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Abstract: Pore distribution and micro pore-throat structure characteristics are significant for tight oil reservoir 

evaluation, but their relationship remains unclear. This paper selects the tight sandstone reservoir of the Chang 7 

member of the Xin’anbian Block in the Ordos Basin as the research object and analyzes the pore size distribution 

and micro pore-throat structure using field emission scanning electron microscopy, high-pressure mercury 

injection, and nuclear magnetic resonance (NMR) analyses. The study finds that: (1) Based on the pore size 

distribution, the tight sandstone reservoir is characterized by three main patterns with different peak amplitudes. 

The former peak corresponds to the nanopore scale, and the latter peak corresponds to the micropore scale. Then, 

the tight sandstone reservoir is categorized into three types: type 1 reservoir contains more nanopores with a 

nanopore-to-micropore volume ratio of 82:18; type 2 reservoir has a nanopore-to-micropore volume ratio of 47:53; 

and type 3 reservoir contains more micropores with a nanopore-to-micropore volume ratio of 35:65. (2) Affected 

by the pore size distribution, the throat radius distributions of different reservoir types are notably offset. The type 

1 reservoir throat radius distribution curve is weakly unimodal, with a relatively dispersed distribution and peak 

ranging from 0.01 to 0.025 μm. The type 2 reservoir’s throat radius distribution curve is single-peaked with a wide 

distribution range and peak from 0.1 to 0.25 μm. The type 3 reservoir’s throat radius distribution curve is 

single-peaked with a relatively narrow distribution and peak from 0.1 to 0.25 μm. With increasing micropore 

volume, pore-throat structure characteristics gradually improve. (3) The correlation between micropore 

permeability and porosity exceeds that of nanopores, indicating that the development of micropores notably 

influences the seepage capacity. In the type 1 reservoir, only the mean radius and effective porosity have suitable 

correlations with the nanopore and micropore porosities. The pore-throat structure parameters of the type 2 and 3 

reservoirs have reasonable correlations with the nanopore and micropore porosities, indicating that the 

development of these types of reservoirs is affected by the pore size distribution. This study is of great significance 

for evaluating continental tight sandstone reservoirs in China. The research results can provide guidance for 

evaluating tight sandstone reservoirs in other regions based on pore size distribution. 
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1 Introduction 

 

At present, tight oil has become a popular topic in the field of petroleum geology. With the 
successful exploration and development of Bakken tight oil in the Williston Basin in North America, 
Eagle Ford tight oil in South Texas and Barnett tight oil in the Fort Worth Basin in north-central Texas, 
tight oil has become a strategic target after shale gas in North America (Hill et al., 2007; Mille et al., 
2008; Mullen, 2010). China has also gradually strengthened the exploration and development of tight 
oil and gas. With the continuous deepening of shale gas exploration and development, China has made 
a major breakthrough in the Sichuan Basin and its surrounding Marine shale strata (Guo et al., 2014; 
Jin et al., 2016; Li et al., 2016b; Chen et al., 2018), becoming the country that then successfully 
realized shale gas commercial exploitation after North America. China's tight oil resources are also 
widely distributed; they are mainly concentrated in the Ordos Basin, Sichuan Basin, Songliao Basin, 
Tuha Basin and Junggar Basin, with good prospects for exploration and development (Zou et al. 2009, 
2012; Jia et al., 2012a, 2012b; Kuang et al., 2012; Huang et al., 2013; Yang et al., 2013; Liang et al., 
2014). 

According to previous research results, the oil and gas accumulation and distribution in tight 
sandstone reservoirs are significantly different from those in conventional sandstone reservoirs (Zhu et 
al., 2008; Qiao et al., 2015; Wu et al., 2016; Lin, 2016; Zhou et al., 2016; Yang et al., 2017; Zhong et 
al., 2017). In tight sandstone reservoirs, oil and gas are mainly concentrated and distributed in 
micro/nano pore-throat systems. Compared with the milli/micro pore-throat network systems of 
conventional sandstone reservoirs, micro/nano pore-throat networks have a more complex structure, 
smaller pore radius, more diverse connectivity and stronger heterogeneity (Sun et al., 2007; Loucks et 
al., 2009). The mechanism of oil and gas filling, migration and aggregation is quite different from that 
of conventional macroporous systems (Zhao et al., 2012; Ning et al., 2015; Xue et al., 2015; Chen et al., 
2016; Ali et al., 2017). 

Foreign scholars have previously recognized the uniqueness and importance of the microscopic pore 
structure of tight sandstone reservoirs and have made many beneficial attempts to explore and 
quantitatively characterize the microscopic pore structure of tight oil reservoirs at different scales (Law 
and Curtis, 2002; Sun et al., 2007; Josh et al., 2012). Chinese scholars have also observed that 
nanosized pores developed in the microscopic pore structure of unconventional tight sandstone 
reservoirs are the main part of the connected reservoir space in tight sandstone reservoirs, and the pore 
diameter is usually less than 1,000 nm (Zou et al., 2011, 2015a, 2015b; Liu et al., 2016). Studies on 
pore development characteristics and micro pore-throat structure characteristics of tight sandstone 
reservoirs are of great significance for tight oil reservoir evaluation. However, current studies mainly 
focus on the characterization of the micro pore-throat structure of reservoirs and the relationship 
between micro pore-throat structures and macroscopic properties of reservoirs (such as the 
permeability) (Nabawy et al., 2009; Nelson, 2009; Camp, 2011; Clarkson et al., 2012); quantitative 
analysis has not been performed on the relationship between the pores and throats, the two elements 
that constitute the micro pore-throat system of a tight sandstone reservoir. 

In this paper, a tight sandstone reservoir of the Chang 7 member in the Xin'anbian area of the Ordos 
Basin is elected as the research object. Through the application of field emission scanning electron 
microscopy (FE-SEM), high-pressure mercury injection (HPMI), nuclear magnetic resonance (NMR) 
analyses and other data, qualitative and quantitative characterizations of tight sandstone reservoirs were 
performed, and the pore size distribution characteristics and relationships between the micro structure 
parameters of pore-throats were studied to provide a reference for tight sandstone reservoir evaluation. 

 

2 Geological Settings 

 

The Ordos Basin, the second largest basin in China, is located in the western region of the North 
China Platform (Fig. 1) and belongs to the craton marginal depression basin, with an area of 
approximately 32*10

4
 km

2
. The basement of the Ordos Basin is metamorphic rock from the Archean to 

Proterozoic. The sedimentary covers of the Paleozoic, Mesozoic and Cenozoic are developed on the 
basement, and there are several sets of oil-bearing combinations of early Paleozoic, late Paleozoic and 
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Mesozoic age, which contain rich potential oil and gas resources. 

According to the present structural morphological characteristics of the basin, the Ordos Basin can 
be divided into six secondary structural units, namely, the Western Thrust Belt, Tianhuan Depression, 
Yimeng Uplift, Weibei Uplift, Jinxi Fault-fold Belt, and Yishan Slope. The Xin’anbian area of the 
research area is located in the western part of the Yishan Slope of the secondary structural unit, and the 
administrative region is subordinate to Wuqi County and Dingbian County of Shaanxi Province (Fig. 1) 
(Li et al., 2016a, 2019). 

 

 

Fig. 1. Regional overview of the Ordos Basin, China, and the location of the study area. 

 

During the development of the Chang 7 member, the lake was in the expansion stage, which was the 
peak stage of lake development, and the water depth and expansion range reached their maxima. At the 
beginning of sedimentation of the Chang 7 member of the Yanchang Formation, the water body was at 
its deepest, and the semideep lacustrine mudstone was primarily deposited. The Chang 7 member is an 
important set of hydrocarbon source rocks of the Yanchang Formation. By the middle and late 
sedimentary period of the Chang 7 member, the sedimentary facies zone gradually evolved into a 
sedimentary system dominated by delta front subfacies, in which a distributary channel sand body was 
primarily developed as the main reservoir sand body in the study area (Yao et al., 2013; Yao, 2015). 

 

3 Samples and Methods 

 

To define the characteristics of the tight sandstone reservoir pore size distribution and its influence 
on the micro pore-throat structure, we carried out a large amount of research. NMR and high-resolution 
FE-SEM analysis provide a suitable consistency in the testing range of tight sandstone reservoir pores. 
Therefore, we have explored a set of methods for quantitatively characterizing the pore size distribution 
of tight sandstone reservoirs. 
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3.1 Principle of the method for converting the aperture distribution by NMR T2 spectra 

According to atomic physics, the NMR method is a physical process in which nuclei interact with an 
external magnetic field. In petroleum exploration and development research, the most commonly used 
nuclei are the abundant hydrogen nuclei in oil and water. On the basis of the oil or water saturation of a 
rock sample, the abundant hydrogen nuclei in oil or water will experience a nuclear magnetic moment, 
which will result in energy level splitting under the action of an external static magnetic field. 
Meanwhile, if there is an external resonance frequency (RF) field with a specific frequency, the nuclear 
magnetic moment will result in an absorption transition and generate NMR. 

Based on appropriate detection and receiving coils, the NMR phenomenon can be observed, and the 
NMR signal (namely, the magnetization vector) can be detected. The intensity of the NMR signal is 
often proportional to the number of hydrogen nuclei contained in the test sample (He et al., 2005; Wang 
et al., 2010). 

An extremely important physical quantity is involved in NMR research, namely, the relaxation, 
which is the process of the magnetization vector returning to the equilibrium state after deviating from 
it after the NMR signal is generated under excitation of the external RF field. The relaxation in the 
NMR signal can be divided into T1 relaxation (longitudinal relaxation) and T2 relaxation (transverse 
relaxation) according to different mechanisms (Fan et al., 2017). 

The rate of relaxation can be expressed by the time of relaxation. Although both the T1 and T2 
relaxation times can reflect the physical properties and fluid characteristics of rocks, it is time 
consuming to measure the T1 relaxation time; therefore, modern NMR research usually involves 
measuring the T2 relaxation time. The duration of the relaxation time depends on the strength of the 
force exerted by the liquid molecules on the solid surface. 

For pure material samples (such as pure water), the environment around each hydrogen nucleus and 
its interaction are the same. Through the diffusion surface relaxation model of NMR, the nuclear 
relaxation in a single pore can be expressed by the relaxation time. At this time, T2 can be expressed as: 
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(1) 

For the porous medium of a reservoir rock sample, the process is much more complex (Yao et al., 
2010). Reservoir rock has a very complex mineral composition and pore structure, and fluid flow in a 
porous medium is influenced by parameters such as segmentation resulting from numerous surrounding 
interfaces and the shape and size of heterogeneous pore-throats, while the nucleus and solid surface 
properties of paramagnetic impurities and probabilities of contact, among others, influence nucleus 
relaxation (Yao et al., 2012; Xiao et al., 2013). Therefore, each occurrence of nucleus relaxation 
enhances the probability range. In a rock fluid system, the nucleus relaxation cannot be expressed by a 
single relaxation time and will be described by a distribution (Ping et al.,2013; Zhang et al., 2017). 

Different fluid systems have different T2 distributions due to their petrophysical properties, so their 
physical properties can be determined by obtaining their T2 distributions. 

For rock porous media with different pore sizes, the total relaxation can be expressed by the 
superposition of a single pore relaxation,  

   2it/T-expiAtS                                (2) 

where S(t) is the total NMR signal strength, Ai is the relaxation time, and T2i is the proportion of 
components, that is, the percentage of pore volume with a pore radius corresponding to T2i in the total 
pore volume. 

The first term on the right side of equation (1) is the bulk relaxation term, the size of which depends 
on the nature of the saturated fluid. The volume relaxation T2B refers to attenuation of the fluid itself 
when it occurs in larger pores (which is considered to be independent of the pore space), also known as 
free relaxation. Similar to the pore size of heterogeneous rock, the pore space is not subject to 
restriction, so the volume relaxation and pore surface have no clear correlation but are related to the 
whole test system, such as test system conditions of the temperature, the wettability of rock, and the 
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fluid viscosity; the volume relaxation is one of the main parameters or properties of the fluid in pores. 

In the application of NMR, the relaxation strength of the rock surface is much greater than that of the 
fluid, so the relaxation effect of the fluid can generally be neglected. 

The third term on the right side of equation (1) is the diffusion relaxation term. According to the 
experimental measurement technique of NMR diffusion, the diffusion relaxation term can be removed. 
After removing the first and third terms on the right side of the equation, equation (1) can be simplified 
as 
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                                      (3) 

In the equation, ρ2 is the surface relaxation strength, and its magnitude is controlled by mineral 
composition and pore surface properties. S/V is the specific surface of a single pore and is inversely 
proportional to the pore radius (Xiao Qianhua et al., 2013).mIt can be observed that the more complex 
the pore structure is, the smaller the pore will be, the larger the specific surface area will be, the 
stronger the influence of pore surface interaction will be, and the shorter the T2 time will be. 

According to equation (3), the observed relaxation time T2 is related to the specific surface of the 

porous medium. If the pore structure is simplified as spherical and columnar pores, the relationship 

between the pore surface and pore radius changes to ; then, 

                                     (4) 

where FS is the shape factor of the pores (for spherical pores, FS=3; for columnar pores, FS=2), 
dimensionless, and rc is the aperture, m. 

However, in the actual formation, the pore structure is complex, and the T2 distribution has a power 
function relationship with the pore radius as follows: 

                                      (5) 

where n is the power exponent and is dimensionless. 

Because of the current equipment, ρ2 and FS are not actually measured in the method, and the T2 
distribution of the NMR method cannot be inverted with the aperture distribution curve using equation 
(5) (Li et al., 2015). 

If C=(𝜌2𝐹s)
1

𝑛, then 

rc = CT2

1

n                                      (6) 

Therefore, as long as the values of C and n are obtained, the T2 distribution curve of rocks with 100% 
saturated water can be converted into the pore size distribution curve. 

 

3.2 FE-SEM large-area high-resolution two-dimensional mosaic imaging technology 

FE-SEM has a very high resolution, but practice shows that a higher resolution of the 
characterization technology is not always better. The resolution and characterization scale form a pair 
of contradictory parameters. The higher the resolution is, the smaller the characterization scale (Zhu et 
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al., 2016). The pore-throat size of tight sandstone reservoirs is smaller and more heterogeneous than 
that of conventional reservoirs. Therefore, when studying the pore structure of tight sandstone 
reservoirs, the representativeness of the resolution and characterization scale must be considered. To 
solve this contradiction, image mosaic technology is introduced. 

Image mosaic technology combines several overlapping images (which can be obtained at different 
times, from different perspectives or through different sensors) into a large seamless high-resolution 
image. When SEM is used to obtain images with a wide field of view, the larger the field of view is, the 
lower the resolution will be. Therefore, to obtain a panoramic image with an ultrawide field of view 
without reducing the image resolution, image mosaic technology has been proposed and developed. At 
present, image mosaic technology has become the focus of research in computer graphics. The 
technology has been widely used in space exploration, remote sensing image processing, video 
compression and transmission, medical image analysis, superresolution reconstruction, virtual reality 
technology and other fields. 

In this paper, an FIB-SEM double-beam scanning electron microscope (model Helios NanoLab650, 
Thermo Scientific, USA) is used to observe pores and throats that are as small as 5-10 nm. The 
supporting MAPS 1.0 software can obtain continuous images. Image mosaic technology can effectively 
solve the contradiction between the size and resolution of SEM samples and is more suitable for 
sandstone with large mineral particles, specifically for tight sandstone reservoirs with strong 
heterogeneity. 

It is necessary to understand the macroscopic characteristics when describing the micro pore-throat 
structure of tight sandstone reservoirs. If only the local pore structure is characterized, the 
characterization cannot truly and comprehensively reflect the pore structure characteristics of the 
sample. Generally, the smaller the field of view is, the higher the resolution, the stronger the 
homogeneity and the poorer the corresponding representativeness. Different types of samples are 
affected by the mineral composition and pore size, and the representative scale also has certain 
differences. Generally, the representative scale should be 10 times larger than the grain size and pore 
size of rock samples. Through observation and analysis, the pore size of the study area was observed to 
be between 50 nm and 100 μm, and the size of the large view area of tight sandstones should be greater 
than 1 mm. 

In this paper, the analysis area was finally divided into 625 grids (25 by 25) through the analysis of 
multiple scale view domains. High-resolution SEM analysis was performed on each grid with a 
horizontal range of 50 μm, thereby identifying the smallest pores of 58 nm and basically observing all 
available pores. After implementing the image mosaic technology, the horizontal range of the whole 
region was determined as 1.19 mm, which also exceeded the lower limit of the size of the large view 
area of tight sandstones and could effectively represent the pore development and distribution 
characteristics of the reservoir. 

 

3.3 Image processing, pore recognition and statistical techniques 

After obtaining effective images of the pore development characteristics of standard reservoirs, the 
issue becomes how to extract the area fraction and pore size distribution of the different sizes and types 
of pores from the two-dimensional images. 

Since the obtained image is a grayscale image and quantitatively represents the pore structure 
parameters, an appropriate segmentation algorithm should be selected to extract the pores from the 
grayscale image. Threshold segmentation is the most commonly used method for pore segmentation 
and assumes that the gray values of the pixels between the pores and skeletons in gray images are 
different. Threshold segmentation is mainly composed of two steps. The first step is to determine a 
reasonable threshold, which is also the core step. Otherwise, the number and size of extracted pores 
will be too small or too large. 

Based on the professional image processing software JMicrovision© and the green mud holes in the 
crystal images, as shown in Fig. 2 as an example, through manual adjustment of the segmentation 
threshold and visual observation of the pore extraction process, it was observed that the gray value of 
the pore area was mainly distributed in the interval [0,60]. That is, when the segmentation threshold 
was approximately 60, the segmentation of all pores could be effectively realized, as shown in Fig. 2. 

After the image was divided into pores, binarization images of the pores could be obtained. Based on 
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the binarization images, software could be used to quantitatively count the size, number, plane porosity 
and other parameters of organic matter pores to achieve a combination of qualitative description and 
quantitative evaluation of the pores. 

   

Fig. 2. The segmentation effect of chlorite intercrystalline pores with a threshold value of 60. 

a, Gray image; b, Binary image. 

According to the above method, four parallel samples with different burial depths and different 
porosities in the same sandstone member of the same well were selected and prepared for pore 
identification statistics and NMR analysis, respectively. In addition, 22 other samples were selected for 
NMR testing. The porosity and permeability of all the samples were measured by the gas method. 
Meanwhile, HPMI analysis was carried out on 23 samples. 

 

4 Results 

 

4.1 Quantitative characterization of the pore size 

The pore identification results are shown in Table 1. The table shows that the minimum pore radius 
was 58 nm, while the maximum pore radius notably increased with increasing porosity. The maximum 
pore radius of the H221-31 sample was only 6.7 μm, and the maximum pore radius of the H221-35 
sample could reach 41.4 μm. There was a good positive correlation between the value of the plane 
porosity and the number of pores of different samples and the porosity (Fig. 3). With the increase in 
porosity, the number of pores and plane porosity value increased, indicating that the statistical results 
could represent pore size distribution characteristics of the samples. 

 

Table 1 Pore statistical parameters of the tight sandstone reservoir samples from the Chang 7 member 

Samples 

Depth 

(m) 

Porosity  

(%) 

The number of 

pores 

Minimum pore 

radius (nm) 

Maximum pore 

radius (nm) 

Plane porosity 

(%) 

H221-31 2201.2 2.52 170672 58 6749 0.97 

H221-43 2206.32 4.86 202278 58 13882 1.88 

H221-36 2204 6.56 298703 58 30728 4.71 

H221-35 2203.7 8.58 351021 58 41415 4.06 

 

10μm 10μma b 
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Fig. 3. The relationship between the plane porosity and the number of pores with the porosity. 

 

To facilitate the calculations, the T2 spectrum and pore size distribution were converted into a 
cumulative distribution curve, and a series of T2 values and corresponding pore size values with the 
same cumulative content were selected (Fig. 4); the values were substituted into equation (6) to obtain 
C and n values through regression iteration to realize the transformation of the T2 spectrum into a pore 
size distribution. Based on this method, the values of C and n were determined as 181 and 0.8248, 
respectively, for the tight sandstone reservoirs in the Chang 7 member of the study area. 

 

Fig. 4. Comparison diagram of the cumulative T2 and pore size distribution of the H221-36 sample. 

 

4.2 Pore size distribution characteristics and classification of the reservoirs 

 

Based on the conversion equation, the T2 NMR spectra of 26 samples in the study area were 
converted to obtain the corresponding pore size distributions. The results indicated that the pore size 
distribution pattern of the tight sandstone reservoir in the Chang 7 member of the study area was 
primarily bimodal, and the peaks were slightly different. The converted pore size distribution curve 
exhibited distinct peaks and valleys at approximately 1 μm. With this boundary, the whole distribution 
could be divided into nanopores and micropores. 

Based on the pore size distribution, the tight sandstone reservoir was characterized by three main 
patterns with different amplitudes of the former peaks and latter peaks. The former peak corresponded 
to the scale of the nanopores, and the latter peak corresponded to the scale of the micropores. Then, the 
tight sandstone reservoir was divided into three types: the type 1 reservoir contained more nanopores 
and fewer micropores, the type 2 reservoir contained similar amounts of nanopores and micropores, 
and the type 3 reservoir contained fewer nanopores and more micropores. 
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Fig. 5. Pore size distribution patterns of the different types of reservoirs. 

a, Type 1, H221-43; b, type 2,H221-35; c, type 3, J114-02. 

 

From the physical property experiment, the porosity and permeability of the Chang 7 sandstone 
samples could be obtained. The porosity was in the range of 3.68%–10.57% with an average of 6.84%, 
and the permeability was in the range of 0.009–0.212×10

-3
 μm

2
 with an average of 0.067×10

-3
 μm

2
 

(Tables 2-4). The different types of reservoirs had different ranges of porosity and permeability. 

The porosity of the type 1 reservoir was in the range of 2.52%–11.44% with an average of 7.05%, 
and the permeability was in the range of 0.003–0.062×10

-3
 μm

2
 with an average of 0.025×10

-3
 μm

2
 

(Table 2). Among them, the proportion of nanopores was 73% to 93%, and the volume ratio of 
nanopores and micropores was 18:82 on average. The porosity of the nanopores was between 1.97% 
and 9.04%, with an average of 5.76%, whereas the porosity of the micropores was between 0.45% and 
2.40%, with an average of 1.29% (Table 2). 

 

Table 2 Pore size distribution characteristics of the type 1 reservoir 

Samples Porosity  
Permeability  

Nanopore 

proportion   

Micropore 

proportion   

Porosity of 

nanopores  

Porosity of 

micropores    
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(%) (10
-3

μm
2
) (%) (%) (%) (%) 

H221-31 2.52 0.003 78 22 1.97 0.56 

H221-43 4.86 0.005 86 14 4.16 0.70 

H295-17 5.50 0.007 83 17 4.56 0.94 

J111-05 3.52 0.009 73 27 2.57 0.95 

A244-10-2 6.82 0.013 93 7 6.37 0.45 

H295-13 9.61 0.062 76 24 7.32 2.28 

H295-15 8.39 0.052 73 27 6.15 2.24 

H295-21 11.44 0.056 79 21 9.04 2.40 

J68-10 8.63 0.013 87 13 7.51 1.11 

A255-5-1 9.23 0.029 87 13 7.99 1.24 

Average 7.05 0.025 82 18 5.76 1.29 

 

The porosity of the type 2 reservoir was in the range of 6.42%–10.57% with an average of 7.84%, 
and the permeability was in the range of 0.019–0.212×10

-3
 μm

2
 with an average of 0.114×10

-3
 μm

2
 

(Table 3). The distribution of micropores was similar to that of the nanopores, and the ratio of 
nanopores to micropores was 47:53 on average. The porosity of nanopores was 2.93% to 4.99%, with 
an average of 3.69%, and the porosity of micropores was 2.90% to 5.69%, with an average of 4.15% 
(Table 3). 

 

Table 3 Pore size distribution characteristics of the type 2 reservoir 

Samples 
Porosity  

(%) 

Permeability  

(10
-3

μm
2
) 

Nanopore 

proportion   

(%) 

Micropore 

proportion   

(%) 

Porosity of 

nanopores  

(%) 

Porosity of 

micropores    

(%) 

H221-35 8.58 0.143 45 55 3.86 4.72 

H221-36 6.56 0.078 47 53 3.07 3.49 

J45-20 7.28 0.034 45 55 3.25 4.03 

A236-14-3 6.90 0.019 43 57 2.93 3.97 

A244-10-3 6.42 0.070 55 45 3.52 2.90 

A244-10-4 6.54 0.167 46 54 3.01 3.53 

A263-13-2 9.83 0.186 51 49 4.99 4.84 

A263-13-4 10.57 0.212 46 54 4.88 5.69 

Average 7.84 0.113 47 53 3.69 4.15 

 

The porosity of the type 3 reservoir was within the range of 5.24%–9.33% with an average of 7.12%, 
and the permeability was in the range of 0.015–0.162×10

-3 
μm

2
 with an average of 0.074×10

-3 
μm

2
 

(Table 4). The volume ratio of nanopores to micropores was 35:65 on average. The porosity of 
nanopores was between 1.81% and 3.46%, with an average of 2.48%, and the porosity of micropores 
was between 3.32% and 6.00%, with an average of 4.64% (Table 4). 
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Table 4 Pore size distribution characteristics of the type 3 reservoir 

Samples 
Porosity  

(%) 

Permeability  

(10
-3

μm
2
) 

Nanopore 

proportion   

(%) 

Micropore 

proportion   

(%) 

Porosity of 

nanopores  

(%) 

Porosity of 

micropores    

(%) 

J89-04 8.39 0.072 33 67 2.74 5.64 

J114-02 6.93 0.115 30 70 2.08 4.85 

J46-06 6.05 0.064 30 70 1.81 4.24 

A236-14-1 9.33 0.082 36 64 3.33 6.00 

A236-14-2 5.51 0.015 40 60 2.19 3.32 

A244-10-1 5.24 0.026 34 66 1.80 3.44 

A263-13-1 8.95 0.162 39 61 3.46 5.49 

A263-13-3 6.55 0.058 37 63 2.41 4.14 

Average 7.12 0.074 35 65 2.48 4.64 

 

As seen from the relationship diagram of the porosity and permeability of the different types of 
reservoirs (Fig. 6), the physical properties of tight sandstone reservoirs in the Chang 7 member of the 
study area as a whole exhibited a certain positive correlation, but the correlation was not profound. 
Additionally, notably positive linear correlations between the porosity and permeability could be 
observed in all three types of reservoirs (Fig. 6). 

 

Fig. 6. Relationships between the porosity and permeability of the three types of reservoirs. 

 

Two groups of samples with similar porosity values were selected for comparative analysis (Table 5). 
Under the condition of roughly the same porosity, with the change in pore distribution morphology, the 
volume proportion of micropores in the reservoir increased, and the permeability increased 
correspondingly. These results indicated that the pore size distribution had a significant controlling 
effect on the variation in the porosity and permeability. 

 

Table 5 Comparison of the physical properties and nanopore volume ratio of the samples with similar 

porosity values 

Type of reservoir Samples 
Porosity 

(%) 

Permeability 

(10
-3

μm
2
) 

Ratio Sample 
Porosity 

(%) 

Permeability 

(10
-3

μm
2
) 

Ratio 

Type 1 A244-10-2 6.82 0.013 93:7 J68-10 8.63 0.013 87:13 

Type 2 H221-36 6.56 0.078 47:53 H221-35 8.58 0.143 45:55 

Type 3 J114-02 6.93 0.115 30:70 A263-13 8.95 0.162 39:61 
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Because the micro pore-throat structure of the reservoir was a key factor controlling the percolation 
of the reservoir, to clarify the cause of this difference in permeability, the micro pore-throat structure of 
the tight sandstone reservoir in the study area was analyzed in detail in this paper. 

 

4.3 Characteristics of the micro pore-throat structure 

The characteristics of the pore-throat structure and pore size distribution of the tight sandstone 
samples in the Chang 7 member could be obtained from HPMI experiments (Torabi et al., 2013). The 
pore-throat structure of the Chang 7 tight sandstone reservoir was heterogeneous, and the pore size 
distribution varied over a wide range. 

The type 1 reservoir exhibited high mercury injection pressures, high median pressures, wide spans 
of the maximum mercury injection saturation and residual mercury saturation, and large variations in 
the mercury withdrawal efficiency, indicating a high degree of heterogeneity. 

The mercury injection pressure of the type 2 reservoir was also high, with a small increase in the 
median pressure, a narrower span of the maximum and residual mercury saturation, and a low mercury 
removal efficiency in general. 

The mercury injection pressure of the type 3 reservoir was relatively low, and the median pressure 
was also low. Both the maximum mercury injection saturation and residual mercury saturation span 
were large, and mercury withdrawal efficiency was low; the latter indicated a high degree of 
heterogeneity. 

 

Fig. 7. Capillary pressure curves of the type 1 reservoir. 

 

Fig. 8. Capillary pressure curves of the type 2 reservoir. 
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Fig. 9. Capillary pressure curves of the type 3 reservoir. 

 

The throat radius distribution curve of the type 1 reservoir exhibited a weak single peak, and the 
peak value was within the range of 0.01 to 0.025 μm. The throat radius was smaller than 0.5 μm, and 
the distribution was relatively uniform. The main body was distributed within the range of 0.005 to 
0.25 μm, which accounted for 80.98% of the pore volume, while the proportion of the pore volume 
represented by a throat with a radius smaller than 0.0025 μm was only 17.91%. 

The throat radius distribution curve of the type 2 reservoir (Fig. 11) presented a single peak with a 
distinct peak value; the distribution was primarily within the range of 0.1 to 0.25 μm. The overall throat 
radius was smaller than 2 μm, the distribution span was wide, the main body was distributed in the 
range of 0.05 to 0.5 μm, which accounted for 54.93% of the pore volume, and the radius was smaller 
than 0.0025 μm.  

The throat radius distribution curve of the type 3 reservoir (Fig. 12) was unimodal with a peak value 
of 0.1 to 0.25 μm. The overall throat radius was smaller than 1 μm, and the distribution was relatively 
narrow. The main body was distributed in the range of 0.05 to 0.5 μm, accounting for 68.21% of the 
pore volume, while the proportion of throats with a radius smaller than 0.0025 μm was 15.09%. 

 

Fig. 10. Distribution plot of the throat radius of the type 1 reservoir. 

 

Fig. 11. Distribution plot of the throat radius of the type 2 reservoir. 
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Fig. 12. Distribution plot of the throat radius of the type 3 reservoir. 

 

Influenced by the pore size distribution, the micro pore-throat structures of the different types of 
reservoirs exhibited different characteristics. The entry pressure is the point on the capillary pressure 
curve at which the mercury initially enters the pore-throats of the rock, and it corresponds to the 
maximum throat radius. The entry pressure of the type 1 reservoir was, on average, 6.05 MPa, which 
was the highest value and more than 3 times larger than those of the type 2 and type 3 reservoirs (1.84 
and 1.95 MPa, respectively). The corresponding maximum throat radius of the type 1 reservoir was 
0.224 μm, which was significantly smaller than those of the type 2 and type 3 reservoirs (0.917 and 
0.491 μm, respectively) (Table 6). 

The median pressure corresponds to the capillary pressure at a 50% mercury saturation and to the 
median radius. The median pressure of the type 1 reservoir was 43.44 MPa on average, which was 
significantly higher than those of the type 2 and type 3 reservoirs (8.16 and 6.18 MPa, respectively). 
The corresponding median radius was 0.026 μm, which was much smaller than those of the type 2 and 
type 3 reservoirs (0.129 and 0.140 μm, respectively) (Table 6). 

The mainstream throat radius refers to the weighted average of the throat radius intervals and 
injected mercury volumes based on the HPMI results in which the contribution of calculated 
permeability reaches 95%. A large mainstream throat radius indicates a good permeability of the 
reservoir. The mainstream throat radius of the type 1 reservoir was, on average, 0.108 μm, which was 
approximately half of those of the type 2 and type 3 reservoirs (0.259 and 0.223 μm, respectively). 
These differences reflected the better permeability developed in the type 2 and type 3 reservoirs 
compared to that in the type 1 reservoir. 

The skewness reflects the asymmetry of the throat size distributions. The type 1 reservoirs had the 
smallest skewness with a low slanting degree, while the type 2 and type 3 reservoirs had degrees of 
skewness that were greater than 0, with large slanting degrees (Table 6). These results suggested that 
the type 2 and type 3 reservoirs possessed better storage and percolation capacities than those of the 
type 1 reservoirs. 

The radius mean value represents the distribution characteristics of the overall pore-throat system. A 
larger mean value suggests a lower average value of the total pore-throat system. The capillary pressure 
curve tended to indicate morphology with a small slanting degree. Narrow throats dominated the entire 
pore-throat system. The radius mean value of the type 1 reservoir was 14.23 on average, which was 
significantly larger than those of the type 2 and type 3 reservoirs (12.69 and 12.17, respectively). These 
differences could explain why narrow throats were dominant in the pore-throat system of the type 1 
reservoir. 

The maximum mercury saturation is the volume percentage of mercury injected into pore-throats at 
the maximum pressure. The differences in the average values of the maximum mercury saturation 
among these three types of reservoirs were small. The maximum mercury saturation of the type 1 
reservoir was slightly lower, with a value of 81.76%, compared to those of the type 2 and type 3 
reservoirs (84.77% and 84.38%, respectively). The effective porosity refers to the ratio of pore volume 
to rock volumes obtained from the conversion of a mercury injection volume under the condition of 
maximum mercury injection pressure. The effective porosity represents the effectively connected pore 
volume. The effective porosities in the type 1, type 2 and type 3 reservoirs were 6.13%, 6.69%, and 
5.73%, respectively, and showed little difference (Table 6).
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Table 6 Parameters of the pore-throat structure obtained from HPMI experiments with the tight sandstone samples in the Chang 7 member 

Reservoir types Samples Wells Depth 
Entry pressure 

(MPa) 

Maximum 

pore-throat 

radius (μm) 

Median 

pressure  

(MPa) 

Median 

radius 

(μm) 

Mainstream 

throat radius 

(μm) 

Skewness 
Radius mean 

value 

Maximum 

mercury 

saturation (%) 

Effective 

porosity 

(%) 

Type1 

#1 H221-31 2201.2 3.09 0.237 21.53 0.034 0.185 0.17 13.99 98.34 2.48 

#2 H221-43 2206.32 20.86 0.035 131.20 0.006 0.032 -0.47 15.81 52.20 2.53 

#4 H295-17 2405.62 1.59 0.462 40.54 0.018 0.197 -0.15 14.39 94.31 6.43 

#5 A244-10-2 2202.97 2.82 0.261 23.73 0.031 0.149 0.10 13.58 82.69 7.94 

#6 H295-13 2204.00 4.72 0.156 20.53 0.036 0.123 0.21 13.48 75.28 6.31 

#7 H295-15 2207.16 12.49 0.059 75.93 0.010 0.044 -0.31 15.32 70.05 3.85 

#8 H295-21 2209.50 3.88 0.189 39.46 0.019 0.090 -0.16 13.87 82.16 9.40 

#9 J68-10 2228.00 3.07 0.239 20.22 0.036 0.041 0.62 13.83 80.79 6.97 

#10 A255-5-1 2243.00 1.95 0.377 17.77 0.041 0.110 0.13 13.77 100.00 9.23 

Average 6.05 0.224 43.44 0.026 0.108 0.01 14.23 81.76 6.13 

Type2 

#11 H221-35 2203.70 0.41 1.785 9.77 0.075 0.185 0.78 12.66 71.78 6.16 

#12 H221-36 2204.00 0.49 1.491 5.69 0.129 0.269 0.45 12.61 99.45 6.53 

#13 J45-20 2204.90 4.65 0.158 8.95 0.082 0.097 0.54 12.51 72.68 5.29 

#14 A236-14-3 2234.32 6.00 0.123 17.50 0.042 0.056 0.61 13.79 73.90 5.10 

#15 A244-10-3 2409.23 0.79 0.925 8.40 0.088 0.153 0.54 13.14 91.09 5.85 

#16 A244-10-4 2413.16 0.85 0.866 9.52 0.077 0.421 0.54 13.06 78.27 5.12 

#17 A263-13-2 2184.88 0.90 0.818 2.89 0.254 0.430 0.74 11.90 94.34 9.27 
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#18 A263-13-4 2190.32 0.63 1.168 2.58 0.285 0.464 0.69 11.87 96.64 10.22 

Average 1.84 0.917 8.16 0.129 0.259 0.61 12.69 84.77 6.69 

Type3 

#19 J89-04 2247.00 2.13 0.345 4.82 0.152 0.200 0.75 11.86 72.56 6.09 

#21 J46-06 2272.26 3.77 0.195 11.72 0.063 0.111 0.55 12.48 64.99 3.93 

#23 A236-14-2 2225.87 1.13 0.649 9.79 0.075 0.288 0.44 12.94 83.40 4.59 

#24 A244-10-1 2389.59 1.46 0.502 7.25 0.101 0.108 0.46 12.47 100.00 5.24 

#25 A263-13-1 2180.02 0.77 0.955 2.58 0.285 0.459 0.32 10.90 100.00 8.95 

#26 A263-13-3 2188.06 2.45 0.300 4.55 0.162 0.172 0.81 12.35 85.35 5.59 

Average 1.95 0.491 6.78 0.140 0.223 0.55 12.17 84.38 5.73 
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5 Discussion 

 

5.1 Relationship between the pore distribution, porosity and permeability 

Nanopores and micropores together constitute the reservoir space of tight sandstone reservoirs. This 
paper analyzed the relationship between the presence of nanopores and micropores, total porosity and 
permeability. 

The total porosity was weakly positively correlated with both the nanopore porosity and micropore 
porosity. However, the total porosity of each type of reservoir was positively correlated with both the 
nanopore and micropore porosities. 

The relationship between the porosity and nanopore porosity presented a fan-like distribution, and 
the slope gradually increased from the type 1 to the type 2 to the type 3 reservoir (Fig. 13). 

The distribution of the total porosity and micropores presented a positive linear relationship. The 
correlation between the total porosity and nanopores of the type 1 reservoir was more notable than that 
between the total porosity and micropores. The correlation coefficient of the relation between the total 
porosity and nanopores of the type 2 reservoir was similar to that of the relation between the total 
porosity and nanopores and micropores; the correlation between the total porosity and micropores of 
the type 3 reservoir was more notable than that between the total porosity and nanopores. The latter 
notably corresponded to the contribution of pores of different sizes to the total porosity. 

 

  

Fig. 13. The relationships between total porosity of the different types of reservoirs and the nanopore and 

micropore porosities. 

 

The permeability exhibited no significant relationship with the nanopore porosity, but exhibited a 
significant positive correlation with the micropore porosity. The permeabilities of all the types of 
reservoirs were positively correlated with the nanopore and micropore porosities, but the correlation 
was not as notable as that with the total porosity. 

The relationship between the permeability and nanopore porosity also presented a fan-like shape (Fig. 
14). The correlation between the permeability and distribution of micropores was positive and in 
general was better than that between the permeability and the micropore distribution, indicating that the 
development of micropores had a greater controlling effect on improving the seepage capacity. 
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Fig. 14. The relationships between the permeabilities of the different types of reservoirs and the nanopore and 

micropore porosities. 

 

5.2 Relationship between the pore distributions and pore-throat structure parameters 

The micro pore-throat system of tight sandstone reservoirs is an organic combination of pores and 
throats, which comprehensively controls the reservoir volume and seepage capacity. The pore 
distribution characteristics affect the pore-throat structure characteristics. To clarify the influence of 
pores of different scales on the reservoir pore-throat structure, certain parameters that could 
characterize the pore-throat structure were selected to establish the correlations with the nanopore and 
micropore porosities. 

The pores and throats tend to be normally distributed, and the median radius represents the mean 
value of the throat radius. On the whole, the median radius of the reservoir exhibited a poor correlation 
with the nanopore porosity but a positive correlation with the micropore porosity. 

The relationships between the median radii of the different types of reservoir and the nanopore and 
micropore porosities were different. The median radius of the type 1 reservoir was not notably 
correlated with the nanopore and micropore porosities, while the median radii of the type 2 and type 3 
reservoirs exhibited significant positive correlations with the nanopore and micropore porosities (Fig. 
15), and the correlations with the nanopore porosities were even stronger. 

These results indicated that the pore development played a controlling role on the distribution of the 
median radius, specifically for the type 2 reservoir, the median radius of which was between 0.042 and 
0.285 μm, with an average of 0.129 μm, and the type 3 reservoir, which had a median radius between 
0.063 and 0.285 μm, with an average of 0.140 μm. Thus, the throat development was more affected by 
the nanopores. 

 

  

Fig. 15. The relationships between the median radii of the different types of reservoirs and the nanopore and 

micropore porosities. 

 

The radius mean value refers to the average position of the overall throat distribution. The larger the 
radius mean value is, the smaller the mean value of the overall pore-throat system, and the greater the 
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system influences the shape of the capillary pressure curve. Narrow throats dominate the overall 
pore-throat system. 

To a certain extent, the radius mean value of the tight sandstone reservoir in the study area was 
negatively correlated with the nanopore porosity, but it was negatively correlated with the micropore 
porosity; the latter relationship exhibited a straight line and a notable correlation.  

The radius mean value of each type of reservoir was also negatively correlated with the nanopore 
and micropore porosities. The relationship between the radius mean value and the nanopore porosity 
presented a fan-like distribution, and the three types exhibited notable zoning. The curve slope 
gradually decreased from the type 1 to the type 2 to the type 3 reservoir. The distribution of the radius 
mean values and micropore porosities showed a linear relationship, and the slopes of the curves of the 
three reservoirs were similar. The correlation coefficient of the type 3 reservoir was the highest, and the 
corresponding pore development characteristics had the strongest effect on controlling the throat 
distribution, followed by that of the type 2 reservoir, while the type 1 reservoir had the worst 
correlation. 

 

 

Fig. 16. The relationships between the radius mean values of the different types of reservoirs and the nanopore 

and micropore porosities. 

 

The effective porosity was weakly positively correlated with both the nanopore and micropore 
porosities. However, the effective porosity of each type of reservoir was positively correlated with the 
nanopore and micropore porosities. 

The relationship between the effective porosity and nanopore porosity also presents a fan-like shape, 
and the slope of the curves gradually increased from the type 1 to the type 2 to the type 3 reservoir (Fig. 
17). The effective porosity had a positive relationship with the distribution of micropores, and the slope 
of the curves gradually decreased from the type 1 to the type 2 to the type 3 reservoir. 

The correlation between the effective porosity and nanopore distribution was generally better than 
that between the effective porosity and micropore distribution. When analyzing by the reservoir type, 
both the nanopores and micropores had a strong controlling effect on the effectively connected volume 
of the reservoir, and the controlling effect of the nanopores was stronger, which may have been because 
the connectivity was actually influenced by nanosized throats, and the development of these throats 
was mainly controlled by the nanopore distribution. 
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Fig. 17. The relationships between the effective porosity of the different types of reservoirs and the nanopore and 

micropore porosities. 

 

6 Conclusions 

 

(1) By performing large-area high-resolution imaging, image processing and NMR experiments 
combined with a reservoir pore size characterization method, qualitative and quantitative pore size 
characterizations of tight sandstone reservoirs were achieved. Based on the pore size distribution, the 
tight sandstone reservoir was characterized by three main patterns with different amplitudes of the 
former peaks and latter peaks. The former peak corresponded to the scale of the nanopores, and the 
latter peak corresponded to the scale of micropores. Then, the tight sandstone reservoir was divided 
into three types: the type 1 reservoir contained more nanopores and fewer micropores, and the volume 
ratio of nanopores to micropores was 82:18; the type 2 reservoir contained similar amounts of 
nanopores and micropores, and the volume ratio of nanopores to micropores was 47:53; and the type 3 
reservoir contained fewer nanopores and more micropores, and the volume ratio of nanopores to 
micropores was 35:65. 

(2) The throat distribution of the different types of reservoirs had distinct characteristics of 
increasing deviation. The throat radius distribution curve of the type 1 reservoir had a weak single peak, 
and the peak value was within the range of 0.01 to 0.025 μm. The throat radius distribution curve of the 
type 2 reservoir exhibited a single peak with a peak value between 0.1 and 0.25 μm. The throat radius 
distribution curve of the type 3 reservoir was unimodal with a peak value between 0.1 and 0.25 μm. 
Due to the influence of the pore size distribution, the pore-throat structure parameters of the different 
types of reservoirs also exhibited notable differences. With the increase in micropores, the micro 
pore-throat structure characteristics of the reservoirs gradually improved. 

(3) By analyzing the relationships among the porosity and permeability, the pore-throat structure 
parameters and the nanopore and micropore porosities of the different types of reservoirs, it was 
observed that the correlations were generally different. The total porosity of each type of reservoir had 
quite a notable positive correlation with the nanopore and micropore porosities, and the correlation had 
a distinct correlation with the contribution of pores of different scales to the total porosity. The 
permeability was positively correlated with the nanopore and micropore porosities, but the correlation 
was not as notable as that with the total porosity. The correlation between the permeability and the 
micropore distribution was better than that for nanopores, indicating that the development of 
micropores had a more profound controlling effect on improving the seepage capacity. Only the radius 
mean value and effective porosity of the type 1 reservoir exhibited a notable correlation with the 
nanopore and micropore porosities. The pore-throat structure parameters of the type 2 and type 3 
reservoirs generally correlated well with the nanopore and micropore porosities, indicating that, to a 
certain extent, the throat development of these types of reservoirs was affected by pore size distribution 
characteristics, finally improving the seepage capacity. 

 

Acknowledgements 

 

The authors wish to acknowledge the Changqing Oil Field for providing the drill cores herein. This 

 

 
This article is protected by copyright. All rights reserved. 



research was funded by the National Natural Science Foundation of China (Grant No. 41625009) and 
the Strategic Priority Research Program of the Chinese Academy of Sciences (Grant No. 
XDA14010404). The authors also extend their thanks to the editors and reviewers for their positive and 
constructive comments and suggestions. 

 

References  

Ali, A., Ullah, M., Hussain, M., Asher, S.B., and Rehman K., 2017. Estimation of the shale oil/gas potential of a 
Paleocene–Eocene succession: A case study from the Meyal Area, Potwar Basin, Pakistan. Acta Geologica 
Sinica (English Edition), 91(6): 2180–2199. 

Camp, W.K., 2011. Pore-throat sizes in sandstones, tight sandstones, and shales: Discussion. AAPG Bulletin, 95(8): 
1443–1447. 

Chen, X.H., and Zhang, M., 2016. A case study on the occurrence and mobility of the shale oil from the Muli 
Coalfield, Qilian Mountain. Acta Geologica Sinica (English Edition), 90(6): 2267–2268. 

Chen, X.H., Wei, K., Zhang, B.M., Li, P.J., Li, H., Liu, A., and Luo, S.Y., 2018. Main geological factors 
controlling shale gas reservoir in the Cambrian Shuijingtuo Formation in Yichang of Hubei Province as well as 
its and enrichment patterns. Geology in China, 45(2): 207–226 (in Chinese with English abstract). 

Clarkson, C.R., Jensen, J.L., Pedersen, P.K., and Freeman, M., 2012. Innovative methods for flow-unit and 
pore-structure analyses in a tight siltstone and shale gas reservoir. AAPG Bulletin, 96(2): 355–374. 

Fan, Y.R., Liu, J.Y., Ge, X.M., Deng, S.G., Liu, H.L., and Gu, D.N., 2017. Permeability evaluation of tight 
sandstone based on dual T2 cutoff values measured by NMR. Chinese Journal of Geophysics, 61(4): 1628–1638 
(in Chinese with English abstract). 

He, Y.D., Mao, Z.Q., Xiao, L.Z., and Ren, X.J., 2005.An improved method of using NMR T2 distribution to 
evaluate pore size distribution. Chinese Journal of Geophysics. 48(2): 373–378 (in Chinese with English 
abstract). 

Hill, R.J., Zhang, E., Katz, B.J., and Tang, Y., 2007. Modeling of gas generation from the Barnett Shale, Fort 
Worth Basin, Texas. AAPG Bulletin, 91(4): 501–521. 

Huang, W., Liang, J.P., Zhao, B., Sun, G.X., and Yang, Q.J., 2013. Main controlling factors of tight oil 
accumulations in the Fuyu Layer of Cretaceous Quantou Formation in northern Songliao Basin. Journal of 
Palaeogeography, 15(5): 635–644 (in Chinese with English abstract). 

Guo, T.L., and Zhang, H.R., 2014. Formation and enrichment mode of Jiaoshiba shale gas field, Sichuan Basin. 
Petroleum Exploration and Development, 41(1): 31–40. 

Jia, C.Z., Zheng, M., and Zhang, Y.F., 2012a. Unconventional hydrocarbon resources in China and the prospect of 
exploration and development. Petroleum Exploration and Development, 39(2): 139–146. 

Jia, C.Z., Zou, C.N., Li, J.Z., Li, D.H., and Zheng, M., 2012b. Assessment criteria, maintypes, basic features and 
resource prospects of the tight oil in China. Acta Petrolei Sinica, 33(3): 343–350 (in Chinese with English 
abstract). 

Jin, Z.J., Hu, Z.Q., Gao, B., and Zhao, J.H., 2016. Controlling factors on the enrichment and high productivity of 
shale gas in the Wufeng-Longmaxi Formation, southeastern Sichuan Basin. Earth Science Frontiers, 23(1): 1–
10 (in Chinese with English abstract). 

Josh, M., Esteban, L., Piane, C.D., Sarout, J., Dewhurst, D.N., and Clennell, M.B., 2012. Laboratory 
characterisation of shale properties. Journal of Petroleum Science & Engineering, 88–89(2): 107–124. 

Kuang, L.C., Tang, Y., Lei, D.W., Chang, Q.S., Ouyang, M., Hou, L.H., and Liu, D.G., 2012. Formation 
conditions and exploration potential of tight oil in the Permian saline lacustrine dolomitic rock, Junggar Basin, 
NW China. Petroleum Exploration and Development, 39(6): 700–711. 

Law, B.E., and Curtis, J.B., 2002. Introduction to unconventional petroleum systems. AAPG Bulletin, 86(11): 
1851–1852. 

Li, A.F., Ren, X.X., Wang, G.J., Wang, Y.Z., and Jiang, K.L., 2015. Characterization of pore structure of low 
permeability reservoirs using a nuclear magnetic resonance method. Journal of China University of Petroleum, 
39(6): 92–98 (in Chinese with English abstract). 

Li, P., Zheng, M., Bi, H., Wu, S.T., and Wang, X.R., 2016a. Pore throat structure and fractal characteristics of tight 
oil sandstone: A case study in the Ordos Basin, China. Journal of Petroleum Science & Engineering, 149: 665–
674. 

 

 
This article is protected by copyright. All rights reserved. 



Li, P., Jiang, Z.X., Zheng, M., Bi, H., and Cheng, L., 2016b. Estimation of shale gas adsorption capacity of the 
Longmaxi Formation in the Upper Yangtze Platform, China. Journal of Natural Gas Science and Engineering, 
2016(34): 1034–1043. 

Li, P., Jia, C.Z., Jin, Z.J., Liu, Q.Y., Zheng, M., and Huang, Z.K., 2019. The characteristics of movable fluid in the 
Triassic lacustrine tight oil reservoir: A case study of the Chang 7 member of Xin'anbian Block, Ordos Basin, 
China. Marine and Petroleum Geology, 102: 126–137. 

Liang, H., Li, X.N., Ma, Q., Liang, H., Luo, Q.S, Chen, X., Bai, G.J., Zhang, Q., and Meng, Y.L., 2014. 
Geological features and exploration potential of Permian Tiaohu Formation tight oil, Santanghu Basin, NW 
China. Petroleum Exploration and Development, 41(5): 616–627. 

Lin, W., 2016. A review on shale reservoirs as an unconventional play – the history, technology revolution, 
importance to oil and gas industry, and the development future. Acta Geologica Sinica (English Edition), 90(5): 
1887–1902. 

Liu, M.J., Liu, Z., Wang, P., and Pan, G.F., 2016. Diagenesis of the Triassic Yanchang Formation tight sandstone 
reservoir in the Xifeng–Ansai area of Ordos Basin and its porosity evolution. Acta Geologica Sinica (English 
Edition), 90(3): 956–970. 

Loucks, R.G., Reed, R.M., Ruppel, S.C., and Jarvie, D.M., 2009. Morphology, genesis, and distribution of 
nanometer-scale pores in siliceous mudstones of the Mississippian Barnett shale. Journal of Sedimentary 
Research, 79(12): 848–861. 

Mille, B., Paneitz, J., Mullen, M., Meijs, R., Tunstall, M., and Garcia, M., 2008. The successful application of a 
compartmental completion technique used to isolate multiple hydraulic-fracture treatments in horizontal Bakken 
shale wells in North Dakota. SPE 116469. 

Mullen, J., 2010. Petrophysical characterization of the Eagle Ford shale in South Texas. SPE 138145. 

Nabawy, B.S., Graud, Y., Rochette, P., and Bur, N., 2009. Pore-throat characterization in highly porous and 
permeable sandstones. AAPG Bulletin, 93(6): 719–739. 

Nelson, P.H., 2009. Pore-throat sizes in sandstones, tight sandstones, and shales. AAPG Bulletin, 93(3): 329–340. 

Ning, F.X., Wand, X.J., Hao, X.F., Zhu, D.Y., and Zhu, D.S., 2015. Division of matrix- and fracture-type shale 
oils in the Jiyang Depression and their differences. Acta Geologica Sinica (English Edition), 89(6): 1963–1972. 

Ping, Y., Guo, H., and Yang, D., 2013. Determination of residual oil distribution during waterflooding in tight oil 
formations with NMR relaxometry measurements. Energy & Fuels, 27(10): 5750–5756. 

Qiao, J.C., Zeng, J.H., Yang, Z.F., Feng, X., Yao, J.L., and Luo, A.X., 2015. The nano-macro pore network and 
the characteristics of petroleum migration and accumulation in Chang 8 tight sandstone reservoir in Heshui, 
Ordos Basin. Acta Geologica Sinica (English Edition), 89(S1): 207–209. 

Sun, S., Shu, L., Zeng, Y., Cao, J., and Feng, Z., 2007. Porosity-permeability and textural heterogeneity of 
reservoir sandstones from the Lower Cretaceous Putaohua Member Of Yaojia Formation, Weixing Oilfield, 
Songliao Basin, Northeast China. Marine & Petroleum Geology, 24(2): 109–27. 

Wang, X.W., Yang, Z.M., Li, H.B., and Guo, H.K., 2010. Experimental study on pore structure of low 
permeability core with NMR spectra. Journal of Southwest Petroleum University, 32(2): 69–72 (in Chinese with 
English abstract). 

Wu, S,T., Zou, C.N., Zhu, R.K., Yao, J.L., Tao, S.Z., Yang, Z., Zhai, X.F., Cui, J.W., and Lin, S.H., 2016. 
Characteristics and origin of tight oil accumulations in the Upper Triassic Yanchang Formation of the Ordos 
Basin, North‐Central China. Acta Geologica Sinica (English Edition), 90(5): 1821–1837. 

Xiao, L., Zou, C. C., Mao, Z. Q., Shi, Y. J., Liu, X. P., and Jin, Y., 2013. Estimation of water saturation from 
nuclear magnetic resonance (NMR) and conventional logs in low permeability sandstone reservoirs. Journal of 
Petroleum Science & Engineering, 108(15): 40–51. 

Xue, X.J., Cao, Y.C., Wang, J., Xi, K.L., and Zhang, Q.Q., 2015. Characteristics of micro pore-throat of tight oil 
reservoir in Permian Lucaogou Formation, Jimsar Sag. Acta Geologica Sinica (English Edition), 89(s1): 112–
113. 

Yang, H., Li, S.X., and Liu, X.Y., 2013. Characteristics and resource prospects of tight oil and shale oil in Ordos 
Basin. Acta Petrolei Sinica, 34(1): 1–11 (in Chinese with English abstract). 

Yang, Z., Li, Q.Y., Wu, S.T., Lin, S.H., and Liu, X.S., 2017. Evidence of the near-source accumulation of the tight 
sandstone gas in Northern Ordos Basin, North-Central China. Acta Geologica Sinica (English Edition), 91(5): 
1820–1835. 

Yao, J.L., Deng, X.Q., Zhao, Y.D., Han T.Y., Chu M.J., and Pang J.L., 2013. Characteristics of tight oil in Triassic 
Yanchang Formation, Ordos Basin. Petroleum Exploration and Development, 40(2): 161–169. 

 

 
This article is protected by copyright. All rights reserved. 



Yao, Y.T., Li, S.X., Zhao, Y.D., Chen, S.J., and Lu, J.G., 2015. Characteristics and controlling factors of Chang 7 
tight oil in Xin'anbian Area, Orods Basin. Acta Sedimentologica Sinica, 33(3): 625–632 (in Chinese with 
English abstract). 

Yao, Y.B., Liu, D.M., Che, Y., Tang, D.Z., Tang, S.H., and Huang, W.H., 2010. Petrophysical characterization of 
coals by low-field nuclear magnetic resonance (NMR). Fuel, 89(7), 1371–1380. 

Yao, Y.B., and Liu, D.M., 2012. Comparison of low-field NMR and mercury intrusion porosimetry in 
characterizing pore size distributions of coals. Fuel, 95(1), 152–158. 

Zhang, P.F., Lu, S.F., Li, J.Q., Chen, C., Xue, H.T., and Zhang, J., 2017. Petrophysical characterization of 
oil-bearing shales by low-field nuclear magnetic resonance (NMR). Marine & Petroleum Geology, 89. 

Zhao, J.Z., Bai, Y.B., Cao, Q., and Er, C., 2012. Quasi-continuous hydrocarbon accumulation: a new pattern for 
large tight sand oilfields in the Ordos Basin. Oil & Gas Geology, 33(6): 811–827 (in Chinese with English 
abstract). 

Zhong, Y., Zhou, L., Tan, X.C., Lian, C.B., Liu, H., Liao, J.J., Hu, G., Liu, M.J., and Cao, J., 2017. Lithofacies 
paleogeography mapping and reservoir prediction in tight sandstone strata: A case study from central Sichuan 
Basin, China. Geoscience Frontiers, 8: 961–975. 

Zhou, X., He, S., Liu, P., Ju, and Y.J., 2016. Characteristics and classification of tight oil pore structure in 
reservoir Chang 6 of Daijiaping area, Ordos Basin. Earth Science Frontiers, 23(3): 253–265 (in Chinese with 
English abstract). 

Zhu, R.K., Zou, C.N., Zhang, N., Wang, X.S., Cheng, R., Liu, L.H., Zhou, C.M., and Song, L.H., 2008. Diagenetic 
fluids evolution and genetic mechanism of tight sandstone gas reservoirs in Upper Triassic Xujiahe Formation in 
Sichuan Basin, China. Science in China Series D: Earth Sciences, 51(9): 1340–1353. 

Zhu, R.K., Wu, S.T., Su, L., Cui, J.W., Mao, Z.G., and Zhang, X.X., 2016. Problems and future works of porous 
texture characterization of tight reservoirs in China. Acta Petrolei Sinica, 37(11): 1323–36 (in Chinese with 
English abstract). 

Zou, C.N., Tao, S.Z., Yuan, X.J., Zhu, R.K., Dong, D.Z., Li, W., Wang, L., Gao, X.H., Gong, Y.J., Jia, J.H., Hou, 
L.H., Zhang, G.Y., Li, J.Z., Xu, C.C., and Yang, H., 2009. Global importance of “continuous” petroleum 
reservoirs: Accumulation, distribution and evaluation. Petroleum Exploration and Development, 36(6): 669–
682. 

Zou, C.N., Zhu, R.K., Bai, B., Yang, Z., Wu, S.T., Su, L., Dong, D.Z., and Li, X.J., 2011. First discovery of 
nano-pore throat in oil and gas reservoir in China and its scientific value. Acta Petrologica Sinica, 27(6): 1857–
1864 (in Chinese with English abstract). 

Zou, C.N., Zhu, R.K., Wu, S.T., Yang, Z., Tao, S.Z., Yuan, X.J., Hou, L.H., Yang, H., Xu, C.C., Li, D.H., Bai, B., 
and Wang, L., 2012. Types, characteristics, genesis and prospects of conventional and unconventional 
hydrocarbon accumulations: taking tight oil and tight gas in China as an instance. Acta Petrolei Sinica, 33(2): 
173–87 (in Chinese with English abstract). 

Zou, C.N., Jin, X., Zhu, R.K., Gong, G.M., Sun, L., Dai, J.X., Meng, D.P., Wang, X.Q., Li, J.M., Wu, S.T., Liu, 
X.D., Wu, J.T., and Jiang, L., 2015a. Do shale pore throats have a threshold diameter for oil storage?. Scientific 
Reports, 5, 13619. 

Zou, C.N., Yang, Z., Hou, L.H., Zhu, R.K., Cui, J.W., Wu, S.T., Lin, S.H., Guo, Q.L., Wang, S.J., and Li, D.H., 
2015b. Geological characteristics and “sweet area” evaluation for tight oil. Petroleum Science, 12(4): 606–617. 

 

 

 
This article is protected by copyright. All rights reserved. 



About the first author 

 

LI Peng, male, born in 1987 in Liaocheng City, 

Shandong Province, China, a postdoctor of 

Petroleum Exploration and Production Research 

Institute, SINOPEC. His current research focues 

on unconventional oil and gas exploration and 

reservoir characterization.  

E-mail: lipeng2017.syky@sinopec.com. 

About the corresponding author 

 

 
This article is protected by copyright. All rights reserved. 

mailto:lipeng2017.syky@sinopec.com


 

 

 

 

 

 

JIN Zhijun, male, born in Jiaonan City, Shandong Province, China. He was elected as a Member of the 

Chinese Academy of Sciences in 2013. Currently, he is the director of State Key Laboratory of Shale 

Oil and Gas Enrichment Mechanisms and Effective Development, and the director of National Shale 

Oil R&D Centre. He has long been engaged in research of petroleum geology theory and strategic 

selection and evaluation of play fairway as well as exploration practices 

 

 

 

 
This article is protected by copyright. All rights reserved. 


