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The northern Songliao Basin is shale-oil-rich with high exploration potential. However, its 
heterogeneity challenge reservoir characterization and evaluation, impeding exploration and 
development efforts. Thus, analyzing continental shale’s pore structure and heterogeneity is crucial. 
This work utilizes High-pressure mercury intrusion (HMIP) and low-pressure N2 adsorption (LPN2A) 
methods to analyze the multifractal characteristics of shale pore structures at different depths. Results 
indicate that there is no significant correlation between the pore structures determined by the two 
methods. However, the heterogeneity of the pore structure obtained by the HMIP method is stronger 
than that by the LPN2A method. The study also found that as the total pore volume increases, the 
heterogeneity of the pore structure increases, while the pore connectivity is not significantly correlated 
with the pore volume. In addition, mineral content has a significant impact on the heterogeneity of 
pore structure and pore size distribution, especially the content of quartz.
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After years of exploitation, easily accessible conventional oil and gas reservoirs are depleting, with output 
waning and costs rising. To satisfy escalating energy demands, new areas are being explored beyond traditional 
source1–3. Unconventional oil and gas have become a global focus, especially post the U.S. shale breakthrough, 
with production escalating annually4. By 2020, U.S. shale oil output accounted for 60%, outpacing Saudi Arabia 
to top the world5. Unconventional reservoirs, deeper and more complex than conventional ones, are garnering 
more interest6–14. The terrestrial shale oil in the Songliao Basin of China has enormous development potential. 
Shale is a heterogeneous multi-layered porous medium, exhibiting high interlayer and intralayer heterogeneity 
on a macroscopic level, and on a microscopic level, it exhibits the heterogeneity of the complex pore-fracture 
system of shale. The heterogeneity of shale pore structure will affect the macroscopic heterogeneity of the 
reservoir to a certain extent, and thus affect the permeability, seepage, and production performance of shale oil 
and gas in all directions.

Generally, the characteristics of the pore structure are obtained by injecting different fluids into the core. The 
mercury injection method is commonly used to characterize the pore structure features of shale reservoirs15–17, 
first proposed by H.L. Ritter and L.C. Drake. It is used to measure the capillary pressure curve of the sample; the 
greater the external pressure, the smaller the pore radius that mercury can enter, thereby obtaining the pore size 
distribution information17–20. Due to the ultra-low porosity and ultra-low permeability of shale’s rock physical 
properties, liquid mercury theoretically cannot enter excessively small pores (< 50 nm). Nitrogen adsorption/
desorption is a common method for characterizing nanoscale pores, often used for the characterization of 
micropores and mesopores in porous materials, with a test range of 1.7–300 nm. Based on the shape of the 
isotherm curve, one can infer the size and distribution of the material’s pores. By analyzing the data from the 
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two tests mentioned above, the heterogeneity of the core can be judged. To quantitatively characterize the 
heterogeneity and apply it to other strata, fractal theory is introduced21,22.

Fractal theory is a simple yet powerful tool for studying objects with self-similarity23. In recent years, fractal 
theory and models have been widely applied to the study of reservoir physical property characteristics7,24. 
Examples include the fractal BET model (Brunauer–Emmett–Teller Model) method, the fractal FHH (Frenkel–
Halsey–Hill) model method, and thermodynamic model methods25–30. However, a single fractal dimension works 
well in reservoirs with simple pore structures but cannot accurately reflect the physical property characteristics 
of complex reservoirs31. Scholars, in order to quantitatively characterize the heterogeneity of porous media2,32–35, 
have introduced multifractal theory. Multifractal parameters (such as multifractal dimension Dq, singularity 
index Δα) are closely related to the pore structure and pore size distribution characteristics of the reservoir31,36. 
Multifractals divide complex structures into different regions, which are collections composed of single fractals, 
so they can provide more comprehensive information for the study of reservoir physical property characteristics.

The continental shale oil in Songliao Basin is a promising unconventional reserve in China. Understanding 
pore structure characteristics at different burial depths is crucial for its exploration and development. Given 
that shales with similar burial depths may share analogous depositional environments, which could result in 
calculated multifractal dimensions that do not vary significantly. We have selected shale samples from different 
depths for experimentation and analysis to investigate the factors influencing the multifractal dimensions of 
shales. This study collected eight shale oil samples from various burial depths in the Y1 well, Songliao Basin, 
China. Using HMIP and LPN2A methods, we aimed to: (1) analyze pore size distribution, (2) derive multifractal 
characteristics, and (3) explore the relationship between multifractal parameters and sample physical properties.

Geological setting
The Songliao Basin is located in the northeastern part of China, within the provinces of Heilongjiang, Jilin, 
and Liaoning (Fig. 1a), surrounded by hills and mountains, with a northeast-trending long axis, 750 km long, 
330–370  km wide, and an area of 26 × 104  km2,37–39 (Fig.  1b), and is one of the most oil and gas resource-
rich continental sedimentary basins discovered in the world. The fault-basin complex, primarily composed of 
the Mesozoic and Cenozoic strata, is formed on the Hercynian folded basement and exhibits a double-layer 
structure with a lower fault and an upper depression, with the upper part being the unified depression layer of 
the basin and the lower part being a group of separated fault basins40–42. Controlled by the basement faults, the 
fault basins within the basin are distributed in a north-northeast direction, with larger fault basins in the central 
and eastern parts, developing in a continuous belt. It was the largest Cretaceous tectonic freshwater to slightly 
saline lake basin on the Asian ancient land, and during its development, it experienced multiple expansions and 
contractions accompanying crustal uplift and subsidence movements34,43,44. The main strata developed during 
this period include the Lower Cretaceous (including the Huoshiling Formation, Shahezi Formation, Yingcheng 
Formation, Denglouku Formation, and Quantou Formation), Upper Cretaceous (Qingshankou Formation, 
Yaojia Formation, Nenjiang Formation, Sifangtai Formation, and Mingshui Formation), and Cenozoic strata. 
The basin has experienced two large-scale water invasions; the first occurred during the deposition of the Upper 
Cretaceous Qingshankou Formation, with a widespread deep lake to half-deep lake environment, depositing a 
thick dark shale of about 320 m, mainly in the Qijia-Gulong depression and the Daqing placanticline (Fig. 1c). 
The second was during the deposition of the first and second members of the Cretaceous Nenjiang Formation, 
when the lake water covered the entire Songliao Basin, marking the largest water invasion in the basin’s 
sedimentary history, with a thickness of dark shale reaching 300 m38,40,45,46. During the depositional periods 
of the Qingshankou Formation and Nenjiang Formation, the lake basin had a large distribution area, deep 
water body, and a rich variety of organisms, with abundant organic matter sources and favorable preservation 

Fig. 1.  (a) Location map of Songliao Basin; (b) 1st order tectonic unit in Songliao Basin; (c) 2nd order tectonic 
unit in Songliao Basin. Modified by Li et al.47.
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conditions, laying the material foundation for the large-scale enrichment of continental shale oil in the shallow 
layers of the northern Songliao Basin.

Methodology
The experimental samples in this paper are laminated black shales from different depth intervals, all collected 
from the Y1 well located in the northern part of the Songliao Basin, specifically selecting eight shale core samples 
from a depth range of 2340 m to 2440 m.

Petrographic composition tests
In this study, the microstructure and composition of the samples were observed using Scanning Electron 
Microscope (SEM). Quantitative characterization of rock composition were carried out in accordance with the 
standards GB/T 19145-2022 “Determination for total organic carbon in sedimentary rock standard procedure” 
and SY/T 5163-2018 “Analysis method for clay minerals and ordinary non-clay minerals in sedimentary rocks” 
by the X-ray diffraction standard procedure.

Nitrogen adsorption/desorption
Low-temperature N2 adsorption/desorption: In accordance with GB/T 19587-2017 “Determination of the 
specific surface area of solids” by gas adsorption using the BET method, 10 g of sample with a mesh size of 
60–80 is first degassed and dried for 24 h, followed by low-temperature N2 adsorption/desorption experiments 
at a condition of 77K. The BET and BJH models are employed to obtain the specific surface area and pore size 
distribution of N2 adsorption, respectively.

Mercury intrusion porosimetry
High-pressure mercury intrusion experiment: Referring to GB/T 29171-2023 “Rock capillary pressure 
measurement standard”, before conducting the test, samples must be prepared into 1 cm3 cubes, and the samples 
also need to be continuously dried at 105 °C for 8 h to ensure that the original pores of the coal samples are not 
destroyed by high temperatures and to effectively remove impurities and gases within them. During the testing 
process, it is essential to ensure that the surface of the samples is smooth to avoid the “Hemp effect”. The mercury 
intrusion test measures the pore size with a lower limit of 3 nm and an upper limit reaching several hundred 
micrometers.

Multifractal analysis
Many scholars, after analyzing the mercury intrusion and liquid nitrogen data of samples, believe that rocks 
possess multifractal characteristics, and that multifractal parameters are closely related to the pore system of 
the core samples48,49. This paper employs the box-counting method to perform multifractal analysis on the test 
data of rock samples saturated with water. In the analysis process, the object of study is divided into N boxes 
equally, with the size of each box being ε. The probability mass distribution function of the ε-sized I-th box can 
be represented as:

	
Pi (ε) = Ni(ε)∑N(ε)

i=1
Ni(ε) � (1)

where Ni(ε) is the cumulative porosity or cumulative pore volume of interval i. Pi(ε) is the probability mass 
function.

If the samples have multifractal characteristics, the probability mass function Pi(ε) and the box size ε have an 
exponential relationship, which can be expressed as50:

	 Pi (ε) ∝ εαi � (2)

where αi is the Lipschitz-Hölder singularity exponent, and the position of the box affects the value of αi. Nα(ε) is 
the number of boxes with the same α value, and Nα(ε) conforms to50:

	 Nα (ε) ∝ ε−f(α) � (3)

where f(α) is the spectrum of the fractal dimensions formed by boxes with the same α value, and the relationship 
between f(α) and α is a unimodal curve. Both α(q) and f(α) can be calculated based on the following equations:

	 α (q) ∝
∑N(ε)

i=1
(ui(q,ε)×ln pi(ε))

ln(ε)
� (4)

	 f (q) ∝
∑N(ε)

i=1
(ui(q,ε)×ln ui(ε))

ln(ε)
� (5)

where

	
ui (q, ε) = P

q
i

(ε)∑N(ε)
i=1

P
q
i

(ε) � (6)
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where q is an order of the matrix, and the value range is from  − ∞ to + ∞. The value of q is an integer in the 
interval [− 10,10]. The denominator in Eq. (6) is the partition function. It can be expressed as47: 

	
X (q, ε) =

Ni∑
i=1

P q
i (ε) ∝ ε−(q−1)Dq � (7)

where Dq is the generalized dimension related to q, which can be defined as51:

	
Dq = 1

q−1 lim
ε→0

log
∑N(ε)

i=1
p

q
i

(ε)
log ε

� (8)

As for q, when q < 0, Dq represents the low probability measurement region for aperture; On the contrary, Dq 
represents the low probability measurement region for aperture52. Meanwhile, the mass exponent τ(q) of a q-
order matrix can be defined as:

	
τ (q) = − lim

ε→0

log X(q,ε)
log ε

= − lim
ε→0

∑N(ε)
i=1

P
q
i

(ε)
log ε

� (9)

Combining Eqs. (8) and (9), the mass exponent τ(q)can be expressed as50:

	 τ (q) = (1 − q) Dq � (10)

Through the Legendre transformation51, relationships between the singularity strength α(q) and q and τ(q) can 
be expressed as51:

	 α (q) = dτ(q)
dq � (11)

	 f (α) = qα (q) − τ (q) � (12)

Generally, the multifractal dimension Dq and singularity strength range ∆α (∆α = αmax − αmin) are two important 
parameters used to study the multifractal characteristics, singularity, and heterogeneity of the pore structures of 
porous media53. In multifractal analysis, the fractal dimension Dq is a spectrum that changes with scale, offering a 
detailed measure of fractal complexity. The singularity strength range ∆α is the spread of the singularity strength 
exponent α across multifractal analysis. α indicates the singularity level in different parts of the fractal. A larger 
∆α signifies a strong multifractal, while a smaller ∆α suggests a weak one, approaching a mono-fractal51,53.

Results
Petrographic description
Scanning electron microscopy observations reveal that the main mineral components of the continental 
shale in this study include quartz, feldspar, and clay minerals, with trace amounts of pyrite also observable. 
The micro storage spaces of the shale mainly consist of fractures and pores, which are further divided into 
intergranular pores, intragranular pores, and organic matter pores, among others. The shapes of the pores 
include spherical, flocculent, strip-like, and amorphous forms. Quartz particles are enriched in three forms: 
laminar strip-like, amorphous lump-like, or sporadic distribution within the shale minerals. Clay minerals are 
predominantly lamellar. Fractures are highly developed; under scanning electron microscopy, intercrystalline 
fractures, intracrystalline fractures, and a few dissolution seams can be observed. Under optical microscopy, 
common fractures include interlayer fractures and quartz-filled fractures, with quartz-filled fractures generally 
parallel to the stratification, occasional organic matter bands, and it is rare to see reticular fractures or fractures 
perpendicular to the stratification (Fig. 2).

In accordance with the standards GB/T 19145-2022 “Determination for total organic carbon in sedimentary 
rock standard procedure” and SY/T 5163-2018 “Analysis method for clay minerals and ordinary non-clay 
minerals in sedimentary rocks” by the X-ray diffraction standard procedure, foundational experimental tests 
were conducted on the samples. The basic information of the samples can be found in Table 1:

LPN2A pore structure characterization
Figure 3 displays the LPN2A adsorption and desorption isotherms of the shale samples. A distinct hysteresis 
loop is formed between the adsorption curve and the desorption curve of the samples. According to the IUPAC 
classification, the adsorption/desorption curves of the samples are of type “H2” (The mesh effect, generated by 
the complex pore structure, plays an important role here). The desorption line shows a sharp decline at a relative 
pressure of 0.4 to 0.5, indicating that the samples corresponding to such curves have well-developed ink-bottle-
shaped pores with wide bodies and narrow throats.

Table 2 shows the results of the LPN2A analysis for pore volume and specific surface area. The total pore 
volume and specific surface area of the samples range from 0.033 to 0.043 cm3/g and 22.473 to 36.383 m2/g, 
respectively. The average pore diameter is between 4.748 and 5.869 nm. According to International Union of 
Pure and Applied Chemistry (IUPAC) classification, it can be seen that the sample mainly develops mesopores 
(pore size from 2 to 50 nm as per IUPAC classification) and macropores (pores bigger than 50 nm) develop 
slightly larger than micropores (pores smaller than 2 nm)21,22.
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Fig. 3.  (a) Low-temperature nitrogen adsorption and desorption isotherms of all samples; (b) Distributions of 
incremental pore volumes and specific surface areas of shale samples.

 

Sample no. Depth (m) TOC (%)

Mineral content (%)

Quartz Feld-spar Calcite Dolomite Pyrite

Clay Minerals

Total (I C I/S)

Y1-1 2341 2.84 35.3 22.5 0.0 2.9 4.3 35.0 (58 15 27)

Y1-2 2345 2.09 35.6 29.5 1.1 0.0 4.1 29.6 (72 7 21)

Y1-3 2349 1.99 35.5 16.7 1.3 0.0 6.3 40.2 (69 7 24)

Y1-4 2354 1.78 35.2 30.4 1.5 0.0 3.5 29.3 (63 16 21)

Y1-5 2358 1.70 36.7 28.8 0.0 0.0 3.9 30.6 (68 10 22)

Y1-6 2366 1.89 35.0 27.3 0.9 0.0 4.0 32.9 (71 8 21)

Y1-7 2391 2.11 34.5 20.5 0.8 0.0 3.9 39.4 (59 9 32)

Y1-8 2432 3.27 36.7 10.3 4.4 0.0 0.0 48.6 (63 5 32)

Table 1.  Sample information and basic parameters. TOC Total organic carbon; I Illite; C Chlorite; I/S Illite–
smectite mixed layer; Total Illite + chlorite + illite–smectite.

 

Fig. 2.  Microscopic characteristics of scanning electron microscope and thin section of reservoir rocks. (a) 
Intragranular and intergranular pores; (b) Intergranular pores in illite; (c) Spherical organic matter pore; 
(d) Bedding and microfractures; (e) Quartz particle clumps; (f) Organic matter accompanied by pyrite 
development pores.
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HMIP pore structure characterization
Based on the differences in the openness and connectivity of the shale reservoir pores, the pores are classified 
into closed pores, semi-closed pores, and open pores, with the latter two constituting the effective storage 
space of the reservoir. The “hysteresis loop” feature of the mercury intrusion curve can be used to analyze the 
openness and connectivity of the pores. Samples with developed open pores can form a hysteresis loop with 
the advancing and receding mercury curves. Samples with developed semi-closed pores usually do not have a 
distinct hysteresis loop. However, the bottleneck pores, as a special type of semi-closed pores, have a difference 
in the receding mercury pressure corresponding to the bottleneck and the body, thus forming a drop-type 
hysteresis loop, but their pore connectivity is poor. The advancing/retracting mercury curves and the hysteresis 
loop characteristics formed in the study area are similar, indicating that the pore structure characteristics of the 
shale in the study area are similar. Figure 4 shows the HMIP measurement results and the pore size distribution 
characteristics of the samples in the study area. The advancing mercury curve of the samples steadily rises as the 
pressure increases at low pressures, then the increase in mercury intrusion slows down, and at the high-pressure 
stage, the cumulative mercury intrusion shows a rapid increase again, indicating the presence of large-diameter 
macropores and small-diameter micropores in such shales, while pores of intermediate diameter are relatively 
underdeveloped, showing a bimodal pore size distribution characteristic. The retracting mercury curve shows 
gradual mercury retraction at the beginning and tends to be flat later, indicating that the large-diameter pores 
have good openness and connectivity at the stage, and due to the lack of communication with intermediate-scale 
pores, the connectivity of the micropores is poor, making the later stage of mercury retraction not obvious. The 
advancing and retracting mercury curves have a narrow hysteresis loop, with a small difference between the 
advancing and retracting mercury volumes, indicating that such samples have a large proportion of semi-closed 
pores, the pore openness is not ideal, which is not conducive to the permeation and migration of fluids, and the 
storage conditions are also poor.

Table 3 shows that the total pore volume of the samples is 0.63 to 1.02 cm3/g. And the pore size distribution 
characteristics indicate that the shale in the study area is mainly dominated by mesopores of 2–50 nm (76.84% 
to 88.32%), with macropores being the least (11.68% to 23.16%), followed by non-micropores smaller than 2 nm.

Multifractal characteristics
Figure 5 shows the relationship between the mass distribution function τ(q) and the variable q for the 8 samples 
(with a step size of 1 for q). The mass distribution function reflects the fractal characteristics of the pore size 
distribution49. If the mass distribution function τ(q) has a linear relationship with the variable q, it indicates that 

Fig. 4.  (a) Histogram of mercury intrusion pore characteristics for all samples; (b) Intrusion/withdrawal 
mercury curve of shale samples.

 

Sample no. Pore volume (cm3/g) Surface area (m2/g)

Percentage content of pores 
in different pore sizes (%)

 < 2 nm 2–50 nm  > 50 nm

Y1-1 0.042 36.383 17.34 79.07 3.59

Y1-2 0.037 27.739 15.18 79.92 4.90

Y1-3 0.043 33.825 14.94 80.80 4.26

Y1-4 0.033 22.473 13.76 79.54 6.70

Y1-5 0.033 23.559 15.39 78.90 5.71

Y1-6 0.038 27.793 5.33 80.20 14.47

Y1-7 0.043 33.576 4.59 80.19 15.23

Y1-8 0.036 27.628 3.42 84.58 12.01

Table 2.  Characteristics of pore structure by LPN2A.
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the pore system of the sample is homogeneous and the sample does not have fractal characteristics. As shown in 
the figure, as the variable q increases, the mass distribution function τ(q) also increases. According to its trend, 
the graph can be divided into two segments. In the low-probability measurement area (q < 0), as q increases, the 
mass distribution function τ(q) increases significantly. In the high-probability measurement area (q > 0), the 
mass distribution function τ(q) also increases with the increase of q, but the trend tends to be flat.

Figure 6 is the multifractal spectrum graph for the 8 samples. The shape and symmetry of the multifractal 
spectrum graph can reflect the singularity information of the samples54. As shown in the figure, the multifractal 

Fig. 6.  The relationship between the f (a) and a (q): (a) LPN2A, (b) HMIP.

 

Fig. 5.  The relationship between the τ (q) and q: (a) LPN2A, (b) HMIP.

 

Sample no. Pore volume (cm3/g) Surface area (m2/g)

Percentage content of pores 
in different pore sizes (%)

 < 2 nm 2–50 nm  > 50 nm

Y1-1 0.77 27.56 0 76.84 23.16

Y1-2 0.63 21.10 0 83.16 16.84

Y1-3 0.80 26.59 0 77.62 22.38

Y1-4 0.68 21.56 0 81.32 18.68

Y1-5 0.70 21.60 0 85.15 14.85

Y1-6 0.85 28.68 0 79.36 20.64

Y1-7 0.85 29.28 0 80.14 19.86

Y1-8 1.02 23.56 0 88.32 11.68

Table 3.  Characteristics of pore structure by HMIP.
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spectrum graphs of the 8 samples are in the shape of an upward-opening parabola and all have an asymmetric 
distribution. Each spectrum can be divided into two branches, the left branch corresponding to the high-
probability measurement area, where f(α) increases sharply with the increase of α, and the right branch 
representing the low-probability measurement area, where f(α) decreases with the increase of α. Δα = α(− 10)–
α(10) reflects the heterogeneity of the sample’s pore size distribution, and the larger the value, the stronger the 
heterogeneity.

Figure 7 shows the relationship between the multifractal dimension Dq and the variable q. As q increases, 
the value of Dq gradually decreases. According to its trend, the graph can be divided into two segments. In 
the low-probability measurement area, as q increases, Dq decreases significantly, and in the high-probability 
measurement area, as q increases, the value of Dq decreases, and the trend tends to be flat.

According to the graph, D0 > D1 > D2 for all samples (Table 4), which reflects that all samples have obvious 
multifractal characteristics. Among them, D0 is defined as the capacity dimension or box-counting dimension, 
which reflects the average distribution of the structure; D1 is the information dimension, which is a measure 
of the concentration of the pore size distribution; D2 (D2 = 2H−1, H is the HUST index) is the correlation 
dimension, which represents the scaling behavior at the second sampling moment16. ΔD = Dmin−Dmax is the 
degree of curvature of the generalized size curve, and the larger the value, the stronger the heterogeneity of the 
pore structure46.

Discussion
Pore structure heterogeneity comparison with different methods
Due to the inconsistent detection range, the heterogeneity of pore structure derived from HMIP and LPN2A 
methods is different (Table 5). No significant correlation was observed between the multifractal parameters of 
HMIP and LPN2A results (Fig. 8). However, the pore structure heterogeneity from HMIP is much stronger than 
that from LPN2A. This can be attributed to the significant contribution of smaller pores (pore diameter  < 10 nm). 
Compared to the HMIP method, the detection pore diameter range of the LPN2A method is narrower. Therefore, 
the combination of the two methods can more accurately characterize the pore structure of the samples, thereby 
more accurately characterizing the pore structure and structural heterogeneity of shale.

Sample no.

HMIP/LPN2A

D(0) D(1) D(2) D(0)–D(1) D(− 10) D(10)

Y1-1 0.99/0.99 0.92/0.98 0.85/0.97 0.08/0.02 1.64//1.10 0.72//0.21

Y1-2 0.99/0.99 0.88/0.99 0.80/0.98 0.12/0.01 1.65/1.09 0.66//0.18

Y1-3 0.99/0.99 0.93/0.99 0.86/0.98 0.07/0.01 1.72/1.09 0.70//0.18

Y1-4 0.99/0.99 0.90/0.99 0.82/0.97 0.10/0.01 1.63/1.10 0.68//0.21

Y1-5 0.99/0.99 0.87/0.99 0.78/0.97 0.13/0.01 1.65/1.09 0.66//0.20

Y1-6 0.99/0.99 0.91/0.99 0.83/0.97 0.09/0.01 1.71/1.10 0.69//0.19

Y1-7 0.99/0.99 0.88/0.98 0.79/0.97 0.12/0.02 1.74//1.11 0.67//0.22

Y1-8 0.99/0.99 0.89/0.98 0.80/0.97 0.11/0.02 1.62/1.10 0.67/0.19

Table 4.  Characteristics of the generalized dimension from adsorption.

 

Fig. 7.  Generalized dimension (Dq) versus variable q from q = − 10 to q = 10: (a) LPN2A, (b) HMIP.
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Relationship of pore structures and multifractal parameters
Figure 9 shows the correlation between H (this parameter describes the statistical self-similarity and long-range 
dependence of a time series or spatial structure), ΔD (the multifractal dimension ΔD ranges from (− 10, 10) and 
provides insights into the complexity of the pore structure), Δα (the singularity strength Δα (αmax−αmin), also 
known as the multifractal spectrum width, is an important parameter that reflects the degree of heterogeneity 
in porous media)55, and total pore volume and total surface area. For the pore size range measured by the HMIP 
method, the total pore volume has little effect on the connectivity of pore size distribution, but has a relative 
strong correlation with the degree of heterogeneity of the pore structure15,56. The H value does not show a clear 
trend with the increase of total pore volume, indicating that the connectivity of pores is not significantly related 
to the pore volume, and is mainly influenced by the throat15,56. The increase in total pore volume leads to an 
increase in the heterogeneity and complexity of the pore diameter.

The Pearson correlation57,58 is used to analyze the effect of the size of pore on the multifractal dimension 
parameters (Fig. 10a).

The relationship between the pores measured by LPN2A and the multifractal parameters is relatively weak. 
Among them, the increase in micropore volume enhances the heterogeneity of the pore structure and pore size 
distribution, and strengthens the connectivity between pores. Meso-pores and macro-pores have the greatest 
impact on the multifractal characteristics of pore distribution. The increase in meso-pores and macro-pores 
potentially reduces the connectivity of pores, and the increase in macro-pores enhances the heterogeneity of the 
pore structure and pore size distribution.

The meso-pores and macro-pores measured by the HMIP method have the most significant impact on 
the pore connectivity and the multifractal parameters of pore distribution (Fig. 10b). The results indicate that 
the increase in meso-pores leads to poorer pore connectivity and reduced heterogeneity, while the increase 
in macro-pores enhances pore connectivity and reduces heterogeneity. These results suggest that the increase 

Fig. 8.  The relationship between multifractal parameters of LPN2A and HMIP pore structure.

 

Sample no.

HMIP/LPN2A

H △D △α

Y1-1 0.984/0.924 0.213/0.925 0.316/0.723

Y1-2 0.988/0.898 0.182/0.982 0.293/0.702

Y1-3 0.988/0.928 0.180/1.017 0.286/0.817

Y1-4 0.986/0.910 0.206/0.947 0.326/0.701

Y1-5 0.987/0.892 0.200/0.993 0.320/0.700

Y1-6 0.987/0.915 0.192/1.017 0.306/0.783

Y1-7 0.984/0.897 0.221/1.072 0.335/0.799

Y1-8 0.986/0.899 0.190/0.959 0.287/0.682

Table 5.  Comparison of pore structure heterogeneity between HMIP and LPN2A methods.
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in macro-pores tends to improve pore connectivity and reduce the complexity of the pore structure, thereby 
decreasing the heterogeneity of the pore distribution.

Relationship of shale components and multifractal parameters
Figure 11 reflects the relationship between mineral content in shale and multifractal parameters. As the Total 
Organic Carbon (TOC) increases, organic-rich shales typically have a more complex and intense hydrocarbon 
generation process, which is accompanied by the formation of more complex and numerous micro- and nano-
pores within the shale. Due to the negative impact of the aforementioned micro-pores on the pore structure and 
pore size distribution, the pore connectivity decreases and the pore structure becomes more complex with the 
increase of TOC.

The influence of various mineral components in shale on the pore size distribution is shown in the table. The 
content of quartz in shale has a strong impact on the heterogeneity of the pore size distribution measured by the 
LPN2A method, while other minerals have a relatively small impact on the pore heterogeneity. The main reason 
is the complexity of quartz types in shale, including detrital quartz, microcrystalline quartz, and biogenic quartz. 
The morphological differences among different types of quartz are significant, and the surface of detrital quartz 
is prone to dissolution. At the same time, the pore size range measured by the LPN2A method is limited, thus it 
has a significant impact on the heterogeneity of the pore size distribution.

The components of shale have a high correlation with the multifractal analysis parameters of the HMIP 
pore characteristics. The higher the content of quartz, the worse the pore connectivity, but its impact on the 

Fig. 9.  The relationship between multifractal parameters of LPN2A and HMIP pore structure.
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heterogeneity of the pores is relatively weak. The main reason is that quartz is mostly filled within the pores, 
so the presence of quartz reduces the connectivity of the pores. Similar to the LPN2A method, quartz plays a 
positively correlated role in the heterogeneity of the pore size distribution and pore morphology. The difference 
in its impact on the pore size distribution is mainly due to the different pore size distributions measured by 
the two methods. There is a weak to high correlation between different clay minerals and fractal dimensions, 
indicating the complexity of the impact of clay minerals on non-micropores. Clay minerals mainly develop 
non-micropores, but their types have specific pore size distribution characteristics. Clay minerals such as illite, 
kaolinite, and chlorite each have their own dominant pore size distribution and oriented pore morphology, 
increasing the complexity of the non-micropore structure of shale. Feldspar in shale is mainly of detrital origin 
with a small amount of authigenic origin. Detrital feldspar has varying degrees of dissolution and replacement. 
The formation of feldspar is conducive to the development of meso-pores and macro-pores, therefore, as the 
content of feldspar increases, the size and morphology of the pores in shale tend to be more homogeneous.

Conclusions
This paper analyzed multifractal characteristics of HMIP and LPN2A data for eight shale samples from Songliao 
Basin, focusing on the relationship between multifractal parameters and physical properties. Key findings 
include:

	(1)	� The multifractal parameters obtained by the HMIP and LPN2A methods are different and show no signif-
icant correlation. The heterogeneity of the pore structure calculated by the LPN2A method is significantly 
smaller than that obtained by the HMIP method.

	(2)	� Total pore volume and specific surface area have minimal impact on multifractal parameters. LPN2A: Mi-
cropore volume enhances heterogeneity and connectivity; meso- and macro-pores reduce connectivity and 
increase heterogeneity. HMIP: Meso-pores decrease connectivity and heterogeneity; macro-pores improve 
connectivity and simplify pore structure.

Fig. 11.  Pearson correlation coefficient of multifractal parameters with different mineral components. (a) 
LPN2A; (b) HMIP.

 

Fig. 10.  Pearson correlation coefficient of multifractal parameters with different pore sizes. (a) LPN2A; (b) 
HMIP.
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	(3)	� As TOC increases, shale with high organic matter undergoes more complex kerogen maturation, generating 
more intricate micro- and nano-pores. This complexity negatively impacts pore connectivity and structure. 
Quartz content significantly affects pore distribution heterogeneity due to type diversity and surface disso-
lution, reducing connectivity but having a smaller impact on heterogeneity. Clay minerals and feldspar add 
complexity to the non-micropore structure; their increase benefits meso- and macro-pore development, 
leading to more homogeneous pore size and morphology. The correlation coefficient between the multifrac-
tal dimension and pore size of HMIP is higher than that of LPN2A.

Data availability
The data that support the findings of this study are available on request from the corresponding author. The data 
are not publicly available due to privacy or ethical restrictions.
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