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a b s t r a c t

In this study, a new image-based method for the extraction and characterization of pore-throat network
for unconventional hydrocarbon storage and exploitation is proposed. “Pore-throat solidity”, which is
analogous to particle solidity, and a newmethod for automatic identification of pores and throats in tight
sandstone oil reservoirs are introduced. Additionally, the “pore-throat combination” and “pure pore” are
defined and distinguished by drawing the cumulative probability curve of the pore-throat solidity and by
selecting an appropriate cutoff point. When the discrete grid set is recognized as a pore-throat combi-
nation, Legendre ellipse fitting and minimum Feret diameter are used. When the pore and throat grid
sets are identified as pure pores, the pore diameter can be directly calculated. Using the new method, the
analytical results for the physical parameters and pore radius agree well with most prior studies. The
results comparing the maximum ball and the new model could also prove the accuracy of the latter's in
micro and nano scales. The new model provides a more practical theoretical basis and a new calculation
method for the rapid and accurate evaluation of the complex processes of oil migration.
© 2023 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

Unconventional reservoirs have become the new main focus of
energy exploration and development (Jia et al., 2014; Zou et al.,
2015). Similar to conventional reservoirs, unconventional reser-
voir still depend on the development of reservoir spaces, which can
be divided into three types: holes, fractures, and pores. Holes are
mainly distributed in carbonate rocks; fractures and pores are
mainly distributed in clastic rocks (Sheng et al., 2020; Jin et al.,
2022). The pore system can be further subdivided into pores and
throats (Luo et al., 2022; Bai et al., 2014; Lai et al., 2018b). The space
surrounded by rock particles and not filled by cement and miscel-
laneous foundation is defined as pore; the relatively narrow space
between particles is defined as throat (Zhang et al., 2021; Luo et al.,
2022). The formation of pores and throats is due to the accumu-
lation, compaction, and subsequent diagenesis of mineral particles
(Wang et al., 2022; Yang et al., 2022). They are formed by the pri-
mary and secondary boundaries of particles (i.e., for pores and
).
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throats, the grain boundaries after denudation, transportation, and
reconstruction). Furthermore, the pore and throat characteristics
largely reflect the sorting and roundness of particles, which is a
reflection of the results of deposition, compaction, and modifica-
tion (Visher, 1969; Cao et al., 2021; Jiu et al., 2021). Therefore, an
obvious symbiotic relationship exists between the formation of
pores and throats and the formation of particles during deposition
(Yang et al., 2021; Liu et al., 2022).

Pores and throats are closely connected in the reservoir.
Generally, pores determine reservoir capacity, and throats deter-
mine productivity. In order to evaluate the reservoir capacity and
productivity respectively from the perspective of reservoir char-
acterization, it is necessary to find the key differences in physical
properties between pores and throats and then put forward cor-
responding theoretical and experimental methods to distinguish
pores and throats. The physical property distribution of pores and
throats can be obtained, respectively, and the impact mechanism
on reservoir and seepage can also be investigated. Above de-
scriptions are the definition and the necessity of “pore throat
identification” (Cai et al., 2019; Wang et al., 2019; Kong et al., 2020;
Zhang et al., 2020, 2021).
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1.1. Pore and throat identification based on image processing

Nowadays, the identification method of pore and throat mainly
depends on image processing technology (Li et al., 2021a; Wood,
2021; Liu et al., 2022). With the help of advanced imaging tech-
nologies such as electron microscope and computed tomography
(CT), researchers can observe the reservoir space and obtain images
with different resolutions directly (Lyu et al., 2021b). In order to
achieve the purpose of pore and throat identification, researchers
mainly focus on how to accurately describe the morphological
differences between pore and throat based on image processing
technology (Li et al., 2021a, 2021b; Liu et al., 2022). The maximum
ball (MB) method to address the scanning data of CT are proposed
to obtain the quantitative distribution of pores and throats. All the
largest balls are generated in the reservoir space, the spherical wall
is tangent to the inner boundary of the reservoir space and does not
belong to each other. It is the basic unit used to characterize the
connectivity of pore geometry. The set of all the largest balls defines
all the storage spaces together (Silin et al., 2003; Dong, 2008). In the
theoretical model of MB, the maximum or minimum radius of an
inner tangential circle are treated as the approximate pore or throat
size (Yin et al., 2021a; Xie et al., 2022). In order to improve the
accuracy of pore and throat identification and simplify the calcu-
lation program furtherly, researchers have proposed a series of new
methods for pore and throat identification based on different al-
gorithms, including the city block distance function and watershed
identification algorithm (Rabbani et al., 2014), the method of pore
reconstruction and partitioning (Van Eyndhoven et al., 2015), the
implementation of pore structure model generation and pore space
analysis tools (Putanowiczet al., 2015), the method based on fractal
dimension analysis (Liu et al., 2015; Lai et al., 2016; Lai and Wang,
2015; Lai et al., 2018a; Xiong et al., 2017), the updated MB
method (Liu et al., 2012; Gong et al., 2016; Arand and Hesser, 2017),
the deformation function method based on synchrotron X-ray
microphotography (Arzilli et al., 2016; Smal et al., 2018), the
method based on SEM image (Gundogar et al., 2016), the nonlinear
programing and optimization techniques (Sharqawy, 2016), the
new pore network extraction (PNE) model (Zhou et al., 2017) and
the automatic image processing method based on thin-walled
lithofacial microscopy (Van Eyndhoven et al., 2015; Berrezueta
and Kovacs, 2017). Through the above series of methods, the
pore-throat type, pore geometry, pore size, pore connectivity can
be calculated, which could provide important insights into the
microscopic pore structure characteristics of tight sandstones. But
frankly, most of the above pore and throat identification methods
only focus on the morphological differences between pore and
throat, the influence of flow factors on pores and throats is not
frequently considered, and it is unclear if this will lead to a lack of
physical significance for pore size because the research on pore-
throat identification and characterization is aimed at clarifying
the flow law of oil, gas, and water. As to the above identification
methods, the higher the resolution requirements, the smaller the
sample size (usually less than 2 mm). Thus, the representativeness
and applicability are greatly reduced in a reservoir that display high
heterogeneity (Gundogar et al., 2016; Sharqawy, 2016; Arand and
Hesser, 2017; Smal et al., 2018).

1.2. Pore and throat identification based on fluid injection

In addition to image processing, researchers also use the fluid
injection experiment to realize the identification of pore and throat.
Based on the Young-Laplace equation describing the relationship
between capillary radius and capillary pressure, and with the help
of constant-rate mercury injection, researchers can obtain the
distribution of pores and throats indirectly.
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During the experimental process of constant-rate mercury in-
jection, mercury is injected at a low rate (0.001 mL/s), ensuring the
occurrence of quasi-static process. In this process, the interfacial
tension and contact angle remain unchanged; each pore shape
change experienced by the mercury inlet front will change the
shape of the meniscus, resulting in the change of the capillary
pressure of the system. The rise of capillary pressure indicates the
throat, and the fall of capillary pressure represents the pore.
Therefore, researchers can distinguish the throat and pore of
sandstone, carbonate rock, shale and other reservoirs, describe the
development characteristics of throat and pore, respectively.

Obviously, due to the pressure limit of the experimental in-
strument (6.2 MPa), some pores and throats with small radius will
be omitted in the process of the experiment, so this type of tech-
nology can not reflect the complete distribution of pores and
throats which needs to be investigate furtherly (Jiang et al., 2021;
Yin et al., 2021b).

1.3. Comparison of existing research methods

It can be clearly seen that the existing research methods have
their own advantages and disadvantages. The high-pressure mer-
cury injection test obtains the apparent throat radius, which cannot
reflect the pores. Although constant-rate mercury injection can
distinguish pores and throats, many small-scale pores and throats
in tight sandstone are ignored due to its low pressure. Nuclear
magnetic resonance can identify most of the reservoir spaces, but
cannot distinguish pores from throats. Moreover, above techniques
cannot observe pores and throats directly. Although CT technology
can achieve high resolution, it is difficult to balance resolution and
observation size, which will affect the reliability of conclusions.

Despite the advances from the aforementioned studies, at least
four major unsolved problems still remain. First, for a reservoir
sample, the matching degree of pore and throat information ob-
tained by theoretical and experimental methods is poor. Second,
the comparability of results obtained by different techniques is
poor due to the principles of the various quantitative techniques,
which causes some difficulty in application. Third, currently image
analysis mainly relies on visual observations and manual mea-
surement, instead of automatic identification and statistical anal-
ysis. Fourth, the accurate quantitative identification criteria for
pores and throats of tight sandstone oil reservoirs in two-
dimensional (2D) space is still lacking. Therefore, it is necessary
to propose a new model for pore and throat identification. The
proposed model should not only reflect the morphological differ-
ences of pores and throats quantitatively, but also show the phys-
ical properties of pores and throats as flow space clearly. In
addition, the model also needs to take into account the resolution
and sample size. Actually, the above new identificationmodel is the
ultimate goal of this paper.

2. Research background

The Ordos Basin, located in the western part of the North China
Block, is a large-scaled multicycle cratonic basin with the charac-
teristics of simple structure and integrated uplifts as well as sub-
sidence and depressionmigration (Darby and Ritts, 2002). Based on
tectonic development, sedimentary patterns, and structure of
Ordovician strata, the Paleozoic sequence of the Ordos Basin is
represented by six tectonic units: the Western Edge Fold Belt,
Tianhuan Depression, Shanbei Slope, Jinxi Fault and Fold Belt,
Weibei Uplift, and Yimeng Uplift (Gan et al., 2007; Wang et al.,
2015).

In terms of stratigraphy and depositional facies, the Triassic
Yanchang Formation, the basin's main hydrocarbon reservoir, is



S.-H. Du and Y.-M. Shi Petroleum Science 21 (2024) 1474e1487
characterized by its large areas, with lake delta front and delta plain
deposits. The correlation between the basin's physical properties
and its ability to yield oil is strong. The distribution range of sand
bodies controls the distribution range of reservoirs, which is
conducive to the formation of large-scale stratigraphic trap (Du
et al., 2018a). Sandstone and mudstone boundaries are generally
flat and extensive. Furthermore, it is easy to distinguish a single
sand body with a thickness of about 3 m. Finally, the phenomenon
of a sand body pinch out is evident in some places, and the inter-
layer is widely developed (Du et al., 2018b).

The location of the study area is shown in Fig. 1 (Du et al., 2019).
It is located in the southwestern part of the northern Shanbei Slope
in the Ordos Basin.

The Chang 7 members of the Yanchang Formation are domi-
nated by clastic lacustrine sediments from the late Triassic period.
The physical properties are poor: the average porosity is 8.85%, and
the permeability is 0.16 � 10�3 mm2. The pore types are mainly
inter-granular or dissolved, and the primary inter-granular pores,
secondary inter-granular pores, and secondary dissolved pores. (Li
et al., 2011; Du et al., 2018a; 2018b).

Having conducted a comprehensive survey of the study area, we
determined that the Chang 72 member (as opposed to Chang 71 and
Chang 73) of the Yanchang Formation is the main oil producing
layer (Liu et al., 2021; Xu et al., 2021).

Three typical sedimentary cycles occur in the Chang 72 member.
Fig. 2 shows the typical sedimentary characteristics of an under-
water distributary channel. The position of the channel swings
frequently, which impacts microscopic heterogeneity of the Chang
72 reservoir. The lithology of the tight sandstone reservoir in the
study area is mainly gray-white medium-fine feldspathic sand-
stone, including lithic feldspathic sandstone and feldspathic lithic
sandstone, with its compositional maturity (Guo et al., 2012; Yang
Fig. 1. Study area location in the Ordos Basin, China. (Note: The gray square indicates
the location of the Yanchang Formation core.)
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and Deng, 2013). Moreover, the micro-interlaced bedding and
wedge-shaped interlaced bedding are well developed in the res-
ervoirs. Common scouring surfaces reflect strong hydrodynamic
conditions and represent the typical characteristics of the microf-
acies of underwater distributary channel sedimentation (Liu et al.,
2015; Yao et al., 2018).

3. Principles and methods

3.1. Proposal of the concept of pore-throat solidity

To clarify and characterize the influence of pores and throats in
tight sandstone oil reservoirs, pore-throat identification should be
performed. Microscopy and a simplified model are used to describe
the feature differences between pores and throats. In this paper,
from the perspective of morphology, we examine pores and
throats, finding new identification criteria. Using reservoir images,
two types were identified: the “pore-throat combination” and the
“pure pore.”

Russ (1998) and Faria et al. (2003) proposed the concept of
particle solidity for the shape of particles, using the following Eq.
(1):

S¼ Sp
Sc

(1)

where S, Sp and Sc represent particle solidity, particle area, the area
of the particle boundary's convex hull, respectively.

Analogous to particle solidity, the concept of “pore-throat so-
lidity” is introduced in this paper (Fig. 3), which was used to
characterize the concave and convex degrees of pores and throats
(Zeng et al., 2020):

S0 ¼ S0p
S0c

(2)

where S’, Sp’ and Sc
’ represent pore-throat solidity, pore-throat area,

the area of the pore-throat boundary's convex hull, respectively.
As evident in Fig. 3, the calculation process for “Sp’ ” and “Sc

’ ” was
obtained. “a” can be calculated as the total area of the pixel points
occupied in a pore or throat; “b” can be calculated as the total of the
pixel points occupied in the convex hull area, which covers all of
area “Sp

’ ”.
In this study, pure pores contain only the discrete grids of pores

from the perspective of morphology; the pure pore has decisive
significance for the accumulation of oil and gas, but it has no
obvious significance for the fluid flow process (Fig. 4(a)e(c)). The
pore-throat combination contains the grids of both pores and
throats (the latter being the relatively narrow part between two
pores), which has significance for the fluid flowing process
(Fig. 4(d)e(f)).

As a result of the process of particulate transport, sorting,
roundness, and accumulation, Visher (1969) distinguished the
transport mode of particles (e.g., rolling, jumping, and levitation) by
the inflection point in the cumulative particle size probability dis-
tribution curve. Similarly, based on the symbiotic relationship be-
tween pores, throats, and particles, we can select the appropriate
parameters of the pore morphology and draw the cumulative
probability curve by selecting the appropriate cutoff point to
distinguish the pore-throat combination and the pure pore.

3.2. Computing principles of pore-throat solidity

To apply innovative ideas and methods through a software
program, a corresponding mathematical theory and reasonable



Fig. 2. Composite log curves of the Chang 7 members' tight sandstone oil reservoir in the Yanchang Formation, Well A83, Ordos Basin. (Note: AC ¼ acoustics, us/ft, GR ¼ natural
gamma rays, gAPI, DEN ¼ density, g/cm3, SP ¼ spontaneous potential, mV, POR ¼ porosity, %, and PERM ¼ permeability, 10�3 mm2. The two red dotted lines indicate the interfaces of
the three parts of the Chang 7 members of the Yanchang Formation: Chang 71, Chang 72, and Chang 73. The yellow parts in the second column indicate the sandstone reservoir in
which the relative areas could reflect reservoir quality.).
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program should be introduced to conduct Legendre ellipse fitting
and the minimum Feret diameter calculation for pore-throat
solidity.

First, Jarvis March and the gift wrapping algorithm in compu-
tational geometry is introduced (Jarvis, 1973; Cormen et al., 2001).
The pore-throat solidity parameters are constructed based on the
description of pore and throat shapes. The process is as followings
(see also Fig. 3(b)): (1) select the extracted pore-throat grid set S as
the target point set; (2) start from i ¼ 0, where the first point is P0
(the leftmost point) on the convex hull; (3) select the point Piþ1 to
ensure that all points are on the right side of the online PiPiþ1; (4)
make i ¼ i þ 1 and repeat until Ph ¼ P0, reaching the convex hull
again. The entire program is similar to the process of wrapping a
string around grouped points.

Second, the theory of the Legendre inertia ellipse in geometric
analysis is introduced (Mikli et al., 2001; Pirard, 2004). Legendre
inertia ellipse fitting of pores and throats is conducted (Fig. 5), and
the centroid of elliptic pores and throats is located in the center of
the Legendre inertia ellipse. It has the same geometric moments
with the original area of the essential pore and throat. In Fig. 3, the
“a” area, the long- and short-axis lengths are both the robust
parameters.

Third, the theory of the Feret diameter for computational
physics was introduced (Walton, 1948; Faria et al., 2003). When
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pores and throats are chosen as research objects, the Feret diameter
is used to measure the distance between parallel lines of the pore
and throat boundaries along a given direction. The shortest dis-
tance is theminimum Feret diameter (i.e., thewidth of the pore and
throat), and this diameter is calculated for the identified pores and
throats. Moreover, to ensure accuracy, at least three sections of
pores and throats must be obtained, cutting from different di-
rections. The distribution of the pores and throats separately must
then be calculated so that the average of the multidirectional data
can reflect the pore and throat distribution more precisely.

When the discrete grid set is recognized as the pore-throat
combination, Legendre ellipse fitting and the minimum Feret
diameter are used. Since the Legendre elliptical axis length and the
minimum Feret diameter are both robust parameters character-
izing the width of the pore and throat (Faria et al., 2003), the
minimum width of the Legendre ellipse length and the minimum
Feret diameter can be calculated to accurately quantify throat
width (Fig. 5).

When the pore and throat grid sets are identified as pure pores,
the pore diameter can be directly calculated.

Morphologically, the main body of the pore-throat combination
still belongs to the pore, and the only difference between the pore-
throat combination and the pure pore is that the former also con-
tains at least one throat. We also took the pore diameter of the



Fig. 3. Schematic diagram of the definition of pore-throat solidity (Note: In Fig. 3(a),
“Sp

’ ” indicates the area of the pore-throat boundary, and “Sc
’ ” indicates the area of the

convex hull. Fig. 3(b) indicates the process of convex hull boundary detection. Fig. 3(c)
shows “Sp

’ ” and “Sc
’ ” as obtained in the actual case application.).

Fig. 5. The Legendre inertial ellipse and minimum Feret diameter. (Note: The Legendre
inertia ellipse, marked in red, was fitted by the black pore-throat boundary. The no-
tations “a” and “b” indicate the length of the long and short axes, respectively, of the
Legendre inertia ellipse, and Xmin is the minimum Feret diameter.)
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pore-throat combination and then incorporated the numerical
value into the statistical range of pore parameters.

Given that the transition in the connection between a pore and
throat actually acts as the pore, the connection should not be
Fig. 4. Pure pores (aec) and pore-throat combinations (def). (Note: The S’ values for (aec) ar
0.5894, respectively.)
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neglected. Therefore, we used the area equivalent radius instead of
the radius of the tangential circle to represent the size of the pore.
This is an innovation in theory, and the applicability of this method
can be verified through comparative results in the next section.
3.3. Image processing aimed at obtaining pore-throat solidity

The current problems with reservoir image processing are
mainly the following: (1) a low signal-to-noise ratio, (2) uneven
distribution of gray imagery, and (3) uneven imaging of pore and
throat boundaries. At present, researchers mainly address the
above problems by conducting fine processing of reservoir images,
such as denoising (Weickert, 1999), phase boundary enhancement
(Pratt, 2001), and region limited phase division (Sheppard et al.,
2006). For this study, the mean shift method and bilateral
filtering were added to correct the image.

Mean shift is a procedure for locating the maxima of a density
function given discrete data sampled from that function, which is
e 0.8716, 0.8258, and 0.7793, respectively; the S’ values for (def) are 0.5178, 0.5347, and
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useful for detecting shape edges (Ghassabeh and Rudzicz, 2016).
Bilateral filtering is a well-known technique for smoothing gray-
scale and color images while preserving edges and image details
by means of an appropriate nonlinear combination of the color
vectors in a neighborhood (Joseph and Periyasamy, 2018).
Furthermore, to ensure the accuracy of pore and throat extraction,
the planar scan of energy dispersive spectrometer (EDS) analysis
was used to identify the fuzzy boundary, which is difficult for the
watershed algorithm to accomplish. Themean shift made up for the
watershed algorithm's shortcomings when solving the uneven
imaging in pore and throat boundaries, ensuring the accuracy of the
pore and throat extraction. Given the cost of the planar scan of EDS
technology, the accuracy of other models was also checked against
our results.

The extraction process of a pore and throat is shown in Fig. 6.
First, watershed identification was performed on the original im-
age; the results were then compared with those of EDS to ensure
the pores, throats, and particles were distinguished for accurate
extraction. The parameters of the pores and throats could then be
statistically analyzed.

It is necessary to point out that the FE-SEM resolution was not
immutable in this study; it changed with the actual sample size.
The actual FE-SEM imaging resolution was 0.48 nm, which allows
Fig. 6. Image processing of the Chang 72 tight sandstone oil reservoir. (Note: The four steps in
and (d) parameters calculation.).
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for the full analysis of the characteristics of nano-sized pores and
throats (Zou et al., 2011; Zhu et al., 2016).

Eight samples (sample size: 5 mm � 5 mm, resolution 1 mm)
from the Chang 72 tight sandstone oil reservoir were used in this
study. The high resolution image processing of all samples was first
performed, and then the pore-throat solidity of all samples was
obtained by Legendre ellipse fitting. The frequency distribution of
pore-throat solidity is shown in Fig. 7, and the cumulative proba-
bility statistics of all data points were conducted, as evidenced in
Fig. 8.
3.4. The concept and identification principle of cutoff point

The cutoff point selection is mainly based on two considerations
as presented in Fig. 7. First, the absolute value of the change rate in
pore-throat solidity changed (from positive to negative) the
demarcation point (i.e., a qualitative change). This coincides with
the difference between the pore-throat combination and the pure
pore. Pure pore and pore-throat combination are established based
on the differences of the geometric parameters. Second, the cu-
mulative probability curve experienced the largest change at the
demarcation point, and the increase rate of the cumulative proba-
bility has undergone a substantial shift from this point onward.
clude (a) source image acquisition, (b) threshold calculation, (c) pore-throat extraction,



Fig. 7. Frequency distribution for the pore-throat solidity of the Chang 72 tight sand-
stone oil reservoir in the Yanchang Formation, Ordos Basin. (Note: The horizontal axis
indicates the pore-throat solidity value, and the vertical axis indicates the frequency of
all pore-throat solidity values. The red columns indicate the frequency of individual
pores and throats; the value of the highest column is 0.6669. The two black arrows
could indicate the frequency trend.)

Fig. 8. Cumulative probability distribution curves for the pore-throat solidity of the
Chang 72 tight sandstone oil reservoir in the Yanchang Formation, Ordos Basin. (Note:
The horizontal axis indicates the pore-throat solidity value, and the vertical axis in-
dicates the cumulative probability of all pore-throat solidity values. The red curve
indicates the trend of the cumulative distribution of pore-throat solidity. The black
point could be identified as the cutoff between the pore-throat combination and the
pure pore.)
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To further ensure the repeatability and accuracy of the choice of
the cutoff point, we selected 10 reservoir samples with various
physical properties (i.e., porosity and permeability) from many
regions of China, including reservoirs with moderate to high
permeability. The new model proposed in this study was used to
calculate the pore-throat solidity, and the probability distribution
histogram of pore-throat solidity was drawn to determine the
cutoff point values.

Therefore, if wewant to segment and characterize the pores and
throats of an unknown reservoir sample, we must redraw the
probability distribution histogram of the pore-throat solidity and
recalculate the cutoff point value.

It is necessary to note that in the calculation process, some
values of pore-throat solidity could be as much as 1, but we could
not use that. It is because the individual whose pore-throat solidity
value equals to 1 is only a single pixel, which cannot indicate a
complete pore or throat. Thus, the physical meaning of a pore-
1480
throat solidity of 1 should be illustrated. The high resolution FE-
SEM observations (Fig. 6) show that the actual pure pores are not
strictly convex shells (i.e., the pore-throat solidity should be slightly
less than or close to 1). Through in-depth observation, we found
that the pore and throat bodies with a pore-throat solidity of 1 are
the accumulations of 1e3 pixels, which are not the effective pores
and throats. Thus, when it came to the actual calculations, these
individuals should be removed. Therefore, a pore-throat solidity of
0.6669e0.9559 is defined as a pure pore.

3.5. Other theoretical and technical details

In the image analysis method for pore-throat structures, the in-
dividual pores and throats with a diameter less than 3 times that of
the pixel diameter were removed. It should be noted that the pre-
treatment of pore and throat images determined the necessity of
this process. Furthermore, the pretreatment results showed that
individual pores and throatswith a diameter less than 3 times that of
the pixel diameter were fitted to the invalid pores and throats (i.e.,
those with a pore-throat solidity of 1). Therefore, similar processing
was performed in this study to ensure the accuracy of the results.

There are many ways to mitigate this deviation to a large extent,
such that it does not hinder the logical pore-throat recognition and
identification in 2D space. In the practical application of the new
model, we tried to reduce this deviation in three ways: (1) cutting
multiple slices from different angles and performing high resolu-
tion FE-SEM imaging; (2) cutting multiple slices along different
positions of the same angle and performing high resolution FE-SEM
imaging; and (3) imaging the same slice in different areas and
obtaining multiple images. The new model was then applied to
identify and segment all these images. Finally, the average value
was taken as the final analytical result of a sample. Practical tests
show that the deviations caused by the misjudgment of an isolated
pore were greatly reduced when following this method.

4. Results

Fig. 4 shows the example of pore network extraction (PNE) after
high resolution field emission (FE)-SEM images were taken. It also
shows that the pore-throat combination belongs to the generalized
concave irregular polygon and that the pore-throat solidity of the
pure pore should be generally larger than that of the pore-throat
combination. The differences are significant. The smaller the
pore-throat solidity, the larger the concavity and the closer it is to
the characteristics of the pore-throat combination as opposed to
those of the pure pore. Thus, the determination of the cutoff point
of the pore-throat solidity value becomes the key to distinguish the
pore-throat combination from the pure pore.

We chose to apply our newmodel and method at Chang 72 tight
sandstone oil reservoir of the Yanchang Formation, Ordos Basin.
Thin sections represented in Fig. 9 show that the dissolved pores
and residual inter-grains pores dominate, as do the contractile-neck
throats and lamellar curved throats. Limited development of pores
and throats leads to low porosity and permeability, and the dif-
ference in pore and throat shape is significant, which is helpful to
find the automatic identification method.

In general, the cumulative probability distribution curve in Fig. 8
can be divided into two segments: 0.3024e0.6669 and
0.6669e0.9559. Based on the causal link between the particles and
the pores and throats, when compared with grain size probability
curves, the first obvious inflection point of pore-throat solidity,
0.6669, was defined as the cutoff point between the pore-throat
combination and the pure pore. The ranges 0.3024e0.6669 and
0.6669e0.9559 indicate the pore-throat combination and the pure
pore, respectively.



Fig. 9. Thin section observations of the tight sandstone oil reservoir of the Chang 72 member of the Yanchang Formation, Ordos Basin. (Note: The blue indicate the pore system; the
black characters and red arrows indicate the pore types and locations; the red lines indicate the image scale. Four images (a, b, c, d) indicate four samples from four wells,
respectively.).
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Fig. 10 shows that the cutoff point values have a broad range,
which is roughly concentrated between 0.5425 and 0.8060, with an
average value of 0.6467. This proves very well that the cutoff point
values are not fixed or relatively centralized. This also proves that
for reservoir samples of different areas, lithologies, or physical
properties, the cutoff point must be different, not all equal to
0.6669, even for different formations in the same area.

By correlating the cutoff point values of 10 samples with the
porosity and permeability of each sample (Fig. 11), the cutoff point
values demonstrate no obvious relationship in terms of porosity
and permeability. Thus, once again, the cutoff point values of pore-
throat solidity (i.e., the key point to segments in pore-throat com-
binations and pure pores) should be determined according to the
pore-throat development of specific samples.

The new model was used to calculate the Chang 72 tight sand-
stone oil reservoir samples. The results of the pore-throat identi-
fication are shown in Fig. 12.

The statistical results are shown in Fig. 12. The peak pore radius
of the Chang 72 tight sandstone oil reservoir is 4.89e11.25 mm, and
the peak throat radius is 2.03e9.78 mm. We also found that the
results will change with the scale and resolution and that
comprehensive analysis is still needed.

Values greater than the cutoff point indicate a critical change in
pore geometry. It should be noted that the choice of this step and
the application effect formed a feedback system of mutual
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checking, and the actual operation of the trial ultimately deter-
mined the best cutoff point. In other words, if we choose the wrong
cutoff point value, the calculation results of the new model would
be very different from those of the previous model. Thus, we can
return to the cutoff point value step and re-select the cutoff point
value until we find the best one which enables us to achieve the
highest identification accuracy of pure pore and pore-throat
combination.

This method of identification has some obvious applications in
tight sandstone oil reservoir exploration and development. This
method could provide a more accurate understanding of pore-
throat identification, Primary work suggests that pores determine
reservoir performance and throats determine fluid flow perfor-
mance (Luo et al., 2022). However, pore-throat identification
should serve for the study of fluid filling, exploitation, and reservoir
characteristics. Fluid flow is a natural phenomenon and fluids do
not flow separately in pores and throats. Therefore, the mechanical
separation of all pores and throats is questionable. Furthermore,
pores could also play an important role in the fluid flow process.
Parts of the throats will also affect the fluid reservoir to a certain
extent. Therefore, it is more accurate to identify the pore-throat
combinations (not the pure pores) and to calculate the pores and
throats on the basis of those combinations (Liu et al., 2021; Xie
et al., 2022).



Fig. 10. The pore-throat solidity distribution histogram of multiphysical reservoir
samples from different areas of China. (Note: For each plot, the horizontal coordinate of
the graph indicates the pore-throat solidity value (dimensionless), and the vertical
coordinate of the graph indicates the frequency, %. The red line indicated by the red
arrow in the plot corresponds to the cutoff point value determined by this method. The
upper left corner of the plot is the corresponding FE-SEM image of the reservoir
sample, and the upper right corner is the porosity and then the permeability value of
the reservoir sample.).

Fig. 11. The relationship between the cutoff point value for the pore-throat solidity
value and physical parameters of multiphysical reservoir samples from different areas
of China. (Note: Samples A, B and C are low-permeability or tight sandstones from
different regions and depths in Songliao Basin, sample D is low-permeability sand-
stone from Tarim Basin, sample E, F, G and I are low-permeability or tight sandstones
from different regions and depths of the Ordos Basin, and sample H is Bailey sandstone.
The horizontal axis of the graph indicates the porosity of the samples, the vertical axis
indicates their permeability, and the color-coded numerical values indicate their cutoff
point values.)
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5. Discussions

5.1. Applicability of pore-throat identification in 2D space

The purpose of pore-throat identification and statistical char-
acterization is to clarify the influence of pores and throats on res-
ervoirs and the fluid flow in reservoirs. In 2D space, pores are
structures surrounded by skeleton particles (include quartz, po-
tassium feldspar, plagioclase and so on), playing an important role
in fluid storage, the relatively narrow parts connecting the pores
are the throats. This definition has been widely used and remains
the most classical definition of pores and throats (Luo, 1986; Van
Eyndhoven et al., 2015; Liu et al., 2015; Putanowicz, 2015; Xiong
et al., 2016). We have thus adapted this definition for this study.

Throughmicroscopic observation and simplifiedmodel analysis,
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scholars divided the throats of a clastic rock reservoir into five
types: pore-shrinking throats, neck-shrinking throats, sheet
throats, curved sheet throats, and tubular bundle throats (Liu et a,
2021; Yin et al., 2021a, 2021b; Xie et al., 2022). Thus, both pores
and throats were originally defined in 2D space, and petroleum
geologists can use thin sections to study reservoir space develop-
ment, distinguishing pores and throats through the images of thin
sections. Through manual measurement or image processing,
rough values of pore and throat size can be obtained.

It should also be noted that these methods are used to segment
pore throats in 2D space. Therefore, no problem occurs in pore-
throat recognition and identification in 2D space. It should be
further noted that some isolated pores we identified on the images
in 2D space may be the cross section of throats in three-
dimensional (3D) space. It is undeniable that any technology will
have deviations, even in 3D space; the key problem should be how
to minimize the deviation caused by this probability.

If we accept the recognized definition of a pore or a throat, and if
individuals are defined as pores in 3D space, they will also be
defined as pores, not throats, in 2D space. The reason is simple:
throats are dependent on pores; thus, every throat must have at
least two pores. Nomatter which directionwe cut from, pores in 3D
space will always be pores in 2D space. Hence, throats that appear
in images of 2D space cannot be the cross section of pores in 3D
space.

Granted, the introduction of digital core technology has stimu-
lated a shift from 2D to 3D space, leading to numerous innovative
findings. However, it does not mean that pores and throats cannot
be identified and segmented in 2D space. The classification of pores
and throats and the first discovery of nanopores in unconventional
reservoirs have both depended largely on microscopic observations
in 2D space. Therefore, as digital core technology cannot funda-
mentally solve two major problems (i.e., high cost and resolution-
representativeness conflict), reservoir information on a 2D plane
still has great potential for further exploration. The accuracy and
practicability of reservoir space characterization also require



Fig. 12. Pore-throat identification results of the Chang 72 tight sandstone oil reservoir in the Yanchang Formation, Ordos Basin. (Note: The red columns indicate the frequency
distribution of the pore diameter and throat width. The black lines indicate the cumulative frequency.)
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improvements in 2D technology. For unconventional oil and gas
reservoirs, it is essential to study the accurate identification and
identification model of pores and throats in 2D space.

In addition, the imaging pixels determine the resolution of the
image. Higher resolution could help to provide more detailed in-
formation and make pores and throats more clearly visible. On the
contrary, low resolution images may not accurately display small or
densely arranged pores and throats. Given the excellent perfor-
mance of FE-SEM in two-dimensional space, the best recognition
scale for the pores and throats we identified in this study could
reach nearly 50 nm, fully meeting the research needs of dis-
tinguishing pores and throats in tight sandstone.
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5.2. Accuracy evaluation

This study introduces a new model for the identification and
statistical analysis of pores and throats in a tight sandstone oil
reservoir. The new model applied high resolution FE-SEM, high
precision image processing, morphology analysis. Therefore, a
comparative analysis of the results from this study and previous
research was performed to clarify the nature of the difference and
to illustrate the scope of the new method (Tables 1 and 2).

In the existing testing technology, pore-throat identificationwas
primarily conducted using constant-rate mercury injections and
micro- or nano-CT. Pore testing technologies have also included
nuclear magnetic resonance (NMR) and HPMI. Tables 1 and 2 show
the determination data from previous studies of pore and throat



Table 1
Comparison of past and present data on pore radius in the Chang 7 members of the Yanchang Formation.

Literature Porosity scale, % Permeability scale, 10�3 mm2 Pore radius scale, mm Average peak radius of pore, mm Method

Han et al. (2015) 5e15 0.01e0.5 2e10 5 Micro-CT
Feng et al. (2013) 2.5e12.5 0.009e0.2 0.1e10 8 NMR
Lei et al. (2017) 1.62e10.97 0.001e0.298 1e10 8 NMR
Zhang et al. (2017) 2.5e12 0.031e0.430 0e0.5 0.25 Thin sections
Li, 2016 5e10 0.005e0.25 2e10 5 Micro-CT
Zhong, 2017 5.5e10.3 0.007e0.383 1e100 6.5 HPMI
Zhang et al., 2016 7.6e11.4 0.01e0.38 5e40 17.5 CT
Fan, 2016 4.1e14 0.009e0.302 100e250 170 Constant-rate mercury injection
This study 3.95e12.4 0.006e0.460 3.3e8 7.64 Our method

Table 2
Comparison of past and present data on throat radius in the Chang 7 members of the Yanchang Formation.

Literature Porosity scale, % Permeability radius scale, 10�3 mm2 Throat radius scale, mm Method

Former studies 1.62e15 0.001e0.5 0.08e4 Constant-rate mercury injection, CT
This study 3.95e12.4 0.006e0.460 2e9.78 Our method
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radius, respectively.
In Table 1, the results of the physical parameters and pore radius

of the tight oil reservoir are listed separately; the methods are also
presented.

It should be noted that differences based on different principles
are still significant, as evident in Table 1, and the internal mecha-
nism of the differences cannot be ignored. The test results via
constant-rate mercury injection (Fan, 2016) differ from those in
other studies. The main reason is the difference in the principle of
pore sizemeasurement and the calculationmode. Nevertheless, the
mechanism should also be clarified.

The advantages of the new model proposed in this study are
reflected in two aspects: (1) compared with the existing models,
the newmodel takes the pure pore and pore-throat combination as
the basic unit of pore and throat identification, which is more fit to
the real geometric characteristics of reservoir spaces; (2) compared
with the existing models, the new model considers the physical
properties of pore and throat as fluid storage and seepage space
completely, the identification of pores and throats can be carried
out in a wider scale, which is more conducive to explore and un-
derstand the flow behavior of fluid in tight rocks.

Taking the technology of constant-ratemercury injection and CT
as an example, the former mainly identifies pores and throats
through the pressure fluctuations during mercury injection (He
et al., 2011; Yu et al., 2015). When the mercury displacing front
passes through a plurality of pores and throats within a short
period of time, it inevitably ignores some information (i.e., large
pores and small throats). It thus neglects some smaller pressure
changes in pores and throats at intermediate intervals because of
the sensitivity of the pressure fluctuation amplitude. Consequently,
the majority of test results on large pores and small throats are
mainly highlighted, and the degree of characterization for the
middle range of pores and throats is still worthy of further analysis.

Unlike that of the former method, the analytical principle of CT
is mainly based on the difference in diffraction intensity between
pore and throat spaces and the mineral matrix. Through the
threshold identification algorithm, pores and throats are statisti-
cally calculated. In this method, the differences in the pores and
throats are thus mainly located in the threshold partition algo-
rithm, identification algorithm, sample size and sample resolution,
and its calculation principle is totally different from the constant-
pressure mercury test. It also differs from NMR, but the principle
and method in this paper fits with CT to a certain degree, so the
accuracy is relatively high (Zhang and Zhang, 2021).
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As with the analysis of pore radius in Table 1, Table 2 shows the
physical parameters and throat radius of the Chang 72 tight sand-
stone compared with other studies. We found that our measure-
ment of physical parameters coincides with that of past research
and that the throat analysis results partially overlap with those of
past research.

The main reason for the differences in Table 2 is that the
calculation principle, sample size, and sample resolution used in
this experiment and its theoretical calculations significantly differ
from the methods in previous research. Therefore, to prove the
applicability of our method and to determine the reasonable use of
this method, supplementary experiments were conducted for
further verification.

To show that the new model in this paper can fully meet the
needs of nanopore and throat characterization in tight sandstone
oil reservoirs, we matched the FE-SEM resolution of previous
studies (up to 0.48 nm). We also selected two groups of samples
with the same sample size (0.5 mm � 0.5 mm) as that of previous
studies to conduct the pore-throat identification and statistical
analysis in a tight sandstone oil reservoir. These conditions helped
to further verify the accuracy of our method (The resolution for
Fig. 13 was 3.5 nm/pixel.).

Fig. 13 shows that when we adjusted the sample size and res-
olution parameters to the values of previous studies, the throat
radius of the Chang 72 tight sandstone oil reservoir is mainly
80e2000 nm; the average value is 506.3 nm, which has a higher
degree of agreement with the conclusions of previous studies in
Table 2. Therefore, the peak throat radius of the Chang 72 tight
sandstone oil reservoir is between 0.08 mm and 9.78 mm, and the
multiscale consideration should be further studied. To some extent,
our method also reveals that researchers should pay attention to
the problem of multiscale fusion in reservoirs as a practical appli-
cation. The new model proposed in this paper should be applied to
different scales to obtain more reasonable results.

Finally, we used synchronous samples to continue the sup-
porting experiments. In CT scanning and SEM imaging of the Chang
72 tight sandstone samples, the resolution of the images was
consistent. Fig. 14 demonstrates the maximum ball method for SEM
imaging used to conduct pore-throat identification statistics, thus
verifying the applicability and accuracy of our method.

It should be also pointed out that the sampling layers of the
samples involved in Tables 1 and 2 are almost all included in this
study, so the results obtained are the distribution range of pores
and throats. It is therefore reasonable to compare the data range of



Fig. 13. Throat identification results for the Chang 72 tight sandstone oil reservoir samples with high resolution (0.48 nm) at a relatively large scale. (Note: The red columns indicate
the frequency distribution of the pore diameter and throat width. The black lines indicate the cumulative frequency.)

Fig. 14. Comparison of pore-throat identification results for the Chang 72 tight sand-
stone oil reservoir samples under the same sample size and resolution conditions.
(Note: The red and green lines indicate the pore and throat radius distributions,
respectively. The thick and thin lines indicate the results based on this study's new
model and the MB model (CT), respectively.).
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pores and throats obtained in this study with them.
We compared analytical results based on CT scanning and the

SEM imaging for our model. The experimental results show the
overall distribution of pores and throats, and the trend is relatively
consistent, precisely reflecting the relative advantage of our new
model when finely characterizing small-scaled and large-scaled
pore and throat areas. However, as mentioned before, it should
be noted that due to the differences in the principle of detection
and data analysis, the results for the same reservoir are necessarily
different. This also reveals that a variety of test results should be
combined in practical applications.

Therefore, only the combination of scale upgrading (upscaling),
scale degradation (downscaling) and the complete pore curve
construction of the reservoir can fully determine the oil and gas
accumulation in a reservoir.
6. Conclusions

The accuracy and practicability of reservoir space characteriza-
tion depends on improvements in 2D reservoir resolution, the
introduction of new characterization parameters, and innovative
ideas in reservoir space morphology.
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(1) Analogous to the concept particle solidity (used to charac-
terize the geometry of rock particles), we presented a new
concept of pore-throat solidity. The cumulative probability of
this new parameter can be used to identify two types of in-
dividuals in images of a reservoir: the pore-throat combi-
nation and the pure pore, thus obtaining the distribution of
pores and throats separately.

(2) The advantages of the new model proposed in this study are
reflected in two aspects: (a) compared with the existing
models, the new model takes the pure pore and pore-throat
combination as the basic unit of pore and throat identifica-
tion, which is more fit to the real geometric characteristics of
reservoir spaces; (b) compared with the existing models, the
new model considers the physical properties of pore and
throat as fluid storage and seepage space completely, the
identification of pores and throats can be carried out in a
wider scale, which is more conducive to explore and un-
derstand the flow behavior of fluid in tight rocks.

(3) This new model pays greater attention to the physical
meaning of pores, throats, and the characterization of pore-
throat identification. The new model also makes pore-
throat identification results more applicable in petroleum
research; additionally, it provides a theoretical basis and
practical calculation method for the fast and accurate eval-
uation of tight sandstone reservoirs.
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