Can measure nanoscale 
pores, non-destructively

Requires advanced data 
analysis, limited by sample 
size and preparation

(U)SAXS Thin wafer-like 
samples, small 
particle samples

~0.5 nm to 50 μm Pore structure, 
connectivity, nanoscale 
porosity

Non-destructive, multi- 
scale measurements, 
sensitive to small pores

High cost, specialized 
equipment, and data 
interpretation required

NMR Plunger samples >~1 nm Porosity, fluid 
distribution, pore 
connectivity

Non-destructive, excellent 
for porosity and fluid 
distribution measurements

Requires sample 
saturation, complex data 
interpretation, and 
sensitivity to magnetic field 
inhomogeneities
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structure (Radlinski et al., 2004; Lee et al., 2014). Small-angle 
neutron scattering (SANS) is generally more commonly used 
than small-angle X-ray scattering (SAXS) due to the superior 
penetration capabilities of neutrons (Sun et al., 2020a). (U)SAS 
technology enables the characterization of pore structures across a 
wide range of scales, from sub-nanometers to tens of micrometers 
(e.g., from 0.5 nm to 20 μm, Table 1 and Fig. 1) (Anovitz and Cole, 
2015). Moreover, there are no strict restrictions on the size or form 
of the samples, which can be in powder form (e.g., with a particle 
size of 80 mesh) or in wafer form (typically with a thickness of less 
than 1 mm). Thin sheet samples can be directly clamped or affixed 
to the sample holder, whereas particle samples must be placed in 
cuvettes made from materials with high neutron transmittance 
(e.g., quartz, sapphire). When selecting the sample thickness, the 
influence of the neutron wavelength should be considered. Longer 
wavelengths decrease neutron transmittance and increase the 
likelihood of multiple scattering, thereby reducing data quality 
(Ruppert et al., 2013; Anovitz and Cole, 2015). To minimize mul
tiple scattering caused by gaps between particles, it is generally 
recommended to use samples with a particle size of ~0.5 mm (Sun 
et al., 2020a, 2020b). Currently, a variety of interpretation models 
have been proposed to convert SAS results from relatively simple 
materials into pore-size distributions. These include the smooth 
surface approach (Anovitz et al., 2013), the polydisperse hard 
sphere model (Radlinski, 2006), regularization or maximum 
smoothness (Svergun, 1991), and total non-negative least squares 
(Ilavsky and Jemian, 2009). However, for highly inhomogeneous 
shale reservoirs with complex pore and mineral compositions, the 
relationship between scattering intensity and pore size remains 
unclear (Anovitz et al., 2013). There is no satisfactory explanation 
for the scattering intensity and data modeling in the current 
literature (Jiang et al., 2023). Furthermore, some studies do not 
specify the neutron wavelength (Anovitz and Cole, 2015; Sun et al., 
2020a). In summary, SAS technology is still in its early stages in the 
field  of pore structure characterization of shale reservoirs, and 
further modeling and investigation are required.

2.3.2. Nuclear magnetic resonance
Nuclear magnetic resonance (NMR) is an emerging non- 

destructive technique for detecting the pore structure of rock 
samples. It is based on the polarization of hydrogen nuclei in 
materials such as water and hydrocarbon fluids under the influ
ence of a magnetic field, which generates a magnetic vector phe
nomenon (Zhang et al., 2018a; Bai et al., 2023). The signal intensity 
decays over time (i.e., relaxation time T2) is obtained, reflecting the 
pore structure and fluid  distribution characteristics within the 
reservoir (Table 1) (Yao and Liu, 2018). During the NMR detection 
process, shale samples typically need to be saturated with fluid to 
fill  the pores, which ensures effective reflection  of the internal 
pore space. This means that the pores detected by NMR are pri
marily connected pores (Tinni et al., 2014b; Jiang et al., 2023). The 
selection of probe reagents is also a critical step in NMR testing, 
with water or oil (including alkanes, kerosene, etc.) commonly 
used as probe reagents. However, the hydration reaction between 
water and clay minerals in shale can significantly affect the test 
results (Sulucarnain et al., 2012; Zhang et al., 2018a; Jiang et al., 
2023). The presence of paramagnetic minerals such as pyrite and 
siderite in shale can shorten the relaxation time, thereby impact
ing the interpretation of the pore structure. Moreover, crucial 
parameters like pore size conversion, surface relaxation rate, and 
shape factor remain highly subjective and lack standardization 
(Table 1) (Song and Kausik, 2019; Bai et al., 2023). Consequently, 
NMR is capable of indicating the trend of pore size distribution but 
not the absolute pore volume.

As mentioned above, using these technical methods in isolation 
has several obvious limitations. Therefore, combining different 
characterization methods is necessary to gain a more compre
hensive and accurate understanding of pore and fracture struc
tures in shale reservoirs across multiple scales (see section 5.2).

3. Classification of multi-scale pore systems

The primary states of stored shale gas are adsorbed and free, 
with these gases being widely distributed across pores and micro- 
fractures of varying scales within shale reservoirs (Hao and Zou, 
2013; Hao et al., 2013; Arif et al., 2021). The type and size of 
these pores govern the flow, migration, storage, and occurrence 
mechanisms of oil and gas within geological formations (Katz and 
Arango, 2018; Bera and Shah, 2021). Evaluating pore types and 
sizes according to appropriate parameters or standards is essential 
for accurately characterizing the pore structure of shale.

3.1. Classification by pore development location

Researchers studying complex heterogeneous shale have 
expanded our understanding of pores based on their relationship 
to particles (e.g., Kwon et al., 2004; Curtis, 2010; Slatt and O’Brien, 
2011; Loucks et al., 2012; Milliken et al., 2013; Yu, 2013). Pore 
types, ranging from interparticle (interP) and intraparticle (intraP) 
mineral pores to organic matter (OM) pores and fracture pores, can 
be hierarchically subdivided (Fig. 2(a)). InterP pores mainly occur 
between particles or as intercrystalline pores, while intraP pores 
typically develop within carbonate minerals but can also be found 
in pyrite, phyllosilicate frameworks, and fossil bodies (Loucks 
et al., 2012; Katz and Arango, 2018). OM pores, a specific type of 
intraP pore, are found within organic matter and are closely 
correlated with the type of organic matter and the thermal 
maturity of the rocks (Mastalerz et al., 2013; Milliken et al., 2013; 
L€ohr et al., 2015; _Inan et al., 2018). Fracture-related pores, not 
controlled by individual mineral particles, significantly  influence 
hydrocarbon storage, transport, and production (Gale et al., 2007; 
Slatt and O’Brien, 2011; Loucks et al., 2012; Yang et al., 2021). 
Additionally, due to the confining effect of particles, certain pore 
clusters become isolated, leading to the development of another 
pore classification  scheme. Specifically, pores are categorized as 
closed, open, or blind based on their connectivity to external fluids 
(Fig. 2(b)). Open pores have continuous channels that connect to 
external materials, whereas blind pores are only open at one end 
(Rouquerol et al., 1994; Nishiyama and Yokoyama, 2017).

3.2. Classification by pore size

An additional pore classification, based on pore size, is widely 
discussed in the literature (Fig. 3). The most common classification 
divides shale pores into micropores (<2 nm), mesopores 
(2–50 nm), and macropores (>50 nm) (Rouquerol et al., 1994). 
Other classification schemes for shale pores also exist (Zou et al., 
2011; Loucks et al., 2012; Zhu et al., 2016), but they often fail to 
effectively distinguish between matrix-related pores and fracture 
pores. Therefore, a new classification scheme, which considers the 
differences in pore and fracture sizes, has been proposed (scheme 
3 in Fig. 3). This scheme, based on the work of Rouquerol et al. 
(1994), extracts micro-fractures and clarifies  the differences in 
storage capacity and permeability between pores and micro- 
fractures (Gou et al., 2019). It is important to note that the pore 
size classification schemes mentioned above are primarily applied 
to shale gas reservoirs and may be less applicable to shale oil 
reservoirs due to significant differences in the sizes of oil and gas 
molecules (Jin et al., 2021). Despite the lack of an effective 
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classification  scheme, most scholars continue to rely on these 
potentially unsuitable methods (Han et al., 2019; Lei et al., 2021; 
Liu et al., 2023). Recently, Lu et al. (2018, 2022) proposed a new 
classification  for shale oil reservoirs, categorizing pores into mi
cropores, small pores, mesopores, and macropores based on the 
inflection points of mercury injection curves and fractal features. 
However, this scheme has shown significantly  different results 
when applied to various regions and shale formations (schemes 
5–8 in Fig. 3) (Lu et al., 2022; Zhao et al., 2022). In response, Gou 
et al. (2023) combined low-pressure gas adsorption and multiple 
isothermal stage pyrolysis to propose a new classification scheme, 
categorizing pores into adsorption pores (<20 nm), restricted 
pores (20–100 nm), and movable pores (>100 nm). This scheme 
represents a significant  advancement in linking shale oil occur
rence and mobility characteristics with pore size and may guide 
future research.

3.3. Future classification schemes

While the pore classification  schemes outlined above have 
significantly advanced our understanding of shale reservoirs, they 
have limitations, particularly when applied across diverse 
geological contexts and fluid types. One key limitation is that many 
of these schemes focus primarily on the inherent parameters of 
the pores themselves, failing to incorporate critical petrophysical 
properties, such as permeability and wettability, which are 
essential for understanding fluid  flow  behavior (Loucks et al., 

2012; Cai et al., 2024; Wu et al., 2024). For instance, large pores 
in the matrix may not significantly contribute to permeability if 
they are poorly connected, while smaller pores in fractures can 
dominate fluid  flow  despite their smaller size (Bultreys et al., 
2016). Consequently, while pore size-based classification 
schemes work well for oil and gas storage, their applicability to 
fluid migration mechanisms may be limited (Jin et al., 2021; Yang 
et al., 2021).

Shales vary in mineral composition, organic matter content, 
and thermal maturity, all of which influence pore type, structure, 
and connectivity (Gao et al., 2020; Wu et al., 2020a; Xu et al., 2024, 
2025). Pore type—whether organic or inorganic pores—also 
strongly influences  fluid behavior (Wu et al., 2024). In shale gas 
reservoirs with high thermal maturity, classifications  that 
emphasize pore locations are commonly used, as these are crucial 
for understanding pore origin and preservation conditions (Loucks 
et al., 2009; Ma et al., 2016; Chen et al., 2019; Wu et al., 2020a). In 
contrast, for shale oil reservoirs with lower thermal maturity, 
schemes that link pore size with oil mobility, such as those pro
posed by Gou et al. (2023), may provide more relevant insights. 
Region-specific adaptations are essential for effective pore classi
fication.  In conclusion, while current pore classification schemes 
contribute to advancing our understanding of shale reservoirs, 
they still face challenges related to geological and fluid variability 
across different formations. To enhance the accuracy of these 
classifications,  future research should continue refining  these 
schemes, incorporate additional petrophysical properties such as 

Fig. 2. Spectrum classification for shale storage space, (a) proposed on the basis of relationships between pores and mineral particles, pores are represented by blue, modified 
from Loucks et al. (2012); (b) proposed on the basis of the availability of pores to external fluid, a: closed pores; b and f: blind pores; c, d and e: through pores; g: roughness of the 
external surface; modified from Rouquerol et al. (1994).
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permeability and wettability, and offer guidance on selecting the 
most appropriate classification method depending on the specific 
research objectives (e.g., shale gas vs. shale oil).

4. Key analysis on preprocessing for pore identification

As mentioned earlier, there are numerous methods for charac
terizing shale reservoirs (Fig. 1). Particularly for experiments such as 
scanning electron microscopy (SEM) and gas adsorption, they are 
currently the most widely used and relatively mature technologies 
(Anovitz and Cole, 2015; Katz and Arango, 2018; Jiang et al., 2023; 
Zhao et al., 2023a). However, it must be emphasized that although 
these methods are mature and have been widely applied, they do 
have limitations, especially in sample preparation and data inter
pretation (Hazra et al., 2018; Liu et al., 2021). For instance, factors 
such as sample size, preparation procedures, and experimental 
conditions (e.g., voltage and current settings) can introduce signifi
cant errors, which are often overlooked in routine applications (Zhao 
et al., 2019; He et al., 2021). Given that these methods have always 
played a central role in shale research, it is necessary to conduct more 
in-depth studies on the challenges in these preprocessing aspects 
before moving on to emerging technologies. Only by improving these 
traditional methods can we ensure reliable results, which will serve 
as a solid foundation for integrating new methods and ultimately 
contribute to a more accurate and comprehensive understanding of 
the characteristics of shale reservoirs.

4.1. Preparation of sample size for gas adsorption

Low-pressure gas adsorption is a critical technique for quan
tifying the specific  surface area, pore volume, and pore size 

distribution of nanopores with diameters typically less than 
300 nm (Table 1) (Clarkson et al., 2013; Mastalerz et al., 2013, 
2017; Bertier et al., 2016). In practice, samples are often crushed 
prior to measurement, as the experimental results can show a 
significant correlation with the particle size of the sample (Tinni 
et al., 2014a; Wei et al., 2016; He et al., 2021). However, no 
standardized procedure has been universally accepted by re
searchers to date (Table 2). For shale samples, a size fraction 
smaller than 20 mesh (i.e., <0.85 mm diameter) is generally 
recommended (Chen et al., 2015). Han et al. (2016) observed that 
as particle size decreased from 5 mesh to 130 mesh, the N2 
adsorption capacity increased, with no significant change occur
ring between the 130 mesh and 250 mesh ranges (Fig. 4). Similar 
trends were noted in the hysteresis loops, isotherm shape, pore 
volume, and specific  surface area (Figs. 4 and 5). The authors 
suggest that this phenomenon may be explained as follows: 
below 130 mesh, finer  particle sizes increase the exposure of 
pores and micro-fractures, thereby enhancing the pore space. 
Although the authors do not provide additional explanations for 
this observation, it can be inferred that the maximum pore pa
rameters observed at 130 mesh may also result from additional 
grinding during sample preparation, which could potentially 
generate new micro-fractures. Other commonly used analytical 
size fractions include, but are not limited to, 60–80 mesh (Li et al., 
2019; He et al., 2021), 60–140 mesh (Wei et al., 2016), >150 mesh 
(Hazra et al., 2018), 100–200 mesh (Zhang et al., 2018b), and 200 
mesh (Mastalerz et al., 2017) (Table 2). Comparing experimental 
data from different sources can be challenging due to the varia
tion in grain sizes used in the literature (Ross and Bustin, 2009; 
Clarkson et al., 2013; Kuila and Prasad, 2013; Tian et al., 2013; 
Sun et al., 2016; Hazra et al., 2018).

Fig. 3. Spectrum of shale pore types based on pore size. Schemes 1 to 3 primarily focus on the classification of shale gas reservoirs. Scheme 1 is adapted from Rouquerol et al. 
(1994), scheme 2 is adapted from Loucks et al. (2012), and scheme 3 is adapted from Gou et al. (2019). Schemes 4 to 8 present the results of shale oil reservoir delineation based on 
mercury injection curves, adapted from Lu et al. (2022).
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To better understand the relationship between sample size and 
gas-measured pore structure, we propose a conceptual model that 
integrates these findings (Fig. 6). The most suitable particle size for 
measurement is defined  as the critical particle size. When the 
sample particles are much larger than this critical size, most 
nanoscale pores are encapsulated within the mineral matrix 
(Fig. 6(a)). In this case, the gas can only be adsorbed onto partially 
exposed pores, leading to an underestimation of the overall pore 
parameters (Chen et al., 2015; Han et al., 2016). As the particles are 

progressively ground to smaller sizes, previously closed pores are 
gradually opened, allowing gas to enter. Although this process 
often involves the destruction of some pores and the creation of 
new ones (Fig. 6(b) and (c)), the overall effect is a net increase in 
accessible pores. Consequently, pore parameters such as pore 
volume and specific  surface area increase and reach their 
maximum values near the critical particle size. When the particle 
size becomes smaller than the critical size, however, the number of 
destroyed pores exceeds the number of newly formed ones 

Table 2 
Summary of sample particle sizes used in recent years for low-pressure N2 and CO2 gas adsorption techniques.

Shale name Location Ro, % Used particle size, mesh Recommended 
particle size, mesh

Source

New Albany Illinois Basin, USA 0.35–1.41 4, 20, 60 <20 Chen et al. (2015)
Longmaxi Sichuan Basin, China ~1.59 5, 20, 40, 60, 100, 130, 150, 

200, 250
130 Han et al. (2016)

Wufeng-Longmaxi Upper Yangtze, China ~2.0 <60, 60–80, 80–100, 
100–120, 120–140, 
140–200, >200

60–140 Wei et al. (2016)

New Albany Illinois Basin, USA ~0.57 and ~1.3 Chunks (~7 mm), 4, 7, 18, 
30, 60, 200, 230

200 Mastalerz et al. (2017)

Rajmahal and Barakar Birbhum Coal Basin 
and West Bokaro Basin, India

~2.25 and ~0.95 18–35, 35–70, 70–200, 
200–270

>150 Hazra et al. (2018)

Wufeng-Longmaxi Sichuan Basin, China ~2.0 8, 20, 60, 100, 200 100–200 Zhang et al. (2018b)
Wufeng-Longmaxi Pengshui area, China 2.48–2.87 4–10, 20–28, 35–48, 60–80, 

80–100, 100–115, 115–150, 
150–180

60–80 Li et al. (2019)

Wufeng-Longmaxi Jiaoshiba area, China ~2.5 40–60, 60–80, 80–100, 
100–150, 150–200

60–80 He et al. (2021)

Fig. 4. Low-pressure N2 adsorption and desorption isotherms with different particle size, modified from Han et al. (2016).
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(Fig. 6(d)), again leading to an underestimation of pore structure 
(Zhang et al., 2018b; He et al., 2021). Therefore, accurately deter
mining the range of critical particle size in gas adsorption exper
iments is essential for reliable pore structure characterization. 
Similarly, for experiments such as helium porosity, small-angle 
neutron scattering (SANS), and pyrolysis parameter measure
ments of shale rocks (Clarkson et al., 2013; Ruppert et al., 2013; 
Sun et al., 2016, 2023), which all involve sample crushing, it is 
equally important to determine the critical particle size required 
for these experiments along with the corresponding experimental 
parameters. Currently, these discussions remain incomplete, but 
they may represent a key issue requiring attention and coordina
tion from multiple perspectives in the future.

Generally, samples are randomly broken during grinding, 
increasing the difficulty of determining the optimal particle size. 
Moreover, the heterogeneity of shale can introduce errors during 
sample preparation and analysis, affecting result reproducibility 
(Han et al., 2016; Zhang et al., 2018). These factors may contribute 
to the inconsistencies observed in previous results (Table 2). As a 
result, there is no universally accepted particle size for gas 
adsorption studies. A comprehensive review of the literature in
dicates that particle sizes in the range of 60–150 mesh are widely 
used and considered valid (Ross and Bustin, 2009; Clarkson et al., 
2013; Kuila and Prasad, 2013; Tian et al., 2013; Bertier et al., 2016; 
Xu et al., 2020a; Gou et al., 2021, 2023; He et al., 2021). To mini
mize the impact of sample size and heterogeneity, it is essential to 
combine different characterization methods for cross-verification.

Additionally, the temperature and duration of sample drying 
before the test, as well as the degree of degassing, can influence 
the number of gas adsorption sites, thereby affecting the evalua
tion of the pore structure (Mastalerz et al., 2013). Furthermore, 
during sample testing, the selection of data points and the equil
ibration interval time are also crucial factors that require careful 
attention and standardization. The number of data points and 

equilibration time determine whether the gas can be fully adsor
bed into the pores. Existing literature suggests that the number of 
data points should exceed 88, and the equilibration time should be 
greater than 15 s (Liu et al., 2021). This standard has been uni
formly adhered to in a large number of studies (Mastalerz et al., 
2013; Gou et al., 2019; Sun et al., 2020b). However, it is impor
tant to note that both preprocessing parameters (e.g., drying 
temperature and time) and parameters during the experiment 
(e.g., data points and equilibration interval) are ultimately deter
mined by the sample size. Smaller sample sizes require shorter 
drying times, degassing times, and equilibration intervals. This 
explains why many current studies focus on the significance  of 
sample particle size.

4.2. Selection of the calculation model for gas adsorption

In addition to the confirmed  effect of sample particles on N2 
adsorption, the selection of an appropriate calculation model 
complicates subsequent data processing. Various models are used 
to quantify pore structure, including the Brunauer-Emmett-Teller 
(BET), Horvath-Kawazoe (HK), Saito-Foley (SF), Dubinin- 
Radushkevich (DR), Dubinin-Astakhov (DA), Density Functional 
Theory (DFT), and Barrett-Joyner-Halenda (BJH) models (Juenger 
and Jennings, 2001; Groen et al., 2003; Ravikovitch and Neimark, 
2006; Neimark et al., 2009; Kuila and Prasad, 2013; Anovitz and 
Cole, 2015; Bertier et al., 2016). Additionally, the DFT model is 
further subdivided into Lattice Density Functional Theory (LDFT), 
Nonlocal Density Functional Theory (NLDFT), and Quenched Solid 
Density Functional Theory (QSDFT) (Neimark et al., 2009). In 
particular, the QSDFT model accounts for the surface roughness of 
porous media and is considered better suited for organic-rich shale 
(Ravikovitch and Neimark, 2006; Neimark et al., 2009). The BET 
model is widely accepted for quantifying the specific surface area 
of shale using N2 adsorption data (Clarkson et al., 2013; Tinni et al., 

Fig. 5. Influence of particle size on N2-adsorption pore volume and specific surface area, modified from Han et al. (2016).

Fig. 6. Schematic diagram depicting detected pore structure changes with particle sizes.
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2014a; He et al., 2021). While the HK, SF, DR, and DA models can 
characterize pore size distribution, they incorrectly assume that 
the adsorbed phase is a bulk liquid and overlook the in
homogeneity of molecular adsorption in micropores (Kuila and 
Prasad, 2013; Rouquerol and Rouquerol, 2014). As a result, these 
models do not accurately reflect the actual micropore filling of the 
rock, leading to significant  errors in micropore size distribution 
(Thommes et al., 2012). Therefore, the BJH and DFT models are 
primarily used to estimate pore structure parameters from N2 
adsorption data. The suitability of the DFT versus BJH models for 
pore volume and size distribution interpretation remains debated, 
with both models widely used in the literature (Juenger and 
Jennings, 2001; Bertier et al., 2016; Tang et al., 2016; Li et al., 
2019; He et al., 2021).

To further assess applicability, gas adsorption data from the 
Longmaxi shale in the Jiaoshiba area, China, collected from a 
previous study, were analyzed (Fig. 7). The samples exhibit similar 
maturity (Ro ~2.5%) but vary in TOC content and mineralogy (Xu 
et al., 2020a). The pore volume distribution obtained through N2 
adsorption, analyzed by the DFT model, shows high similarity 
across samples, with only slight variations in absolute values. The 
largest pore size is approximately 50 nm (Fig. 7(a), (d), (g)). The 
pore volumes of siliceous-rich shale (S-3), mixed shale (M-2), and 
argillaceous-rich shale (CM-1), calculated using the DFT model, are 
21.6 × 10− 3, 15.8 × 10− 3, and 12.5 × 10− 3 cm3/g, respectively. In 
contrast, the BJH model reveals significant differences among the 
shale samples, with pore sizes reaching approximately 300 nm 
(Fig. 7(b), (e), (h)). The BJH model’s evaluation is consistent with 
observations from Xu et al. (2020a) based on SEM images, which 
indicate that S-3 shale developed numerous OM pores in the 
nanometer to submicron range. In contrast, CM-1 shale was pri
marily characterized by pores related to sub-micron clay minerals. 
These differences in pore size distribution are also more aligned 
with the theoretical expectations for different rock lithofacies. The 
pore volumes of S-3, M-2, and CM-1, as calculated by the BJH 
model, are 30.9 × 10− 3, 23.9 × 10− 3, and 24.6 × 10− 3 cm3/g, 
respectively (Fig. 7). Moreover, previous studies, including Helium 
pycnometry and MICP experiments, have shown that the pore 
volume of S-3 shale in the Jiaoshiba area is typically above 
30 × 10− 3 cm3/g, while CM-1 shale tends to be around 
20 × 10− 3 cm3/g (Jiang et al., 2016; Yang et al., 2018; Shu et al., 
2020). This further suggests that the BJH model’s evaluation re
sults are relatively more reliable. At a pore size of approximately 
1 nm, the BJH model indicates a downward trend, reaching a 
relatively low value at around 1.5 nm. For example, for M-2 shale, 
when the pore diameter is approximately 1.5 nm, the pore volume 
identified by the BJH model is 0.16 × 10− 3 cm3/g, while the DFT 
model identifies a pore volume of 0.06 × 10− 3 cm3/g. Therefore, 
the pore volume determined by the BJH model aligns more closely 
with the volume identified by CO2 adsorption at a pore diameter of 
approximately 1.5 nm (0.14 × 10− 3 cm3/g).

Although the pore structure calculated by BJH model relies on 
the Kelvin equation and may provide less information about mi
cropores than the DFT model, we suggest that the BJH model is 
preferable for interpreting N2 adsorption for two main reasons: 1) 
CO2 analysis is commonly used to characterize micropores and 
complements the N2 method (Fig. 7) (Anovitz and Cole, 2015; 
Bertier et al., 2016), and 2) the pore diameters of typical shales 
in commercial development are predominantly greater than 
10 nm (Nelson, 2009; Arif et al., 2021; Jiang et al., 2023). Impor
tantly, macropore information, assessable through N2 adsorption 
(Groen et al., 2003; Anovitz and Cole, 2015), is only revealed by the 
results from the BJH model (Fig. 7). It is important to note that the 
conclusions drawn here are preliminary, and further 

research—particularly on shales with varying maturity and pres
ervation conditions—is needed before definitively concluding the 
significance of the BJH model.

4.3. Is Ar-ion-beam milling required

Ar-ion-beam milling is widely used to polish shale surfaces 
prior to SEM imaging analysis (Milliken and Curtis, 2016; Sanei and 
Ardakani, 2016). Loucks et al. (2009) reported that Ar-ion-beam 
milling improves stacking artifacts caused by the differential 
hardness of sample components. This technique produces flat 
surfaces, enabling high-quality and undistorted SEM imaging for 
nanopore characterization (Loucks et al., 2009; Curtis et al., 2012a; 
Mastalerz and Schieber, 2017; _Inan et al., 2018). However, several 
adverse effects of ion milling have been documented (Grobe et al., 
2017; Mastalerz and Schieber, 2017; _Inan et al., 2018). Ion 
bombardment induces multiple interactions between ions and the 
sample surface, particularly in very small sample pieces (Sanei and 
Ardakani, 2016). The implantation and sputtering of ion energy, 
coupled with heating from the ion beam, can alter the sample 
surface (Grobe et al., 2017; Mastalerz and Schieber, 2017). Heat 
accumulation is more pronounced on samples with low conduc
tivity (e.g., organic matter) than on those with high conductivity 
(e.g., minerals) (Sanei and Ardakani, 2016). Sanei and Ardakani 
(2016) observed that the reflectance (Ro) of solid bitumen 
increased from 0.52% to 0.79% (a 53% increase) after Ar-ion-beam 
milling (Fig. 8(a) and (b)). This thermal change corresponds to an 
increase in burial temperature of approximately 50 ◦C. Similarly, 
Mastalerz and Schieber (2017) found Ro increased from 0.27% to 
0.45%, a 66% rise. Higher energy, focused ion beam (FIB) milling 
can further amplify this effect (Fig. 8(c)) (Sanei and Ardakani, 
2016). Ion milling can also create artificial  porosity due to the 
rapid devolatilization of lighter organic compounds in macerals 
(Sanei and Ardakani, 2016; Grobe et al., 2017; Mastalerz and 
Schieber, 2017; Katz and Arango, 2018). _Inan et al. (2018) re
ported that pores appeared more numerous and larger in ion- 
milled samples (Ro ~1.43%) (Fig. 9(a) and (b)).

Our study of overmature siliceous-rich shale (Ro ~2.5%) from 
the Longmaxi Formation in the Jiaoshiba area, China, shows that 
SEM images after Ar-ion-beam milling exhibit fewer scratches and 
less surface waviness, resulting in improved surface quality 
(Fig. 9(c)–(f)). Ion milling did not significantly alter pore distribu
tion, shape, or size but made these features more visible 
(Fig. 9(c)–(f)). The oil-prone kerogen in such mature samples is 
highly aromatic and resistant to heating (Mastalerz et al., 2013; 
Mastalerz and Schieber, 2017). Although the overmature shales 
in our study showed no significant changes in pore structure, Sanei 
and Ardakani (2016) reported that the Ro of pyrobitumen increased 
from 2.16% to 2.38% after ion-beam milling at 6 kV. Thus, intense 
ion milling should be avoided, even for higher-maturity samples, 
to prevent surface changes (Mastalerz and Schieber, 2017).

Given that intense ion milling causes volatile expulsion and 
thermal alteration of organic matter (Sanei and Ardakani, 2016; 
Mastalerz and Schieber, 2017), which can significantly affect pore 
characteristics (Milliken and Curtis, 2016), the suitability of ion 
milling for lower-maturity shale is questionable. Based on our SEM 
observations, we suggest that mechanical grinding and polishing 
may provide more accurate results. However, we do not propose 
mechanical grinding and polishing as a substitute for ion milling, 
as some institutions have successfully adjusted ion milling pa
rameters to mitigate its effects. For example, the Beijing Research 
Institute of Uranium Geology uses a cycle of polishing for 20 min at 
5 kV, followed by a 10-min pause, repeated three times. This 
method saves costs and time while improving sample quality.
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Fig. 7. Comparison of pore size distribution obtained from N2 and CO2 adsorption. (a), (d), and (g) are obtained from N2 adsorption, calculated by the DFT model; (b), (e), and (h) 
are obtained from N2 adsorption, calculated by the BJH model; (c), (f), and (i) are obtained from CO2 adsorption, calculated by the DFT model. Gas adsorption data are modified 
from Xu et al. (2020a). S-3: siliceous-rich shale lithofacies; M-2: mixed shale lithofacies; CM-1: argillaceous-rich shale lithofacies.

Fig. 8. Influence of ion beam polishing on solid bitumen, modified from Sanei and Ardakani (2016). (a) Solid bitumen before ion polishing; (b) solid bitumen after cryogenic broad 
ion beam polishing, Ro is enhanced; (c) Ro of bitumen is significantly increased after focused ion beam polishing.
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4.4. Observation conditions for FE-SEM

Scanning electron microscopy (SEM) is a key experimental 
technique for shale reservoir characterization. While it offers sig
nificant  opportunities, it also presents several challenges. In 
addition to ion milling, experimental observation con
ditions—such as acceleration voltage, current, and dwell time of 
the electron beam—pose further challenges (Wang et al., 2015b; 
Zhao et al., 2019).

Acceleration voltage refers to the potential difference between 
the anode and cathode of the electron gun, which determines the 
energy of the incident electron beam. This, in turn, affects the 

penetration depth of the electrons (Hua et al., 2014). A higher 
acceleration voltage increases electron energy, leading to deeper 
penetration into the sample surface (Imbraguglio et al., 2012; 
Tomkus et al., 2020). While this can reduce surface contamina
tion and facilitate the observation of internal characteristics, it 
may also cause negative effects, such as the loss of microstructural 
details on the sample surface (Fig. 10(a)–(d)).

Generally, the incident electron current (Ip) in SEM is typically 
the sum of the backscattered electron current (ηIb), secondary 
electron current (δIb), and ground current (Isc) (Hua et al., 2014; 
Wang et al., 2015b). When the sum of the secondary electron 
yield (δ) and backscattered electron yield (η) exceeds 1, grounding 

Fig. 9. Difference between mechanically polished surfaces and Ar-ion-beam milling surfaces. (a)–(b) show samples with Ro of ~1.43%, modified from _Inan et al. (2018); (c)–(f) 
show samples with Ro of ~2.5%.
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effects cause excess electrons to be discharged, forcing δ + η to 
approach 1 (Wang et al., 2015b; Song et al., 2021). However, when 
the voltage is <V1 or >V2 (i.e., δ + η < 1), large charges will accu
mulate on the sample surface, producing charging effects (Fig. 11). 
This can distort the sample information (Tomkus et al., 2020). In 
practice, both current and voltage are adjusted during SEM 
observation. Increasing the current improves resolution but also 
leads to charge accumulation and potential loss of information 
(Fig. 10(a)–(d)). Zhao et al. (2019) suggested that a voltage <10 kV 
and a current <170 pA are optimal for pore characterization and 
subsequent post-processing analysis (e.g., OM surface porosity 
statistics, Song et al., 2019; Xu et al., 2020a). Additionally, 
extending the scanning time can improve the signal-to-noise ratio 
and image quality. However, this also increases the dwell time of 
the electron beam, risking image distortion and high-brightness 
tailing (Fig. 10(e) and (f)). It is important to note that although 
this charge accumulation may not be ideal for image analysis, it 
can have specific applications, such as revealing the distribution of 
residual oil in reservoirs (Wang et al., 2015b).

As discussed, these three factors—voltage, current, and dwell 
time—jointly control the quality of SEM images, which in turn 
affects the extraction and interpretation of pore characteristics 
(Klaver et al., 2012; Gou et al., 2019; Chandra and Vishal, 2021). 
Excessive experimental conditions can cause significant electron 
bombardment, leading to sample heating, similar to ion polishing, 
and altering the pore structure (Imbraguglio et al., 2012; Tomkus 
et al., 2020). This phenomenon has also been observed in our 
SEM image analyses. Therefore, selecting appropriate conditions is 
crucial for obtaining accurate shale pore information. We recom
mend starting with a moderate acceleration voltage (e.g., 3–5 kV) 
and adjusting the parameters based on the specific sample char
acteristics. Lower voltage, current, and dwell time are more suit
able for samples with a high matrix mineral content. For samples 
with higher clay or organic matter content, these parameters may 
be increased to achieve a more comprehensive and accurate un
derstanding of the pore structure. For example, the samples shown 
in Fig. 9(d) and (f) are shale with approximately 60% felsic minerals 
and a TOC of about 3%. For these samples, we used a voltage of 

Fig. 10. Influence of voltage, current, and residence time on quality of SEM images. (a)–(d) are modified from Zhao et al. (2019), (e)–(f) are modified from Wang et al. (2015b).
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3 kV, a current of 0.4 nA, and a dwell time of 30 μs, resulting in 
excellent imaging (Fig. 9(d), (f)). In contrast, for samples with a 
higher clay mineral content, we found that adjusting the voltage to 
5 kV could achieve an imaging effect similar to the one above. 
However, it is important to note that this conclusion is pre
liminary, based on a limited number of tests conducted during our 
work. In SEM detection, several factors, including the type of in
strument, whether the sample is coated with carbon or gold, the 
degree of sample drying, and the hydrocarbon content, all influ
ence the optimal parameter settings.

4.5. Three-dimensional imaging

Following the acquisition of 2D greyscale images by CT scan
ning, these images are superimposed to produce a 3D data volume 
(Wu et al., 2019, 2020b). In a CT scan image, the gray value rep
resents the density of the substance. Transitioning from black to 
white signifies a density shift from low to high (Gou et al., 2019). 
Substances with higher density (e.g., pyrite) appear brighter in the 
CT image. Pores and micro-fractures appear nearly black or with 
lower gray values (Wang et al., 2016). This allows for the analysis of 
pore structure by interpreting color variations in the image. Filters 
are vitally necessary to apply to original images to reduce noise 
and chromatic aberration, making pore phases more visible (Ma 
et al., 2017; Chandra and Vishal, 2021). There are many filters 
that can be used for shale images, and their filtering effects differ 
significantly  (Buades et al., 2006; Saif et al., 2017). The filtering 
effects of various filters on a noisy image are compared and shown 
in Fig. 12. The non-local-means filter  compares the geometric 
configurations of pixels within the same component, utilizing the 
self-similarity of images across various locations. It derives the 
final  imaging data through pixel-weighted averaging, demon
strating notable effectiveness in segmenting shale reservoirs with 
diverse mineral compositions (Buades et al., 2006; Gou et al., 
2019). Therefore, the noise removed by the non-local-means fil
ter is more noticeable (Fig. 12(a1)–(a4)). However, with the in
crease in filtering  times, small pore information is gradually 
removed (Fig. 12(a4)). The anisotropic diffusion filter emphasizes 
the retention of straight edges (Buades et al., 2006), and thus the 
noise removal effect is relatively weak (Fig. 12(b1)–(b4)). When the 
delineate filter is applied to the raw image, noise and multiphase 
component information in shale are depicted simultaneously (Ma 
et al., 2017; Saif et al., 2017). The superposition of artifacts makes it 

difficult  to extract useful information (Fig. 12(c1)–(c4)). The 
Gaussian filter  method blurs pixels to remove noise, and a 2D 
convolution operator is performed during this process (Buades 
et al., 2006; Chandra and Vishal, 2021). Overall, the slice after 
the third filtering  is almost unchanged from the original slice 
(Fig. 12(d1)–(d4)). The box filter  uses deconvolution to extract 
material phases from high-noise images (L�opez et al., 2022). While 
the noise is removed, the virtual shadow caused by the loss of 
potential dependencies between estimated components becomes 
gradually obvious (Fig. 12(e1)–(e4)). Apart from these, the median 
filter  and edge-preserving smoothing filter  are also commonly 
mentioned (Buades et al., 2006; Ma et al., 2017; Chandra and 
Vishal, 2021). Each method provides reasonable solutions, but 
none is perfect. Applying a combination of these filters on a case- 
by-case basis may be an effective way to minimize noise and retain 
useful information. This is a task that requires long-term attempts 
and improvements by scholars.

During the operation of FIB-SEM, the ion beam mills and pol
ishes the surface of the sample, while the electron beam is used for 
imaging (Curtis et al., 2012b; Fitschen et al., 2017). However, due to 
different sputtering rates of the ion beam and incomplete milling 
of the material, the resulting images often possess a curtaining 
effect, i.e., bright stripe-like artifacts (Fig. 13). There are two ways 
to deal with this problem. One is to use a lower beam current, 
which leads to impractical processing times and increased costs. 
The other is to discard this part of the images, which may 
compromise representativeness. Currently, the Fast Fourier 
Transform (FFT) filter  in Avizo (https://www.fei.com/software/ 
avizo3d/) is a simple method to remove the curtain effect 
(Schankula et al., 2018; Mahmoud et al., 2023). The results pre
sented in our work are also very effective (Fig. 13). In light of this, 
we further analyzed the pore characteristics of the images before 
and after removing the curtaining effect. As shown in Fig. 13, all 
images were processed according to a standardized procedure. 
However, the proportion of pore development in the image 
without removing the curtaining effect was significantly  higher. 
This discrepancy arises because the artifacts caused by the 
curtaining effect were included in the analysis, leading to 
increased error. Therefore, effectively removing the curtaining 
artifacts in SEM images is crucial for constructing the three- 
dimensional dataset for FIB-SEM and accurately capturing its in
ternal pore information. It is worth noting that Fourier-based 
filtering, moment matching, and histogram-based methods have 

Fig. 11. Generation mechanism of charging in sample surface, modified from Hua et al. (2014) and Wang et al. (2015b). η: backscattered electron (BSE) yield; δ: secondary electron 
(SE) yield.
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Fig. 12. Comparison of the effects of different filters and the number of filtering operations on noise removal and pore presentation in CT slices. (a1)–(e1) show the original images 
without any processing, with the dotted box highlighting potential pores; (a2)–(e2) show CT slice images after one filtering operation; (a3)–(e3) show CT slice images after two 
filtering operations; (a4)–(e4) show CT slice images after three filtering operations. In (a4), the red dotted box in the center indicates the area where pores have disappeared after 
multiple filtrations.
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also been suggested in the relevant literature (Chen and Pellequer, 
2011; Fitschen et al., 2017). The ultimate goal is to obtain high- 
quality images and accurately evaluate the characteristics of 
shale reservoirs.

5. Prospects and challenges: pore structure fine 
characterization

5.1. Quantitation of reservoir space for different types

From the perspective of pore types, the reservoir space in 
shale can be broadly classified into two categories: inorganic and 
organic pores. Inorganic pores include interP pores, intraP pores, 
and fracture-related pores (Fig. 2), and they serve as key reser
voir spaces for free gas (Gou and Xu, 2019). The internal surface 
area of OM pores is significantly higher than that of inorganic 
pores, providing more adsorption sites, which facilitates the 

storage of adsorbed gas (Bernard et al., 2013; Hao et al., 2013). 
Furthermore, if the number of organic pores is sufficiently high 
and their sizes are large enough, substantial amounts of free gas 
can also be stored in the central regions of the pores after gas 
adsorption is completed (Jin et al., 2021; Abolghasemi and 
Andersen, 2022; Cai et al., 2024; Wu et al., 2024). Due to the 
more complex pore network in OM pores, gas flow within them 
is relatively restricted (Hu et al., 2015; Cai et al., 2024). There
fore, clearly distinguishing and evaluating the content of OM and 
inorganic pores not only enhances the accuracy of reservoir as
sessments but also guides exploitation and engineering appli
cations, ultimately improving the development efficiency  and 
economic benefits of shale gas.

The fitting slope method is a widely used and efficient approach 
for calculating organic and inorganic porosity (Ma et al., 2016; 
Chen et al., 2019). This method relies on the strong positive cor
relation between TOC content and porosity. In general, inorganic 

Fig. 13. An example of using the FFT model to remove the curtain effect from FIB-SEM images (a1)–(d1) and to eliminate its influence on the pore statistics results (a2)–(d2). The 
red area represents the pores delineated using a unified standard. The pore area ratio refers to the proportion of the red area relative to the total area of the image.
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porosity is estimated as the intercept when the TOC content is 
zero, based on the linear relationship (Fig. 14(a) and (b)). Given 
this, organic porosity can be calculated by subtracting the inor
ganic porosity from the total measured porosity. However, we 
observed that the measured porosity at some points is lower than 
the estimated inorganic porosity (Fig. 14(a) and (b)), suggesting 
that the validity of the assessed results may be overly optimistic, at 
least for these points. Furthermore, two additional limitations 
should be noted. First, the evaluation results are highly dependent 
on the number of data points. Changes in the number of data 
points can alter the linear relationship, thereby affecting the 
porosity results. Second, there may be no clear relationship be
tween TOC and porosity in highly deformed areas (Xu et al., 2020a; 
Gou et al., 2021) or in regions with limited thermal maturity (Dong 
and Harris, 2020), rendering this method inapplicable. Overall, the 
porosity of both organic and inorganic pores evaluated by this 
method is constrained by factors such as the amount of data and 
the degree of correlation between TOC and porosity. Consequently, 
although this method is relatively simple, the calculated results 
often exhibit considerable errors.

Using the mass balance principle, Wang et al. (2014) devel
oped a petrophysical model to quantitatively analyze the com
ponents of shale porosity (Fig. 14(c)). In this model, shale pore 
spaces are categorized into pores associated with brittle minerals, 
pores related to clay minerals, and organic pores. The porosity of 
a shale reservoir can then be expressed using Equation (1). In 

principle, this model provides a reliable method for evaluating 
porosity characteristics and has been widely applied in the liter
ature (Gou et al., 2020; Shu et al., 2020). However, subsequent 
studies have highlighted that the influence  of mineralogy and 
TOC on shale pore space is far more complex, involving in
teractions between organic matter and inorganic minerals (_Inan 
et al., 2018; Katz and Arango, 2018). Therefore, this model is 
more applicable to shales in the middle and late diagenetic 
stages, where the pore system is relatively stable. It is also 
important to note that the calculated organic porosity values for 
argillaceous shales may be overestimated, as the model was 
developed for organic-rich shales (TOC >2%) (Wang et al., 2014). 
Nonetheless, the method has been widely used for the quantita
tive analysis of various types of porosity in shale gas reservoirs, 
particularly in the complex regions of southern China (Wang 
et al., 2014; Gou et al., 2020; Shu et al., 2020). This suggests 
that the model may be one of the most accurate and practical 
approaches available. 

Φ = ρ × ABri × VBri + ρ × AClay × VClay + ρ × ATOC × VTOC (1) 

where Φ is the porosity of the shale sample, %; ρ is the bulk density 
of the shale sample, g/cm3; ABri, AClay, and ATOC are the mass frac
tions of brittle mineral, clay, and organic matter, respectively, %; 
VBri, VClay, and VTOC are the pore volume of per unit mass of brittle 
mineral, clay, and organic matter, respectively, cm3/g.

Fig. 14. Evaluation of organic and inorganic porosity with different methods. (a)–(b) are calculated by the relationship between TOC and shale total porosity, modified from Ma 
et al. (2016) and Shu et al. (2020); (c) is calculated by a rock physical model, modified from Wang et al. (2014); (d) is calculated by an NMR spectrum, modified from Gannaway 
(2014).
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Nuclear magnetic resonance (NMR) has also been employed to 
characterize the porosity components of shale (Fig. 14(d)) 
(Gannaway, 2014; Yao and Liu, 2018). Tinni et al. (2014b) demon
strated that brine can infiltrate both organic and inorganic pore 
systems at pressures below 7000 psia, whereas dodecane fails to 
penetrate clay pores even at higher pressures. Gannaway (2014)
further confirmed  that dodecane enters only the organic pores. 
Since inorganic pores are water-wettable, water-saturated sam
ples typically exhibit strong NMR T2 spectrum signals in these 
pores (Sulucarnain et al., 2012; Lai et al., 2018). The distinct 
contrast between various T2 spectra ultimately enables the quan
tification of porosity partitioning in shales (Fig. 14(d)) (Sulucarnain 
et al., 2012; Gannaway, 2014; Tinni et al., 2014b). As noted earlier, 
shale saturation with water can alter the pore structure due to 
expansion, which impacts the accuracy of the results (Sun et al., 
2020a; Jiang et al., 2023). Moreover, NMR testing parameter
s—such as waiting time, echo time, and the number of ech
oes—directly influence  the accuracy and reliability of reservoir 
characteristics, including porosity and pore size distribution. 
Different lithologies require distinct testing parameters (Zhang 
et al., 2018a; Song and Kausik, 2019; Bai et al., 2023). However, 
these parameters vary significantly  across different testing pro
cesses, and no standardized approach has been established. The 
determination of organic and inorganic pore porosity through 
NMR remains subject to significant uncertainty, and the associated 
methods and parameters require further refinement.

In addition to the aforementioned methods, porosity parti
tioning between organic and inorganic pores can be quantified by 
processing 2D SEM images (Loucks et al., 2009; Milliken et al., 
2013; Song et al., 2019). The core of this method lies in the sta
tistical analysis of organic pores in 2D images. However, the res
olution limit of SEM (~2 nm) and inherent statistical errors 
(Chandra and Vishal, 2021) may sometimes yield inconclusive 
results. Resolution also poses a challenge when differentiating 
organic and inorganic pores using 3D imaging techniques (Gou 
et al., 2019; Arif et al., 2021). Additionally, some researchers have 
proposed using logging data (Zhang et al., 2019) and geochemical 
parameters (Zhang et al., 2021) to quantify organic and inorganic 
pores. However, many parameters in these models are difficult to 
accurately determine. In summary, while numerous methods exist 
to quantify porosity partitioning in shales, all of them involve 
multiple variables. These factors increase the potential uncon
trollability of calculation errors and limit their applicability.

5.2. Full-scale analysis of pore space

The integrated characterization of shale pore structure is 
crucial for assessing shale enrichment and improving reservoir 
prediction (Curtis, 2010; Slatt and O’Brien, 2011; Loucks et al., 
2012; Hao et al., 2013; Arif et al., 2021). However, the highly 
anisotropic nature and varied pore sizes of shale complicate ac
curate quantification  (Loucks et al., 2012; Mastalerz et al., 2013; 
Anovitz and Cole, 2015; Xu et al., 2020a, 2020b). Existing tech
niques still have notable limitations when used independently 
(Fig. 1). While challenging, multiscale characterization allows for 
the identification  of overlapping areas between two or more 
techniques (Fig. 15(a)). Therefore, the combined use of multiscale 
correlative techniques is widely recognized as an effective solution 
to this issue (Schmitt et al., 2013; Gou et al., 2019; Wang et al., 
2019b; Zhang et al., 2020; Arif et al., 2021; Chandra and Vishal, 
2021; Iqbal et al., 2021; Lei et al., 2021).

In recent years, the integration of CO2 adsorption, N2 adsorp
tion, and MICP has become a widely adopted method for assessing 
full-scale pore characteristics of shale reservoirs (Fig. 15(b)) 
(Schmitt et al., 2013; Jiang et al., 2016; Wang et al., 2019b; Zhang 

et al., 2020; Iqbal et al., 2021). These studies suggest that shale 
pore volume is primarily attributed to micropores and mesopores, 
while macropores and micro-fractures contribute less. However, 
as mentioned earlier, new micro-fractures and pore damage can 
occur in highly brittle shale samples during Hg injection at high 
pressure (Wang et al., 2019a; Sun et al., 2020b). In such cases, Zhu 
et al. (2016) and Gou et al. (2019) proposed a novel approach that 
combines gas adsorption with CT scanning (Fig. 15(c)). They 
demonstrated that the volume proportion of macropores and 
micro-fractures is comparable to that of micropores or mesopores. 
The contribution of μm-scale pores to permeability is dominant 
(Gou et al., 2019). Moreover, imaging technologies enable the 
evaluation of gas molecule flow mechanisms based on pore dis
tribution (Arif et al., 2021; Chandra and Vishal, 2021).

While these techniques must be integrated to comprehensively 
describe shale pore spaces and micro-fracture networks, signifi
cant challenges remain in combining multiple approaches. For 
example, there is debate regarding the splicing point of N2 
adsorption and MICP data: should it be 6 nm (Wang et al., 2021), 
10 nm (Cao et al., 2016), 50 nm (Jiang et al., 2016; Tang et al., 2016; 
Wang et al., 2019b; Iqbal et al., 2021), 65 nm (Wang et al., 2019a), 
80 nm (Li et al., 2017), or 100 nm (Wang et al., 2015a)? Schmitt 
et al. (2013) proposed that the connection point should be 
selected where the variation in pore volume observed by the two 
techniques is equal. However, such instances are rare (Wang et al., 
2019b). Instead, connections are usually established through fixed- 

Fig. 15. (a) Principle of full-scale pore size distribution using a combination of various 
methods; (b) illustrates the pore size characterization combining CO2 adsorption, N2 

adsorption, and MICP, modified  from Wang et al. (2019b). However, significant  dis
crepancies are evident between the different methods; (c) presents the pore size 
characterization using CO2 adsorption, N2 adsorption, nano-CT, and micro-CT, modi
fied from Gou et al. (2019).
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point splicing (Li et al., 2017; Wang et al., 2019a; Iqbal et al., 2021). 
The primary drawback of this method is that the integrated pore 
volume distribution curve becomes discontinuous, resulting in 
significant  jumps or clear inflection  points at the connection 
(Fig. 15(b)). This raises concerns about the accuracy of the inte
grated pore volume distribution. Similar issues may arise with 
other splicing methods. Overall, full-scale pore and micro-fracture 
characterization remains a crucial direction in shale reservoir 
evaluation, and appropriate splicing is essential for this technol
ogy. To ensure accuracy, integrated results must be verified with 
additional analytical test data, such as He-porosity (Zhu et al., 
2016; Gou et al., 2019).

5.3. Investigation of pore connectivity

The production of shale gas involves the migration of hydro
carbons from the matrix to hydraulic fractures, a process 
controlled by the connectivity of μm- and nm-sized pores (Sun 
et al., 2020b; Gou et al., 2021). Pore connectivity significantly in
fluences  the ultimate recovery from shale reservoirs (Hu et al., 
2015). Various laboratory techniques, including MICP, sponta
neous imbibition, saturated diffusion, SANS, and 3D-CT scanning, 
have been developed to characterize pore connectivity in shale 
reservoirs (Clarkson et al., 2013; Yang et al., 2018; Gou et al., 2019; 
Sun et al., 2020b; Zhao et al., 2020; Zhou et al., 2024b).

MICP was repeated on the same samples to assess pore con
nectivity by analyzing the residual distribution of mercury across 
different pore size intervals (Fig. 16(a)). The results show signifi
cantly less mercury entering pores smaller than ~13 nm during the 
second injection. Based on these findings,  Sun et al. (2020b)
concluded that pores smaller than 13 nm have poor connectivity, 
suggesting that these pores may serve as storage spaces but 
exhibit poor flow  properties. Additionally, residual mercury was 
observed in some μm-scale pores, though the cause of this phe
nomenon remains unclear.

Spontaneous fluid imbibition characteristics are closely linked 
to the pore connectivity of shale. Deionized (DI) water and n- 
decane are commonly used as intrusion fluids  (Hu et al., 2015; 
Yang et al., 2018; Gao et al., 2019). Pore connectivity is generally 
categorized into three types: high connectivity (imbibition slope 
>0.5), intermediate connectivity (slope between 0.26 and 0.5), and 
poor connectivity (slope <0.26) (Hu et al., 2015; Zhou et al., 2024a). 
As shown in Fig. 16(b), the slopes decrease as the intrusive fluid 
migrates from larger to smaller pores, indicating that larger pores 
have better connectivity (Yang et al., 2018; Gao et al., 2019). 
Overall, the slopes for n-decane are consistently higher than those 
for DI water, indicating that hydrocarbon-filled pores have greater 
connectivity. The difference in slopes between the two fluids also 
reflects differences in pore wettability (Hu et al., 2015; Gao et al., 
2019; Zhou et al., 2024a).

Tracer diffusion in brine-saturated shale samples can reflect 
pore connectivity through the distribution of elements (Fig. 16(c)). 
There is a positive correlation between element concentration and 
pore connectivity (Sun et al., 2020b; Zhao et al., 2020). However, 
the phenomenon of “wall migration” can result in elevated ion 
concentrations at the sample boundary, potentially leading to 
misinterpretations (Sun et al., 2020a). While the connectivity 
assessed by this method provides valuable insights, it lacks 
quantitative data. Additionally, the interaction between the solu
tion and shales containing high clay content remains unclear, as 
does the extent of this interaction. These concerns also apply to 
spontaneous fluid imbibition experiments.

SAS techniques can be used to evaluate pore connectivity by 
comparing pore size distributions derived from gas intrusion and 
scattering techniques (Fig. 16(d)). Sun et al. (2020b) obtained pore 

characteristics from N2 adsorption and SANS for the same 
powdered sample (35–80 mesh). In general, gas adsorption is 
mainly used to evaluate connected pores, while SANS can also 
characterize isolated pores. In their study, isolated pores were 
primarily distributed in pore sizes of <2.1 nm and >15 nm 
(Fig. 16(d)). However, the authors did not provide a clear expla
nation for the higher N2 adsorption than SANS in some intervals 
(Sun et al., 2020b). Despite this, the development of SAS tech
niques provides a new approach for studying shale pore structure. 
The scattering technology model used for accessing pore structure 
still requires further refinement, as it is in its early stages (Clarkson 
et al., 2013; Sun et al., 2020a).

By combining the He porosity and NMR porosity of saturated 
hydrogen-bearing fluids  in plunger samples, the connected 
porosity of shale was further investigated through their ratio 
(Fig. 16(e)) (Gou et al., 2022). In their study, the volume fraction of 
connected porosity in the Wufeng-Longmaxi shale in the Jiaoshiba 
area, with a stable tectonic environment, ranged from 69.13% to 
94.94% (average 85.12%). However, the distribution intervals for 
connected or isolated pores were not provided. Furthermore, hy
dration expansion or hydrogen in the shale (e.g., from organic 
matter and clay minerals) could introduce errors in the experi
mental results (Zhang et al., 2018a; Sun et al., 2020a).

Recently, 3D imaging methods have been widely employed to 
evaluate shale pore connectivity in three-dimensional space 
(Curtis et al., 2012b; Gou et al., 2019, 2021; Wu et al., 2019, 2020b; 
Arif et al., 2021; Saraf and Bera, 2021). Several review papers have 
proposed combining 3D imaging at different scales to describe 
shale pore and micro-fracture networks at multiple length scales 
(Ma et al., 2017; Arif et al., 2021; Chandra and Vishal, 2021), which 
helps address the issue of sample representativeness. This 
approach holds great potential for exploring dynamic gas 
adsorption and flow  behavior in shale reservoirs (e.g., Yu et al., 
2020). However, it is important to consider how to integrate 
these technologies effectively and the associated financial 
challenges.

5.4. Description of fractal dimension

Fractal dimension (D) is a reliable petrophysical parameter 
used to quantify the pore structure and complex surface of irreg
ular porous materials (Mahamud and Novo, 2008; Fu et al., 2022). 
D varies from 2 to 3, generally increasing with the roughness and 
inhomogeneity of the pores (Avnir and Jaroniec, 1989; Yao et al., 
2008). Several methods, including SEM image analysis (Peng 
et al., 2017; Li et al., 2018), CT image analysis (Xia et al., 2019), 
the NMR method (Li et al., 2018), SAS technique (Clarkson et al., 
2013; Sun et al., 2020a), MICP method (Lai et al., 2018), thermo
dynamic method (Fu et al., 2022), BET model (Avnir and Jaroniec, 
1989; Fu et al., 2022), and the Frenkel-Halsey-Hill (FHH) equa
tion (Yao et al., 2008; Gou et al., 2023), have been proposed to 
calculate fractal dimension. Among these, the FHH equation based 
on gas adsorption is proven to be one of the most effective and is 
the most commonly used method (Avnir and Jaroniec, 1989). The 
FHH equation is described as follows: 

ln (V)=K × [ln(ln(P0 = P))] + Constant (2) 

where V is the adsorption volume, cm3/g; P0 is the vapor saturation 
pressure, MPa; P is the equilibrium pressure, MPa; and K is the 
slope of plot between ln(V) and ln(ln(P0/P)). It is worth noting that 
there are generally two explanations for D: ‘K = (D− 3)/3’ and ‘K =
(D− 3)’ (Pyun and Rhee, 2004). However, the work of Yao et al. 
(2008) suggests that the equation of ‘K = (D− 3)’ provides more 
realistic results.
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The ongoing debate surrounding the use of the two-phase 
method (Yao et al., 2008; Fu et al., 2022) versus the three-phase 
method (Peng et al., 2017; Feng et al., 2020) for calculating 
fractal dimension (D) using the FHH equation continues to attract 
attention. The two-phase method uses a relative pressure (P/P0) 

threshold of ~0.45, dividing the N2 adsorption isotherm into two 
sections: a low-pressure section (P/P0 < 0.45) and a high-pressure 
section (P/P0 > 0.45) (Fig. 17(a)–(c)). The fractal dimension (D1) of 
the low-pressure section reflects  pore surface roughness and is 
primarily influenced by van der Waals forces (Fu et al., 2022). In 

Fig. 16. Characterization of pore connectivity in shale reservoirs using different methods: (a) illustrates the determination of connected pores through repeated mercury intrusion 
experiments on the same sample, based on differences in pore size distribution, modified  from Sun et al. (2020b); (b) employs the fluid  imbibition method to assess pore 
connectivity; a slope greater than 0.5 indicates good connectivity, modified from Yang et al. (2018); (c) evaluates pore connectivity via tracer diffusion, where higher ion con
centration correlates with better connectivity, modified from Zhao et al. (2020); (d) uses SANS and N2 adsorption to assess pore connectivity. SANS characterizes both connected 
and isolated pores, while N2 adsorption measures only connected pores, and the difference between the two reveals the location of isolated pores, modified  from Sun et al. 
(2020a); (e) assesses connectivity using the ratio of He-porosity to NMR porosity, where the ratio represents the proportion of connected pores, modified from Gou et al. (2022).

Fig. 17. Comparison of the fractal dimension results calculated by the two-phase and three-phase methods from N2 adsorption isotherms. Gas adsorption data are modified from 
Xu et al. (2020a).
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contrast, the fractal dimension (D2) of the high-pressure section is 
closely associated with pore arrangement and connectivity, rep
resenting capillary condensation processes (Yao et al., 2008). The 
three-phase method, based on the Kelvin equation, divides N2 
adsorption into three stages: micropore, mesopore, and macro
pore adsorption, with corresponding relative pressures of <0.4, 
0.4–0.96, and >0.96, respectively (Fig. 17(d)–(f)) (Peng et al., 2017; 
Feng et al., 2020).

As illustrated in Fig. 17, each segment in both the two-phase and 
three-phase methods demonstrates a strong linear relationship, 
with correlation coefficients  exceeding 0.98. The calculated D 
values fall within the defined interval, indicating that both methods 
effectively calculate the fractal dimension. However, as mentioned 
earlier, there is an optimal characterization range for gas adsorption 
(Clarkson et al., 2013; Anovitz and Cole, 2015). The N2 adsorption 
technique is best suited for investigating pores in the 2–300 nm 

Fig. 18. Schematic diagram showing the evolution of gas contents during burial and uplift stages (a)–(b), and the possible variation of pore structure from present-day burial to 
the surface with various shale systems (c)–(d). (a) and (b) are modified from Hao et al. (2013). A solid yellow arrow indicates a stronger pore expansion effect, while a dashed 
arrow represents a weaker pore expansion effect. T = temperature; P = pressure; HC = hydrocarbons.
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range (Anovitz and Cole, 2015; Ma et al., 2017). Thus, data outside 
this range should be excluded to minimize potential experimental 
errors. The two-phase method, unfortunately, does not account for 
this limitation (Yao et al., 2008). While the three-phase method 
shares similar constraints, the middle segment (P/P0 = 0.4–0.96) is 
entirely within the optimal characterization range. Moreover, the 
pores within this segment are predominantly subject to capillary 
condensation, which is the primary focus of the FHH model (Fu 
et al., 2022). Therefore, it is reasonable to suggest that the three- 
phase method may be more suitable for calculating fractal dimen
sion using gas adsorption techniques. At the very least, the calcu
lated values for mesopores are accurate and reliable.

5.5. Are the observed porous spaces genuine

After reviewing the prospects and challenges of shale pore 
characterization, the critical question we must address is whether 

the pore space observed in the laboratory accurately reflects that 
under the original formation conditions. Generally, high- and 
over-mature shales at present-day depths, suitable for commer
cial gas production, undergo two stages: deep burial and uplift 
(Fig. 18(a)). The deep burial stage is typically associated with 
pressurization from hydrocarbon generation, while the uplift 
stage is linked to pressure loss (Fig. 18(a) and (b)) (Hao et al., 
2013; He et al., 2020; Gou et al., 2025). In a closed shale sys
tem, the pore pressure loss during the uplift stage is minimal, 
leading to overpressure at present-day depths (Hao et al., 2013; 
Xu et al., 2020a, 2020b). In other words, the loss of pore pres
sure is likely smaller than the reduction in overburden rock 
pressure caused by formation erosion. As a result, pore volume 
tends to increase during uplift and erosion due to gas expansion, 
particularly under conditions of high residual hydrocarbons (Yu 
and Sepehrnoori, 2014). For example, Xia et al. (2020) conduct
ed numerical simulations using pressure-volume-temperature 

Fig. 19. The concept of circulation from pore characterization to shale gas production and development, as well as carbon sequestration.
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(PVT) coupling and fluid dynamics calculations, showing that due 
to the uplift of the strata from 4000 m to 2000 m, porosity could 
increase from 6% to 6.6%. However, laboratory samples are typi
cally sourced from depths greater than 2000 m (Sanei and 
Ardakani, 2016; _Inan et al., 2018; Gou et al., 2019, 2021, 2025; 
Xu et al., 2020a, 2020c) and lack the pressure constraints 
imposed by the overlying strata. This raises concerns about the 
reliability of pore structure measurements in overpressure sys
tems under experimental conditions.

While it is evident that closed shale systems exhibit superior 
storage capacity and regular pore morphology under formation 
conditions (Hao et al., 2013; Gou et al., 2021), the degree of change 
in pore structure when shale is brought to the surface remains a 
significant issue (Fig. 18(c)) (Xia et al., 2020). A common approach 
to simulate pore structures under formation conditions is to heat 
shale samples under confining pressure and evaluate the final pore 
structure (Gao et al., 2020; Shao et al., 2022). However, two chal
lenges persist: (1) the temperature and pressure of experimental 
conditions are difficult  to match with those under formation 
conditions, and (2) during testing, both the temperature and 
pressure fields are removed, so the conditions no longer reflect in- 
situ formation conditions. Pressure retention coring offers another 
potential solution to address pore expansion effects (Pinkett and 
Westacott, 2016; Zhao et al., 2023b). After the sample is extrac
ted under pressure retention, it should be rapidly frozen to prevent 
hydrocarbon loss or pore expansion due to temperature and 
pressure changes. Sample preparation and observation should 
follow immediately after the freezing process. If conditions allow, 
these procedures could be completed at low temperatures, 
ensuring the observed pores reflect the characteristics under 
original formation conditions. However, the cost and complexity of 
pressure retention coring and freezing treatment pose significant 
barriers to widespread adoption.

Conversely, in an open fluid  system, a significant  amount of 
shale gas is lost during the uplift phase (Hao et al., 2013; Xu et al., 
2020a, 2020b; Gou et al., 2025). In such systems, shale typically 
exhibits underpressure or normal pressure at present-day depths 
(He et al., 2020). Without the support from overpressure mecha
nisms, pores are generally compressed or even closed by the 
pressure exerted by overburden strata (Gou et al., 2021). Conse
quently, even when these shales are brought to the surface, pore 
structures do not undergo significant changes in the absence of gas 
expansion (Fig. 18(d)). Therefore, the effect of pore variation 
should be carefully considered in South China, given the wide 
pressure range caused by complex tectonic settings following the 
cessation of hydrocarbon generation (Hao et al., 2013; He et al., 
2020; Gou et al., 2025).

The mechanisms of pore space expansion and alteration are 
discussed, with the presence of micro-fractures in deep stra
ta—observed in samples—remaining a topic of considerable 
debate. Recovering shales from depth can induce stress-relief 
micro-fractures due to decompression and gas exsolution from 
pore fluids (Gale et al., 2007; Clarkson et al., 2016). These stress- 
relief micro-fractures, commonly observed in SEM images, are an 
inevitable consequence of core recovery from depth (Meng et al., 
2021). They are typically parallel to the laminations and the 
orientation of clay particles. However, some studies suggest that 
micro-fractures appearing to interconnect larger pores within the 
bedding plane may have a natural origin (Ougier-Simonin et al., 
2016). These micro-fractures may also indicate the presence of 
hydrocarbons (Clarkson et al., 2016; Xu et al., 2020b). Overall, 
accurately quantifying the micro-fractures that remain absent or 
are only slightly opened under in-situ conditions is a significant 
challenge. A careful analysis of fracture wall morphology may only 
provide a provisional and qualitative answer.

6. Conclusions and outlook for future research

Shale reservoirs are characterized by complex and heteroge
neous pore structures, which significantly  impact fluid  flow, gas 
storage capacity, and enrichment levels. Although significant 
progress has been made in experimental techniques, several crit
ical issues persist, hindering the precise quantification  of pore 
characteristics. One of the primary challenges in pore feature 
analysis lies in sample preparation. Methods such as SEM and gas 
adsorption are widely used and regarded as reliable; however, 
factors such as sample size, preparation procedures, and experi
mental conditions—including voltage and current settings—can 
introduce variability, affecting the accuracy of results. Further
more, integrating multiple techniques remains a significant chal
lenge. While combining methods like SEM, gas adsorption, and CT 
scanning can provide a more comprehensive understanding of the 
pore system, discrepancies in experimental settings and analysis 
techniques can complicate data integration. For shale reservoir 
characterization research, two key points emerge. First, progress 
must be made in standardizing sample preparation to address 
inconsistencies in experimental conditions. Improving sample size 
determination and preparation protocols for methods like gas 
adsorption and SEM will reduce errors and enhance the accuracy 
of pore characterization. Second, new experimental methods 
should aim to overcome current limitations by increasing the 
sensitivity and resolution of pore structure characterization. 
Emerging technologies such as nano-CT, micro-CT, and related 
methods hold the potential to provide more precise, three- 
dimensional visualizations of pore systems at different scales. 
Additionally, future research should focus on the following 
directions:

1) Upscaling the representativeness of results at larger scales. 
To effectively model and present petrophysical properties at 
the macro scale, reliable pore-scale data must be upscaled. 
However, ultra-high-resolution technologies may reduce sam
ple representativeness at larger scales. Thus, adopting com
plementary technical methods is crucial. Microscopic data 
should be integrated and expanded to macro scales, correlating 
nanoscale and centimeter-scale microstructures with well-log 
or seismic datasets to enhance reservoir predictions (Fig. 19). 
Nevertheless, the integration of various technologies should be 
handled carefully.

2) Developing and enabling advanced techniques. Improve
ments in 3D imaging technologies are crucial for capturing pore 
space heterogeneity and improving reservoir predictions, but 
they remain static. We anticipate that 4D scanning (3D plus 
time) will become a standard tool in reservoir characterization. 
This technology has the potential to track pore evolution, fluid 
migration, and hydrocarbon production in shale reservoirs. 
Advances in techniques like SAS and NMR will contribute to 
this development.

3) Entering deep reservoirs and enhancing micro-fracture 
evaluation. Deep shale gas reservoirs (buried depths 
>3500 m) are increasingly recognized as a key resource for 
future exploration. However, the intense diagenesis at such 
depths complicates pore structure prediction and the assess
ment of physical properties. Greater attention should be given 
to the storage and flow behavior of micro-fractures, especially 
considering the brittle-to-plastic transformation in deep shale 
gas. Research on the synergistic integration of geological and 
engineering factors is needed.

4) Expanding carbon capture and storage. The integration of 
carbon capture and storage with pore characterization is vital 
for optimizing CO2 sequestration and gas recovery in shale 
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reservoirs. CO2 injection competes with methane for adsorp
tion, promoting methane desorption and enhancing gas pro
duction (Heller and Zoback, 2014; Bacon et al., 2015; Li et al., 
2024). CO2 also reacts with the rock to form stable minerals 
(Wei et al., 2023), improving sequestration at the microscopic 
scale (Fig. 19). Real-time monitoring of pore changes is crucial 
for optimizing CO2 injection strategies and enhancing shale gas 
production. Accurate evaluation of pore structure and seques
tration forms an integrated framework, representing a key di
rection for future research.
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