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The characterization of carbonate microstructure is of great significance for the
evaluation of carbonate oil and gas resources. However, due to the complexity
and heterogeneity of the pore structure of tight carbonate rocks, high-pressure
mercury intrusion, nuclear magnetic resonance (NMR) and other methods have
different limitations in the characterization. This study takes tight carbonate core
samples in the fourth member of the Ordovician Majiagou Formation in the
Ordos Basin as the research object, and the rock physics experiments, computed
tomography (CT), high resolution large-scale backscatter scanning electron
microscopy (MAPS), quantitative evaluation of minerals by scanning electron
microscopy (QEMSCAN) and focused ion beam-scanning electron microscopy
(FIB-SEM) was utilized to characterize the pore structure from micrometer
to nanometer, revealing the main mineral composition, and systematically
analyzing the relationship between different mineral and pore structures. The
results show that the microscopic reservoir space in the study area is mainly
composed of inter-crystalline pores, intra-crystalline pores and microfractures;
there are obvious differences in the pore structure of different lithologies. The
samples with more dolomite have the largest number of pores and throats, the
largest coordination number, and the best connectivity; the samples with more
calcite have the smallest pore radius. The presence of quartz is conducive to
the preservation of pores. This multi-scale characterization method using digital
core technology provides us with comprehensive pore characteristic, provides
important clues for further understanding the pore structure of tight carbonate
reservoirs.

KEYWORDS

tight carbonate rocks, digital core technology, multi-scale characterization, pore
structure, Ordos Basin

1 Introduction

Carbonate rocks, as important hydrocarbon reservoirs, play an important role in
hydrocarbon exploration and development. The pore and throat structural characteristics
have a crucial influence on reservoir performance and fluid transport. In particular, as one of
the largest onshore basins in China, the Ordos Basin has deep Ordovician sub-salt reservoirs
that are one of the important areas for gas exploration in China (Shao et al., 2019; Li and
Chen, 2020; Ren et al., 2024). Due to the complex pore structure and multiple pore coupling
effects of tight carbonate rocks, the resistivity of its reservoir varies over a wide range, and
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the causes of high and low resistances are unknown, which makes
it difficult to descript, and thus the accurate characterization of the
microscopic pore structure of the reservoir is of great significance
for oil and gas fields exploration and development (Ji et al., 2019;
Liu et al., 2022a; Liu et al., 2022b; Li et al., 2023).

Tight carbonate reservoirs are carbonate formations with an
average porosity of less than 2% and permeability of less than 0.1
x 1073 pmz (Wei et al., 2017). The microstructure characterization
requires some special methods. The main methods include scanning
electron microscopy (SEM) (Liu et al, 2022a; c), transmission
electron microscopy (TEM), X-ray diffraction (XRD) and nuclear
magnetic resonance (NMR) (Takahashi and Sugiyama, 2019; Luo,
2022). Among them, SEM can provide high-resolution images,
but cannot provide information on the three-dimensional (3D)
structure of the core; The sample preparation is complicated for TEM
scanning, and the sample is too small to be representative; XRD
can describe mineral composition of the sample, but cannot show
information on pore structure. Taken together, characterization of
tight carbonate rocks requires a combination of methods to gain
a more comprehensive understanding. For example, combining
SEM and Brunauer-Emmett-Teller (BET) can simultaneously
characterize the pore structure of the rock (Ge et al., 2024).

Digital core technology, as a non-invasive, high-resolution, 3D
rock imaging and analysis technique, provides a unique perspective
(Nie et al., 2016; Wang et al., 2022; Jin et al., 2023). Through
high-resolution digital core experiments ranging from micro-to
nano-scale can achieve multiscale pore structure characterization,
which reveals the characteristics of reservoir more accurately and
comprehensively (Sheng et al., 2019; Zhao et al., 2020; Zhou et al.,
2024). Compared with the traditional core analysis methods, digital
core technology can intuitively obtain the pore radius, throat radius,
connectivity and other information of the core, which provides an
important support for the quantitative study of the pore structure of
the rock (Liu X. et al., 2022; Li et al., 2023; Li et al., 2024).

This paper takes the tight carbonate reservoirs of the fourth
member of Majiagou (Ma4) Formation in the lower Paleozoic of the
Ordos Basin as the research object, characterizing with a carbonate
rock-salt rock coexisting system and a variety of complex pore
types. By using the “micrometer-nanometer” multi-scale digital core
characterization technology, from micro-computed tomography
(CT) to Focused Ion Beam Scanning Electron Microscopy (FIB-
SEM), the fine characterization of micro-pore structure has been
achieved. Subsequently, the relationship between the lithology and
the pore structure was analyzed, providing strong data support for
numerical simulation and more future work.

2 Geological settings

The Ordos Basin, located in central China, is one of the largest
terrestrial basins in China (Figure 1), with complex geological
structures and rich sedimentary rock systems (Ding et al., 2015;
Jia et al.,, 2023; Guo et al, 2024). Due to the isolation of the
6 subsection 5 section of the Ordovician Majiagou Formation,
the pathway for downward supply of hydrocarbons from the
Upper Paleozoic coal source rocks has been blocked on a large
scale, resulting in the formation of two independent hydrocarbon
formation systems. The upper reservoir system is mainly supplied
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by the hydrocarbon source rocks of the Upper Paleoproterozoic
coal system, which is called the “above-salt” reservoir system,
while the lower reservoir system mainly relies on the hydrocarbon
supply from the marine hydrocarbon source rocks of the Ordos
System itself, which is called the “below-salt” reservoir system
(Kong et al, 2024). The deep subsalt layer is an important
sedimentary system in the Ordos Basin, and is one of the major
shale gas exploration areas in China, with tight carbonate rocks
and shale as the main reservoir types (Li et al., 2022; Jia et al.,
2023; Qi et al.,, 2024). Its rocks are mainly composed of carbonate
minerals, such as calcite and dolomite, with high compaction and
densification. The pore structure of the reservoir is complex, mainly
composed of micropores and fractures, etc., and the storage space
is relatively limited. The Majiagou Formation is divided into six
sections from bottom to top, including Mal~Ma6 sections, of
which Mal, Ma3 and Ma5 sections are sea retreat sedimentary
cyclones, which mainly develop the deposition of anhydrite, and
Ma2, Ma4 and Ma6 sections are sea invasion sedimentary cyclones,
which mainly develop the deposition of carbonate rock (Wu et al.,
2021). Among them, Ma4 has shown great potential in natural
gas exploration in recent years, and several wells have obtained
industrial gas flow, which is a favorable area for exploration at
present (Li et al., 2015; Guo et al., 2024).

3 Samples and methods
3.1 Samples and rock physics experiments

Combined with the logging interpretation results, coring was
carried out according to the different dolomite contents and physical
properties of Ma4, and 29 plug rock samples (2.5 cm in diameter)
were selected as research objects.

The porosity and permeability, as well as resistivity measurement
instruments used in this study, are part of the UQZJ-100 High-
Temperature and High-Pressure Full-Diameter Multi-Parameter
Testing System. This device is capable of simulating high-
temperature and high-pressure conditions and can measure the
porosity and permeability parameters of full-diameter core samples
under such conditions. Furthermore, the system is equipped
with a comprehensive software operation platform that allows for
numerical control data acquisition and real-time monitoring during
the testing process, significantly improving measurement accuracy.

3.2 Multiscale scanning methods

3.2.1 Micro-CT

In recent years, X-CT has gradually become one of the
commonly used methods for fine evaluation of pore structure
in unconventional reservoirs. This method uses conical X-rays
to penetrate samples, magnify images through sample lenses
of different magnifications, and reconstruct the 3D structural
characteristics of pore throats from a large number of X-ray
attenuation images obtained by 360° rotation. In this paper, a full-
core high-precision CT scanner is used to scan the plunger core
with a scanning resolution of 23.1 um/voxel. The grayscale value
of the image reflects the density of different areas of the core slice,
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FIGURE 1
Geographic location of the study area and images of rock samples (modified from Ren et al., 2024). (A) Paleogeographic map of the Majiagou
Formation in the Ordos Basin; (B) Comprehensive stratigraphic histogram; (C) Actual picture of rock samples.

where the larger the grayscale value, the higher the density, and the
smaller the grayscale value, the lower the density. After scanning
and 3D reconstruction, the distribution of pores and minerals in
3D space is obtained through filtering, threshold segmentation and
other processes.

3.2.2 MAPS

The MAPS experiment uses argon ions to polish the carbonate
rock end face, scans with an electron beam and divides the selected
scanning area into a series of grids, selects the secondary electron
imaging mode, and automatically forms a high-precision MAPS
image after splicing. This method has significant advantages in
analyzing rock cores with strong heterogeneity under a large field
of view. It provides the ability to identify pores at the nanometer
scale, so that the microstructure of rock samples can be accurately
analyzed and detailed information of pore characteristics can
be obtained.

3.2.3 QEMSCAN

It is difficult to use a single MAPS image to clearly identify
the minerals represented by different grayscales in the core. The
QEMSCAN scanning makes up for this shortcoming. Combined
with QEMSCAN scanning, the distribution of different minerals in
the core can be obtained, the different pore types in the core can be
clarified, and the microscopic pore structure can be described more
finely. QEMSCAN uses a scanning electron microscope and energy
spectrum to scan the core surface, thereby realizing fully automatic
quantitative analysis of minerals in rock samples.
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3.2.4 FIB-SEM

FIB-SEM is a dual-beam system formed by installing FIB and
SEM on the same probe. It can also use other probes or detection
instruments such as X-ray energy scattering spectrometer to directly
measure the sample, which is also the mainstream method of
core analysis in nanoscale. The FIB was utilized to cut and polish
the sample surface, and then the SEM was used to scan high-
resolution imaging. FIB-SEM can be used to achieve in situ scanning
of core slice, cut and scan carbonate cores, reconstruct a series
of two-dimensional (2D) images into 3D digital cores, and study
the microscopic pore structure characteristics of the core at the
nanoscale.

To accurately and comprehensively characterize the micropore
structure of carbonate rocks, rock physics experiment and multi-
scale digital core scanning were applied to samples, subsequently the
characteristic of the pore and the relationship between the pore and
the mineral can be obtained. Figure 2 depicted the flowchart.

4 Results
4.1 Physical properties

A large number of previous studies have shown that the
content of calcite affects the pore structure, porosity and
permeability of rocks, thereby affecting the resistivity of the samples
(Ehrenberg et al., 2006; Fantle and Higgins, 2014; Omidpour et al.,
2022). In order to accurately analyze the effect of calcite content on
the microscopic pore structure, cores with different calcite contents
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FIGURE 2
Flowchart for multi-scale characterization of tight carbonate rocks. (A) Rock physics experiment, (B) Multi-scale digital core scanning, (C) Different
types of pore in different mineral.

were selected for rock physics experiments based on the logging
results, and representative core samples were screened through the
rock physics experimental structure for core scanning experiments.

4.1.1 Petrophysical measurement results

The rock physics experiment includes three main steps. First,
prepare the rock samples and perform necessary operations such
as drilling, cutting, and polishing to ensure a smooth surface.
Then, set up the experimental device. The porosity and permeability
test measures the saturated gas on the core. The resistivity
test measures the electric field or current on the core. Finally,
record the experimental data such as porosity, permeability, and
resistivity. Table 1 shows the porosity and permeability test results
of 29 groups of samples and the rock electrical test results of 20
groups samples. The results show that the porosity of four groups
of samples is less than the lower limit of 0.1%, the porosity of 84% of
the samples is below 6%, the porosity of 72% of the samples is below
4%, and the average porosity of all samples is 2.92%; the permeability
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distribution range is 0.004-0.493 mD, and the average permeability
is 0.094mD. The porosity and permeability results show that the
study area is a tight carbonate reservoir.

The rock physics experiment caused some samples to
be damaged (samples 18, 23, 26, and 29), and considering
multiple parameters such as lithology, porosity, and resistivity,
12 representative samples were finally selected for micrometer
CT scanning.

4.1.2 Mineral composition analysis based on
QEMSCAN

The mineral composition and distribution of rocks are
important for characterizing the microstructure of rocks. Clarifying
the types and distribution characteristics of each mineral component
can more accurately carry out precise evaluation of the microscopic
pore structure based on digital cores. In this study, MAPS scanning
was performed on the selected scanning area with a resolution
of 250 nm. As shown in Figure 3, the 12 groups of cores are
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TABLE 1 Results of rock physics experiments.

10.3389/feart.2025.1538316

Porosity (%) Permeability (mD) Formation factor 100% water-saturated resistivity (Q-

1 0.1 0.009 132054.09 5302.90
2 13.11 0235 59.61 239
3 0.81 0.012 1351.35 54.27
4 05 0.008 3448.40 138.48
5 0.7 0.006 2096.80 84.20
6 2.86 0.158 366.75 14.73
7 0.09 0.006 83657.18 3359.42
8 2.71 0.013 526.70 21.15
9 — 0.019 — _
10 1.47 0.005 1319.97 53.01
11 33 0.037 28237 11.34
12 0.90 0.030 3917.47 157.31
13 6.61 0.104 163.31 656
14 3.69 0334 327.94 13.17
15 6.1 0.047 — —
16 1.6 0.03 914.69 36.73
17 — 0.004 — _
18 8.1 0.091 — —
19 5.9 0.007 21625 8.68
20 13 0.014 927.58 37.25
21 0.13 0218 38455.66 1544.27
2 0.1 0339 134427.49 5398.21
23 — 0011 — _
24 — 0.014 — —
25 5.89 0.077 234.61 9.42
26 0.1 036 — —
27 47 0.016 — —
28 241 0.017 527.80 2119
29 0.1 0.493 - —

dominated by dolomite and calcite. The contents of calcite and
dolomite in different samples are different, which is conducive
to our analysis of the influence of different dolomite contents on
the pore structure of rock samples.

Frontiers in Earth Science

obtained after scanning is shown in Figure 4. The main minerals
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The QEMSCAN experiment was used to analyze the minerals
of the MAPS experimental samples in the previous article. The
scanning resolution was 20 pm/pixel. The mineral distribution
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(b) No. 3

(1) No. 14 () No. 21

(K) The image of sample 25, (L) The image of sample 28.

The image of MAPS. (A) The image of sample 2, (B) The image of sample 3, (C) The image of sample 6, (D) The image of sample 7, (E) The image of
sample 8, (F) The image of sample 10, (G) The image of sample 12, (H) The image of sample 13, (I) The image of sample 14, (J) The image of sample 21,

(h) No. 13

(k) No. 25

(1) No. 28

in samples No. 2, No. 6, No. 12, No. 25 and No. 28 are dolomite,
containing a small amount of calcite. In addition, samples No. 6
and No. 25 contain a small amount of anhydrite (purple area in the
figure); the dolomite content of samples No. 3 and No. 7 is equivalent
to the calcite content; samples No. 8, No. 13, No. 14 and No. 28
all contain varying amounts of quartz (pink area in the image); the
minerals in sample No. 21 are mainly calcite. In the rock samples
with dolomite as the matrix, some obvious calcite bands can be
observed (samples No. 2, No. 12 and No. 25).

4.2 Pore characterization based on
different experiments

Pore type identification is an important part of reservoir pore
structure evaluation. Existing studies have shown that the pore
types of carbonate reservoirs in the Ordos Basin are mainly inter-
crystalline (dissolved) pores, and pores in cores are generally
identified by casting thin sections and scanning electron microscopy.
However, for tight carbonate reservoirs, conventional methods
are difficult to characterize them in detail, and higher-resolution
experiments are needed to achieve this.

Frontiers in Earth Science

From the MAPS data, it can be seen that the pore types are
mainly inter-crystalline pores, and other types of pores include
intracrystalline pores and microfractures. The different types of
pores were shown in Figures 5A-1. The pore development of
different mineral matrices in the samples is quite different. The
number of inter-crystalline pores in the samples with calcite as the
matrix is large, but the pore size is small, while the pore size in
the samples with dolomite as the main mineral is large, and most
of the pores contain fillers (calcite) (Figure 5C); the pore shape of
intracrystalline pores is mostly round, and the number of pores is
small; microfractures are also developed in the samples, but some of
the fractures are filled with calcite (Figure 5H).

With the help of MAPS data, it is not difficult to find
that the core of the tight carbonate reservoir in the study area
has strong heterogeneity and complex pore structure. Traditional
rock physics experiments have great difficulty in quantitatively
characterizing the microscopic pore structure. Therefore, this study
combines multi-scale core scanning experiments, including micro-
CT, MAPS and FIB-SEM experiments, to build a bridge between
the reservoir microstructure and macroscopic physical properties,
finely depict the inside microstructure of the reservoir, and reveal
the characteristics of the reservoir microscopic pore structure.

frontiersin.org
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(K) The image of sample 25, (L) The image of sample 28.

(k) No. 25

The image of QEMSCAN. (A) The image of sample 2, (B) The image of sample 3, (C) The image of sample 6, (D) The image of sample 7, (E) The image of
sample 8, (F) The image of sample 10, (G) The image of sample 12, (H) The image of sample 13, (I) The image of sample 14, (J) The image of sample 21,
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4.2.1 Micropore characterization based on
Micro-CT

In micro-CT, high-density minerals appear as bright areas
with high grayscale values on CT images, while low-density
minerals appear as dark areas. At the current resolution, most
cores are mainly composed of two types of minerals (samples
3, 6, 7, 8 and 10), and a few cores have microscale factures.
As can be seen from Figure 6, cracks are developed in cores
2, 12, 14, and 21. Among them, the fractures developed in
samples 2, 14, and 21 are connected in the Z direction, and the
porosity of the fracture is 3.11%, 2.59%, and 0.82%, respectively.
Microscale pores are developed in samples 6, 8, 13, 25, and
28, and some samples contain a little amount of high-density
materials, such as the blocky rocks in sample six and the slender
strip minerals in sample 12. In addition, the core sample six
showed anomalies during the experiment (the porosity at both
ends and around the core was higher than that in the middle,
and CT showed that the density in the middle of the core
was higher), and the subsequent analysis was not taken into
consideration.

Since it is difficult to quantitatively analyze microstructural
features at the micrometer CT scanning resolution, the microscopic
pores are finely characterized based on higher resolution MAPS
scanning.

Frontiers in Earth Science

4.2.2 Pore type and parameter extraction

As shown in Figure 7, the pore types and pore shapes in different
lithological matrices are different. The pores in the dolomite matrix
are mainly inter-crystalline pores, and some pores are filled with
minerals such as calcite, quartz or anhydrite, and the shapes are
mostly long and narrow; some samples have developed dissolution
pores, and the dissolution pores are mostly filled with calcite or
other minerals. The pores in the calcite matrix are mainly inter-
crystalline pores and intracrystalline pores. The pore diameter of
inter-crystalline pores is larger than that of intracrystalline pores.
The pore morphology of inter-crystalline pores is mostly long and
narrow, and the pore morphology of intracrystalline pores is mostly
round or elliptical.

In order to quantitatively characterize different types of pores,
and considering the large amount of calculation of the original
MAPS data, representative sub-samples were selected for the
subsequent microscopic pore structure study, and the representative
sub-samples were measured by areal porosity. Taking sample No.
2 as an example, Figure 8 shows the change of areal porosity with
image size. When the image side length increases to 1600 pixels,
the change of areal porosity begins to stabilize. Therefore, in the
subsequent analysis, the sub-sample MAPS image size we selected
was 1600 x 1600. Based on the Otsu threshold method, the pores
in the core image were extracted, and then the areal porosity, pore

frontiersin.org


https://doi.org/10.3389/feart.2025.1538316
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Wang et al.

10.3389/feart.2025.1538316

Inter-
crystelline
pore

Intra-
crystelline
pore

Fracture

(i) No. 14

FIGURE 5

calcite, (F) Intra-crystalline pore in dolomite, (G-I) Fracture in dolomite.

The different types of pores based on MAPS. (A) Inter-crystalline pore in calcite, (B, C) Inter-crystalline pore in dolomite, (D, E) Intra-crystalline pore in
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radius, and aspect ratio were calculated. We used the same method to
complete the processing of 11 groups of samples. The pore parameter
extraction results of 11 groups of core samples are shown in Table 2.
It can be seen from the results that the areal porosity extracted
by MAPS is consistent with the porosity results obtained by rock
physics experiments, which proves the reliability of analyzing rock
microstructure based on MAPS data.

The 12 groups of core samples have different dolomite contents,
among which sample No. 25 has the highest dolomite content and
a porosity of 2.2%; sample No. 10 has the lowest dolomite content
and a porosity of 2.27%. Among all samples, sample No. 2 has
the highest porosity of 10.35%, and the pore size distribution is
between 250 and 1250 nm; sample No. 7 has the lowest porosity
of only 1.08%, and the sample pore size distribution is between
250 and 750 nm.

The 2D MAPS data can accurately describe micro-nanoscale
pores, but it cannot describe the shape of the core in 3D space and
the degree of connectivity between different pores. FIB-SEM, as a
high-precision 3D core imaging method, can accurately describe

Frontiers in Earth Science

the 3D pores at the nanoscale. It has significant advantages in
characterization.

4.2.3 3D pore structure in different mineral

Based on the MAPS images, it was found that the main pore
types in different mineral matrices are different. The results of
2D pore analysis found that the pore sizes and aspect ratios of
pores in different matrices are also different. In order to more
accurately evaluate the pore structure characteristics in different
matrices, sub-samples were selected and the pore sizes, throat radii,
and coordination numbers of different matrix pores were extracted
through high-precision FIB-SEM experiments, which can analyze
the connectivity of different pores in 3D space.

The main minerals in sample eight are dolomite, calcite and
quartz. Three sub-samples with different minerals were selected
from sample 8, namely, 8-1, 8-2 and 8-3. The sub-sample selection
positions are shown in Figure 9. The main mineral of sub-sample 8-
1 is quartz, the main mineral of sub-sample 8-2 is dolomite, and the
main mineral of sub-sample 8-3 is calcite.
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21, (K) The image of sample 25, (L) The image of sample 28.

The 3D image of Micro-CT. (A) The image of sample 2, (B) The image of sample 3, (C) The image of sample 6, (D) The image of sample 7, (E) The image
of sample 8, (F) The image of sample 10, (G) The image of sample 12, (H) The image of sample 13, (I) The image of sample 14, (J) The image of sample

(k) No. 25

(1) No. 28

The etching rate of the focused ion beam changes when it
encounters pores, resulting in periodic vertical stripes in the FIB-
SEM data, which is called the “curtain effect”. After investigation, the
fast Fourier transform method has a satisfactory effect on filtering
this type of noise, so this method is selected to eliminate the noise
in the core. Subsequently, the pores are extracted by the threshold
segmentation method and the 3D spatial distribution of the pores is
obtained. Based on the “maximum sphere algorithm”, a pore network
model is established to obtain the 3D topological structure and
parameter information of the pores and throats (Table 3). Figure 10
shows the original FIB-SEM data of the three groups of sub-samples
in sample No. 8, the distribution of pores in 3D space, and the
pore network model image. From the original core image, it can
be observed that pores are developed in all three groups of sub-
samples, the pores of 8-1 and 8-3 are locally connected, and the pore
connectivity of sub-sample 8-2 is better.
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The pore radius, throat radius, throat length and coordination
number of the samples were calculated based on the pore network
model. Among the three groups of samples, sample No. 2 has the
largest porosity and the largest number of pores (Figure 11).

The coordination number of sample 8-1 is mainly between 0
and 3, and the pore radius is mainly between 10 and 60 nm. Its
throat radius is mainly between 10 and 20 nm, and the throat
length is mainly between 100 and 200 nm; the coordination
number of sample 8-2 is mainly between 0 and 5, and the
pore radius is mainly between 10 and 50 nm. Its throat radius
is mainly between 10 and 20 nm, and the throat length is
mainly between 0 and 300 nm; the coordination number of
sample 8-3 is mainly between 0 and 5, and the pore radius
is mainly between 10 and 20 nm. Its throat radius is mainly
concentrated between 10 and 20 nm, and the throat length is mainly
concentrated between 0 and 300 nm.

frontiersin.org


https://doi.org/10.3389/feart.2025.1538316
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Wang et al.

10.3389/feart.2025.1538316

FIGURE 7

calcite or other minerals.

The different types of pores. (A) Different types of pores in dolomite, (B) Different types of pores in calcite, inter-crystalline dissolution pore is filled with
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FIGURE 8
The change between image size and areal porosity.

5 Discussion

5.1 Multiscale pore characteristic of tight
carbonate rocks

The pore types in the study area are mainly inter-crystalline
pores, intracrystalline pores and microfractures. The pore diameter
of inter-crystalline pores is mainly distributed between 200 and
1400 nm, and the pore morphology is mostly narrow and long;
the pore diameter of intracrystalline pores is smaller, mainly
distributed between 250 and 1000 nm, and the pore morphology
is mostly round and elliptical; microfractures are mainly developed
between crystals, and the pore aspect ratio is very small. Based
on micron CT, MAPS and FIB-SEM data, inter-crystalline pores
and microfractures can be observed at multiple scales. Among
them, the inter-crystalline pores of dolomite are mostly filled with
minerals such as calcite and quartz, and some fractures are filled
with calcite or anhydrite. Based on MAPS images, it can be observed
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that there are a small number of intracrystalline pores inside the
limestone matrix. It can be seen from data of different scales
that the reservoir space in the study area is mainly composed of
micrometer-nanometer inter-crystalline pores. Analysis of the pore
size distribution of all core samples shows that (Figure 12) the pore
size distribution of the rocks in the study area is mainly unimodal,
and the pore size distribution of a few cores is weakly bimodal; the
pore size peaks are mainly distributed around 1,600 nm.

Previous studies have confirmed that the reservoir space of
the dolomite reservoir in the Ma4 in the Ordos Basin mainly
includes inter-crystalline (dissolved) pores, residual intergranular
pores, microfractures and other types, and that fillers such as
anhydrite, quartz and calcite are common in the pores (He et al.,
2022; Wang et al., 2023; Yu et al.,, 2024). The formation of inter-
crystalline pores is mainly related to dolomitization. The inter-
crystalline pores are expanded by the later diffuse dissolution to
form inter-crystalline dissolved pores with good connectivity, which
are high-quality reservoir spaces in the region; the formation of
microfractures is mainly related to tectonic action. Mineral fillings
(calcite) are common in the fractures, and the overall storage
capacity is poor, which helps to improve the permeability of
local rocks (Mou et al., 2023).

This study found that the pores of different scales in the sample
are of different sizes, which shows that the pores in the target sample
have strong heterogeneity. Integrating the parameters of different
types of pores extracted is an important direction for future research.

5.2 The relationship between the physical
property and lithology

There is a certain relationship between the core porosity and
the dolomite content in the core. As shown in Figure 13, with the
increase of dolomite content in the core, the core porosity tends to
increase as a whole.
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TABLE 2 Results of parameter extraction of different samples.

10.3389/feart.2025.1538316

No. Areal porosity (%) Pore radius Aspect ratio Dolomite (%) Calcite (%) Quartz (%) Anhydrite (%)
(hm)

2 10.35 250~1250 0.3~0.8 92.65 2.04 — —
3 2.17 250~1250 0.3~0.7 29.65 65.29 1.94 —
7 1.08 250~750 0.3~0.7 47.51 49.16 1.62 —
8 3.51 250~1000 0.3~0.7 54.42 25.8 12.03 —
10 2.27 250~1250 0.3~0.8 22.56 50.36 23.55 —
12 1.47 250~1000 0.3~0.8 93.55 1.62 1.71
13 4.29 250~1000 0.3~0.7 83.28 524 3.1 —
14 1.7 250~1000 0.3~0.7 80.97 5.09 7.09 0.04
21 1.35 250~1250 0.3~0.8 252 70.77 0.46 1.94
25 22 250~1000 0.3~0.7 96.91 1.32 — —
28 5.64 250~1250 0.3~0.7 91.62 1.58 1.62 —
FIGURE 9
The location of selected sub-sample on sample 8. The backscattered electron image (left) and the QEMSCAN image (right).

TABLE 3 The pore and throat parameters extraction of sub-samples.

Sample | Main minerals @ Coordination number  Pore radius (hm) | Throat radius (hm) | Throat length (nm)
8-1 quartz 0~3 10~60 10~20 100~200
8-2 dolomite 0~5 10~50 10~20 0~300
8-3 calcite 0~5 10~20 10~20 0~300

found that the filling of anhydrite and calcite may be the reason for
the reduction of porosity (Figures 14A, B) (Jones and Xiao, 2005).
The dolomite content of samples 7 and 8 is similar, but the porosity
is quite different. It is found that the content of quartz in sample 8

However, the porosity of some samples with high content of
dolomite is relatively small. For example, the dolomite content of
samples 6, 12, 14 and 28 is greater than 90%, and the porosity is
between 2% and 4%. Combining MAPS and QEMSCAN data, it is
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Sample  The image of original data

8-1

8-3

3000 nm

FIGURE 10

The image of pore
distribution

The 3D image of sub-samples. The different rows represent the different sub-samples 8-1, 8-2 and 8-3, the different columns show the image of
original data, the image of pore distribution and the image of pore network model respectively.

The image of pore network
model
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is higher, and quartz has a certain supporting effect on the pores,
which is conducive to the preservation of the pores (Figures 14G-T).
Some pores in sample 7 are filled or cemented, and the porosity is
relatively small (Figures 14E, F).

The pore network model established by FIB-SEM shows that the
sample 8-1 (with a high quartz content) has the least number of
pores, the largest average pore radius of 25.16 nm, the largest pore
volume, but the smallest average coordination number. Overall, the
8-1 sample has larger pores but poor connectivity. The minerals in
the sample 8-1 are mainly quartz, which has high hardness, good
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stability, and strong resistance to compaction, which is conducive to
the preservation of pores.

The minerals in sample 8-2 are mainly dolomite, with the largest
number of pores and the largest porosity of 3.77%. The average
pore radius is 16.18nm, and the pore coordination number is
between 0 and 5, indicating good pore connectivity. Burial genesis
can transform limestone into dolomite. During the dolomitization
process, the metasomatism of equal molecular weight can increase
the porosity by 16%, resulting in the development of inter-crystalline
pores in large-grained dolomite, which is often accompanied by the
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The relationship between the porosity and the content of dolomite.

formation of small caves, and can become a good reservoir (Weyl,
1960; Luo et al., 2008). Moore, Lucia and Ehrenberg and other
scholars believe that another contribution of dolomite to pores is
its anti-compaction effect, which is conducive to the preservation
of pores (Ehrenberg et al., 2006; Lucia, 2007; Moore, 2007).

The content of calcite in sample 8-3 is relatively high. The
experimental results show that its pore radius is lower than that
of dolomite, with an average pore radius of 15.75nm and a
porosity of 1.36%.

In summary, different mineral compositions have a significant
impact on the pore structure of tight carbonate rocks. Samples
composed of quartz have larger pore radius but fewer pores
in number. Samples composed of dolomite have relatively

Frontiers in Earth Science

smaller pores in number and their pores are smaller. The largest
number and good connectivity. Compared with dolomite samples,
samples whose minerals are dominated by calcite have worse
pore development and smaller pore radius. Ehrenberg etal.
have found in their research that as time and burial depth
increase, the porosity of dolomite becomes higher than that
of limestone, and dolomite is more resistant to compaction
and solubility than limestone (Ehrenberg et al., 2006). Experts
such as Zhang etal. have also pointed out that the pores
of dolomite formations are generally higher than those of
(Zhang et al, 2010),
which is sufficient to verify the reliability of the results of
this article.

corresponding limestone formations
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FIGURE 14
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Different pore characteristic of different mineral. (A) Inter-crystalline pore in dolomite and anhydrite of sample 6, (B) Inter-crystalline pore in dolomite
and anhydrite of sample 12, (C) Inter-crystalline pore in calcite and anhydrite of sample 21, (D) Intra-crystalline pore in dolomite of sample 3, (E)
Intra-crystalline pore in dolomite of sample 7, (F) Different types of pore in calcite of sample 7, (G) Inter-crystalline pore in dolomite of sample 8, (H)
Inter-crystalline pore in quartz of sample 8, (1) Inter-crystalline pore in calcite of sample 8
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Conclusion

In this
imaging methods to perform multi-scale pore characterization
on tight carbonate rock samples from the Ma4 Formation
in the Ordos Basin, and deeply explored the complex
pore structure characteristics inside tight carbonate rocks
and their correlation with mineral composition. The
following insights were obtained:

study, we wused a variety of high-resolution
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(1) The results of rock physics experiments show that the studied
samples belong to tight carbonate rocks with low porosity and
extremely low permeability.

(2) The pores of tight carbonate rocks in the study area mainly

include three types: inter-crystalline pores, intracrystalline

pores and microfractures. Among them, the pore diameter
of inter-crystalline pores is relatively large, mainly distributed
between 200 and 1,400 nm, and the morphology of the pores

are mostly narrow and long, with a relatively small aspect ratio;
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intracrystalline pores are mostly round and elliptical, with pore
diameters mainly distributed between 200 and 1,000 nm; some
pores and microfractures are filled with minerals.

(3) There are obvious differences in the pore structures of
different mineral matrices. The samples with quartz as the
main mineral have larger pores but poor connectivity, the
samples with dolomite as the main mineral have larger pores
and better connectivity, and the samples with calcite as the
main mineral have smaller pores. The compression resistance
and pressure dissolution of dolomite are conducive to the
preservation of pores.

This multi-scale characterization method using digital core
technology provides us with comprehensive rock pore characteristic
information, important clues for further understanding the pore
structure of tight carbonate reservoirs, as well as data support for
the next step of numerical simulation work.
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