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Abstract: Fractal dimension analysis provides a quantitative approach to characterizing
the heterogeneity of pore structures in reservoirs. In this study, casting thin sections,
scanning electron microscopy (SEM), and high-pressure mercury intrusion porosimetry
(MIP) were integrated with fractal theory to determine the fractal dimensions of different
pore types and investigate the controlling factors of reservoir pore structure heterogeneity.
This study identifies three primary pore types—residual intergranular, dissolution, and
intergranular pores—and classifies the reservoir into three distinct types based on their
mercury intrusion curves and pore-throat radius distributions. The fractal analysis of pore
structures reveals three segments corresponding to macropores, mesopores, and transition
pores, with average fractal dimensions of 2.28, 3.67, and 2.43, respectively. Furthermore, the
overall fractal dimensions for Type I, II, and III reservoirs are 2.69, 2.72, and 2.92, indicating
an increasing trend in heterogeneity from Type I to Type III. The fractal dimension shows
a negative correlation with reservoir properties, median pore-throat radius, maximum
mercury saturation, and the content of quartz and feldspar, while it is positively correlated
with displacement pressure. No significant correlation is observed with clay mineral
content. These findings offer valuable insights into the heterogeneity of reservoir pore
structures and provide a basis for evaluating reservoir quality.

Keywords: dense sandstone; pore structure; heterogeneity; fractal dimension; reservoir
evaluation

1. Introduction

As China’s exploration and development of oil and natural gas resources advance,
identifying tight sandstone oil and gas has become a significant exploration direction [1].
The Ordos Basin, one of China’s largest sedimentary basins, is located on the western side
of the North China Craton. It is an edge sag basin rich in o0il and natural gas resources. The
southwestern part of the Yishan Slope structural unit in the Ordos Basin contains relatively
high-quality tight sandstone oil and gas resources [2,3]. However, the pore structure of
tight sandstones is a key factor controlling fluid storage and migration in reservoirs. Its
complexity and irregularity directly affect the physical properties of the reservoir and
development outcomes.
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In 1982, Mandelbrot systematically introduced the fundamental concepts of fractal
geometry, providing a theoretical framework for describing the irregular and complex
structures found in nature [4,5]. In the 1990s, fractal theory was progressively applied to
the study of rock and porous media pore structures. Researchers began utilizing techniques
such as the box-counting method to extract self-similar characteristics from experimental
images and scanning data, leading to the establishment of power-law relationships for
pore size distributions [6-9]. With the development of experimental techniques such
as mercury injection, nuclear magnetic resonance (NMR), and CT scanning in the early
21st century, scholars started integrating fractal theory with empirical data [10-13]. Around
2010, studies by researchers like Cai et al. employed numerical simulations—including
computational fluid dynamics (CFD) and the lattice Boltzmann method—to analyze fluid
flow and capillary phenomena in pore structures [14,15]. Furthermore, the work by Yang
Xiaoming combined electrical imaging well logging data with fractal dimension analysis to
quantitatively differentiate between dissolution pores, intergranular pores, and fracture-
type reservoirs in carbonate rocks [16-18].

Therefore, this study focuses on the tight sandstone of the Chang 6 Member in the
southwestern part of the Yishan Slope in the Ordos Basin. By employing casting thin
sections, scanning electron microscopy, high-pressure mercury injection, and other ex-
periments, and integrating fractal theory, the study quantitatively characterizes the pore
structure characteristics of the rock. It aims to identify the controlling factors of fractal
dimensions, providing a theoretical basis for evaluating the storage and permeability of
tight sandstone reservoirs.

2. Geological Background

The Ordos Basin, one of China’s largest sedimentary basins, is situated on the western
side of the North China Craton and plays a pivotal role in the exploration of tight oil and
natural gas resources in China [19-21].

The basin comprises multiple geological structural units, with the study area located
in the southwestern part of the Yishan Slope structural unit (Figure 1). This region lies
at the junction of Shaanxi and Gansu provinces, characterized by gentle terrain and low
stratigraphic dip angles, covering an area of approximately 186 square kilometers. The
overall regional structure exhibits a gently westward-dipping monocline (Yishan Slope),
with local development of low-amplitude anticlinal structures, faults, and microfracture
zones. Tectonic activity is primarily characterized by stable subsidence, with relatively
weak modifications to the basin’s cap rock during the Yanshanian and Himalayan tectonic
movements. Oil and gas reservoirs are predominantly controlled by lithological-structural
complexes, mainly in concealed traps.

The stratigraphy in the study area is well-developed, with the primary formations
from top to bottom being the Triassic Yanchang Formation (T3y), Jurassic Yan’an Formation
(J1y), and the Anding Formation (J2a). The Yanchang Formation represents a typical
continental lacustrine-deltaic sedimentary system, developing multiple sets of sandstone
reservoirs. This formation is the main exploration target for tight oil and shale oil in the
basin, with controlled reserves reaching up to 200 million tons. The delta front sandstones
in the study area serve as high-quality reservoirs, primarily composed of dark gray fine
sandstones, gray-black siltstones, and black mudstones [22-25]. These reservoirs exhibit
low porosity and permeability, significant heterogeneity, and higher development costs.

In summary, the Ordos Basin’s geological setting, particularly the Yishan Slope
structural unit, provides a complex environment for tight oil and gas exploration. Un-
derstanding the stratigraphic and structural characteristics of formations like the Yan-
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chang Formation is crucial for evaluating reservoir potential and guiding exploration and

development strategies.
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Figure 1. Geological structure unit and research area location map of Ordos Basin and stratigraphic

histogram of the study area.

3. Methods

3.1. Experimental Method
This study employs casting thin sections, scanning electron microscopy (SEM), and

high-pressure mercury injection experiments to directly measure the morphology, size, con-
nectivity, and mineral composition of rock pores, thereby calculating the fractal dimension

of pore structures.
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High-Pressure Mercury Injection Experiment: This method is commonly used to study
pore-throat structures. During the process, capillary forces act as resistance, hindering
mercury from entering the rock’s pore-throats. Therefore, external pressure is applied
to facilitate mercury intrusion. The lower the pressure required for mercury to enter the
pore-throats, the larger the pore-throat radius; conversely, higher pressures indicate smaller
pore-throat radii. By analyzing the capillary pressure curve and the relationship between
mercury injection pressure and volume, the size and distribution of rock pore throats can be
assessed [26]. In the high-pressure mercury injection experiment, an AutoPorelV-9520 fully
automatic mercury injection apparatus(McMurdik (Shanghai) Instrument Co., Ltd., Shang-
hai, China) was used. Samples were placed into a sealed dilatometer and evacuated for
testing. The mercury intrusion process was performed by stepwise pressurization, and once
a stable pressure was reached, the cumulative mercury intrusion saturation at that pressure
was measured. The instrument operates under a pressure range of 0 to 206.7 MPa, with
an ambient temperature of 19.6-20.8 °C during operation, and it is capable of measuring
pore-throat radii as small as approximately 3.6 nm.

Casting Thin Sections: This technique is used to study the pores within rocks, fo-
cusing on their content, types, and distribution. Polarizing microscopes can magnify up
to 1000 times. In the casting slice experiment, a vacuum impregnation method was used
to inject a prepared stained methyl methacrylate monomer solution into the rock pores.
Initially, the samples underwent an extraction and oil-washing procedure to ensure they
were oil-free, with dimensions of 25 mm x 5 mm. Prior to vacuum treatment, a glass tube
containing the sample was placed in an oven and heated at (100 £ 2)°C for 1 h. Subse-
quently, the sample was transferred to a vacuum system for evacuation. Once the vacuum
level in the system reached 0.09 MPa, the evacuation was continued for an additional
1-2 h. Then, the organic glass monomer solution was injected so that the solution level
exceeded the sample by 34 cm, and the vacuum was maintained for another 0.5-1 h. After
solidification, the resin was ground into thin sections for observation and analysis [27,28].

Scanning Electron Microscopy (SEM): This is a high-resolution instrument that pro-
vides clear and direct visualization of rock pore structures and mineral compositions. It
allows for detailed examination of pore morphology, size, distribution, and mineral charac-
teristics, offering valuable insights into pore structure analysis [29]. In this scanning electron
microscopy experiment, the instrument used was the —Quanta 400 FEG field emission
environmental scanning electron microscope (FEI Corporation, Hillsboro, OR USA), which
offers magnification up to one million times and a resolution of 2 nm. The experimental
samples were selected based on their fresh surfaces, ensuring that the surface structure was
well preserved without deformation or contamination, with approximate dimensions of
15 mm X 10 mm X 5 mm (thickness). The primary experimental procedures included sam-
ple drying and pre-milling, high-energy argon ion milling, deposition of a conductive film
on the sample surface (carbon sputtering treatment), and electron microscopy observation.

By integrating these experimental methods with fractal theory, the study quantitatively
characterizes the pore structure features of rocks, providing a theoretical basis for evaluating
the storage and permeability of tight sandstone reservoirs.

3.2. Fractal Theory

The fractal dimension is a method that characterizes its fractal pattern by quan-
tifying the heterogeneity of pore-throats into the detail and scale variation rate of the
pore-throats [30].

The main fractal model of reservoir pore structure used in this study is the box-
counting model [31,32]. In this model, there exists a power-law relationship between the
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number of objects and the measurement scale, the fractal dimension is determined by the
Formula (1):
N(r) ecr P (1)

where r is the pore radius, um; N(r) is the number of virtual pores with pore radius r; and
D is the fractal dimension.
From the capillary model, we have:

Vu
N(r) - Fzgl

()
where Vg is the volume of mercury at a specified pressure, cm3; and 1 is the length of the
capillary, pm.

At a given pressure P, mercury at room temperature is forced into the capillaries of
the sample. As the mercury enters the capillaries, the contact surface between the capillary
walls and the mercury generates a force opposing the external pressure, thereby impeding
the intrusion of mercury; this is referred to as capillary force. The capillary pressure is:

Pe = ZGC:SG

3)

where Pc is the capillary pressure, MPa; o is the surface tension, dyne/cm; and 6 is the
contact angle, (°).
The formula for calculating mercury saturation is:

VH
Shg = 2 4)
8 Vp

where SHg is the mercury saturation, %; and Vy, is the pore volume, cm?.
Combining Equations (1)—(4), we obtained the relationship equation among mercury
saturation, capillary pressure, and fractal dimension:

Stg = aPe~ D) 5)

where a is a constant.
Taking the logarithm of both sides of Equation (5) yields:

183y, = (D —2)lgPe +b 6)

where b is a constant.
Therefore, the fractal dimension D can be obtained by the slope of the straight line
fitted in the double logarithmic plot of Sy versus Pc, that is:

D=K+2 (7)
where K is the slope of the fitted straight line.

4. Result
4.1. Physical Properties

Quartz and rock fragments serve as the fundamental components of the rock frame-
work, with their physical arrangement and cementation directly determining the initial
pore structure. In contrast, the weathering transformation of feldspar and the filling effect
of clay minerals often further modify the porosity and permeability during later stages of
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evolution. These factors interact during sedimentation, metamorphism, and subsequent
diagenesis, collectively determining the final pore structure and reservoir characteristics.

Petrophysical tests indicate that the Chang 6 reservoir in the study area is a typical
low-permeability and ultra-low-permeability reservoir. The minimum permeability is
0.044 x 1073 um?, the maximum is 0.847 x 1073 um?, and the average is 0.238 x 1073 um?.
The minimum porosity is 9.94%, the maximum is 14.02%, and the average is 11.46%.

4.2. Mineral Composition and Pore-Throat Type

Through casting thin section analysis (Table 1), the study area exhibits a diverse
range of reservoir mineral compositions: the average quartz content is 33.36%, feldspar
29.16%, and lithic fragments 22.82%. The average content of pore-filling materials is 14.67%,
predominantly clay minerals, with chlorite being the most abundant (47.84%), followed by
illite (44.40%) and illite/smectite mixed layers (5.21%), and kaolinite the least (2.56%).

Table 1. Porosity, permeability and mineral content of rock samples in the study area.

Sample . o, Permeability/ Mineral Content/% Clay Mi'neral Content/%
Number Porosity/% 10-3 um? Quartz  Feldspar F Rock §lay Illite Emon Mixed Kaolinite Chlorite
ragments Mineral Layer

Q-1 14.02 0.847 39.0 35.0 11.0 15.0 28.53 8.38 9.44 53.65
Q-2 11.86 0.629 38.0 30.0 12.0 20.0 41.37 4.83 0.00 53.80
Q-3 12.81 0.262 34.0 27.0 30.0 9.0 45.40 3.90 0.00 50.70
Q-4 8.98 0.092 38.0 31.0 13.0 18.0 74.00 0.00 0.00 26.00
Q-5 11.32 0.128 38.3 34.1 11.7 16.0 47.33 4.28 2.36 46.04
Q-6 10.36 0.114 31.3 29.0 21.7 18.0 64.14 1.19 0.00 34.67
Q-7 11.60 0.108 31.0 25.0 28.0 16.0 20.95 4.36 13.80 60.89
Q-8 10.90 0.085 29.0 21.5 38.5 11.0 37.49 14.31 0.00 48.20
Q-9 12.83 0.074 29.0 27.0 31.3 12.7 57.80 1.89 0.00 40.31
Q-10 9.94 0.044 26.0 32.0 31.0 11.0 26.95 8.94 0.00 64.11

A::fjege 11.46 0.238 3336 2916 22.82 14.67 44.40 521 2.56 47.84

Casting thin section and scanning electron microscope (SEM) analyses reveal that
intergranular pores, dissolution pores, and intragranular pores are the primary pore types
(Figure 2). Intergranular pores are the most widely distributed, typically appearing as
straight lines with smooth edges, forming irregular polygons with pore diameters mostly
greater than 20 um. Dissolution pores are mainly formed by feldspar dissolution, often
observed along cleavage directions, resulting in banded distributions. The rock also
contains a small number of intragranular pores, which are narrow and serve as important
channels connecting larger pores. The predominant throat types are sheet-like and bent
sheet-like, with a small number of necked throats (Figure 2).

Recent studies have typified pore-throat sizes in tight sandstone reservoirs based on
throat radius: macropores (=>1000 nm), mesopores (100-1000 nm), transition pores (10-100 nm),
and micropores (<10 nm). In the study area, macropores, mesopores, and transition pores
are predominantly developed, with micropores being almost absent.

4.3. Mercury Pressure Curve

According to the morphology of the mercury pressure curve measured for the
10 samples and the corresponding distribution of the pore-throat radius, respectively, the
10 samples were divided into three categories.

Type I samples include Q-1, Q-2, and Q-3. The morphological characteristics of the
mercury pressure curve (Figure 3a) are low mercury intake slope at the initial stage and
rapid mercury intake. When the mercury saturation slope reaches about 50%, the slope
becomes higher and the mercury intake is continuous, and the burr pressure range in
the low slope section is less than 2 MPa. Type I samples have good properties and low
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displacement pressure (Table 2), averaging 0.53 MPa; maximum mercury intake saturation
mean is 97.16%; median orifice radius is 0.393 1 m; average mercury removal efficiency is
25.43%; orifice radius distribution shows single peak (Figure 3b), and the peak is mainly
distributed between 0.6 and 1.1 um, with low sorting coefficient of 1.74, indicating that the
samples have good properties, porous development and uniform distribution.

Feldspar
dissolution pore

Figure 2. Microscopic characteristics of pore-throats in tight sandstone reservoirs of Chang 6 reservoir
in the study area. (a) Residual intergranular pores Q-2, Cast thin section; (b) Residual intergranular
pores, feld-spar-soluble pores Q-4, cast body sheet; (c) Cork, lamelate throat Q-5, cast body sheet;
(d) Intergranular see quartz secondary increased Q-3, SEM; (e) Intergranular, granular surface chlo-
rite development Q-7, SEM; (f) Intergranular illite development Q-8, SEM.

Type II samples include Q-4, Q-5, Q-6, and the shape characteristics of their mercury
intrusion curves also show a low initial slope with rapid mercury intrusion at the beginning,
and a steeper curve with continuous mercury intrusion in the middle and later stages. The
capillary pressure range of the low slope section is 3-5 MPa. Compared to Type I samples,
the physical properties of Type Il samples deteriorate, with a larger displacement pressure
averaging 1.45 MPa; the average maximum mercury intrusion saturation is 87.63%; the
average median pore-throat radius is smaller compared to Type I samples, at 0.183 um; the
average mercury withdrawal efficiency is 22.28%; the pore-throat radius distribution mainly
shows a unimodal shape, with the peak mainly distributed between 0.15 and 0.30 um, and
the sorting coefficient averages 2.42, indicating that the smaller pore-throats of this type of
samples are developed and have poor sorting.

Type III samples include Q-7, Q-8, Q-9, Q-10, and the shape characteristics of their
mercury intrusion curves show a slow rising trend without a distinct low-slope plat-
form section. The physical properties of Type IIl samples are the worst, with the largest
displacement pressure averaging 2.19 MPa; the lowest average maximum mercury in-
trusion saturation is 75.64%; the smallest average median pore-throat radius is 0.065 um;
the average mercury withdrawal efficiency is 36.32%; the pore-throat radius distribu-
tion mainly shows a multimodal shape, with the highest peak on the left mainly dis-
tributed between 0.011 and 0.016 um, and some lower peaks on the right mainly distributed
between 0.03 and 0.15 pm; the sorting coefficient averages 2.57, indicating that overall the
pore size is smaller, the pore type is mainly micropores, and the pore structure is relatively
complex, with poor pore connectivity and strong heterogeneity.
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Figure 3. Characteristic curve of high-pressure mercury injection capillary pressure and pore-throat

distribution of Chang 6 reservoir in the study area. (a) Capillary pressure curve; (b) Pore-throat
distribution curve.

Table 2. Pore-throat structure parameters of Chang 6 reservoir in the study area.

Sample Threshold Median Maximum Median Hole Maximum Mer?ury Efficiency Separation
Number Pressure/MPa  Pressure/MPa Aperture Larynx Larynx Intake Saturation of Mercury Factor
Radius/um Radius/pum (%) Withdrawal (%)
Q-1 0.48 1.52 1.52 0.48 96.04 22.83 1.88
Q-2 0.48 1.72 151 0.43 98.62 30.73 1.39
Q-3 0.64 1.76 1.49 0.27 96.81 22.80 1.94
Q-4 1.52 3.79 0.48 0.19 91.37 19.85 2.40
Q-5 1.45 4.84 0.51 0.18 82.60 19.14 2.54
Q-6 1.38 4.85 0.53 0.18 88.92 27.84 2.32
Q-7 1.38 10.28 0.51 0.13 76.57 28.58 2.02
Q-8 2.76 14.97 0.27 0.06 73.14 42.67 2.02
Q-9 2.21 19.77 0.33 0.03 75.19 37.47 3.32
Q-10 2.41 21.76 0.31 0.04 77.69 36.54 2.93
Average 147 8.53 0.75 0.20 85.70 28.85 2.28
value

4.4. Fractal Results

In rock reservoirs, fractal dimensions typically range from 2.0 to 3.0. The fractal
dimension reflects the quality of the reservoir. A high fractal dimension indicates a complex
and highly heterogeneous pore structure, which may result in reduced connectivity between
pores; consequently, even if the porosity is relatively high, the permeability could still be
low. Conversely, a low fractal dimension signifies a relatively simple and homogeneous
pore structure with better pore connectivity, which facilitates efficient fluid flow and thereby
enhances the reservoir’s permeability and storage capacity.

Based on fractal theory and utilizing high-pressure mercury injection (MIP) test re-
sults, fractal dimensions were calculated, and fractal characteristic curves were plotted by
graphing the logarithm of mercury saturation against the logarithm of capillary pressure.
The study found that the reservoir’s fractal characteristic curve distinctly divides into
three segments, corresponding to macropores, mesopores, and transition pores. The fractal
dimensions for these segments, denoted as Dq, Dy, and D3, were determined from the
slopes of the fitted lines for each segment (Figure 4). The correlation coefficients (R?) for the
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fitted curves ranged from 0.83 to 0.96, indicating that the reservoir’s pore-throat structure
exhibits clear fractal characteristics.
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Figure 4. Fractal characteristic curves of samples with different pore types in the study area.
(a) Type I pore: fractal characteristic curve of Q-1 sample; (b) Type II pore: fractal characteristic
curve of Q-5 sample; (c) Type III pore: fractal characteristic curve of Q-10 sample.
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The ideal fractal dimension for pore structures typically ranges between two and three.
However, the D, values were all greater than three, suggesting that mesopore structures are
complex and exhibit strong heterogeneity, lacking clear fractal characteristics. In contrast,
the fractal dimensions for macropores (D;) ranged from 2.09 to 2.41, with an average of 2.28,
and for transition pores (D3) from 2.27 to 2.61, with an average of 2.43 (Table 3). Overall,
the fractal dimension for transition pores was higher than that for macropores, indicating
greater heterogeneity in transition pore structures.

The study also categorized reservoirs into three types based on fractal dimensions:

Type I Reservoirs: D; =2.15, D, = 3.67, D3 = 2.26, with a total fractal dimension of 2.69.

Type II Reservoirs: Dy = 2.28, D, = 3.50, D3 = 2.40, with a total fractal dimension
of 2.72.

Type 1II Reservoirs: D; = 2.37, D, = 3.80, D3 = 2.59, with a total fractal dimension
of 2.92.

Generally, Type I reservoirs exhibited the smallest fractal dimensions, followed by Type
II, while Type III reservoirs had the largest. This suggests that Type I reservoirs have the
weakest heterogeneity, Type Il intermediate, and Type III the strongest. It also indicates that
Type I reservoirs exhibit the highest quality, followed by Type II, while Type III reservoirs
are of the poorest quality. Notably, the fractal dimension for mesopores (D,) exceeded three,
indicating that mesopore structures do not exhibit clear fractal characteristics.

Table 3. Calculation results of fractal dimension for 10 samples in the study area.

Macropore Mesopore Transition Pore
Type Sample Number

D R? D, R? D; R?
Typel Q-1 2.19 0.94 3.82 0.99 2.18 0.728
Typel Q-2 2.16 0.95 3.73 0.93 2.34 0.97
Typel Q-3 2.09 0.96 3.45 0.92 2.26 0.96
Type Il Q-4 2.26 0.90 3.58 0.95 2.40 0.99
Type Il Q-5 2.23 0.92 3.53 0.89 2.35 0.94
Type Il Q-6 2.36 0.94 3.38 0.94 2.44 0.96
Type III Q-7 2.41 0.90 3.82 0.95 2.61 0.83
Type III Q-8 2.40 0.76 3.85 0.96 2.53 091
Type III Q-9 2.39 0.85 4.05 0.95 2.61 0.84
Type III Q-10 2.29 0.94 3.47 0.97 2.59 0.95

5. Discussion
5.1. The Relationship Between Fractal Dimension and Porosity, Permeability

Reservoir petrophysical properties are crucial factors influencing pore-throat com-
plexity. By analyzing the relationship between reservoir petrophysical properties and
fractal dimensions, the intrinsic connection between pore-throat structural features and
reservoir petrophysical parameters can be elucidated at the microscopic scale. The analysis
reveals a negative correlation between fractal dimensions and both porosity and perme-
ability (Figure 5a,c). This indicates that an increase in fractal dimension leads to significant
changes in the micro-pore structure, with a higher proportion of small-scale throats, a finer
pore size distribution, and enhanced pore-throat heterogeneity. Simultaneously, the pore
surface morphology becomes more complex, throat connectivity decreases, resulting in
diminished reservoir storage and flow capacities.

Moreover, the correlation between fractal dimension and permeability is stronger than
that with porosity, suggesting that reservoir heterogeneity has a more substantial impact
on flow capacity. Additionally, the relationships between fractal dimensions (D; and D3) of
macropores and transition pores with their corresponding porosity and permeability differ.
Porosity correlates more strongly with D3, while permeability correlates more strongly
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with D;. This implies that the storage capacity of the study area is primarily influenced by
the heterogeneity of transition pores, whereas the flow capacity is mainly affected by the
heterogeneity of macropores.

16.0 16.0 =-
y =-5.9152x +25.419 y ;29323’;;013 936
2 = =0u.
140 F R?=0.2475 140
£ £
= =
z ¢
S S
~100 } ~ 100 |
8.0 1 1 J 8.0 1 1 1 J
2 2.2 2.4 2.6 2 2.2 2.4 2.6 2.8
Fractal Dimension Fractal Dimension
(a) (b)
07 =-1.0688x +2.6231 07 r -
o . y P N y =-0.7398x +1.9866
S 06 R2=0.4323 = 06 R2=0.3855
X 05 F o 05 F
£ 04 | fl 04 F
=03 | 203
2 8? - o2 t
g | E 01 F
5 0.0 d K 0.0 ,
- 2 22 24 26 '
2 2.2 2.4 2.6 2.8
Fractal Dimension Fractal Dimension

(c) (d)

Figure 5. The relationship between reservoir physical properties and fractal dimension. (a) The rela-
tionship between D; and porosity; (b) The relationship between D3 and porosity; (c) The relationship
between D; and permeability; (d) The relationship between D3 and permeability.

5.2. The Relationship Between Fractal Dimension and Structural Parameters of the Pore-Throat

Scatter plots of fractal dimensions against various pore-throat structural parameters
were constructed. The results indicate that the displacement pressure of the reservoir in the
study area is positively correlated with both fractal dimensions D; and Dj (Figure 6a,b).
As the fractal dimension increases, the displacement pressure also rises, suggesting that
more complex pore-throat structures make it more difficult for the non-wetting phase to
enter the pore space, thereby hindering oil and gas accumulation.

The median pore-throat radius reflects the central tendency of the pore-throat distribu-
tion. In the study area, the median pore-throat radius is negatively correlated with both
fractal dimensions Dy and D3 (Figure 6¢,d). This implies that larger fractal dimensions
correspond to smaller median pore-throat radii, resulting in reduced storage space and less
favorable conditions for oil and gas accumulation.

The maximum mercury injection saturation is another parameter reflecting the size
of the pore-throat storage space and the connectivity between pores. In the study area,
the maximum mercury injection saturation is negatively correlated with both fractal di-
mensions D; and D3 (Figure 6e,f). This indicates that rougher pore-throat structures with
higher heterogeneity lead to poorer connectivity between pores, reducing the amount of
non-wetting phase entering the pore-throats. Therefore, reservoirs with smaller fractal
dimensions are more conducive to oil and gas migration and accumulation, representing
the sweet spots for tight sandstone exploitation.
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Figure 6. The relationship between fractal dimension and pore-throat structure parameters. (a) The
relationship between D; and threshold pressure; (b) the relationship between D3 and threshold
pressure; (c) the relationship between D; and MHLR; (d) the relationship between D3 and MHLR;
(e) the relationship between Dy and MMIS; (f) the relationship between D3 and MMIS.

5.3. The Relation Between the Fractal Dimension and the Mineral Composition

Through analyzing the relationships between various mineral contents and fractal
dimensions, it is evident that the complexity of the micro-pore structure in tight sandstones
is influenced by mineral composition and their respective contents. The contents of quartz
and feldspar exhibit a negative correlation with the fractal dimensions of macropores and
transitional pores (Figure 7a—d). Higher contents of quartz and feldspar correspond to
lower fractal dimensions. This is because felsic minerals, serving as framework minerals,
promote the development of intergranular pores in the reservoir. Their higher content
reduces the likelihood of diagenetic processes such as compaction and cementation, leading
to a more uniform distribution of pore-throat structures. Notably, the correlation between
fractal dimensions and quartz content is stronger than that with feldspar, indicating that
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quartz content is a primary factor affecting the complexity of pore structures. In contrast,
clay minerals show no significant correlation with fractal dimensions, this is because the
heterogeneous distribution of fine clay minerals indeed increases the complexity of the
pore system, thereby raising the fractal dimension and reflecting the system’s self-similarity
and irregularity across different scales. Meanwhile, different types of clay minerals exhibit
varying stability and behavior under dissolution; for instance, kaolinite is generally more
stable, whereas montmorillonite is prone to dissolution in acidic environments. This
dissolution process alters the pore size distribution and connectivity, ultimately affecting
the overall physical properties of the reservoir. Consequently, the relationship between clay
minerals and fractal dimension is not linearly correlated; rather, it may be more complex
and nonlinear, regulated by multiple factors.
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Figure 7. The relationship between the fractal dimension and content of rock mineral components.
(a) The relationship between D; and quartz content; (b) The relationship between D3 and quartz
content; (c) The relationship between D; and feldspar content; (d) The relationship between D3 and
feldspar content; (e) The relationship between D; and clay mineral content; (f) The relationship
between D3 and clay mineral content.
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6. Conclusions

1.  The Chang 6 tight reservoir primarily features residual intergranular, dissolution,
and intercrystalline pores. Fractal analysis delineates three segments with average
dimensions of 2.28 for macropores (D;), 3.67 for mesopores (D), and 2.43 for tran-
sitional pores (D3), indicating that pore heterogeneity increases from macropores to
mesopores, with transitional pores in between.

2. The study area reservoirs are classified into three types, each with unique mercury in-
jection capillary pressure curves and pore-throat radius distributions. Type I reservoirs
exhibit average fractal dimensions of 2.15 (Dy), 3.67 (D5), and 2.26 (Ds) (total = 2.69);
Type II show 2.28, 3.50, and 2.40 (total = 2.72); and Type III display 2.37, 3.80, and 2.59
(total = 2.92). This indicates an increasing pore heterogeneity from Type I to III, while
their storage capacity and permeability decrease accordingly.

3. Reservoir heterogeneity is chiefly controlled by a combination of factors, the fractal di-
mensions for macropores (D;) and transitional pores (D3) exhibit negative correlations
with reservoir physical properties, median pore-throat radius, maximum mercury
injection saturation, and quartz/feldspar content, while showing a positive correlation
with displacement pressure; no significant correlation exists with clay mineral content.

4. Porosity correlates more strongly with D3 and permeability with Dy, indicating that
transitional pore heterogeneity primarily governs storage capacity, whereas macrop-
ore heterogeneity predominantly influences permeability.
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