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Abstract

Porosity is the most common form of reservoirs, and its size, shape, and connectivity directly affect the capacity of oil and 

gas storage and production. To study the micro–nano-pore structure characteristics of shale oil reservoirs and quantitatively 

characterize its heterogeneity, this work uses high-precision high-pressure mercury intrusion (HPMI) experimental techniques 

to study the micro–nano-pore structure characteristics of shale oil, and based on the experimental data, fractal theory is used 

to quantitatively characterize its heterogeneity. The results of the study show that the micro–nano-pores in the shale oil res-

ervoir are concentrated and continuous, and the pore radius is mainly distributed among the range of 30–500 nm, nanoscale 

pores are an important part of the pores of the shale oil reservoir. The fractal dimension of the shale oil reservoir is larger 

than the fractal dimension of typical tight oil reservoirs, indicating that the heterogeneity of shale oil reservoir is stronger. 

The research results have some theoretical and practical significance for the production of inter-salt shale oil reservoirs.
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List of symbols

D  Fractal dimension of shale oil core micro–nano-

pore volume

s  Intrusive mercury saturation of high-pressure 

mercury intrusion experiment

p  Pressure of high-pressure mercury intrusion, i.e., 

capillary pressure

Pmin  Capillary pressure corresponding to the maxi-

mum pore diameter

Abbreviations

CT  Computed tomography

NMR  Nuclear magnetic resonance

LTNA  Low-temperature nitrogen adsorption

HPMI  High-pressure mercury injection

Introduction

Since 2010, some scholars have carried out large-scale 

research in the unconventional oil and gas field and gradu-

ally formed an unconventional oil and gas geological theory 

system (Zou et al. 2012b). As the shale gas revolution in 

North America, with the shale gas development experience 

and the technology of horizontal well volume fracturing, 

China has made gratifying progress in the field of tight oil 

and shale gas and has achieved breakthroughs in Ordos, 

Songliao, Zhungeer, Bohai Bay and Sichuan basin and other 

basins (Li et al. 2015). According to the hydrocarbon gen-

eration theory, shale oil reservoirs with source retention of 

20–50% show great potential for oil and gas development. 

In this context, Zou et al. believed that breaking through the 

shale oil mining technology and turning it into production 

is the goal of future oil exploration and development (Zou 

et al. 2012a).

Reservoir engineers and geologists can accurately pre-

dict recoverable oil and gas reserves and optimize their pro-

duction only by understanding the reservoir pore structure 

(Butcher and Lemmens 2011; Didar and Akkutlu 2013; Kou 

et al. 2016). The complex pore structure of unconventional 

reservoirs is an important factor affecting reservoir proper-

ties and hydrocarbon storage; therefore, the study of pore 

structure is key points of oil and gas development research in 

unconventional petroleum field (Shen et al. 2019; Zhao et al. 

2019). The pores of Barnett shale in the Mississippian Basin 
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range from 5 to 750 nm, with an average of 100 nm (Loucks 

et al. 2009). The Barnett shale in the Mississippian Basin has 

a pore size range of 5 to 750 nm, with an average of 100 nm, 

while the shale in the J Basin in China has a smaller pore 

size range of 4–40 nm. It is a semi-salinized lake source rock 

and has high salinity and strongly formed in an evaporative 

environment, it has a good seasonal rhythmic layer, and the 

lithology is diverse, including mudstone, glauberite shale, 

dolomitic mudstone, etc. (Loucks et al. 2009; Jia et al.,2012; 

Zou et al. 2012a, b; Demaison and Moore 1980). Mud shale 

reservoirs are mostly micro- and nanoscale pores with strong 

heterogeneity. The micropore structure is the key factor that 

determines the pore–percolation relationship and fluid stor-

age and migration (Slatt and O’Brien 2011; Kuila and Prasad 

2013). At present, the technical methods for studying the 

pore structure of conventional reservoirs mainly include 

scanning electron microscopy, analysis of cast thin sec-

tions, and computed tomography (CT) scanning. The aver-

age pore size of shale oil is only on the nanometer scale, 

and conventional methods obviously cannot effectively 

describe the pore structure characteristics of shale. When 

measuring the pore size using scanning electron microscopy 

method, human factors have a relatively large influence, and 

its application is limited, and only the local pore shape can 

be observed, and the statistical representativeness is poor. 

Due to the limitation of the low resolution of the optical 

microscope, casting thin film analysis is usually only used to 

observe conventional micro–nano-level pores (Zhong 2012). 

Bai et al. (2013) used micro–nano multi-scale CT technol-

ogy to conduct three micro-imaging studies on tight sand-

stone reservoirs and clarified the structural characteristics of 

tight sandstone micropore shapes, sizes, spatial distribution, 

and connectivity. But the maximum resolution of ordinary 

CT and micro-CT is 0.25 mm and 0.7 μm, and it is impos-

sible to observe nanoscale pores in shale reservoirs. The 

maximum resolution of nano-CT is 50 nm, and it is still 

impossible to observe the pores of the shale oil reservoir 

of a pore size range of 4–40 nm, and the sample size is 

extremely small, with a diameter of only 65 μm, which has 

strong randomness and cannot completely observe shale oil 

storage layer pore structure.

The main experimental methods of studying the pore 

structure characteristics of shale oil reservoirs include 

nuclear magnetic resonance (NMR), low-temperature nitro-

gen adsorption (LTNA), and high-pressure mercury injec-

tion (HPMI). Although NMR can measure any tiny pore 

signal and maintain the integrity of the sample, this method 

is an indirect pore structure testing technique, it is impos-

sible to directly draw an accurate conclusion of the pore 

size distribution from the T2 spectrum, and it needs to be 

compared with the capillary pressure curve. Compare the 

pore size distribution corresponding to the T2 spectrum (Li 

et al. 2008), and also magnetic minerals and temperature 

have a great influence on the measurement results of the 

NMR T2 spectrum; the relative error increases with the 

increase in magnetic materials and temperature difference. 

Magnetic metal minerals, especially pyrite, are widespread 

in shale reservoirs (Liu et al. 2017; Chen et al. 2018). Clay 

minerals in shale have a certain adsorption capacity for gas, 

leading to the distribution of pore–throat radius determined 

through LTNA that has a large jump, and the truly effec-

tive pore–throat size range is limited (Zhong 2012; Zhao 

et al. 2019). Washburn proposed a capillary method for the 

determination of the pore structure of porous materials by 

the mercury intrusion method (Washburn 1921). The maxi-

mum mercury inlet pressure on conventional mercury intru-

sion is relatively small, which is unable to break through 

the capillary pressure in the nanoscale of shale and cannot 

effectively describe the nanoscale pore structure of shale, 

so it cannot measure pores below 15 nm (Sun et al. 2017). 

HPMI has a maximum mercury inlet pressure of 413.8 MPa, 

and the smallest pore diameter that can be tested is about 

2 nm, which can reflect more pore structure characteristics. 

HPMI experiments have been widely used in the study of 

pore structure characteristics of conventional reservoirs and 

have been applied well in reservoirs such as tight sandstones, 

so they are applied to the study of the pore structure of shale 

oil reservoirs (Fishman et al. 2012; Wang et al. 2016; Curtis 

et al. 2010; Labani et al. 2013; Clarkson et al. 2013; Gong 

et al. 2015; Yang et al. 2013). The fractal theory proposed 

by the famous French mathematician Mandelbrot provides 

a scientific method for describing the irregularity of shale 

pore distribution. Many scholars have studied the fractal 

characteristics of pore structure in rocks and pointed out 

that the pore distribution has statistical self-similarity and 

introduced the fractal dimension to describe the distribution 

characteristics of pores (Katz and Thompson 1985; Krohn 

1988; Wei et al. 2015). The fractal dimension can not only 

describe shale. The pore size and distribution are uniform, 

and it can describe the complexity of shale pore morphology. 

Therefore, the fractal dimension has become an important 

parameter for the quantitative description of the shale pore 

structure, and it can be used to quantitatively characterize 

shale reservoir heterogeneity.

Through previous literature surveys, it is found that 

there are several problems with the study of shale pore 

structure: (1) The experimental methods used are not accu-

rate enough to describe the characteristics of the nano-

pore structure of shale reservoirs; (2) the measured pore 

space contains non-connected pores, and the oil and gas in 

these pores cannot be exploited and are considered invalid 

pores; (3) the heterogeneity of shale oil reservoirs is only 

a qualitative description without quantitative characteri-

zation. In this study, we use high-pressure mercury intru-

sion experiment technology to conduct in-depth research 

on the micro–nano-pore structure characteristics of shale 
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reservoirs, analyze the micro–nano-pore throat distribu-

tion, and compare it with typical domestic tight oil reser-

voirs. Based on the experimental data, the fractal theory 

was used to quantitatively characterize the heterogeneity 

of shale oil reservoirs, laying a foundation for the develop-

ment of shale oil reservoirs.

Experimental principle and sample

Experimental principle

When the non-wet phase is injected into the porous 

medium, the surface tension prevents the non-wet phase 

from entering the pores, and additional pressure is required 

to inject the non-wet phase liquid into the rock pores. 

This additional pressure is equal to the capillary pressure. 

When the capillary pressure is measured by the mercury 

intrusion method, mercury is injected into the rock pores 

as a non-wet phase, and the injection amount corresponds 

to the pore volume of the pore throat in a porous medium. 

When the rock samples reach the pressure equilibrium at 

each pressure point, the change of the amount of mer-

cury introduced with the change of the injection pressure 

is measured. The recorded results are plotted to obtain 

the rock capillary pressure curve measured by the mer-

cury intrusion method (Sing 1985). The main advantage 

of the HPMI experiment is that the maximum mercury 

inlet pressure is large enough (up to 413.8 MPa), and it 

can test smaller pores. (The minimum test pore size is 

about 2 nm.) The capillary pressure curve obtained by the 

mercury intrusion method can provide information on the 

microscopic pore structure of the reservoir. On the one 

hand, the shape of the curve itself can help research on 

the pore structure type and sortability of the reservoir; on 

the other hand, the measured parameters can also provide 

information including the throat radius and its distribu-

tion, throat sorting and homogeneity, a large number of 

reservoir characteristic parameters, such as rock storage 

and permeability, availability of rock fluids, and degree 

of tortuous bends in pore throats.

HPMI tests were conducted by using the PoreMaster 60 

HPMI following the SY/T 5346-2005 standard, as shown 

in Fig. 1. The measuring range of the pore size distribution 

of this instrument is 950–0.0018 μm, and the pressure test 

range 20–60,000 psi. The mercury feeding method adopts 

continuous mercury feeding. According to the capillary 

pressure curve, the characteristic parameters include dis-

charge pressure, maximum pore throat radius, median value, 

median pressure radius, mean radius, mainstream throat 

radius, sorting coefficient, maximum mercury saturation, 

and mercury removal efficiency.

Sample

The rock samples of the experiment are all from the third 

member of the Qianjiang Sag shale in the J Basin, China. 

Pores are the most common form of existence in reservoirs, 

and their size and connectivity directly affect the produc-

tion capacity of oil and gas. During the formation of pores, 

different mineral components have a greater impact on the 

pore structure and type. Through literature review, we get 

the comparison of the mineral composition of the J Basin 

and other shale oil reservoirs as shown in Fig. 2:

Figure 2 shows that the Shale oil reservoirs in the Qian-

jiang Sag of the J Basin have relatively low quartz and clay 

mineral content, while the opposite carbonate and brittle 

mineral content are relatively high; this provides favorable 

conditions for the exploration and development of the shale 

oil reservoir.

To further study the pore structure characteristics of this 

block of the reservoir, we selected four typical rock samples 

in the J Basin and analyzed the mineral composition using 

X-ray diffraction technology, the analysis results, and basic 

core data which are shown in Table 1 and Table 2.

Tables 1 and 2 show the pore permeability data and min-

eral composition of the cores of four shale oil reservoirs. 

These two tables show that: (1) these four shale oil cores 

contain the highest carbonate minerals (range 40.2–61.6%, 

average 53.5%), followed by clay minerals (range 

18.9–21.3%, average 19.9%), again quartz (range 7.8–18.1%, 

average 11.7%), and evaporative minerals (range 6.1–15.3%, 

average 10%), and the lowest feldspar content (average is 

less than 5%); (2) the core layer porosity is large and uni-

form, and the average porosity is 18.44%; the porosity has a 

good correlation with dolomite; (3) the gas permeability of 

the four cores is similar, and the Klinkenberg permeability is 

about half of the gas permeability. The relationship between 

Fig. 1  PoreMaster 60 type of mercury pressure meter
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Fig. 2  Comparison of mineral composition of shale reservoirs in different blocks. Data sources: Jarvie et al. (2007), Zhao et al. (2014), Zhang 

et al. (2015)

Table 1  Core mineral composition

No. Clay minerals Quartz Feldspar Carbonate minerals Evaporite minerals Brittle minerals

Illite Chlorite Mony mixed 

layer

Dolomite Calcite Plaster Glauberite

/ % % % % % % % % % %

1 12.8 0.5 5.9 7.8 5.3 53.7 7.9 1.6 4.5 74.7

2 12.7 1.0 5.2 18.1 7.5 31.3 8.9 3.2 12.1 65.8

3 17.3 0.0 4.0 12.3 3.4 44.3 9.2 2.3 7.2 69.2

4 14.8 0.9 4.4 8.5 3.6 50.2 8.5 1.8 7.3 70.8

Table 2  Core data and pore 

permeability
No. Lithology Length Dia. Dry weight Density Porosity Permeability Klinkenberg 

permeability

/ / cm cm g g/cm3 % 10−3μm2 10−3μm2

1 Dolomitic mudstone 4.493 2.506 48.576 2.19 21.11 0.141 0.069

2 Dolomitic mudstone 4.033 2.470 45.988 2.38 14.24 0.232 0.165

3 Dolomitic mudstone 5.355 2.463 57.295 2.25 17.92 0.122 0.058

4 Dolomitic mudstone 2.955 2.465 31.119 2.21 20.47 0.151 0.074
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porosity and permeability is poor, indicating that the core 

heterogeneity is strong; (4) the core contains high brittle 

minerals (including quartz, feldspar, and carbonate miner-

als), which has good brittleness and compressibility and 

provides favorable conditions for exploration (Wang et al. 

2016). The shale oil reservoir has large porosity compared 

with other shale oil reservoirs, which is due to its dolomitic 

development, salt occurrences such as glauberite, provid-

ing physical conditions for the development of the reservoir 

shale oil (Chen and Zhao 2010; Wu et al. 2013).

Experimental results and discussion

Shale oil reservoir micro–nano‑pore distribution

According to the previous studies, it is believed that 

nanoscale pores and micro-cracks are widely developed in 

general shale oil reservoirs and microscale pores are locally 

developed (Zhu et al. 2013). This study will analyze the pore 

throat distribution characteristics and the characteristics of 

permeability contribution rate according to the measured 

capillary pressure curve and related parameters (Guo et al. 

2013).

The following introduces the definition and meaning of 

each parameter

(1) Displacement pressure and maximum pore throat radius

The pressure at which the non-wetting phase fluid begins 

to enter the maximum pore throat in the core or the mini-

mum pressure at which the non-wetting phase begins to enter 

the core is called the displacement pressure, and the corre-

sponding throat radius is the maximum pore throat radius.

(2) Median pressure and median radius

When the saturation of the non-wetting phase is 50%, the 

capillary pressure corresponding to the corresponding injec-

tion curve is called the median saturation pressure, and the 

corresponding pore throat radius is called the median radius. 

The lower the median saturation pressure, the better the rock 

permeability and the higher the production capacity of the 

corresponding reservoir. The throat radius corresponding to 

the median saturation pressure is the median throat radius. 

It can approximately represent the average throat radius of 

the rock sample.

(3) Radius mean and mainstream throat radius

The average position of the full-hole roar distribution is 

called the mean radius. The smaller the average value, the 

smaller the average value of the total hole roar, indicating 

that the small pore throat is dominant in the entire hole roar, 

which is extremely unfavorable to oil and gas storage and 

seepage. The main flow throat radius refers to the throat 

radius when the cumulative contribution rate of the throat to 

the permeability reaches 80%. It is an important parameter 

to characterize the micropore structure of the core of a low-

permeability tight reservoir and affects the seepage capacity 

of the reservoir fluid.

(4) Sorting coefficient

This is a measure of the standard deviation of the pore 

bellows size in the sample, and it directly reflects the con-

centration of the pore bellows distribution. In the total pores, 

when a certain level of pore bellows dominates, it indicates 

that the pores are well sorted. The smaller the Sp value, the 

more uniform the pore distribution

where �
i
 represents the value of � corresponding to the 

cumulative mercury saturation of i % on the normal prob-

ability curve. The calculation formula � is as follows:

where D
i
 is the pore throat diameter of the i point (μm); R

i
 

is the pore throat radius of the i point (μm).

(5) Maximum intrusive mercury saturation

The maximum mercury saturation indicates the percent-

age of pore volume that mercury enters when the injection 

pressure reaches the maximum pressure of the instrument. 

The larger the value, the more throats of the larger pores of 

the rock and the better the reservoir performance.

(6) Mercury removal efficiency

Mercury removal saturation refers to the ratio of the vol-

ume of mercury that exits to the total pore volume of the 

rock sample after the maximum injection pressure is reduced 

to the minimum mercury removal pressure. The mercury 

removal efficiency is the ratio of the mercury removal satura-

tion to the maximum mercury saturation, and its size is not 

only related to the mercury removal saturation, but also the 

maximum mercury saturation. Mercury removal efficiency is 

a parameter that reflects the connectivity of pores and throats 

and controls the characteristics of fluid movement and, to a 

certain extent, characterizes the influence of pore structure 

heterogeneity on recovery. It corresponds to the non-wetting 

phase capillary effect recovery factor, which is equivalent to 

strong hydrophilicity.

(1)Sp =

�84 − �16

4
+

�95 − �5

6.6

(2)� = − log2 D
i
= − log2 2R

i
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Table 3 shows the experimental data of high-pressure 

mercury intrusion in the four cores of shale oil reservoirs. 

The experimental data show that: (1) the maximum intru-

sive mercury saturation of the four cores is above 80%, 

and the average maximum intrusive mercury saturation is 

87.98%, exceeding the high-pressure intrusive mercury satu-

ration in the general shale gas reservoir core. The majority 

of throats and pores of the reservoir cores are within the test 

range; (2) the average displacement pressure is 3.98 MPa, 

which is more than twice that of the general tight sandstone 

reservoir, indicating that the mainstream pore throat radius 

of the shale oil layer is small; (3) there is a positive correla-

tion between the main throat radius and the permeability, 

indicating that the large pore throat has an important influ-

ence on the permeability.

Figure 3 shows that the permeability has a strong positive 

correlation with the maximum pore throat radius and the 

sorting coefficient, i.e., the correlation coefficients are 0.82 

and 0.83, and there is a weak positive correlation with the 

median radius, i.e., the correlation coefficient is 0.71. There 

Table 3  Experimental data of high-pressure mercury intrusion in cores

No. Displace-

ment pres-

sure

Max pore 

throat 

radius

Median pressure Median radius Radius mean Mainstream 

throat radius

Sorting 

coeffi-

cient

Maximum intru-

sive mercury sat-

uration

Mer-

cury removal effi-

ciency

/ MPa μm MPa μm μm μm / % %

1 5.50 0.13 7.71 0.095 12.33 0.13 0.79 81.92 45.12

2 1.35 0.54 6.24 0.118 11.76 0.54 1.13 81.61 41.49

3 3.58 0.21 13.96 0.050 13.19 0.09 0.80 91.82 48.09

4 5.50 0.13 8.29 0.089 12.58 0.09 0.72 96.56 47.10

Fig. 3  Relationship between permeability and experimental results parameters
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is a weak negative correlation with displacement pressure, 

median pressure, and radius mean, with correlation coef-

ficients of 0.57, 0.52, and 0.79. The larger the permeability, 

the larger the maximum pore radius, median radius, and 

sorting coefficient, and the smaller the displacement pres-

sure, median pressure, and radius mean.

Figure 4 shows that the porosity has a strong positive cor-

relation with the displacement pressure, i.e., the correlation 

coefficient is 0.99, and there is a strong negative correlation 

with the maximum pore throat radius and the sorting coef-

ficient, i.e., the correlation coefficient is 0.93 and 0.84, and 

there is no correlation with median pressure, median radius, 

and radius mean.

The capillary pressure curve and the pore throat radius 

volume frequency distribution histogram of the four cores 

are shown in Figs. 5 and 6. The shapes of the capillary pres-

sure curves of the four cores are similar, and the middle flat 

section is relatively long. This is consistent with the peak 

concentration in the histogram of the pore throat volume 

and frequency distribution, indicating that the development 

of core pore throat is single and the size is concentrated and 

continuous, mainly distributed at an interval of 30–500 nm.

The intrusive mercury saturation of the four cores is 

divided according to the interval of different pore throat 

radii, as shown in Table 4 and Fig. 7, showing that: (1) 

the ratio of pores with a radius of 10–500 nm is 81.25%, 

76.49%, 89.39%, and 95.52%, and the average is 85.67. 

The average pores with a radius of less than 500 nm are 

86.87%, indicating that the pores below 500 nm in this 

rock sample are very developed. (2) The core pore space 

of the No. 1 core is relatively high, and the submicron 

pore space of No. 2 core is relatively high. The main pore 

space is controlled by the pore throat of 0.05–0.5 μm. The 

nano-porosity space accounts for a higher proportion for 

No. 3 and No. 4 cores and is mainly controlled by a pore 

throat ranging from 0.01 to 0.1 μm. (3) Only No. 2 core 

contains less than 5% of pores with a radius greater than 

500 nm, and large pores are extremely underdeveloped. 

Large-scale hydraulic fracturing should be considered 

when development.

Fig. 4  Relationship between porosity and experimental results parameters
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Comparison of pore distribution between shale oil 
reservoirs and typical tight sandstone reservoirs

Tight sandstone reservoirs have achieved great development 

results in China. To learn from the development experience 

and inspiration, we selected the cores from the tight oil res-

ervoirs of the two basins that had achieved good develop-

ment results in China, which have similar permeability to 

the rock oil reservoirs for high-pressure mercury intrusion 

experiment. The lithology and mineral composition of these 

three cores are listed in Table 5, and the pore throat radius 

distribution curve is shown in Fig. 8.

The three cores have similar permeability, and the main-

stream throat radius increases in the order of shale oil reser-

voir, Daqing tight sandstone reservoir, and Changqing tight 

sandstone reservoir. Due to the tight reservoir, the three 

cores are free of microporous throat development. Com-

pared with the tight sandstones of Changqing and Daqing, 

the proportion of nanoporous throat in argillaceous shale is 

relatively large for comparable permeability, while the pro-

portion of the submicron pore throat in the tight sandstone is 

relatively large. The maximum intrusive mercury saturation 

of the shale oil core has a small decrease compared with the 

tight sandstone, but it still reaches more than 80%, indicat-

ing that the high-pressure mercury injection experiment is 

an effective method to study the microscopic pore structure 

of the shale oil reservoir.

Fractal characteristics of micro–nano‑pores in shale 
oil reservoirs and tight sandstone reservoirs

Previous fractal studies on the pore structure of tight oil and 

shale gas reservoirs show that they have good fractal charac-

teristics (Lin et al. 2017, 2018; Wang et al. 2019). To quanti-

tatively characterize the heterogeneity of shale reservoirs, we 

used fractal theory to quantitatively characterize the micro-

scopic heterogeneity of shale oil and tight sandstone reservoirs. 

Fractal refers to the theory that some and all of the porous 

media had similarities in pore morphology, function, etc. 

This kind of self-similarity is only manifested on a certain 

scale. Many scholars have done a lot of fractal theory-related 

research on pore junctions in various formations. The specific 

methods are different; this method is not used alone. Differ-

ent theories are mainly selected based on the characteristics 

of the experimental methods combined with them (Xiong 

et al. 2016). Based on the experimental basis of high-pressure 

mercury intrusion, this paper uses the fractal theory (Wu and 

Zhao 2017) to calculate the fractal dimension and quantita-

tively characterize its heterogeneity. In theory, as for three-

dimensional fractal objects the fractal dimension should be 

between 2 and 3. The smaller the fractal dimension, the more 

regular the pore structure of the sample. The larger the fractal 

dimension, the more complex the pore structure of the sample. 
Fig. 5  Capillary pressure curves of four cores
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Fig. 6  Throat radius volume frequency distribution histogram of four cores

Table 4  Statistics of pore 

intrusive mercury saturation in 

different pore throat intervals of 

four cores

No. Porosity Permeability Klinkenberg 

permeability

Pore intrusive mercury saturation controlled by different 

pore throat radii (μm),  %

/ % MD 10−3 μm2 < 0.01 0.01–0.05 0.05–0.1 0.1–0.5 0.5–1 > 1

1 21.10 0.141 0.069 0.66 18.11 42.64 20.50 0 0

2 14.24 0.232 0.165 0.68 11.83 24.66 40.00 3.59 0.85

3 17.92 0.122 6.88 2.42 64.94 23.66 0.79 0 0

4 20.47 0.151 0.074 1.05 27.58 61.38 6.56 0 0

Mean 18.44 0.162 0.092 1.20 30.62 38.09 16.96 1.20 0.21
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If it is less than 2 or greater than 3, it has no fractal meaning 

(Cui et al. 2017).

The fractal geometry formula of the pore distribution can 

be written as (Ma et al. 2004):

The logarithm of both sides of Eq. (3) can be obtained:

If ln (1 − s) = y , ln p = x , D − 3 = a, then y = ax − ab. The 

fractal dimension D of the pore volume of shale oil cores can 

be obtained by fitting the slope k of the straight line in the 

ln (1 − s) and ln (p) relationship diagrams.

Figure 9 shows a fractal diagram of four cores of shale 

oil reservoirs. The expressions are:Y = −0.4306X + 0.0322 , 

Y = −0.4674X + 0.0154  ,  Y = −0.4547X + 0.3078  , 

Y = −0.4964X + 0.9817 . The correlation coefficients R2 are 

0.9376, 0.9045, 0.9261, and 0.9109, respectively, indicat-

ing that the micro–nano-pore fractal characteristics of shale 

oil reservoirs are obvious. Due to the use of different fractal 

theory formulas, the calculation of the fractal dimension is 

different, and its relative size can represent the heterogeneity 

of different reservoirs (Wu et al. 2016).

To clarify the fractal dimension characteristics of the shale 

oil reservoir, it is compared with the tight oil reservoirs of 

two typical basins; the results are shown in Table 6. It can 

be found that the micro–nano-pore fractal dimension of shale 

oil reservoirs is not much different and larger than the fractal 

dimension of the selected tight oil reservoir, indicating that its 

heterogeneity is stronger.

(3)1−s =

(

p

pmin

)D−3

.

(4)ln (1 − s) = (D − 3) ln (p) − (D − 3) ln
(

pmin

)

.

Fig. 7  Pore intrusive mercury saturation in different pore throat inter-

vals
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Conclusion

Through the above study of the micro–nano-pore structure 

characteristics of shale oil reservoirs, the following conclu-

sions can be drawn:

1. The shale oil reservoirs have poor porosity and perme-

ability, and the heterogeneity is strong. The dolomitic 

development is conducive to the development of shale 

oil reservoir;

2. The permeability has a strong positive correlation with 

the maximum pore throat radius and the sorting coef-

ficient, and there is a weak positive correlation with the 

median radius, and there is a weak negative correlation 

Fig. 8  Comparison of pore throat radius distribution of shale oil and 

tight oil

4

Fig. 9  Fractal features of four cores

Table 6  Fractal dimension of 

cores of shale oil and typical 

tight oil reservoirs

Shale oil reservoir Tight oil reservoir in Songliao 

Basin

Tight oil reservoir in Ordos Basin

No. Lithology Fractal 

dimen-

sion

No. Lithology Fractal 

dimen-

sion

No. Lithology Fractal 

dimen-

sion

1 Dolomitic mudstone 2.57 1 Tight sandstone 2.39 1 Tight sandstone 2.23

2 Dolomitic mudstone 2.53 2 Tight sandstone 2.33 2 Tight sandstone 2.20

3 Dolomitic mudstone 2.55 3 Tight sandstone 2.35 3 Tight sandstone 2.24

4 Dolomitic mudstone 2.50 4 Tight sandstone 2.33 4 Tight sandstone 2.22
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with displacement pressure, median pressure, and radius 

mean. The porosity has a strong positive correlation with 

the displacement pressure, and there is a strong negative 

correlation with the maximum pore throat radius and 

the sorting coefficient, and there is no correlation with 

median pressure, median radius, and radius mean.

3. The pore throat size of the shale oil reservoir is concen-

trated and continuous with good pore connectivity. The 

main distribution range of pore radius is 30–500 nm, 

and the large pore throat has a major influence on the 

permeability;

4. In case of comparable permeability, the proportion of 

nano-throats is relatively large in the shale oil reservoirs, 

while the proportion of the submicron pore throats in the 

tight sandstone is relatively large;

5. The fractal dimension of the shale oil reservoir is sig-

nificantly larger than that of a typical tight oil reservoir, 

indicating that its heterogeneity is stronger.
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