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Abstract

Pore structure characterization is crucial for understanding fluid flow in porous media,
including oil and gas reservoirs, aquifers, and geologic formations. Carbonate formations,
prevalent in oil and gas reservoirs, pose challenges due to their complex pore structure.
This review summarizes diverse methods reported in the literature to characterize the
pore structure of carbonate formations. Emphasizing the need for multiple methods
and scales, the paper discusses pore-throat classification, imaging techniques (X-ray CT,
SEM, and NMR), and pore network modeling. These methods help identify typical pore-
throat types and structural features, which commonly exhibit irregular shapes and poor
connectivity, thus influencing fluid flow behavior. Pore network modeling elucidates
structural heterogeneity and its impact on fluid flow. These insights are vital for oil and gas
production and groundwater management, providing a comprehensive understanding of
fluid flow in porous media.

Keywords: carbonate reservoirs; pore structure; characterization methods; fluid flow

1. Introduction

Global carbonate-hosted oil and gas resources are remarkably abundant and have
emerged as primary targets for development in the future energy sector [1-6]. The vari-
ability of diagenetic processes and sedimentary environment constitutes a primary driver
behind the intricate pore structure of carbonate rocks [7-10]. The pore structure mainly
refers to the morphology, size, distribution and connectivity [11]. Mineralogical variations
in carbonate rocks increase the uncertainty of conventional porosity logs (density and
neutron) in matrix density and porosity models, mainly due to the density differences
between calcite and dolomite, and changes in formation hydrogen index caused by clay and
bound water [12]. Presence of secondary porosity, especially vugs (large pores), challenges
the reliability of permeability models in carbonate rocks [13]. The complexity of these de-
positional environments creates a high level of heterogeneity and sudden changes in pore
sizes within the same geological unit [14,15]. Therefore, carbonate rocks are characterized
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by strong heterogeneity and complex pore structures and mineralogical variability, which
significantly complicate conventional petrophysical measurements such as porosity and
permeability [16-21].

In light of the importance of carbonate oil and gas resources for human survival, a bet-
ter understanding of the heterogeneous properties of carbonates is of great significance for
exploring resource development [11]. Influenced by the interaction between chemistry and
diagenesis, the porosity evolution of carbonate rocks becomes more complicated [22-25].
The fluid flow properties of the system are significantly affected by the following three key
characteristics of microporous regions: elevated pore density, increased complexity of pore
geometry, and enhanced pore connectivity [26-32]. Choquette and Pray (1970) identified
recognized different pore types in carbonate reservoirs based on their genesis, size, and
fluid flow characteristics [33]. Skalinski and Kenter (2015) [34] classified the carbonate pore
classification methods in the literature into the following three types: geology, rock physics,
and reservoir engineering disciplines. Despite the valuable contributions of previous stud-
ies, the characterization of complex pore structures in carbonate reservoirs remains of great
significance, primarily due to the wide pore size distribution of intricate pore networks and
the varying degrees of connectivity within these networks [35-38].

Variations in pore sizes and throat apertures can exert a significant influence on fluid-
flow characteristics in carbonate formations [39-42]. Thus, a reliable characterization of
pore types and pore-network properties can enhance assessment of petrophysical properties
in carbonate formations [43]. Therefore, the primary objective of this study is to review
various advanced methods that have been applied for the full-scale characterization of
pore structures in carbonate formations, thereby providing insights into the development
of carbonate rock characterization technologies.

Several studies have explored the pore structure of carbonate formations, along
with different pore types and their corresponding size, shape, and associated throats.
Gundogar et al. (2016) [11] used SEM, image analysis, and mercury porosimetry to analyze
the geometrical and topological properties of carbonate pores, including porosity, pore body
and throat sizes, coordination number, shape factor, aspect ratio, and their distributions.
Wang et al. (2012) [44] used SEM (scanning electron microscope) images of carbonates at
different resolutions to construct 3D digital rock models at both macro- and microscales,
and used pore analysis tools to generate pore network models and perform flow calcula-
tions. Oyewole et al. (2015) [45] combined MICP (mercury injection capillary pressure)
measurements, micro-CT (Micro-computed Tomography) images, and well logs to char-
acterize the pore structure and size distribution of carbonates, and to classify rocks based
on petrophysical properties and mineralogy. Zhenpeng et al. (2015) [46] used Macro-CT,
micro-CT, and Nano-CT (Nano-computed Tomography) to study the pore structure of core
samples at millimeter, micrometer, and nanometer scales, and used SEM to identify pore
size, type, and origin. Yao et al. (2015) [47] employed SEM to scan carbonate thin section
images with varying pixel and used multi-resolution image analysis and a percolation
model to study the connectivity of vugs, interpores, and intrapores.

Each characterization technique offers distinct advantages in practice. SEM and CT
imaging are well-suited for observing complex pore geometries, diagenetic characteristics,
and multiscale pore types. MICP provides more dependable quantitative results for pore-
throat size distributions. NMR enables non-destructive evaluation of pore connectivity and
fluid mobility. Nevertheless, these methods all face inherent limits in applicable scales and
test conditions. SEM only captures two-dimensional surface information. MICP cannot
reliably measure nanoscale pores and may damage samples. CT is constrained by resolution
and cost, while NMR cannot directly present real pore morphologies. For this reason, no
single method can fully describe the strong heterogeneity of carbonate reservoirs.
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In addition to studies focusing on domestic basins, extensive research has been con-
ducted on carbonate reservoirs worldwide.

Due to the fact that almost all major carbonate reservoirs in the Middle East are typical
Arabian platform carbonate rocks, a large number of scholars have studied the structural
characteristics of carbonate rocks in the region. Xiao et al. (2014) [48] characterized the mi-
cropore structure of low-permeability carbonate reservoirs in the Middle East via constant-
rate mercury penetration. They identified that reservoir permeability is dominated by
throat size, and the pore-throat ratio rises sharply with decreasing permeability. Carbonate
cores present a more balanced contribution of throats to permeability than sandstone, lead-
ing to lower development difficulty; Yue et al. (2024) [49] characterized the pore structure
and predicted permeability of Middle Eastern Y-type carbonate reservoirs using high-
pressure mercury intrusion and X-ray CT. They verified that core classification improves
prediction accuracy, and their proposed bimodal Gaussian PSD model is more suitable for
complex carbonate reservoirs after gas slip correction; Mahmoud et al. (2023) [50] investi-
gated Middle Eastern carbonate reservoirs using digital rock physics (DRP) and multi-scale
X-ray CT. They characterized pore structures and predicted permeability via the lattice
Boltzmann method (LBM). The results show that the simulated permeability is consistent
with laboratory measurements, verifying DRP as an effective method for characterizing
heterogeneous carbonate reservoirs.

As an important global oil and gas producing area, Brazil’s research on carbonate
reservoirs mainly focuses on the pre-salt Cretaceous carbonate rock system in the Santos
Basin. Basso et al. (2021) [51] investigated the pre-salt lacustrine carbonate reservoirs in the
Santos Basin, Brazil, using core observation, thin-section analysis, CT scanning and NMR
testing. They analyzed sedimentary facies, pore structure and diagenetic modifications
and concluded that diagenesis controls reservoir quality more strongly than sedimentary
facies; Iraji et al. (2023) [52] characterized the pre-salt lacustrine carbonate reservoirs of the
Barra Velha Formation in the Santos Basin, Brazil, by integrating well logging, core analysis,
micro-CT and thin-section observations. They used the K-means algorithm combined with
traditional rock physics methods to classify reservoirs into four types (RRT1 to RRT4) based
on their physical properties, from good to poor.

The characterization of pore structure in carbonate reservoirs in north Africa is a core
scientific issue in o0il and gas exploration and development. Radwan et al. (2021) [53]
performed multi-scale characterization on tight Eocene carbonate reservoirs in the Gulf of
Suez Basin, Egypt, using core observations, thin sections, NMR measurements and well
logging data. Their results show that fracture pores and moldic pores are the dominant pore
types and interparticle pores mainly occur in the basal interval. Baouche et al. (2021) [54]
analyzed the petrophysical and geomechanical properties of late Cretaceous carbonate
reservoirs in the southeastern Constantine Basin, Algeria. They divided the reservoirs into
the following two rock types: RRT-I with nano-micropores and poor reservoir quality, and
RRT-II with mesopores and good reservoir performance.

Razavifar et al. (2021) [55] from Imperial College London compared MIP, NMR, uCT
and gas injection to characterize the pore structure of carbonate rocks. They found that
high-resolution uCT (5 um voxel size) yields the most accurate porosity closest to the gas
porosimetry measurement, while low-resolution pCT severely underestimates porosity.
NMR provides a reliable pore-size distribution consistent with high-resolution uCT, and
MIP only roughly characterizes the throat-size distribution.

Integrated studies from these leading institutions have established standard workflows
for multiscale pore characterization in world-class carbonate reservoirs, strongly supporting
the comprehensiveness of this review.
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These studies contribute valuable insights into the pore structure of carbonate
formations and its influence on petrophysical properties. While these studies provide
significant contributions, there exists a research gap in the form of a consolidated review
that specifically focuses on the diverse methods for pore structure characterization in
oil and gas carbonate formations. This review aims to address this gap by synthesizing
findings from various studies, highlighting the nuances of each method, and providing
a comprehensive overview.

To ensure the comprehensiveness and representativeness of this review, a systematic
literature search was conducted using Web of Science, ScienceDirect, Springer, and IEEE
Xplore databases. The main keywords included carbonate reservoirs, pore structure, char-
acterization methods, SEM, CT, NMR, MICP, and pore network modeling. The literature
published from 2010 to 2025 was primarily selected, focusing on high-quality journal arti-
cles with complete experimental data and clear methodological descriptions. Only studies
closely related to carbonate pore structure characterization were included to maintain the
focus and reliability of this review.

An understanding of pore structural intricacies in carbonate formations is crucial
for optimizing oil and gas production and managing groundwater resources efficiently.
This review seeks to bridge the existing knowledge gap within the literature and con-
tribute to the broader understanding of fluid flow in porous media within the context of
carbonate formations.

2. Methods for Characterization of Pore Structure

This section outlines the core methods used to characterize pore structures in carbonate
formations, along with their key features and limitations.

The characterization of pore structure in rock samples is important for understanding
the physical and chemical properties of these materials. There are several methods that
have been developed for this purpose, including scanning electron microscopy (SEM),
nuclear magnetic resonance (NMR), mercury intrusion porosimetry (MIP), high-pressure
mercury intrusion (HPMI), and gas sorption [43,56-63]. The SEM and MIP methods are
commonly used to evaluate pore type, geometry and connectivity [64—67]. Furthermore,
quantitative characterization of pore-size distribution, pore volume, and specific surface
area can be achieved through a combination of low-pressure gas adsorption, NMR, mercury
injection capillary pressure (MICP), and small-angle neutron scattering (SANS) [68-70].

As a powerful instrument, the scanning electron microscope (SEM) delivers high-
resolution images of materials and is widely used in various areas of science and in-
dustry [71-73]. In the characterization of pore structure, the role of scanning electron
microscopy (SEM) is to scan the sample surface point by point after the electron beam
emitted by the electron gun is incident on it. The secondary electron and backscattered
electron signals generated are converted and displayed on the screen as 2D images of the
sample surface characteristics, thereby obtaining the pore morphology, size, and mineral
composition of the rock sample (Figure 1) [74].

The application of SEM in carbonate rocks differs significantly from other rock types.
Sandstone, mudstone and other reservoirs often focus on the characteristics of particles
and intergranular pores, while carbonate rocks have diverse mineral compositions, strong
diagenesis, complex pore types, and often develop nanoscale pore throats. Therefore, when
using scanning electron microscopy technology to analyze carbonate rocks, more emphasis
is placed on identifying intergranular pores, dissolution pores, bioclastic structures, and
diagenetic features such as recrystallization and dolomitization, with higher requirements
for imaging resolution and magnification.
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Figure 1. Schematic diagram of the working principle of SEM. Adapted from [68].

However, SEM cannot provide direct quantitative data for pore-size distribution, but
can support quantitative analysis through image segmentation and processing [43,47].
For example, SEM cannot directly measure “volumetric porosity” but can measure “area
porosity”. It should be noted that SEM area porosity refers to the ratio of pore area to total
area, which is not equal to volumetric porosity. This parameter is often represented in SEM
& (% area) format.

In the characterization of pore structure, NMR technology mainly obtains pore struc-
ture information by measuring the transverse relaxation time (T2) of hydrogen nuclei in
pore fluids [75-81]. The transverse relaxation time (T2) exhibits high sensitivity to pore
structure and is given by the following mathematical formula:

1 S, 1 | D(GyTE)
P A v @
G= Gexternal + Ginternal )
Ax
Ginternal ~ BOT (3)

where p; is the surface relaxivity, pus/m; T, is bulk relaxation time; D is the free diffusion
coefficient for the fluid, us/cm?; «y is the gyromagnetic ratio; TE is the echo spacing of the
measurement sequence, ms; S/V is the surface area to volume ratio (specific surface area) of
the pores, us—1; Gis the magnetic field gradient, which includes the external and interior
magnetic field gradient, Gauss/cm; By is the applied magnetic field strength, Gauss/cm;
r refers to the distance from the magnetic field changes, m; and Ay is the susceptibility
difference between rock matrix particles and pore fluid, 107° SI.

NMR is more commonly applied to carbonate rocks due to their lack of magnetic
minerals that could interfere with the pore fluid signal. The specific surface area can
reflect the pore size distribution in carbonate rock formations. According to Equation
(1), T, is inversely proportional to the specific surface area (S/V). For spherical pores, the
surface-to-volume ratio S/V can be simplified as follows:

S
Voo @
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where r is the pore radius. By substituting into the NMR relaxation model, the T,—pore
radius conversion relationship is obtained:

r =321 (5)

This equation establishes the direct quantitative link between NMR T, relaxation
time and actual pore size, which is widely used for pore-size distribution conversion in
carbonates. The smaller the pore size, the larger the specific surface area and the shorter the
measured T,. Therefore, NMR transforms the “pore topology” into “fluid relaxation time”,
and then uses relaxation time to infer pore size, porosity, connectivity, and mobility [82-85].
The NMR method can cover a pore size measurement range encompassing micropores,
mesopores, and macropores, with its main measurement objects being open pores or those
connected to the outside [86-88].

Mercury intrusion porosimetry (MIP), a widely used quantitative analytical method in
reservoir studies for effectively characterizing pore structures, involves injecting mercury
into a rock sample and measuring the pressure required to force the mercury into the
pores [89-91]. Mercury intrusion porosimetry (MIP) is a reliable method; however, it
is not suitable for certain types of samples, such as those with macropores or complex
pore structures. Additionally, it can be time-consuming and only capable of analyzing
interconnected / effective porosity [92-94].

_ 2rycost
7

P= (6)
where P is applied pressure; <y is the surface tension of the mercury; 6 is the contact
angle; and r is the pore radius. Because -y is 0.480 N/m for mercury, Equation (1) can be
simplified to:
, 70
p
where the unit of the pressure is MPa, the unit of the pore radius is nm.

(7)

The HPMI measurement serves as a rapid and efficient technique for analyzing the
pore structure characteristics and ascertaining the distribution of pore-throat sizes [47].
Many researchers have conducted studies based on the combination of HPMI curves with
the permeability and porosity of rocks to classify pore types and reservoir types of rock
samples. At present, HPMI measurement is one of the most commonly used methods for
characterizing the pore-throat size distribution of 3-500 pm [95,96]. When the invasion
pressure is high, it may cause small pores to close, reducing the test result accuracy [97].
Thus, it is not suitable for characterizing nanoscale pores, predominantly under 50 nm in
size, in tight reservoirs [98].

Gas sorption is a method that involves measuring the amount of gas that is absorbed
by a sample at different pressures. The Brunauer—-Emmett-Teller (BET) model is widely
used to calculate the specific surface area, based on the core equation:

plro 1 (C=D(p/po)
V(1—=p/po) VuC Vi C

(®)
where p/py is the relative pressure, V is the adsorbed gas volume, V), is the monolayer
adsorption volume, and C is the BET constant related to adsorption energy. The Barrett—

Joyner-Halenda (BJH) method is further applied to determine pore size distribution from
desorption data, using the following relationship:

2
r
Vi = erﬁAVd 9)
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where V; is the pore volume, 7; is the meniscus radius during desorption, p is the actual
pore radius, and AV is the volume change in desorbed gas. This can be used to determine
the pore size distribution and total porosity of the sample. Gas sorption is a fast and
accurate method, but it is not suitable for all types of samples, such as those with large or
complex pores, and it requires specialized equipment [99,100]. The advantage of the use of
gas adsorption relies on its relatively low cost and its ability to provide useful information
regarding pore architecture and a description of the pore-size distribution [101-103].

Micro-CT analysis is a method of computerized tomography (CT) that uses digital
geometry processing to generate a three-dimensional image of the interior of a rock core.
This technique is useful for providing information about the pore structure, filling distri-
bution, particle surface structure, and physical property parameters of rock cores. One
advantage of micro-CT analysis is that it is a non-destructive method for imaging the open
and closed pores inside rock samples [104,105]. However, micro-CT analysis also has some
disadvantages. One major disadvantage is its high cost, which can be up to 20 times more
expensive than other methods such as MIP. Additionally, the detection range of micro-CT
is limited by its poor resolution, which can only reach the micron level. This means that
only pores within a certain size range can be detected, and the maximum horizon is around
1000 to 2000 times larger than the resolution [106,107].

Another disadvantage of micro-CT analysis is that it requires artificial image pro-
cessing after CT imaging, and the use of artificial thresholding can affect the results to
some extent. Finally, the need for high resolution also requires the use of small samples,
which can be prone to causing secondary cracks during the machining process, leading
to deviations in test results [43,47,62]. Table 1 summarizes experimental methods and
measurements for testing the pore structure.

Table 1. The experimental methods and measurements for testing the pore structure. Summarized
from [43,57-64].

Method Test Range Sample Conditions Advantages Disadvantages
SEM >1 nm Solid rock after conducting High resolution No quantitative data
treatment
NMR >4 yum Standard cylinder rock sample Indirect ol?servatlon and Not §u1tab1e for sar.nples
display with large porosity
MIP 0.003~400 pm Core block or core sheet Quick, wide measuring range Mercury is toxic,
Applied for open pores damage to core samples,
HPMI 3~500 pm Core block or core sheet pphe pen pores, harder to measure the larger
time-saving
pores
Gas . 0.35~50 nm Rock powder Good for measuring the small Narrow measuring range
adsorption pore size
Micro-CT 0.5 um Standard rock sample Capable of measuring the close High-cost comPlex image
pore processing

3. Results and Discussions

Pore structure characterization provides the essential foundation for evaluating reser-
voir quality, fluid occurrence states, and seepage behavior in carbonate formations. Due
to the strong heterogeneity, multiscale pore development, and complex diagenetic modifi-
cations of carbonate reservoirs, a single technical approach cannot fully characterize the
geometric and topological features of pore systems. This chapter systematically summa-
rizes and discusses representative research findings on carbonate reservoir pore structure
characterization, focusing on the following four core aspects: pore-throat structure clas-
sification, high-resolution imaging characterization, quantitative petrophysical testing,
and pore network modeling and fluid flow implications. By comparing the applicable
scales, advantages, and characterization focuses of different methods, this chapter clarifies
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current understandings of carbonate pore structure characteristics and their controls on
petrophysical properties and fluid flow, offering a comprehensive reference for the rational
selection and integrated application of characterization techniques.

3.1. Pore-Throat Classification

Gundogar et al. (2016) [11] proposed a pore-throat classification method by correlating
mercury intrusion volumes from throats of specific sizes with pore areas derived from
SEM image analysis (Figure 2). Based on common inflection points and peak positions in
throat-size distributions, four pore-throat classes (PC1 to PC4) were identified, covering
pore body sizes of 0.077-310.34 um and throat diameters of 0.007-23.703 pm (Figure 3).
The average coordination number mostly ranged from 3 to 5, and triangular cross-sections
dominated the pore system. The pore-to-throat aspect ratio was generally greater than
three, indicating a high potential for residual oil saturation during imbibition processes.
The porosity and permeability characteristics of the four core samples selected by them in
this study (named C013, C016, C019, and C021) are shown in Table 2.

W. Li (2020) classified the pore-throat structure into four types based on the charac-
teristics of the frequency distribution curve of pore-throat radius, wide multimodal, wide
bimodal, centralized unimodal, and asymmetric bimodal types and summarized them in
Table 3 [108].

They also identified quantitative parameters that are sensitive to four types of pore-
throat structures (Rs, Sxp, Dr and Vima). R5 represents the pore-throat size where mercury
first enters, and this value is positively correlated with reservoir properties. Sy, is a measure
of the asymmetry of pore-throat sizes frequency distribution curve, representing the relative
position of the pore-throat mode. Generally, a good physical property reservoir exhibits
coarse skewness, while fine skewness indicates poor physical property. D; represents the
homogeneity of pore-throat sizes—the smaller the value, the more uniform the pore-throat
sizes are. Vp, refers to the percentage of volume pore-throats larger than 2.5 pm in the
whole pore-throat volume. The higher the value, the larger the pore-throats are and the
better the reservoir physical properties are.

>0 c==MIP_% Vol

I ™\ |===SEM_% Area
40—

Cumulative ¢, % volume or area
Cumulative ¢, % volume or area

(b)
0

0 T T T T v
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Figure 2. The relationship between MIP throat size and SEM sample area percentage. Adapted
from [11].
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Figure 3. Four throat size ranges and classifications. Adapted from [11].

Table 2. Porosity data from He pycnometry, MIP, and SEM methods as well as core plug porosity and
air permeability measurements (sample sizes are widths). Adapted from [11].

Whole Core Plug (3.81 cm) Subsamples (0.3-1.2 cm)
Sampl °
ampie 1. (mD) o ‘{’;“1“5- $meas. (% Volume) SEM ¢ (% Area)

(% Volume) o pye. MIP
50.0 47.2

Co013 225 51.4 52.1 49.2 33.6
51.9 50.0

Co16 162 47.7 47.3 45.2 31.9
- 46.4

C019 154 47.0 46.5 442 30.6
46.1 43.2

Co021 212 43.0 48.6 43.0 31.8

Footnote: Columns 2 and 3 represent the air permeability and measured porosity obtained from the whole
core plug with a diameter of 3.81 cm. Columns 4 and 5 show the measured porosity from small subsamples
(0.3-1.2 cm) tested by helium pycnometry and mercury intrusion porosimetry, respectively. Column 6 denotes
the area porosity derived from SEM image analysis. Multiple rows for the same sample correspond to different
subsamples or repeated measurements.

The functional relationship between these four sensitive parameters that characterize
pore-throat structure and the two principal components F; and F; is as follows:

F; = 0.5R5 — 0.0555¢, + 0.663D; + 0.554Viq (10)

F, = —0.468R5 + 0.771Sy, + 0.06D; + 0.427Vyyq (11)

The cross plot of F1 and F, (Figure 4) indicates that the pore-throat structure can
be well-identified through principal component analysis and quantitative parameters of
pore-throat structure.

The expression for the quantitative discrimination index (P) of pore-throat structure is
as follows:

P = 0.097R5 + 0.2895;, + 0.412D; + 0.5V, (12)

The calculation results of the discrimination index P for quantitative identification of
four types of pore-throat structures are shown in Table 4.

https://doi.org/10.3390/app16115225
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Table 3. Types of pore-throat structures of Carboniferous KT-I layer in North Truva Oilfield. Adapted

from [108].
Average Efficiency of
Pore-Throat Frequency Distribution Curve Pore-Thfoa t Mercury Porosity Permeability
Structure Type of Pore-Throat Radii . Withdrawal /% /10—3 um
Radius/um /o
o
40
Wide multimodal gzo 0.30-10.92 16.4-62.5 1.18-25.40 0.07-198.90
type 210 (3.42) (39.9) (11.98)
0 B NI SN
10102 107" 10° 10" 102 10°
Pore-throat radius/um
40
£30
£20
. . i 0.03-11.10 6.3-59.1 4.50-35.70 0.01-209.00
Widebimodal type g, L (352) (33.7) (17.50)
%07 102 107 100 10' 10° 107
Pore-throat radius/um
50
£40
230
Centralized %20 0.01-4.65 24-741 2.44-38.36 0.01-349.00
unimodal type 210 ‘ (0.90) (33.0) (13.30)
%07 102 10 100 100 10° 10°
Pore-throat radius/um
50
£40
530
Asymmetric %20 0.25-10.30 8.4-57.7 3.00-16.90 0.01-2.68
bimodal type 210 (4.10) (27.4) (10.90)
05102 100 100 100 10° 10°
Pore-throat radius/pum
3~
2k v Loa
:‘ A "‘:“; A A .
:&‘A 4L ]
- &
] . ‘j Ay A‘ Aiﬁ.- [} '! +*
1'| A & ] 'ofTL
ok ol .oé‘!-q'!’ o
! RS I
=
=] = :.‘ 0‘0".‘ -
* - u
-2 L * * Wide multimodal type
= Wide bimodal type
by & Centralized unimodal type
-3 F : o bi '
Asymmetric bimodal type
. | i i i i i
-3 -1 | 3 5 7

Figure 4. Identification results of different pore-throat structures. Adapted from [108].
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Table 4. Quantitative identification criteria for different pore-throat structures. Adapted from [108].

Pore-Throat Structure Type p
Wide multimodal type 0.52-0.77
Wide bimodal type 0.18-0.52
Centralized unimodal type 0.77-1.00
Asymmetric bimodal type 0-0.18

These classification results indicate that carbonate rock pore-throat systems typically
exhibit multimodal distribution and strong heterogeneity. The combination of throat size
distribution (from mercury intrusion) and pore geometry (from imaging) is more accurate
than single method analysis.

3.2. High-Resolution Imaging Characterization of Multiscale Pore Systems

High-resolution imaging techniques visually reveal pore morphology, scale distribu-
tion, and spatial configuration, which are indispensable for observing complex carbonate
pore structures.

3.2.1. SEM-Based Two-Dimensional Pore Characterization

Wang et al. (2012) [44] performed a study on multi-scale characterization of pore
structure in carbonate formations. They discovered that the lower resolution images
displayed macropore properties, while the higher resolution images showed micropore
properties when observing SEM images of thin section carbonate. Figure 5 shows the
imaging of carbonate thin sections with resolutions of 1.34 um (Figure 5a) and 0.335 pm
(Figure 5b) using scanning electron microscopy.

(a) Low resolution image

Figure 5. SEM images of 1.34 um and 0.335 pum resolutions. Adapted from [44].

They used a Markov Chain Monte Carlo (MCMC) method to construct 3D macrop-
ore and micropore digital rocks respectively and then applied superposition method to
construct multiscale digital rocks based on the macropore and micropore. The resultant
3D digital rocks had a volume of 100° to 400° voxels. The porosity of macropore digital
rock (Figure 6a) is 0.2544, with a resolution of 1.34 pm; the porosity of micropore digital
rock (Figure 6b) is 0.3546, with a resolution of 0.335 um. Overlay micro digital core and
macro digital core to observe pores characteristics, as shown in Figure 6¢c. The porosity
of stacked digital rock is 0.5189, with a resolution of 0.335 um. It is worth noting that 3D
reconstruction based on 2D data and MCMC modeling is model-based, and the results
depend on the assumptions made and may not fully reflect the actual pore structure.
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(a) Macro pore digital rock (b) Micro pore digital rock (c) Superposition digital rock
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Figure 6. Different digital rocks. Adapted from [44].

They used pore analysis tools to perform flow rate calculations on the extracted
network models from macropore, micropore and superposition pore, respectively. It can
be clearly seen from Figure 7 that the curve of the superposition network is sandwiched
between the macropore network curve and the micropore network curve, indicating that
the superposition network has the geometric and topological characteristics of macroscopic
pore network and microporous network.

—t—Macropore network

~#—Micro pore network 1.5

1
Minimal Radius (yun)
~— Superposition network

=s—NMacropore network
~@~Micro porenetwork

~s=Superposition network

2 3 4
Pore Radius (jun)

Figure 7. Geometry and topology parameters comparison of pore network models. Adapted
from [44].

Duan et al. (2018) [109] conducted a study on the pore structure of carbonate rocks
using SEM technology and identified four typical nano-/microporous types (Figure 8).

Figure 8. Four nano-/micropore types under the SEM. (A) Pores between fully coalescent polyhedral
to anhedral crystals; (B) pores between the elongate scaleno-rhombohedral crystals; (C) pores between
the rounded anhedral to subhedral micrite crystals; (D) pores between the dissolved euhedral to
subhedral dolomite crystals. Adapted from [109].
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The researchers conducted a study on the poresystem of saline-lacustrine tight oil
carbonate reservoir using scanning electron microscopy (SEM) [110]. They found that
reservoir pore system is mainly composed of microfractures (Figure 9a,e), dissolution
pores (Figure 9b—e) and intercrystalline pores (Figure 9c—f). It is concluded that content of
dolomite is associated with a larger number of intercrystalline pores and, consequently,
higher porosity of reservoir. It can be seen that the pore is developed at multiscale from
nanometer, micrometer to macroscopic. The observation that natural fractures (especially
open fractures) dominate permeability and productivity, and are the main channels for
fluid migration, confirms the findings of Belfield et al. in 1988 [111].

&

l)issnlutilm_ Pores

J : ‘. nl ‘ |
T 0il

Delomite and intercrystalling
pore development zone

20pm

Figure 9. Pore system obtained by thin section and SEM. (a) A couple of parallel microfractures;
(b) secondary enlarged pores created by chemical action; (¢,d) dissolution pores and intercrystalline
pores created by dolomitization; (e) dissolution pores and microfractures; (f) oil reserved in intercrys-
talline pores and microfractures. Adapted from [110].

3.2.2. X-Ray CT-Based Three-Dimensional Pore Characterization

Huang et al. (2016) [112] constructed a 3D pore network model for a carbonate
reservoir using data from X-ray computed tomography (CT) scans. They found that the
pore structure of the carbonate reservoir is heterogeneous, with varying pore sizes, shapes,
and connectivity. The pore network model was used to simulate fluid flow in the reservoir,
and the results showed that the fluid flow is highly influenced by the pore structure.

Zhang et al. (2022) [113] proposed a new method for evaluating differences in rock
pore structure. They developed a hybrid pore network model that combines the advantages
of both geometric and flow-based pore network models to better capture the complex pore
structure of carbonate rocks. The model was validated using X-ray computed tomography
(CT) data and was used to simulate fluid flow in carbonate rocks. The results showed that
the hybrid model was more accurate than either of the individual models in predicting fluid
flow. Y. Zhang (2019) [114] compared the structural characteristics of different rock types,
including five carbonate rocks and two limestone samples (Figure 10). The information of
seven rock samples is shown in Table 5, and the micro-CT images of these samples were
provided by Imperial College London.
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Figure 10. 2D cross section of micro-CT images samples used in the study. Adapted from [114].

Table 5. Image information of the studied rock samples. Adapted from [114].

Samples le)r(r?)l (Psi:(ze(;3) ?;;1; Porosity (%)
C1 2.85 300 x 300 x 300 carbonate 23.3
C2 5.345 300 x 300 x 300 carbonate 16.8
KC 3.00006 1024 x 1024 x 1024 carbonate -—-
KL 2.645 1024 x 1024 x 1024 limestone -—-
E1 3.31136 650 x 650 x 650 carbonate -
E2 3.31136 500 x 500 x 500 carbonate -
EL 2.6825 1024 x 1024 x 1024 limestone -

2
Porosity

020 6

0.15 £ 012

In the present study, 3D digital core samples were reconstructed, and porosity was
derived by quantifying the number of voxels in the images. On this basis, the relationships
of connected porosity and total porosity with sample size were analyzed.

Figure 11 presents the porosity—size relationship curves for all seven samples in a
single multi-panel plot. As seen in Figure 11a-e, the total porosity and connected porosity
of carbonate samples are noticeably affected by sample size. Most pores in C1, C2, and KC
are well-connected, whereas E1 and E2 contain a large number of isolated pores. For the
limestone samples shown in Figure 11f,g, sample size has only a weak effect on EL, while
KL shows a strong size dependence with nearly all pores being connected.
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Figure 11. Porosity-size relationship curves for all seven samples. (a) C1, (b) C2, (c) KC, (d) E1, (e) E2,
(f) EL, (g) KL. Adapted from [114].
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CT scanning enables the identification of both connected and isolated pores, differ-
entiation between fractures and pore networks, quantification of mean pore and throat
dimensions, comparative analysis of pore-throat architectures across various lithologies,
simulation of fluid flow within the pore space, and full three-dimensional visualization
of rock-sample characteristics. Al-Kharusi and Blunt (2007) [115] completed a study on
two carbonate rock samples. They analyzed the carbonate core plug of Oman Petroleum
Development Company. A thin section was cut from the core plug and imaged at various
resolutions using scanning electron microscopy (Figure 12).

54.1 microns

Figure 12. 2D SEM image of the carbonate sample, from which the 3D network was extracted (black
areas denote pore spaces). Adapted from [115].

The image at this stage is a 2D image. For this carbonate, the pore space could
not be readily resolved using micro-CT scanning. Okabe and Blunt (2004) then fed the
digitized 2D image into the algorithm developed [116], which uses multiple-point statistics
to generate a 3D digital image that reproduces the patterns observed in the 2D slice. By
using network extraction algorithm to process 3D images, a topologically representative
network of the carbonate rock can be obtained. The carbonate network consists of 643 pores
and 2623 throats. The network is shown in Figure 13.

34.6 microns

Figure 13. Three-dimensional image of the extracted pore network for the carbonate sample
(1283 voxels). Adapted from [116].
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Wang et al. (2020) integrated high-pressure mercury injection capillary pressure curves
with petrophysical and petrographic data to classify the ultradeep (>4950 m) carbonate
gas-reservoir samples from the Deng IV Member, Sichuan Basin, into the following four
distinct reservoir types: (1) matrix, (2) pore, (3) cavity, and (4) fracture-cavity [117]. Perform
two resolution (13.15 um and 0.98 pm) CT scans on typical core samples of four types,
obtaining over 8000 two-dimensional slice images. Based on the 13.15 um resolution
image, three types of reservoir spaces, fractures, cavities and large pores can be observed
(Figure 14a,c,e,g). At a resolution of 0.98 um, only pores of different sizes and rock matrixes
can be observed (Figure 14b,d,f,h). They also used the “maximum ball algorithm” based
on CT images to extract pores and throats, constructed a 3D “ball-stick” network model
(Figure 15), and quantified parameters such as radius (Figure 16), volume, and coordination
number of pores and throats. Based on the 13.15 pm resolution, the pore-throat coordination
numbers for the matrix type, pore type, cavity type and fracture-cavity type samples are
2.81, 3.59, 3.37 and 5.46, respectively (Figure 17). For the 0.98 pum resolution, the pore-throat
coordination numbers for the matrix type, pore type, cavity type and fracture-cavity type
samples are 2.44, 4.13, 4.51 and 4.79, respectively (Figure 18).

(® (h)

Figure 14. CT scanning images of multitype core at resolutions of 13.15 pm (left column) and 0.98 pm
(right column): (a,b) fracture-cavity type; (c,d) cavity type; (e, f) pore type; (g,h) matrix type. Adapted
from [117].
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Figure 15. Pore-throat connectivity and network topological structures at resolutions of 13.15 pum (first
row) and 0.98 um (second row): (a,e) matrix type; (b,f) pore type; (c,g) cavity type; (d,h) fracture-cavity
type. Adapted from [117].
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Figure 16. Fracture network topology and aperture distribution: (a) one fracture in pore type sample;
(b) ten fractures in fracture-cavity type sample; (c) fracture aperture distribution. Adapted from [117].
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Figure 17. The coordination numbers from four types of samples at resolutions of 13.15 pm. Adapted
from [117].
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Figure 18. The coordination numbers from four types of samples at resolutions of 0.98 um. Adapted
from [117].

Wang et al. (2020) performed micro-nano-CT scan on core samples B’ and E’ for
and extracted a 45 mm? cube from the 3D pore network model shown in Figure 19C to
observe pore-throat distributions (Figure 20) [118]. The results show that the porosity
of the 3D digital core B is 2.51%, whereas that of core E’ is 2.64%. The corresponding
laboratory-measured porosities are 2.43% and 2.60%, respectively. Research results show
that micropore absence does not impact the network connectivity of digital rock cores.
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Figure 19. Pore and fracture features of mixed carbonate rocks. (A) Crude core; (B) acidified core;
(C) CT scanning image; (D) top slice of core; (E) right slice of core; (F) front slice of core. Adapted
from [118].
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15Smm

Figure 20. CT images of pore-throat radius distribution in samples. (A) The pore of B’; (B) the throat
of B/; (C) the pore of E’; (D) the throat of E’. Adapted from [118].

3.3. Quantitative Petrophysical Characterization of Pore Structure

As a core testing method, rock physics experiments can systematically provide quanti-
tative data on key parameters such as pore size distribution, porosity, throat connectivity,
and specific surface area. These basic data can accurately characterize the intrinsic char-
acteristics of rock pore systems and provide a real theoretical basis for the quantitative
characterization of rock pore structure.

3.3.1. Mercury Injection Capillary Pressure (MICP)

Mercury injection capillary pressure is widely used to measure throat-size distribution
and capillary pressure. High-pressure mercury intrusion (HPMI) effectively characterizes
throats in the range of 3-500 pm and supports rapid classification of pore and reservoir
types. However, high injection pressure may compact small pores, reducing accuracy,
and it is less suitable for nanoscale pores (<50 nm) in tight reservoirs. MIP only measures
interconnected (effective) porosity and cannot detect isolated pores.

3.3.2. Nuclear Magnetic Resonance (NMR)

Genty et al. (2007) [119] developed a quantitative method for characterizing carbonate
reservoir pore structures and identifying genetic pore types based on nuclear magnetic
resonance (NMR) T, spectra. The log(T,) distribution of NMR signals was decomposed into
up to three Gaussian components, yielding nine basic parameters including component
weights, means, and standard deviations. The following two geologically significant
quantitative parameters were then extracted: pmax, defined as the largest mean pore size
among components with weight proportion greater than 0.1, and Op,in, representing the
standard deviation of the dominant pore component, as illustrated in Figure 21. These two
parameters quantitatively describe the maximum average pore size and the homogeneity
of the dominant pore size, respectively. A Bayesian classification model was further
established to realize quantitative identification of the following six genetic pore types:
matrix, cemented, intergranular, dissolution-enhanced, intercrystalline, and vuggy pores.
Verified by 103 core samples, the prediction accuracy ranges from 60% to 90%. This
method enables rapid quantitative evaluation of pore structures using NMR logging in
uncored or poorly cored intervals, providing a reliable tool for detailed characterization
and distribution prediction of complex carbonate reservoirs.
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Figure 21. Bivariate plot of two key parameters pmax VS. Omain: (A), Adams data set; (B), Shuaiba
data set. Adapted from [119].

3.3.3. Gas Adsorption and Other Methods

Gas adsorption (N, CO,) is suitable for measuring nanopores (0.35-50 nm) and yields
specific surface area and pore-size distribution. It is cost-effective and reliable for micropore
analysis but has a narrow measurement range and is unsuitable for large or complex pores.
Helium pycnometry provides highly accurate matrix volume and total porosity, serving as
a benchmark for calibrating other methods.

3.3.4. The Comparison and Connection Between Different Characterization Techniques

MICP technology is widely used for measuring throat size distribution and capillary
pressure due to its simple operation and intuitive results. NMR technology also has the
characteristics of fast and non-destructive measurement. Tian et al. (2018) [120] quanti-
tatively characterized pore structures in ultra-deep tight carbonate reservoirs in the Tahe
QOilfield, China. They used MICP to analyze pore-throat size, connectivity and type, and
NMR to determine pore size distribution and pore compressibility. They compared the test
results of six rock types, as shown in Figure 22.
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Figure 22. The pore structure distributions from the MICP and NMR experiments for the six rock
types. (a) Mudstone, (b) wackestone, (c) packstone, (d) grainstone, (e) limestone with half-filled
fractures, (f) limestone with fully filled fractures. Adapted from [120].

The comparison between MICP and NMR pore structure distributions demonstrates
that the two methods yield consistent overall trends in pore size characterization. Minor
differences arise because MICP reflects connected pore throats while NMR measures total
water-saturated pore space, and their agreement is significantly improved by rock-type
classification. This confirms that NMR can serve as a rapid, nondestructive alternative to
MICP for pore structure evaluation in tight carbonates.

3.4. Implications for Fluid Flow

The pore structure characterization of carbonate formations has important implications
for understanding fluid flow in porous media. The reviewed studies have shown that the
pore structure of carbonate formations is complex and diverse, with various pore types and
sizes. This complexity can impact fluid flow behavior in several ways.

So, the pore structure of carbonate formations is complex and diverse, and multiple
methods and scales must be used to fully characterize it. Pore-throat classification, imaging
techniques such as X-ray computed tomography (CT) and scanning electron microscopy
(SEM), and pore network modeling are effective methods for pore structure characterization.
These methods provide valuable insights into the pore structure of carbonate formations
and can aid in the understanding of fluid flow in porous media, which is important for oil
and gas production and groundwater management.

First, the pore-throat classification method developed by Gundogar et al. (2016) [11]
identified four pore-throat classes with unique pore- and throat-size distributions. The pore-
to-throat aspect ratio was generally large, indicating the potential for significant residual
oil saturation. This information can help in understanding the flow behavior of oil and gas
in carbonate formations.
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Second, the imaging techniques used by Wang et al. (2012) [118], Duan et al. (2018)
[109], and Wang et al. (2018) [5] revealed that the pore size distribution of carbonate
formations is mainly in the range of 0.1-10 um, with irregular pore shapes and poor pore
connectivity. These characteristics can affect fluid flow behavior by limiting the flow of
fluids through the pore network, creating regions of stagnant fluid, and affecting the
capillary pressure and wettability of the rock.

Furthermore, the quantitative analysis of the 3D pore-throat network topology used
by Wang et al. (2020) [117] showed that the fracture-cavity type reservoirs possess the
highest coordination number, multiple flow paths, and minimal seepage resistance; the
cavity-type reservoirs are mainly characterized by large pore throats, which help reduce
seepage resistance and belong to buffer zones for fluid flow; the pore-type reservoirs
possess moderate coordination numbers, mainly characterized by necking and lamellar
throats, and moderate seepage resistance; the matrix-type reservoir possesses the lowest
coordination number, the strongest seepage resistance, and only local weak flow exists.
Furthermore, they also found that a single pore or throat is insufficient to enable efficient
fluid flow, and the coordinated development of fractures and cavities greatly improves the
reservoir permeability.

The flow patterns of oil and gas in different reservoir spaces within carbonate rocks
vary greatly. If the fracture and cavity are connected, the oil and gas inside the connected
cavity will quickly flow towards the fracture under the drive of pressure difference; if it
is an isolated cavity, when the fluid in the main fracture first flows towards the wellbore
to form a pressure drop, the oil and gas in the isolated cavity are supplied to the main
fracture through “microcrack flow” or “matrix infiltration”; the flow mode in the cavity is
dominated by gravity inertia free surface flow, where the oil phase first spreads along the
bottom of the cavity and then the water phase sinks from the top of the cavity, ultimately
forming attic residual oil. In the flow mode of pores, slippage, diffusion, and imbibition
are the main modes, the oil phase transforms from “oil film on rock wall “ to “isolated oil
droplets” and is gradually imbibed and peeled off by the water phase (Figure 23).
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Figure 23. Oil and gas flow patterns in different reservoir spaces of carbonate rocks. Adapted
from [117].

The reviewed studies highlight the importance of fully characterizing the pore struc-
ture of carbonate formations to understand fluid flow behavior. The results have important
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implications for the development of effective extraction methods for oil and gas reser-
voirs and can contribute to a better understanding of groundwater flow in aquifers and
geologic formations.

4. Future and Challenges

Current pore structure characterization methods still face several practical limitations.
Imaging techniques such as SEM and micro-CT are restricted by resolution and observable
scale, making it difficult to capture multiscale pore systems simultaneously. Most testing
methods are limited to specific pore size ranges, and few can achieve full-scale coverage
from nanometers to millimeters. High testing costs, complex sample preparation, and
destructive testing also reduce efficiency in practical applications. In addition, digital rock
reconstruction and pore network modeling rely heavily on model assumptions, which may
not fully reflect the true heterogeneity of carbonate rocks.

In recent years, machine learning (ML) has also been increasingly used in pore struc-
ture characterization. For example, ML-based intelligent image segmentation can effectively
improve the efficiency and accuracy of pore extraction from SEM and CT images, reduc-
ing the uncertainty caused by manual processing. Data-driven ML models also provide
reliable predictions for petrophysical parameters such as permeability and pore size distri-
bution. These methods do not need to become the core of this review, but they represent an
important development direction for efficient and automated pore analysis.

Future research should focus on developing high-precision, low-cost multiscale imag-
ing techniques that can integrate multiple methods efficiently. More robust and generalized
pore network models are needed to reduce dependence on manual processing and model
assumptions. It is also necessary to establish standardized workflows for multiscale char-
acterization, so that pore structure parameters can be more reliably applied to reservoir
evaluation and fluid flow prediction.

5. Conclusions

This paper reviews typical methods used to characterize pore structures in carbonate
oil and gas formations, such as SEM, NMR, MIP, micro-CT, and pore network modeling.
Carbonate reservoirs are highly heterogeneous and contain complex diagenetic pores with
a wide range of sizes, so they must be tested using multiple methods across different scales.

SEM clearly shows pore morphology, diagenetic structures, and secondary pores at
micro- and nanoscales, and can support quantitative analysis through image processing.
NMR uses T relaxation signals to indirectly measure pore size distribution and connectivity
and works well in carbonates with weak magnetic interference. MIP and HPMI quickly
quantify pore-throat size distributions but cannot reliably measure nanoscale pores and
may damage samples. Micro-CT provides non-destructive 3D imaging of connected and
isolated pores, but it is limited by resolution, cost, and sample representativeness. Pore
network modeling helps quantify structural heterogeneity and its influence on fluid flow.

Current methods still face several key limitations. These include mismatched scales
among different techniques, insufficient quantitative accuracy, model dependence in digital
reconstruction, and high costs for multi-scale testing. These problems make it difficult to
accurately evaluate pore connectivity and flow characteristics in complex carbonates.

This review integrates a variety of characterization methods and clarifies their applica-
bility, advantages, and limitations in carbonate formations. It provides practical guidance
for method selection in reservoir evaluation. Future research should develop high-precision
multi-scale imaging, intelligent image segmentation, and more universal pore network
models. These improvements will support efficient, low-cost, and full-scale pore structure
characterization for carbonate reservoirs.
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