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Introduction: Pore space in tight sandstone formation is very complex with
micro-scale and nano-scale pores/throats, the multi-scale characteristics needs
to be considered for the construction of microscopic pore model accurately.

Methods: In this paper, micro-CT is used to obtain the representative 3D
micro-scale gray image, and nano-CT is used to obtain the representative 3D
nano-scale gray image based on the representative nano subsample. Then, the
multi-threshold image segmentation algorithm is introduced to segment the
micro-scale and nano-scale gray image respectively. Three distinct phases are
identified in microscale images: (1) micro pore/throat phase, (2) micro-particle
phase, and (3) a transitional matrix phase exhibiting intermediate grayscale
values. This matrix phase represents unresolved nano-porosity and nano-
particles beyond micro-CT resolution limits. Conversely, nanoscale images
reveals two discrete phases: well-defined nanopore/throat phase and nano-
particle phase. The micro-pore/throat and nano-pore/throat digital rocks are
constructed respectively, and the corresponding pore network model in tight
sandstone are extracted, the porosity and pore/throat size distribution at micro
scale and nano scale is calculated respectively.

Results and discussion: Moreover, the nano pore/throat characteristics in nano-
pore/throat digital rock is upscaled into the matrix phase of micro-pore/throat
digital rock, which could calculate the total porosity and multiscale pore/throat
size distribution in tight sandstone formation accurately. The digital rock analysis
results are verified correctly with the comparison of the lab test results, which
provides a fundamental platform for multiscale pore/throat characterization and
formation evaluation in tight sandstone formation with important academic and
application value.

tight sandstone, micro-nano pore/throat, 3D digital rock, multiscale characteristic,
multi-threshold image segmentation
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1 Introduction

There is huge oil and gas resources in tight sandstone, however,
the tight formation space is very complex with micro-scale and
nano-scale pores/throats. It is important to characterize the tight
sandstone microstructure in detail (Luo et al., 2013; Lin et al., 2022;
Yuan et al., 2021; Wang X. et al., 2018).

At present, many methods are proposed to characterize the
microscopic pore/throat of tight reservoir including indirect and
direct methods, while the indirect method includes mercury
injection and gas adsorption method, and direct method includes
cast thin slice, scanning electron microscope (SEM), focused
ion beam scanning electron microscope (FIB-SEM) and X-ray
computed tomography (CT) scanning method (Lamme et al., 2004;
Tomutsa et al., 2003; Lowell et al., 2005).

In indirect method, mercury injection method can quickly
measure the rock porosity and pore size, etc., but it only applies
to interconnected pores; the gas adsorption method can determine
the specific surface area and pore size distribution, but it cannot
measure the isolated micropores and the measurement error is
large for the rock with small specific surface area. In the direct
method, the cast thin sections and SEM can observe the 2D
pore/throat morphology at different scales, but cannot reflect the 3D
distribution characteristics. FIB-SEM uses ion beam to continuously
denudate rocks at nano scale to obtain a series of 2D images, and
combines them into 3D images to obtain the 3D images with tiny
denudation area. X-ray CT scanning could emit X-ray to penetrate
the rock samples and reconstruct the 3D images, which could
be used to describe pore/throat characteristics. While Micro-CT
and nano-CT scanning are often used in tight formation with
different resolution, and the 3D images at micro and nano scale can
be obtained respectively to characterize pore/throat characteristics
and visualize the positions of pore/throats accurately (Yao et al.,
2005; Yao and Zhao, 2010; Wang et al., 2013a; Wang et al., 2012;
Yang et al., 2018; Cai et al., 2021).

While the pore/throat structure of tight sandstone are
characterized by single scale CT scanning images, the multi-
scale characteristics cannot be fully expressed (Luo et al., 2013;
Bai et al., 2013). In order to describe the multi-scale pore/throat
characteristics, many scholars have studied the multi-scale modeling
methods, which are mainly divided into two categories. One is
image superposition method (Wu et al., 2019; Karsanina et al., 2018;
Yao et al., 2015), which is mainly based on the direct superposition
of 3D images at different scales and resolutions, and the image
based superposition method can be used to build multi-scale digital
rock. The other is the model integration method (Cai et al., 2022;
de Vries etal., 2017a; Jiang et al., 2013; Wang et al., 2013b; Yang et al.,
2021), which mainly integrates pore network models at different
scales through stochastic modeling, and the integration method
based on pore network models can be used to model multi-scale
pore network models.

In 2013, Jiang etal. generated an equivalent pore network
model of arbitrary volume through random modeling based on
high-resolution images, and generated a network model describing
both large and small pores by adding links between networks of
different scales (Jiang et al., 2013). In 2013, Yao et al. reconstructed
macro pore digital rock by simulated annealing method based on
2D low-resolution SEM images, reconstructed micro pore digital
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rock by Markov Chain Monte Carlo method based on 2D high-
resolution SEM images, and then obtained multi-scale digital
rock with both macro pores and micro pores by hybrid image
superposition (Yao et al., 2013). In 2017, de Vries et al. constructed
a multi-scale pore network, which assumed that the micro aggregate
domains containing a large number of randomly generated micro
pores were assigned into the macropore domain, and analyzed
the influence of aggregate parameters (porosity and permeability)
on the dual pore network (de Vries E.T. et al, 2017). In 2018,
Tahmasebi and Kamrava proposed an innovative framework for
multiscale pore network modeling by synergistically integrating
macro- and microstructural data, the methodology combined
low-resolution CT-derived 3D volumetric data for macropore
network generation with high-resolution 2D SEM images to
stochastically reconstruct spatially correlated 3D microporosity
domains (Tahmasebi and Kamrava, 2018). Totally speaking, the
multi-scale model obtained by the superposition method has limited
voxel size and the computational storage requirement is too large;
the multi-scale model obtained by the integration method simplifies
the pore/throat structure and does not fully describe the spatial
location information of small-scale pore/throat (Wang Y. et al., 2018;
Bultreys et al., 2015; Zhao et al., 2021).

In this paper, due to the limitations of the current multi-scale
model method, the multi-threshold image segmentation algorithm
is introduced to segment the micro-scale and nano-scale gray
image respectively, and the weighted pore/throat information at
different scales in tight sandstone is carried out, which effectively
keeps the spatial location of nano pore/throat in matrix phase, and
accurately calculates the total porosity and multi-scale pore/throat
size distribution in tight sandstone formation, which provides a
new platform for the characterization of multi-scale pore/throat and
reservoir evaluation in tight sandstones.

2 Methodology
2.1 Micro and nano CT scanning

The tight sandstone samples in this paper were taken from the
tight sandstone reservoirs of the Honghe Oilfield in the Ordos Basin.
The lithology of the reservoir is mainly composed of interlayers
of fine sandstone, siltstone and mudstone with poor physical
properties. The average porosity of the reservoir is only 8.2%
and the average permeability is 0.21 mD, which is a typical tight
sandstone reservoir. The pore types are complex due to multi-stage
karstification, the reservoir develops micro-scale pores and nano-
scale pores, among which micro-scale pores are mainly composed of
primary residual intergranular pores and intramateritic dissolution
pores of feldspar debris. The nano-scale pores are mainly composed
of authigenic kaolinite, authigenic illite, and inter-crystalline pores
in the illite/montmorillonite mixed layer (Guo et al., 2019).

In this paper, X-ray CT scanning method is used to obtain the
representative 3D gray images of tight sandstone at micro scale
and nano scale. During the scanning process, X-ray penetrates the
sample and magnifies the image based on the objective lens of
different multiples. The sample is rotated 360° to obtain the X-ray
attenuation image and then reconstruct the 3D gray image. The CT
scanning image reflects the energy attenuation information of X-ray
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a. Micro-scale image

FIGURE 1

b. Nano-scale image

3D gray image with micro and nano CT scanning. (a) Micro-scale image (b). Nano-scale image.

in the process of penetrating the object. Therefore, the 3D gray image
obtained by CT scanning can reflect the actual pore structure and the
relative density inside the sample.

As can be seen in Figure 1, based on the tight sandstone sample,
a diameter of 2mm sub-sample was drilled and scanned by Zeiss
MCT-400 micro-CT equipment to obtain representative micro-scale
3D gray image. Then, a diameter of 65um subsample was obtained
and scanned by Zeiss Ultra L-200 nm CT equipment to obtain
representative 3D nano-scale 3D gray scale image.

The resolution of micron-scale 3D gray image is lum, the
voxel size is 600 x 600 x 500, and the physical size is 600 um x
600 pm x 500 um, which mainly represents the micron-scale pore
characteristics of tight sandstone reservoir; the resolution of nano-
scale 3D gray image is 65nm, the voxel size is 650 x 650 x 700, and
the physical size is 42 um x 42 pm x 45 pum, which mainly represents
the nano-scale pore characteristics of tight sandstone reservoir.

2.2 Multi-threshold segmentation
algorithm

Based on the 3D micro-scale and nano-scale gray image, multi-
threshold image segmentation is carried out by the improved
maximum inter-class variance method. The maximum inter-class
variance method is used for single threshold segmentation, and its
principle is to set a threshold value with the maximum of variance
between the two separated classes (Otsu, 1975; Wang and Duan,
2008). Here it is improved for multi-threshold segmentation. In the
image X, set the total image voxel number to N, the gray level to L,
and the voxel number with gray level i to N;, then the probability of
each gray level is as follows (Equation 1):

P i= Nt (1)

If there are m classes, then m-1 thresholds [¢, ..., ty, ceotm]
are used to classify the image into m classes. These classes are
represented as Cy = [0, 1, ..., 1], ..., C,, = [t,+1, £, 42, ..., t,q]s o0y
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Cp1 = [t +1, t,,+2, ..., L-1], the inter-class variance is

defined as (Equation 2):

‘7% = ‘Uo(.”o _.”T)Z +otw,(y, _.”T)2 Tt wm—l(l"m—1 _HT)Z (2

The probability of all classes [Cy, ..., C,, ..., C,,.1] (Equation 3):

{o.= 2 P 3)
i=t,+1
L-1
Wiy = Pi
. i=t,, +1

The average gray level of all classes (Equation 4):

to.
.P.
Zi:OI !

Ho @,

t, .
z b Pi
i=f,+1

14n=—— @)

L-1 .
S
i=t, +1

”_:
m—1 )

m—1

The total average gray level of the image (Equation 5):
I-1
r= Y i-P; ©)
i=0
Select the set of thresholds [t, , ..., t, , ..., £,,, ] to meet the
optimal threshold, with which the a% can reach its maximum value.

As shown in Figure 2a, according to the gray threshold ¢, and
t,, the gray level of the micro-scale gray image is divided into
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I Micro pore/throat phase .
Micro particle phase I Nano pore/throat phase

B Matrix I ~ano particle phase
a. Three phase segmentation of micro gray image b. Two phase segmetation of nano gray image

FIGURE 2
Multi-threshold segmentation with micro/nano scale gray image (a). Three phase segmentation of micro gray image (B). Two phase segmetation of
nano gray image.

three groups C, (micro pore/throat phase), C, (matrix phase) 3 Results and discussion
and C, (micro particle phase) that is, C;=[0,1,...,t;], C, =

[+ 1Lt +2,...,5], C,=[t, + 1,1, +2,...,L — 1], select the optimal Based on the research platform of multi-scale digital rock
threshold value t,*, ,*to let 03 the maximum value and construct ~ in tight sandstone formation, the porosity and pore/throat
micro scale digital rock. radius distributions at the micro and nano scale were calculated

As shown in Figure 2b, according to the gray threshold t, the ~ respectively, the total porosity and multi-scale pore/throat
gray level of the nano-scale gray image is divided into two types: C,  distribution can be accurately calculated through the weighting
(nano pore/throat phase) and C, (nano particle phase), that is, C, =  of multi-scale digital rock.

[0,1,...,t] and C; = [t+1,£+2,...,L — 1]. The optimal threshold t

is selected to achieve the maximum value of a% and construct the .
nano scale digital rock. 3.1 Porosity

Based on micro and nano scale digital rock, the micro pore and
nano pore porosity can be obtained respectively. On this basis, the

2.3 Multi-scale digital rock construction pore/throat ratio of the nano scale digital rock is fused into the
' matrix phase of micro scale digital rock, and the total porosity of

. . . the tight sandstone formation is obtained by weighting calculation
Based on the 3D gray images of actual tight sandstone at micron & R Yy weighting
. ) . . as follows (Equations 6-8):
scale and nano scale, according to the improved maximum inter-

class variance method, the micro scale image of tight sandstone can - Vinsicropore  Vaanopore

be segmented into three phases (m = 3, L = 256, N = 600 x 600 Protal = Viotal (6)

x 500): micro pore/throat phase, micro particle phase and matrix

phase (Figure 3a); the nano scale image of tight sandstone can be Voanopore = Vmatrix®Pnano (7)

segmented into two phases (m = 2, L = 256, N = 650 x 650 X

700): nano pore/throat phase and nano particle phase (Figure 3b). ¢, =¢ Vimatrix ¢ (8)
. L. . total micro \% nano

Then, the micro scale digital rock and nano scale digital rock were total

constructed respectively, and a multi-scale digital rock platform  here, @011 Tepresents the total porosity of tight sandstone; @,

based on multi-threshold segmentation algorithm was established. represents the porosity of micro scale digital rock; @,,,, represents

Among them, the gray value of the matrix phase is between  the porosity of nano scale digital rock; Vinicropore T€presents the

the micro pore/throat phase and micro particle phase, which is  volume of micron pore/throat phase in micro digital rock, m?;
used to characterize the nano pore/throat and particle region that v
cannot be identified under the resolution of micro-CT scanning.  m?; Vsanopore Tepresents the volume of nano pore/throat phase in
The nano pore/throat and nano particle are included in the matrix  nano scale digital rock, m>; V.ot T€Presents the total volume of
phase region, and it needs to be characterized by nano CT with  tight sandstone sample, which is also the total volume of micro scale

high resolution, so the sub-sample of nano-CT scanning is precisely  digital rock, m>.

represents the volume of matrix phase in micro digital rock,

located in the matrix phase region of the micro-CT scanning sample As shown in Table 1, based on the micro scale and nano scale
(Yao et al., 2005; Yang et al., 2016). digital rock in tight sandstone formation, the porosity of micro scale
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https://doi.org/10.3389/feart.2025.1576484
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Rongrong et al.

10.3389/feart.2025.1576484

500um

Micro particle phase
B Matrix
600pm 600pm

200um

—

a. Micro scale digital rock

FIGURE 3

B Micro pore/throat phase

Construction of multi-scale digital rock with multi-threshold segmentation. (a). Micro scale digital rock (b). Nano scale digital rock.

45um

I Nano pore/throat phase

42pm 42um B Nano particle phase

ey
b. Nano scale digital rock

TABLE 1 Physical parameters based on multiscale digital rock analysis.

Microscale digital rock

Nanoscale digital rock

Multiscale digital rock

Voxel size 600 x 600 x 500 650 x 650 x 700 600 x 600 x 500
Resolution(pm) 1 0.065 1
Physical size(pm3) 600 x 600 x 500 42 x 42 x 45 600 x 600 x 500
Particle ratio 0.769 0.693 0.906
Matrix ratio 0.198 — —
Porosity ratio 0.033 0.307 0.094
digital rock is 3.3%, and the porosity of nano scale digital rock is  pore/throat in micro scale digital rock; F(r),,5pore represents the

30.7%. The total porosity of tight sandstone formation obtained by
weighting the above formula is 9.4%, which is basically consistent
with the gas lab test porosity of 8.9%.

3.2 Pore/throat radius distribution

Based on micro scale and nano scale digital rocks, the
corresponding pore network models were extracted respectively to
obtain pore/throat radius distribution characteristics at micro and
nano scale (Dong et al., 2007; @ren and Bakke, 2003; Blunt, 2001).

On this basis, the pore/throat distribution characteristics of
nano digital rock is fused into the matrix phase of micro scale
digital rock, and the multi-scale pore/throat radius distribution
characteristics of tight sandstone formation are obtained by
weighting calculation. The formula is shown as follows (Equation 9):

V,

micropore

+V

mmopore

V,

nanupore

+V,

mmopare

Frtutal = Vv

micropore

Fr,

micropore

Fr,

nanupore

+
V,

micropore

)

Where, F(r),,, represents the pore size distribution of tight

sandstone; F(r),;cropore Tepresents the radius distribution of micro
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radius distribution of nano pore/throat in nano scale digital rock.

Based on the micro scale and nano scale digital rock of tight
sandstone formation, the corresponding micro pore network model
(Figure 4a) and nano pore network model (Figure 4b) are extracted
respectively, the micro and nanopore/throat radius distribution are
obtained with pore network analysis.

As shown in Figure 5a, the micro pore/throat radius distribution
curve mainly shows the distribution characteristics of micro
pore/throat in tight sandstone, and the peak value of micro
pore/throat radius is 3.24 pm. As shown in Figure 5b, the nano
pore/throat radius distribution curve mainly shows the distribution
characteristics of nano pore/throat in tight sandstone, and the peak
value of nano pore/throat radius is 380 nm.

As shown in Figure 6a, the pore/throat distribution of nano scale
digital rock is fused into the matrix phase of micro scale digital
rock, and the multi-scale pore/throat radius distribution of tight
sandstone formation is obtained after weighted calculation. It can
be found that, the peak value of weighted pore/throat radius is
1.01 pum, and the distribution curve ranges 30 nm-13.1 um, which
can contain the pore/throat characteristics at micro and nano scale
in tight sandstone formation.

At the same time, the result of multi-scale digital rock
analysis is compared with that of indoor high-pressure mercury
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a. Micro pore network model

FIGURE 4

Extraction of micro-nano pore network model. (a). Micro pore network model (b). Nano pore network model.
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b. Nano pore network model

—&— Micro pore/throat

Frequency

0.2
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—@— Nano pore/throat
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0.1
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0 2 4 6 8

Radius (um)

a. Micro pore/throat distribution

FIGURE 5

Pore-throat radius distribution based on pore network model. (a). Micro pore/throat distribution (b). Nano pore/throat distribution.

0.5 1 1.5 2

Radius (um)

b. Nano pore/throat distribution

2.5 3 35

injection test (Figures 6b,c), it can be found that, the pore/throat
radius distribution with high-pressure mercury injection test and
multi-scale digital rock analysis are basically consistent, while the
error range is 5%. Moreover, the pore/throat radius distribution
curve with high-pressure mercury injection test is slightly lower
than that with digital rock analysis, this is because the high pressure
mercury injection mainly reflects the structural characteristics
of throats, and multi scale digital rock analysis can reflect the
characteristics of pores and throats at the same time.

Compared with traditional superposition methods, the multi-
threshold image segmentation algorithm could fuse the information
of nano scale digital rock into that of micro scale digital rock directly,
which could describe the multi-scale characteristics effectively.
However, the pore structure of tight sandstone is significantly
affected by sedimentary environment and diagenesis, the sampling
position and scanning resolution may affect the model accuracy.
REV (Representative Elementary Volume) test is necessary for more
complex pore-throat structures during the digital rock construction
process (Zhang et al., 2019; Du et al., 2025).
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4 Conclusion

(1) X-ray CT scanning has the advantages of actual 3D imaging
and nondestructive features. Representative 3D grayscale
image at the micro scale is obtained through micro CT
scanning. On this basis, representative nano subsample are
selected for high resolution nano CT scanning to obtain
representative 3D grayscale images at the nano scale, which can
provide a basis for the construction of multi-scale digital rocks
of tight sandstone.

(2) According to the improved multi-threshold segmentation

algorithm, three distinct phases are identified in microscale

images: micro pore/throat phase, micro-particle phase and

a transitional matrix phase exhibiting intermediate grayscale

values. This matrix phase represents unresolved nano-porosity

and nano-particles beyond micro-CT resolution limits. The
nano-scale gray image is segmented into two phases including
nano-pore/throat phase and nano-particle phase. Thus, the
micro pore/throat digital rock and nano pore/throat digital
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FIGURE 6
Multiscale pore-throat radius distribution curve in tight sandstone formation (a). Multi-scale digital rock analysis (b). Mercury injection test (c).
Comparison of digital rock analysis and mercury injection test.

rock are constructed respectively, and then a multi-scale

digital rock platform based on multi-threshold segmentation

algorithm is established.
(3) Based on multiscale digital rock and the corresponding pore
network model in tight sandstone, the porosity and pore/throat
size distribution at micro scale and nano scale is calculated
respectively. Moreover, the nano pore/throat characteristics in
nano-pore/throat digital rock is upscaled into the matrix phase
of micro-pore/throat digital rock, which could calculate the
total porosity and multiscale pore/throat size distribution in
tight sandstone formation accurately. The digital rock analysis
results are verified correctly with the comparison of the lab test
results, which provides a fundamental platform for multiscale
pore/throat characterization and formation evaluation in
tight sandstone formation with important academic and
application value.
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