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The evaluation of the pore structure in dolomite, particularly with regard
to pore heterogeneity, geometry, and connectivity, is crucial for oil and gas
field production and reservoir prediction. The subsalt dolomite reservoir in
the Ordovician strata of the Ordos Basin has shown promising exploration
results and is anticipated to have a high hydrocarbon potential. However,
there has been limited research on the pore structure and primary controlling
factors of the Ordovician Majiagou reservoir in the south-central Ordos Basin.
Therefore, we conducted a comprehensive analysis of the pore structure and
fractal characteristics using routine petrophysical measurements, thin-section
analysis, and high-pressure mercury injection (HPMI) data. We also discussed
the relationship between fractal dimension, reservoir physical properties, and
pore structure, along with exploring the origin of potentially prolific reservoirs.
Our observations from the thin section identified four main pore types:
intercrystalline pores, intercrystalline dissolved pores, dissolved pores, and
micro-fractures. The data from HPMI revealed that the average pore-throat radii
range from 0.009 pm to 0.015 um with porosity ranging from 0.4% to 5.26%, and
permeability ranging from 0.011 mD to 0.059 mD. They were further categorized
into three reservoir types: dissolved pore type, intra-crystalline (dissolved) pore
type, and micro-porous type. The fractal dimension was calculated based on
HPMI data, and the reservoir's fractal characteristics were divided into two
segments. The dissolved pore type was identified as the potentially prolific
reservoir due to its larger pore size and volume, moderate permeability, and
homogeneity on pore structure. Additionally, the fractal dimension is negatively
correlated with porosity and permeability and positively correlated with sorting
coefficient and skewness, suggesting that fractal dimensions are valuable for
evaluating reservoir quality and quantitatively characterizing pore networks.

pore structure, fractal characteristics, high-pressure mercury injection, dolomite
reservoir, Ordos Basin
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1 Introduction

With the improvement of exploration and development
technology, the carbonate rock associations are considered
potentially significant contributors to the global crude oil supply
(Luo etal., 2008; Ma et al., 2017; Yang et al., 2018). The oil and
gas reserves in these types of rocks are widespread in China,
including the Cambrian-Ordovician system in the Tarim Basin,
the Paleozoic and Triassic system in the Sichuan Basin, and the
Lower Ordovician series in the Ordos Basin, which have become
an important part of increasing oil and gas storage and production
(Lai et al., 2019; Zhao et al., 2012). However, carbonate reservoirs
have strong heterogeneity and complex pore structure, making the
exploitation and prediction of prolific reservoirs difficult.

Currently, researchers have utilized a variety of advanced
methodologies such as petrographic observation, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), field
emission scanning electron microscopy (FE-SEM), X-ray computed
(micro) tomography, nuclear magnetic resonance (NMR), high-
pressure mercury injection (HPMI), and incremental pressure
mercury injection (IPMI) to characterize pore types, pore geometry,
pore connectivity, pore size distribution, and pore volume on
carbonate reservoirs (Gane et al., 2004; Sok et al., 2010; Jouini et al.,
2011; Gundogar et al., 2016; Oyewole et al., 2016; Tan et al., 2020;
Wang et al., 2020; Zhangetal., 2022). Additionally, they have
investigated the relationship between carbonate reservoir and
structure, sedimentation process, and rock mineral composition
(Wei etal, 2017; Zhangetal,, 2018). In recent years, several
studies have proposed that high fractal dimension is associated
with highly heterogeneous pore networks (Mastalerz et al., 2012;
Melnichenko et al., 2012; Pan etal., 2016; Mendhe et al., 2017).
Consequently, fractal dimensions can be employed to assess the
pore heterogeneity of carbonate reservoirs to provide valuable
insights into fluid flow properties and exploitation (Hulea and
Nicholls, 2012; Menke et al., 2017).

However, limited research has been conducted on the
heterogeneity characteristics of carbonate reservoirs in the
Ordovician Majiagou Formation in the middle-southern region
of the Ordos Basin. Therefore, this study aims to analyze the pore
structure and fractal characteristics of carbonate reservoirs through
cast thin-section analysis, routine petrophysical measurement,
and HPMI analysis. Furthermore, an examination of different
lithofacies is conducted to further analyze the factors influencing
carbonate reservoir heterogeneity. These studies are essential for
understanding the primary control factors of the development of
reservoirs and may provide valuable support for gas exploration.

2 Geological background

The Ordos Basin is located on the western edge of North China,
which is divided into six tectonic units, namely, the Yimeng Uplift
in the north, the Jinxi flexure fold zone in the east, the Weibei Uplift
in the south, the Tianhuan depression and the Xiyuan obduction
zone in the west, and the Yishan Slope in the center (Figure 1A;
Tuetal, 2016; Yangetal., 2022). The Lower Paleozoic natural
gas production layer primarily lies at the top of the Ordovician
weathering crust and the subsalt dolomite reservoir beneath the
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thick gypsum salt rock (Xiong et al., 2020; Meng et al., 2023). The
Majiagou Formation was formed in the late Ordovician and is
subdivided into O;m; to O;mg. The lithology of the Majiagou
Formation alternates between carbonate rocks and gypsum salt
rock, among which the evaporite rocks in O;m,;, O;m;, and O;m;
are limited to terrace-phase deposition in the sea-retreating cyclic
platform, and the lithology is mainly salt rock, hard gypsum
rocks, and thin layers of gypsum dolomite, muddy dolomite, and
limestone (Xiong et al., 2020; Wang et al., 2022). On the other hand,
O,m,, O,;m,, and O,;mg, deposited during the carbonate platform
phase of the marine erosion cyclone, mainly consist of limestone
and dolomite. The O;m; Formation is O;mi*" divided into 10
subsections by cyclical lithological characteristics and depositional
sequences (Yang et al., 2022; Jiangmin et al., 2023).

Here, the study area is located in the south of the Yishan Slope of
the Ordos Basin (Figure 1A), and we focus on O1m§_3 the formation,
which is also known as “weathering crust” (Figure 1B). The lithology
is dominated by argillaceous dolomite, fine silty crystalline dolomite
crystalline dolomite in the O;m? formation, and dolomite mainly
developed during O,;m? the period (Cao et al., 2021).

3 Experiments and methods
3.1 Samples

The research samples were taken from the continuous
core profile of the O;m~ Ordovician Formation in well Al.
A total of eight carbonate core samples were collected for
petrographic observation and the high-pressure mercury injection
experiment (HPMI). These samples location are marked with
red arrows (Figure 1B).

3.2 Petrographic observation

A total of 39 thin plates were polished for petrographic
observation, of which eight thin sections were made from the
core sample of well Al, and the 31 other thin sections were
collected in the Natural Gas Research Institute of Shaanxi Yanchang
Petroleum Group Co., LTD. The data images were collected by Xian
Alberta Environmental Analysis and Testing Company. According
to the Chinese Petroleum and Natural Gas Industry Standard SY/T
5368-2016, the mineral composition, particle type and content,
and reservoir space classification were identified using a 59XC-PC
polarizing microscope.

3.3 Petrophysical property tests

Petrophysical property tests of eight core samples were
conducted, including the contents of porosity and permeability. The
experiment was conducted at Xi'an Alberta Environmental Analysis
and Testing Laboratory. The KX-07D gas porosity tester and the
DX-07G gas permeability tester were used to collect porosity and
permeability data and test procedures according to the Chinese
Industry Standard GB/T 29,172-2012. In addition, we collected
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FIGURE 1
(A) Structural characteristics and the location of core well in the Ordos Basin and (B) the column of lithology characteristics and the sampling location.

31 porosity and permeability data from the natural gas research
institute, Shaanxi Yanchang Petroleum Group Corporation.

3.4 High-pressure mercury injection

Pore structures and pore-size distributions of dolomite core
samples were characterized via the HPMI technique. In the
experiment, the Micromeritics AutoPore IV 9505 pore analyzer
was used, and the maximum mercury injection capillary pressure
was approximately 117 Mpa. Figure 5A presents mercury injection
capillary pressure curves of all the core samples. Mercury is non-
wetting on rock surfaces and has a high surface tension with air. With
the mercury injection pressure increasing, non-wetting mercury
enters the small pores of the core samples, and the pore radius can
be calculated from the Eq. 1 in Washburn (1921):

_ 20cosB

P, —

(1)
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where P_ is the mercury injection capillary pressure; r is the pore
radius; o is the interfacial tension between mercury and air; and 0
represents the mercury and rock contact angle. Under the maximum
injection pressure, the corresponding minimum pore radius that can
be detected is 6.3 nm. The structures and distributions of almost the
entire pores, from nanoscale pores to microscale pores, were tested
during the HPMI test, and then, the parameters of the pore structure
were calculated from HPMI curves, as shown in Table 1.

According to the theory of fractal geometry, the fractal
dimension via HPMI from Eq. 2, and it can be expressed by the
log-log coordinate (Qu et al., 2022).

19(1 = Spyg) = (D =3) x 19(P;) = (D = 3) x g (Prrin), (2

where D is the fractal dimension; SHg is the mercury saturation;
and P_ is the capillary pressure (Mpa). The fractal dimension was
calculated from Eq. 3.

D=3+A. (3)
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TABLE 1 Parameters of the pore—throat structure of the studied samples derived from HPMI experiments.

Sample ID  Entry pressure Average radius Sorting Maximum Efficiency of Skewness
(MPa) (um) coefficient mercury mercury
saturation (%) withdrawal (%)
7-21/48 12.854 0.009 0.020 20.680 26.614 3.409
8-2/30 10.305 0.010 0.020 20.000 20.500 4.334
8-7/30 12.816 0.011 0.014 21.400 17.757 4334
7-4/48 15.345 0.004 0.008 20.900 26.334 3.050
9-5/41 14.097 0.003 0.006 20914 23.596 2.892
8-16/30 5.120 0.015 0.030 29.711 8.212 6.461
7-6/48 16.013 0.002 0.004 13.529 9.565 3.657
9-27/41 9.846 0.002 0.006 14.706 19.317 3.645

The closer the value of D is to 2, the more regular the pore shape, 4.2 Petrology and reservoir space from the
whereas values of D closer to 3 account for a more complex pore ~ cast thin section
structure (Wu et al., 2019).

If the weights of pore throats in different scales are w; and w,, Considering the particle size characteristics, combined with
respectively, and the corresponding fractal dimensions are D1 and  observations and statistics of casting thin sections, the carbonate
D2, then, as shown in Eq. 4 rock in the study area varies from argillaceous dolomite to fine silty

crystalline dolomite to crystalline dolomite, according to Lai et al’s
Wy +w, = 1. (4)  (2013a) classification scheme.

Argillaceous dolomite is a dark gray, massive dolomite with

By weighting the fractal dimensions of pore throats predominantly 5 um-20 um-sized crystals, occasionally exhibiting

in_different scales, the total fractal dimensions (D) of the horizontal bedding and micro-fracture (Figure 3A). The mineral
entire pore space can be calculated from Eq. 5 as follows

] composition consists mainly of micrite dolomite and argillaceous
(Qi et al., 2020):

material, with the localized presence of gypsum (Figure 3B).
(5) Gypsum content is <10%, with the presence of a small amount
of fine-grained quartz particles. Fine silty crystalline dolomite
primarily ranges in size from 20 um to 40 um, displaying numerous

D=D1xw, +D2xw,.

micro-fractures approximately 20-200 pm wide. These micro-

4 Results fractures are filled with sparry calcite (Figure 3C) or organic
matter (Figure 3D) and exhibit some dissolution pores. Crystalline
4.1 Petrophysical properties dolomite is a light brown crystalline dolomite comprising a

mosaic of dolosparite crystals. It features a medium-coarse-grained,

Petrophysical properties, including porosity and permeability, secondary, crystalline texture (Figure 3E), with crystal sizes ranging
are important parameters for evaluating reservoir characteristics from 50 ym to 200 pm in size, and intergranular pore and
(Henares etal, 2016; Zhangetal, 2018). The porosity and intergranular dissolution pore can be observed as well (Figure 3F).
permeability of 39 samples vary widely across the study area. Observations of cast thin sections show that different degrees
The porosity results range from 0.4% to 5.26%, with an  of dolomitization and Karst transformation constitute the reservoir
average of 1.63% (Figure 2A). The permeability results range  space of the Majiagou Formation, which is mainly composed of
from 0.011 mD to 0.059 mD, with an average of 0.03 mD intra-crystalline pores (Figures4A, B), intra-crystalline dissolved
(Figure 2B). The result shows that these carbonate rocks of the  pores (Figure 4C), dissolved pores (Figures 4D-F), and micro-
study area are quite tight (porosity <5%, permeability <ImD).  fractures (Figures 4G, H); the pores are partially filled with calcite
This is supported by the cast thin-section analysis, which  (Figure4l), and the primary pores are rare. The reservoir space
is presented in the following section. In addition, there are  varies from petrological characteristics. In contrast, few dissolution
relatively positive relationships between porosity and permeability =~ pores are observed in the argillaceous dolomite, indicating
(Figure 2C), reflecting that the carbonate reservoir is primarily  that lithology is the material basis for penecontemporaneous
pore-type and has moderate connectivity of the pore structure  karstification. The dissolution capacity is determined by the
(Lai et al., 2019). clay content and structural composition. Generally, carbonate

Frontiers in Earth Science 04 frontiersin.org


https://doi.org/10.3389/feart.2024.1407967
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Tian et al. 10.3389/feart.2024.1407967
FIGURE 2
Petrophysical properties of the dolomite reservoir in the study area: (A) porosity results; (B) permeability results; (C) the correlation between porosity
and permeability.

reservoirs with high clay content are not easy to be dissolved
(Fu et al., 2012; Chen et al., 2016).

4.3 High-pressure mercury injection

HPMI tests are commonly used to study microscopic pore
structures. Valuable information related to the microscopic pore
structure of the reservoir can be obtained from HPMI curves,
including pore type, pore-throat-size distribution, pore volume,
average pore-throat radius, sorting coefficient, skewness, and
withdraw efficiency (Chalmers G. R. L. etal., 2012; Clarkson and
Williams-Kovacs, 2013; Juri et al., 2016; Lai et al., 2018).

According to Table 1, the displacement pressure for the
reservoir, derived from the HPMI results, generally ranges from
5.12 to 15.15.35MPa, with an average of 12.05 MPa. The average
pore-throat radius ranges from 0.002 pm to 0.015 um, with an
average of 0.007 um. The sorting coefficient ranges from 0.004 to
0.03, with an average of 0.007, and the skewness ranges from 2.89
to 6.46. The maximum mercury saturation ranges from 13.53% to
29.71%, and the efficiency of mercury withdrawal ranges from 8.21%
to 26.61%, with an average of 18.98%. The above characteristics
reflect a complex and heterogeneous pore structure in the formation.
In addition, mercury intrusion and extrusion curves are relatively
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isolated, and the mercury extrusion efficiency is low, which indicates
considerable differences in the pore and throat sizes.

The HPMI curves varied by pore structure characteristics
2008; 2016). On the whole, the
capillary curves lack an apparent horizontal stage in mercury

(Luo et al., Jiang et al.,
intrusion (Figure 5), indicating general storage and permeability
capacity (Piechaczek and Pusz, 2015; Mendheetal,, 2017).
In detail, three types of HPMI curves could be identified
based on the characteristics of the mercury intrusion curves.
As shown in Figure 5A, type ] and type [ are represented by red
and green solid dots, respectively, and smaller pore throats dominate
the pore networks, making it difficult for mercury to pass through
the pores, which have a markedly steep and almost horizontal stage
in a mercury intrusion process. However, the mercury saturation
of type [J is less than that of type [, indicating the small pore
volume and pore size. These blue series solid dots represent type
0, which exhibit a relatively horizontal stage, with a gentle slope
in the intermediate stage of the mercury intrusion process. This
indicates that the micro-fractures developed with relatively better
permeability.

The pore-throat size is considered one of the most crucial
parameters in controlling the reservoir quality. The pore-throat
size distribution and permeability contribution curves shown
in Figure 5B, C are obtained from the HPMI test. Generally,
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FIGURE 3

Petrologic characteristics of dolomite reservoirs for the Majiagou Formation: (A) argillaceous dolomite, 3,541.7 m; (B) gypsum-bearing argillaceous
dolomite, 3,545.7 m; (C) fine silty crystalline dolomite, calcite filling, 3,553.9 m; (D) fine silty crystalline dolomite, organic matter filling, 3,550.3 m; (E)
crystalline dolomite, 3,560.8 m; and (F) crystalline dolomite with interpores developed, 3,563.3 m.

the pore-throat size distribution of each sample exhibits a
unimodal pattern, with pore-throat radii predominately ranging
from 0.006 pm to 0.02 pm and 0.04 pm-0.15 pm. Additionally, the
type [ pores are numerous but small, type [J pores are few but large,
and type [J pores are both few and small in size. The permeability
contribution curve also demonstrates a unimodal distribution, with
similar maximum permeability contributions for different reservoir
types, as depicted in Figure 5C. The permeability values for type
[, type 0, and type [0 are 2.3%-46.19%, 1.06%-51.29%, and
1.5%-44.83%, respectively, with average values of approximately
19.47%, 20.53%, and 19.36%. Notably, the difference lies in that the
permeability is primarily provided by the small pores of type I and
type [, while it is mainly contributed by the large pores of type [.
In addition, maximum mercury saturation serves as an important
parameter reflecting pore connectivity. The results indicate that the
maximum mercury saturation value is low for type [, while the
values of type [ and type O are similar (Figure 5D). In summary,
type [ exhibits more pore throats and rather good permeability
contribution compared to type 0 and type [.

4.4 Fractal characteristics

The fractal dimension (D) deduced from fractal theory can
quantitatively evaluate pore surface roughness and structural
irregularity, which is an important parameter for reservoir
heterogeneity evaluation (Piechaczek and Pusz, 2015; Jiang et al.,
2016; Norbisrath et al., 2016; Mendhe et al., 2017). It is consensus
that using HPMI data is an effective method to compute fractal
dimensions of various reservoirs (e.g., Angulo et al., 1992; Li and
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Horne, 2006; Li, 2010). Therefore, we use the basis of HPMI data to
calculate fractal dimensions of pores in carbonate reservoirs.

As shown in Figure 6, all the linear models demonstrate
a strong fit with coefficients (R*) ranging from 0.96 to 0.998
(Table 2), indicating that these carbonate samples exhibit fractal
characteristics and can be effectively described by using fractal
geometry theory. The calculations reveal that a larger fractal
dimension corresponds to stronger reservoir heterogeneity, aligning
with previous research findings (Jiang et al., 2016; Lai et al., 2019).
The plot of fractal characteristics for all samples can be segmented
into two parts. Here, we calculated D1 and D2 for each segment and
also computed weighted D for each sample by using formula 4 and
formula 5. The result shows that the values of D1 range from 2.87 to
2.97, with an average of 2.91, and the values of D2 range from 2.71
to 2.96, with an average of 2.86, indicating strong heterogeneity in
large pores. In addition, the fractal characteristics vary depending
on the types of reservoirs. The average values of D in type [, type
0, and type [ are 2.87, 2.92, and 2.82, respectively. As shown
in Figures 6A-C, the slope for the small pore-throats is slightly
steeper than that for the large pore-throats in type [ reservoir,
and the average fractal dimension of D1 and D2 is 2.89 and 2.86,
respectively. There is little difference between D1 and D2, indicating
the homogeneity of pores is almost the same for different pore sizes.
The average fractal dimensions of D1 and D2 in type O are 2.90 and
2.94, respectively (Figures 6D-F), and the average dimensions of D1
and D2 in type [J are 2.87 and 2.71, respectively, (Figures 6G, H).
The fractal dimension of type [ is generally larger than that of
type [J, and the heterogeneity of larger pores in type [ is stronger
than that of small pores, while it is opposite in type [I. It was
observed that compared with the three types mentioned above, the
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FIGURE 4

dissolution pore is filled by calcite, 3,543.6 m.

Pore characteristics of the dolomite reservoir in the study area: (A) interP pore and dissolution pore in crystalline dolomite, 3,563.3 m; (B) interP pore,
3,545.8 m; (C) interP pore and dissolution pore, 3,560.8 m; (D) dissolution pore, 3,559.7 m; (E) dissolution pore, 3,560.3 m; (F) dissolution pore and
micro-fracture, 3,587.3 m; (G) micro-fracture in fine silty crystalline dolomite, 3,552.6 m; (H) micro-fracture in argillaceous dolomite, 3,541.7 m; and (I)

value of fractal dimension in type [ is low, and it exhibits nearly
uniform heterogeneity across different pore sizes, which contributes
significantly toward storage capacity and permeability.

5 Discussion

5.1 Relationship between fractal
dimension, porosity, and permeability

Porosity and permeability are considered the two most
important parameters for evaluating reservoir properties. As shown
in Figure 7A, porosity demonstrates a week negative correlation with
fractal dimension, with a coefficient of 0.22. Permeability reflects the
ability of rock to allow fluid to flow through its pores and exhibits a
relatively weak positive relationship with fractal dimension, having
a coefficient of 0.28 (Figure 7B). A higher fractal dimension implies
a transformation of pore morphology from regular to complex and
the pore surface from smooth to rough, resulting in reduced porosity
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and permeability (Heetal,, 2016; Lietal, 2017). However, the
positive relationship between permeability and fractal dimension
is uncommon, necessitating further classification analysis.
Additionally, the correlation between porosity and permeability
with fractal dimension in different reservoir types is examined.
The samples were divided into two parts based on the comparison
of D1 and D2 values: D1 is larger than D2 in type [ and
type [ reservoirs, while D1 is smaller than D2 in type [
reservoirs. The results indicate a negative correlation between
porosity (Figure 7C) and permeability (Figure 7D) with fractal
dimension with different reservoir types, aligning with the
(Chalmers G. R. etal.,, 2012;
2018). In tight reservoirs containing numerous pores with

general consensus Amosu et al.,
small size, irregularly distributed small pores with high fractal
dimensions may inhibit the development of larger pores, leading
to reduced porosity (Shao etal.,, 2017). Small-sized pores exhibit
strong heterogeneity in type [ reservoirs; therefore, despite having
large values of porosity and permeability, the reservoir quality
remains poor.
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FIGURE 5
(A) Capillary pressure curves, (B) pore-size distribution, (C) permeability contribution curve, and (D) histogram of maximum mercury injection obtained
by performing the HPMI experiments. Red, blue, and green series solid dots represent type [, type [, and type [, respectively.

5.2 Relationship between the fractal
dimension and pore structure parameters

A series of plots were produced to investigate the relationships
between pore structure parameters (i.e., entry pressure, average
pore throat radius, sorting coefficient, mercury withdraw efficiency,
maximum mercury saturation, and skewness) and fractal
dimension, as shown in Figure 8. There are outliers (solid blue
dots), which are different from other samples as they have a
large number of micropores. Beyond that, other samples have
considerable correlation with fractal dimensions, which provides
a source of evidence for reservoir evaluation analysis. As shown in
Figure 8A, the entry pressure indicates the pore size (Chen etal,
2018); there is negative relationship between entry pressure and
fractal dimension, that is, the smaller the pore size, the lower the
heterogeneity. This is because the pores with the smaller size in the
reservoir are mostly intercrystalline pores with good homogeneity
(Figure 4A), while the large pores are mostly dissolution pores
with irregular shapes and strong heterogeneity (Figure 4E). The
average pore-throat radius shows a moderate positive correlation
with fractal dimensions (Figure 8B). This may be attributed to the
development of dissolution pores or micro-fractures with large
pore sizes and strong heterogeneity (Figure 4G). Additionally,
Figure 8C illustrates a positive correlation between the sorting
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coefficient and fractal dimension, with a coefficient of 0.72. It
indicates that as the sorting coeflicient increases, the fractal
dimension increases and the pore structure becomes more complex,
enhancing the heterogeneity of the pore structure. Figure 8D
shows a very slightly positive relationship between the efficiency
of mercury withdrawal and fractal dimension, which indicates
a considerable number of micropores generated in the strong
heterogeneous samples. This is because due to the complexity
of the reservoir, although the sample with a large pore volume
mainly develops macropores, the value of the micropore volume
is also very considerable. Maximum mercury saturation reflects
pore connectivity. In general, the maximum mercury saturation
increases with the increase in the pore volume (Zhang et al., 2018),
but the strong heterogeneity of large pores generated, which
reduces the connectivity to some extent (Figure 8E). Skewness
is a pore structure parameter that reflects the distribution of
pore-throat sizes. The moderately positive correlation between
the skewness value and the fractal dimension suggests that large
pore-throats are predominant in the pore networks (Figure 8F),
which results in a high fractal dimension. In general, the
fractal dimensions demonstrate relatively strong correlations
with pore structure parameters, making it a valuable metric for
quantitatively characterizing carbonate properties and complexity of
pore networks.
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FIGURE 6

Fractal dimension curve of (A—=C) type [, (D—F) type [, and (G, H) type [J.

TABLE 2 Fractal dimensions of eight carbonate samples derived from HPMI data.

Type Sample ID Ky ‘ R,2 ‘ D, K, R,? D, D
7-4/48 -0.13 0.992 2.87 -0.14 0.998 2.86 2.87
Type ] 9-5/41 -0.11 0.994 2.89 -0.16 0.999 2.84 2.85
9-27/41 -0.09 0.997 291 -0.14 1 2.86 2.90
7-21/48 -0.11 0.998 2.89 -0.06 0.998 294 291
Type O 8-2/30 -0.07 0.996 293 —-0.06 0.992 2.94 2.93
8-7/30 -0.11 0.986 2.89 -0.04 0.992 2.96 2.90
7-6/48 -0.05 0.993 2.95 -0.19 0.933 2.81 2.84
Type [J
8-16/30 -0.03 0.993 297 -0.29 0.96 2.71 2.90

5.3 Relationship between diagenesis and

the pore structure

component content of different samples is similar, that is, the
dolomite content ranges from 93% to 89%, with an average
content of 91.4% (Wuetal, 2023), so it is not appropriate to

The formation in the study area is dominated by karst dolostone  divide lithofacies based on the mineral composition content.

(Yangetal, 2022), and the XRD results show that the mineral  Diagenetic facies are a comprehensive characterization of diagenesis,
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FIGURE 7
Relationship of fractal dimension with (A, C) porosity and (B, D) permeability.

reservoir physical properties, types, and advantages, which is  provided by small channels connecting intercrystalline pores
widely used to classify carbonate reservoirs (Lai etal, 2013a;  (Figure 9B). Furthermore, the fractal plot of this type of reservoir is
Lai etal, 2013b; Zhangetal.,, 2010; Zou et al., 2008). Reservoir  divided into two segments, where D1 is larger than D2 (Figure 9C),
classification based on diagenetic facies requires a large number  indicating strong heterogeneity with larger pore sizes. Overall,
of thin-section observations, which is qualitative analysis, and  the micro-porous facies exhibits low porosity properties and poor
the results are affected by human factors. However, due to the  permeability.

number of samples, the classification method based on diagenetic

facies is not applicable. In addition, the pores are formed by 532 Intra-crystalline (dissolved) pore facies
different types of diagenesis, and the sizes of different types These facies are characterized by intra-crystalline pores
of pores are different (Wang etal, 2023). Furthermore, the thin  (Figure 4B), dissolved pores, and micro-fractures (Figure 9I;
section, petrophysical property, and HPMI can be qualitatively  Figure 4I). Micro-fractures are effective channels for fluid
and quantitatively characterized, making them suitable for the  flow in reservoirs, promoting the dissolution of soluble
classification of carbonate reservoirs in the study area. Therefore, components during fluid passage, which is beneficial for
we establish pore structure facies using the capillary pressure  improving reservoir permeability. However, the analysis of
curves, pore-size distribution, reservoir permeability contribution,  the capillary pressure curve and deduced data (Figure 9F)
and fractal dimension from mercury injection experiments, and  jndicates a relatively small pore number and pore size with
consider diagenesis from casting thin section observations to  the diameter between 0.04 um and 0.08 um, resulting in a
illustrate the effect of diagenesis on different types of pore  relatively weak storage capacity (Figure9g). Additionally, the

structures. fractal plot of this reservoir type exhibits two segments, with D1
smaller than D2 (Figure 9H), indicating the strong heterogeneity

5.3.1 Micro-porous facies in small pore-size distribution. Generally, micro-fractures are
The limited number of intercrystalline pores is a result of ~ Prevalent in the facies, leading to unevenly distributed pores due
dolomitization, calcite cementation, and dissolution in the micro- to calcite cementation, which contributes to permeability but limits

porous facies (Figure 9E). The low mercury saturation (Figure 9A) storage capacity.

and some dissolved pores can be observed in the cast thin section

(Figure 9D). These facies exhibit poor reservoir property, with small ~ 5.3.3 Corrosion pore facies

pore-throat sizes (dominated by pore throat between 0.007 pm The corrosion facies exhibits dissolved pores, intra-crystalline
and 0.01 pm), contributing to its low permeability capacity, mainly =~ pores, and few micro-fractures (Figure 9N). Penecontemporaneous
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FIGURE 8
Relationships of fractal dimension with (A) entry pressure, (B) average pore—throat radius, (C) sorting coefficient, (D) efficiency of mercury withdrawal,
(E) maximum mercury saturation, and (F) skewness.

FIGURE 9

The characteristics of micro-porous facies are (A) low mercury saturation, (B) small pore size, (C) D1 is larger than D2, (D) interP pores developed with
(E) compaction. The Intra-crystalline (dissolved) pore facies with (F) high mercury saturation, (G) big pore size, (H) D1 smaller than D2, and (I) dissolved
pores and micro-fracture developed when (J) dissolution. Corrosion pore facies have (K) high mercury saturation, (L) relatively big pore size, (M)
relatively strong heterogeneity, (N) dissolved pores, intra-crystalline pores, and few micro-fractures developed through (O) penecontemporaneous
karstification.
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karstification transforms intergranular pores into dissolution
pores, which is evident in the core observation as pinhole
shapes (Figure 90) (Xiongetal., 2020). Furthermore, dolomite
can be dissolved by hydrogen sulfide produced through sulfate
thermochemical reduction under weakly acidic conditions (Yu
etal, 2012; Zouetal, 2008), resulting in common dissolution
pores in fine silty crystalline dolomite and crystalline dolomite, but
rarely in argillaceous dolomite. The reservoir’s pore-throat radius
mainly ranges from 0.01 um to 0.03 um, with the main permeability
contribution coming from pore sizes of 0.02 um-0.04 um
(Figure 9L). Additionally, the homogeneity of the pore structure
across different pore sizes is better-illustrated (Figure 9M), along
with high petrophysical properties indicating its potential prolific
reservoirs.

6 Conclusion

In this study, we used various experimental methods
and fractal theory to investigate the pore structure, fractal
characteristics, and main controlling factors of the Majiagou
Formation in the Ordos Basin. The key conclusions are summarized
as follows:

(1) The dolomite reservoir of the Majiagou Formation in
the Ordos Basin exhibits a development of argillaceous
dolomite, fine silty crystalline dolomite, and crystalline

with

dissolved pores,

dolomite intra-crystalline pores, intra-crystalline

dissolved pores, and micro-fractures
predominating.

(2) Based on the analysis of HPMI curves and petrophysical
measurements, the reservoir was classified into three types:
dissolved pore type, micro-fracture (intra-crystalline) pore
type, and micro-porous type. The micro-porous type exhibits a
small number of intra-crystalline pores with small pore-throat
sizes. In contrast, the micro-fracture pore type displays
developed micro-fractures and large pores but with a limited
number of pores, indicating the good permeability but the
poor storage capacity. The dissolved pore type is characterized
by a significant quantity of dissolved pores along with few
microfractures, resulting in a large pore volume and relatively
better permeability.

(3) Fractal dimension analysis derived from the HPMI data
reveals reservoir heterogeneity that can be segmented into
two section categories varying across different types. Larger
fractal dimensions observed for larger pores in the micro-
porous type indicate the complex pore structure. The weighted
average fractal dimensions in the micro-fracture (intra-
crystalline) pore type and micro-porous type are 2.92 and
2.87, respectively, while it is 2.82 in the dissolved pore
type. A lower value of the fractal dimension indicates
a less heterogeneity of pore structure, which may have
implications for the fluid flow and storage within the rock
formation.

(4) The quantitative characterization of the pore structure in
dolomite reservoirs is greatly facilitated by the measurement
of fractal dimension, which exhibits positive correlations
with  porosity, and the structure

permeability, pore
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parameter. Furthermore, the dissolved pore type, characterized
by a large pore size and homogeneity structure, resulting
from penecontemporaneous dolomitization and leaching due
to meteoric freshwater ingress, is identified as a potentially
prolific reservoir.
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