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Abstract: This study aimed to investigate the complete distribution of reservoir space in tight oil 

sandstone combining casting slices, field emission scanning electron microscopy (FE-SEM), the 

pore-throat theory model, high-resolution image processing, mathematical statistics, and other 

technical means. 

Results of reservoir samples from the Xin’anbian area of Ordos Basin showed that the total pore 

radius curve of the tight oil sandstone reservoir exhibited a multi-peak distribution, and the peaks 

appeared to be more focused on the ends of the range. This proved that pores with a radius of 1–

50,000 nm provided the most significant storage space for tight oil, indicating that special 

attention should be paid to this range of the pore size distribution. Meanwhile, the complete throat 

radius curve of the tight oil sandstone reservoir exhibited a multi-peak distribution. However, the 

peak values were distributed throughout the scales. This confirmed that the throat radius in the 

tight oil sandstone reservoir was not only in the range of hundreds of nanometers but was also 

widely distributed in the scale approximately equal to the pore size. 

The new rapid determination method could provide a precise theoretical basis for the 

comprehensive evaluation, exploration, and development of a tight oil sandstone reservoir. 

 

Keywords: Complete distribution; Tight oil reservoir; Multi-precision imaging; Mathematical 

statistics 

1 Introduction 

With the large-scale discovery and industrial exploitation of unconventional oil and gas resources, 

theoretical research on unconventional reservoirs has become the top priority in oil and gas exploration 

and development. The core of reservoir research lies in the reservoir space, which mainly consists of 

pores and fractures. Therefore, many scholars have studied the development characteristics and 

mechanism of pore, natural fracture and hydraulic fracture in unconventional reservoirs, which has 

contributed to improving the recovery of resources (Ge et al., 2015a and 2015b; Ju et al., 2015 and 

2018; Shen et al., 2017 and 2018; Wang et al., 2018; Huang et al., 2017 and 2019; Dai et al., 2017 and 

2019). According to morphological characteristics, pore can be furtherly divided into pore and throat. 

Meanwhile, fracture is an important part of reservoir space. A high degree of fracture development 

(found in imaging observation) will play an important role in oil and gas reservoir and seepage. Thus, it 

is also an important factor to be considered. The pore-throat characteristics and development rule will 

directly control the reservoir permeability. According to these principles, many productive studies have 

been conducted based on cast slices, field emission scanning electron microscopy (FE-SEM), 

high-pressure mercury injection, mercury injection in constant pressure (MICP), nuclear magnetic 

resonance (NMR), computed tomography scanning, and gas adsorption. These findings have increased 

our understanding of the reservoir space on different scales and provided a solid foundation for 

scholars in various fields to understand pore-throat development in different degrees (Du et al., 2018a 

and 2018b). However, due to the differences in testing principles and accuracy of the technologies 

examined, the conclusions of various testing methods present certain discrepancies and deviations 

(Arash et al., 2017; Nishank et al., 2017a and 2017b). 
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Reservoir space development should be investigated in a continuous manner using different scales. 

Regrettably, current test technologies focus on certain aspects of the reservoir while selectively 

ignoring other characteristics. Such a limited scope of testing only selected principles of the actual 

reservoir does not incorporate a global perspective and will thus inevitably generate a faulty conclusion. 

Based on this observation, some scholars have invested in the construction analysis of the complete 

pore and throat radius distribution to summarize and evaluate the reservoir space in an inclusive 

manner and therefore achieve a complete overall conclusion. Xiao et al. (2016) established the 

complete pore radius distribution by combining nuclear magnetic resonance (NMR) spectroscopy and 

constant-speed mercury injection technology to discover the seepage contribution of a reservoir space 

with different pore sizes. Jiang et al. (2016) proposed methods of dealing with the overlapping parts of 

the results of the technologies mentioned above by combining them with the weighted average. 

However, these construction methods exhibit the following critical problems in practical operation. 

(1) Although high-pressure mercury injection and nitrogen adsorption are both effective methods 

for measuring reservoir space, the principles, operation, and precision of these methods are entirely 

different. It is questionable whether the mechanical splicing of the results of different technologies is 

logical. 

(2) From the perspective of research on reservoirs and permeability, the distinction or segmentation 

between the pore and the throat appears to be of great significance. However, due to the limited 

technical principles of high-pressure mercury injection and gas adsorption, these two technologies are 

unable to distinguish between the pore and the throat. Constant-speed mercury injection is the only 

fluid experiment that can distinguish between the pore and the throat. However, due to the limitation of 

the instrument pressure (approximately 6.2 MPa), some pores and throats are selectively ignored. 

Consequently, the overall appearance of the reservoir is not reflected. Therefore, it is currently 

impossible to distinguish between the pore and the throat at any scale of the reservoir, although this is 

the essential aspect of reservoir exploration and development (Robert et al., 2009; Shah et al., 2016; 

Rikan et al., 2017). 

Given the limited research on effective methods of thoroughly assessing the pore and throat radius 

distribution of tight oil sandstone reservoirs, this paper focused on the integration of tight oil 

exploration and development. In this paper, data from casting slices, FE-SEM imaging, the pore-throat 

theory model, high-resolution image processing, mathematical statistics, and other technical means 

were combined. A new method is proposed to provide the complete pore and throat radius distribution 

in a tight oil sandstone reservoir ranging from 0 nm to 180,000 nm. This approach cleverly avoids the 

logical confusion sourced from splicing the test data of different technologies by performing pore and 

throat segmentation and characterization of the reservoir space on any scale and subsequently 

characterizing them separately. This tactic provides a highly precise theoretical basis for the 

comprehensive evaluation, exploration, and development of a tight oil sandstone reservoir. 

2 Geologic Setting 

Ordos Basin, which is in the west of the north China block, is a large multi-cycle craton basin 

with the occurrence of whole lift and depression migration (Zhang et al., 1997; Liu et al., 1998; Su et 

al., 2003; Xiao et al., 2005; Yuan et al., 2007) (Fig. 1).  

Based on the tectonic development history of the basins, sedimentation, and the superface 

structure of the Ordovician strata, the Paleozoic structure in Ordos Basin can be classified into six 

tectonic units, namely, Western Edge Fault Belt, Tianhuan Depression, Shanbei Slope, Jinxi Fault and 

Fold Belt, Weibei Uplift, and Yimeng Uplift. The structure inside the basin is relatively simple. 

Abundant oil resources exist in the ultra-low permeability Upper Triassic Yanchang Formation, which 

is part of a lake-delta sedimentary system (Zhang et al., 1997; Liu et al., 1998; Darby et al., 2002; Su et 

al., 2003; Gan et al., 2007). 

In terms of the stratigraphy and depositional facies, Yanchang Formation, as the main 

hydrocarbon reservoir, is characterized by deposits from the lake delta front and delta plain with a large 

area. The correlation between oil-bearing and physical properties is strong. The distribution range of 

the sand body controls the distribution range of the reservoirs, and this process is conducive to the 

formation of large-scale lithologic reservoirs (Ji et al., 2006; Zhang et al., 2007; Zhang et al., 1998; Cai 
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et al., 2005; Bradley et al., 2004). The reservoir development of Yanchang Formation is generally 

regular; sand and mudstone boundaries are generally flat and extensively extended, and it is easy to 

distinguish a single sand body with a thickness of about 3 m. At the same time, the phenomenon of 

sand body pinch-out is obvious in some places, and interlayers are widely developed (Li et al., 2011; Li, 

2016; Du et al., 2018a and 2018b). 

Samples of these studies were obtained from wells located in Xin’anbian District, Hujianshan 

Oilfield, Ordos Basin. The wells are all in the southwestern part of northern Shanbei Slope in the basin. 

Yanchang Formation is derived from clastic rock dominated by lacustrine sediments in the Late 

Triassic. As shown in Fig. 2, porosity and permeability of 1500 samples showed that the average 

porosity is 7.0%, and the permeability is 0.11 × 10
-3 

μm
2
. It should be pointed out that the permeability 

in Figure 2 is the absolute permeability measured by water. As micro-fractures develop in some 

reservoir samples, the permeability of these samples could reach about 5 × 10
-3 

μm
2
, which is common. 

The pore types are primarily inter-granular and dissolved pores, and the primary inter-granular, 

secondary inter-granular, and secondary dissolved pores are relatively developed. 

 

 

 
This article is protected by copyright. All rights reserved. 



Fig. 1. Location of the study area in Ordos Basin, China 

 

Fig. 2. Porosity and permeability of the samples from Yanchang Formation, Xin’anbian District, Ordos 

Basin  

 

3. Methodology and results 

3.1 Technical route 

Based on FE-SEM (maximum accuracy of 0.5 nm) and energy spectrum analysis, this study 

attempts to return to the geological principle itself and puts forward a new idea of constructing the 

complete pore and throat radius distribution in a tight oil reservoir. The specific technical route is 

shown in Fig. 3. 

In the first step, the pore types and their content statistics could be identified. In the second step, 

we could use the watershed and other algorithms to extract the pore-throat and conduct pore-throat 

segmentation. In the third step, we calculated the pore-throat parameters and the cumulative probability 

in each single view. In the last step, the total pore and throat radius curve could be constructed.  

It should be pointed out that in this paper, after the complete pore and throat distribution curve of 

the reservoir was constructed, 143 samples were selected. Each sample must be observed 1000 views to 

ensure that all the information could be used in the research. Finally, in order to ensure accuracy of the 

calculation results, large-scale mathematical calculations were effectively completed with the use of a 

computer. 

 

Fig. 3. Flowchart of the construction process of the complete pore and throat radius analysis 
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3.2 Thin section observations 

Observations of cast thin film sections (Fig. 4) demonstrated that the overall development of the 

reservoir pores in the tight sandstone in the Xin’anbian area of Ordos Basin is low. The main pore types 

are inter-granular and feldspar dissolution pores, and the primary throat types are contractive-neck and 

bent-sheet. The pore and throat distributions affect the permeability and production capacity of the 

reservoir. 

 

Fig. 4. Observation of the tight oil sandstone reservoir of the Yanchang Formation in Ordos Basin, 

China based on thin-section casting. 

(a: Well H198, Yanchang Formation, sampling depth of 2173.5 m; b: Well, A237-40, Yanchang 

Formation, sampling depth of 2159.3 m; c: Well H191, Yanchang Formation, sampling depth of 2184.9 

m; d: Well A238-27, Yanchang Formation, sampling depth of 2259.76 m) 

 

3.3 High-precision FE-SEM imaging 

As shown in Fig. 5, the FE-SEM data demonstrated that the inter-granular and feldspar dissolution 

pores are widely developed, including dissolution pores of debris and inter-crystalline pores, such as 

inter-granular pores in kaolinite. The dissolution pores of debris and inter-crystalline pores are far 

smaller than macropores, such as inter-granular pores, but the dissolution pores of debris and 

inter-crystalline pores have larger surface areas. 
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Fig. 5. FE-SEM observation of the tight oil sandstone reservoir of Yanchang Formation in Ordos Basin, 

China 
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(a, b: Well H198, Yanchang Formation, sampling depth of 2173.5 m; c, d: Well, A237-40, Yanchang 

Formation, sampling depth of 2159.3 m; e: Well H191, Yanchang Formation, sampling depth of 2184.9 

m; f: Well A238-27, Yanchang Formation, sampling depth of 2259.76 m; g-Well A83, Yanchang 

Formation, sampling depth of 2190.5 m; h: Well A238-27, Yanchang Formation, sampling depth of 

2275.5 m) 

Therefore, they provide available space for tight oil storage and seepage. However, due to 

technological limitations, our current approach could only test the nanopores by gas adsorption. Such 

test results are rarely combined and compared with those of macropores, so the actual contribution of 

the nanopores to the tight oil sandstone reservoir is ambiguous. Moreover, the identification of the pore 

and throat distribution is significant to microscale seepage. Therefore, the construction of the complete 

pore and throat radius is particularly essential. 

The distribution histogram of the four pore types was obtained from an observation of 200 thin 

slices of tight sandstone samples. Fig 6 illustrates that inter-granular and feldspar dissolution pores are 

the primary pore types, representing approximately 48% and 47%, respectively, of all pore types. The 

dissolution pores of debris and inter-crystalline pores account for 3% and 2%, respectively, of the total. 

The content of the dissolution pores of debris and inter-crystalline pores is relatively small in 

comparison with those of the inter-granular and inner-feldspar dissolution pores, and the crude oil in 

these pores is difficult to exploit. Most of the oil located in the dissolution pores of debris and 

inter-crystalline pores is residual oil, and exploitation is also quite challenging. Further technological 

breakthroughs and mechanism studies are needed. 

 

Fig. 6. Distribution histogram of pore type division in the tight oil reservoir 

3.4 Cumulative probability distribution of the pore and throat distributions 

Tight oil sandstone reservoir samples in the Xin’anbian area of Ordos Basin were selected. Single 

pore and throat parameter calculations were conducted, and a cumulative probability curve was 

prepared based on images with different resolutions and scales. The ratio between the frequency of 

each pore and throat radius in a single image and the image area was calculated to yield the pore and 

throat frequency in the unit area. Finally, the probability of all the frequencies and the complete pore 

and throat distribution curve construction were summarized.  

4. Discussion 

4.1 Advantages and disadvantages of testing in a tight oil reservoir 
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Most research on the pore and throat characteristics of reservoirs depends on the development of 

various testing techniques. The technology of cast thin film sections could determine the development 

of a reservoir space based on the distribution of the dyeing resin fluid in the reservoir. Although some 

technical details are available about casting image processing in the petroleum and natural gas industry 

of China, limitations such as low precision, poor image quality, and fabrication difficulties cannot be 

ignored. Therefore, the image of a cast thin film section may be suitable for the qualitative observation 

of a reservoir space but not for generating quantitative conclusions in a tight oil sandstone reservoir. 

High-pressure mercury injection is a fast and effective method primarily based on the Laplace 

equation (capillary force formula). In this process, the pressure change of the mercury injection is used 

to study the degree of development of the pore and throat in a reservoir. The constant velocity of the 

mercury pressure is based on the pressure rise and fall of the low-pressure mercury injection process, 

and it elucidates the separation of the pore and throat for studying the seepage capacity of the reservoir. 

However, these two methods selectively ignore the presence of some pore and throat distributions due 

to the randomness of the seepage process. Because of the difference between the properties of mercury 

and geological fluids, the optimization of results needs further exploration. 

In NMR technology, the fluid relaxation time corresponds to the reservoir space with relative scale, 

and it is an advanced and effective way to identify the reservoir space efficiently. However, even with 

the present developments in this technology, no new progress has been made in distinguishing pores 

and throats. 

Micro- or nano-CT scanning has been widely used in the characterization of unconventional 

reservoir spaces in recent years, and its importance and superiority are self-evident. Silin et al. and 

others proposed the maximum sphere method (Silin et al., 2003; Dong et al., 2007), which segments 

pores and throats based on CT data. Like other technologies, this approach has shortcomings. For 

example, the resolution and representativeness cannot be assessed simultaneously, and the types of 

pores and throats cannot be judged. 

Gas adsorption has a unique advantage in measuring ultra-micropores in the range of 1–100 nm 

because the molecular radius of gas is very small. However, this method is unable to distinguish 

between pores and throats and hence was not used in this study. 

FE-SEM imaging could be effective in studies of tight oil sandstone reservoirs based on the 

conductivity of minerals. Accurate to 0.5 nm, FE-SEM can be used to identify pore and throat space 

effectively, and its accuracy is greater than that of casting thin sections. Additionally, it is 

nondestructive to the reservoir sample. The observation range in FE-SEM is larger than the sample size 

and analysis scale of nano-CT, and its ease of operation and low cost are somewhat better than those of 

NMR. Therefore, to accurately identify the pore and the throat, this study will identify the pore-throat 

distribution and evaluate the related minerals lining the pore-throat regions effectively by combining 

FE-SEM with energy spectrum analysis. 

4.2 Feasibility of 2D characterization  

Newer reservoir testing technologies, such as CT and focused ion beam-scanning electron 

microscopy (FIB-SEM), have been introduced. However, the original technologies for reservoir 

characterization based on two-dimensional characterization methods and techniques still provide 

important information. That is, sufficient focus on the research purpose, continuous exploration of 

existing mature technology, and acquisition of new information can also be regarded as the best use of 

everything and information fusion. 

For assessment of both reservoir and development geology, reservoir characterization should 

focus on improving oil recovery and clarifying the occurrence position and flow mechanism of oil and 

gas. Therefore, 2D data should be studied entirely. Evaluation of 2D data still has considerable 

potential in research for 1) solving the contradiction between representation and resolution in a short 

time and applying to crucial technologies, such as high precision scanning, storage, statistics, and 

analysis of massive reservoir data and 2) improving CT resolution and scanning scale. Therefore, 

attention to the 2D information should not be reduced. Furthermore, with the development of 

wide-field imaging technology, the contradiction between the resolution and representation is first 

resolved in the 2D space. The concept of pore and throat distributions and the discovery of 
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ultra-nanopores in shale gas reservoirs are both based on the observation and characterization of cast 

thin film sections or FE-SEM in the 2D space. The standard in the oil and gas industry also consists of 

pore-throat image analysis in 2D. 

4.3 Application of new method 

With reservoir samples from the Xin’anbian area of Ordos Basin as example, 300 images of the 

reservoir were selected according to the percentage of porosity development. The entire pore and throat 

distribution curves were prepared. 

As can be seen from Fig 7, the nanopores and throats occupy more than 90% of the total number 

of pore and throat features in the tight oil reservoirs, which are mostly concentrated in the range of 

29.12–37.37 nm. Due to the small volume of the nanopore space itself, the reservoir capacity is weaker 

than for macropores, but the nanopores cannot be ignored because of their large number. 

 

Fig. 7. Number distribution of pores (1.55–182,208 nm) and throats (0.47–110,450 nm) in different 

images with the relative scales 

Figs 8 and 9 represent the distribution curve and cumulative probability curve of the complete pore 

and throat radius distributions, respectively, of the reservoir samples of the tight oil sandstone reservoir 

in the Xin’anbian area of Ordos Basin. Fig 8 shows that the total pore radius curve of the tight oil 

sandstone reservoir exhibited a multi-peak distribution, and the peaks appear more focused on the ends 

of the range.  
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Fig. 8. Complete pore radius distribution and the cumulative probability of reservoir samples of the 

tight oil sandstone reservoir in the Xin’anbian area of Ordos Basin 

 

Pore radius less than 500 nm accounted for approximately 10% (nanopores), 500–2,000 nm 

accounted for 15% (micropores), 2,000–10,000 nm accounted for approximately 27% (small pores), 

10,000–20,000 nm accounted for approximately 13% (middle pore), and greater than 20,000 nm 

accounted for approximately 25% (large pore) of the pore radius distribution. The minimum pore 

radius was 1.55 nm, the median pore radius (the value when the cumulative content reached 50%) was 

7,780 nm, and the maximum pore radius was 182,210 nm. The data indicated that the occurrence of 

tight oil is not only concentrated in nanoscale pores. Pores with a radius of 1–50,000 nm provide the 

most significant storage space for tight oil, indicating that special attention should be paid to this range 

of the pore size distribution. Evaluation of the distribution curve and cumulative probability curve of 

the complete pore radius distribution can increase knowledge of pores, which are partially neglected in 

testing by the high-pressure mercury and constant-speed mercury injection techniques. This application 

is a useful complement to the other three-dimensional testing technologies. 

Similarly, Fig. 9 illustrates that the complete throat radius curve of the tight oil sandstone 

reservoir exhibited a multi-peak distribution; however, the peak values are distributed throughout the 

scales. Throat radius less than 500 nm accounts for approximately 5% (nanothroat), 500–2,000 nm for 

9.5% (micro throat), 2,000–10,000 nm for 43.5% (small throat), 10,000–20,000 nm for 20% (middle 

throat), and greater than 20,000 nm for 22% (large throat) of the throat radius distribution. The 

minimum value determined for the throat radius was 0.47 nm, the median throat radius (the value when 

the cumulative content reached 50%) was 6,730 nm, and the maximum throat radius was 110,450 nm. 

The data demonstrated that the throat radius in the tight oil sandstone reservoir is not only in the range 

of hundreds of nanometers but is also widely distributed in the scale approximately equal to the pore 

size.  

Many factors make exploitation of the tight oil sandstone reservoir difficult. Not only the narrow 

throat radius but also the substantial quantity of specific surface area in clay minerals, which could 

provide a larger facade for residual oil adsorption, could influence exploitation of the tight oil 

sandstone reservoir. Even reduced exploitation of crude oil in the narrow throat distributions will result 

in greater resistance to fluid flow, which should be considered. 

 

Fig. 9. Complete throat radius distribution and the cumulative probability of reservoir samples of the 

tight oil sandstone reservoir in the Xin’anbian area of Ordos Basin 

5. Conclusions 

The distributions of the inter-granular and feldspar dissolution pores, which are the primary pore 
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types, are approximately 48% and 47%, respectively. The dissolution pores of debris and the 

inter-crystalline pores occupy 3% and 2%, respectively. The content of the dissolution pores of debris 

and the inter-crystalline pores is relatively small in comparison with those of the inter-granular and 

inner-feldspar dissolution pores, and crude oil is difficult to exploit in these pores. Most of the oil 

located in the dissolution pores of debris and the inter-crystalline pores is residual oil, which is difficult 

to exploit. Further technological breakthroughs and mechanism studies are needed. 

The nanopores and nanothroats account for more than 90% of the total distribution of the pores 

and throats in the tight oil reservoirs, occurring primarily in the range of 29.12–37.37 nm. Due to the 

small volume of the nanopore space itself, the reservoir capacity is weaker than for macropores, but the 

nanopores cannot be ignored because of their large quantities. 

The distribution curve and the cumulative probability curve of the complete inventory of the pore 

and throat radius features proposed in this study potentially enlarge the number of pores, which are 

partially neglected in tests involving high-pressure mercury and constant-speed mercury injection. The 

approach developed is a useful complement to other three-dimensional testing technologies that could 

be used in unconventional reservoirs, such as tight sandstone, shale, volcanic rock, oil shale, oil sand, 

and gas hydrate. 
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