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 Abstract: In this study, the types of micropores in a reservoir are analyzed with the help of the casting thin section (CTS) 

observation and scanning electron microscopy (SEM) experiments. The high-pressure mercury injection (HPMI) and 

constant-rate mercury injection (CRMI) experiments are performed to study the micropore structure of the reservoir. Nuclear 

magnetic resonance (NMR), gas-water relative seepage, and gas-water two-phase displacement studies are performed to 

examine the seepage ability and parameters of the reservoir, and further analyses are done to confirm the controlling effects 

of reservoir micropore structures on seepage ability. The experimental results show that Benxi, Taiyuan, Shanxi, and Shihezi 

formations in the study area are typical ultra-low porosity and ultra-low permeability reservoirs. Owing to compaction and 

later diagenetic transformation, they contain few primary pores. Secondary pores are the main pore types of reservoirs in the 

study area. Six main types of secondary pores are: intergranular dissolved pores, intragranular dissolved pores, lithic 

dissolved pores, intercrystalline dissolved pores, micropores, and microfracture. The results show that reservoirs with small 

pore-throat radius, medium displacement pressure, and large differences in pore-throat structures are present in the study 

area. The four types of micropore structures observed are: lower displacement pressure and fine pores with medium-fine 

throats, low displacement pressure and fine micropores with fine throats, medium displacement pressure and micropores 

with micro-fine throats, and high displacement pressure and micropores with micro throats. The micropore structure is 

complex, and the reservoir seepage ability is poor in the study areas. The movable fluid saturation, range of the gas-water 

two-phase seepage zone, and displacement types are the three parameters that well represent the reservoir seepage ability. 

According to the characteristic parameters of microscopic pore structure and seepage characteristics, the reservoirs in the 

study area are classified into four types (I–IV), and types I, II, and III are the main types observed. From type I to type IV, 

the displacement pressure increases, and the movable fluid saturation and gas-water two-phase seepage zone decrease, and 

the displacement type changes from the reticulation-uniform displacement to dendritic and snake like. 

 

Key words: micro-pore structure; seepage ability; movable fluid saturation; the range of gas-water two phase filtration zone; 

displacement types 
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1. Introduction 

 

In recent years, the focus of oil and gas exploration activities has shifted from high-quality reservoirs to tight 
reservoirs and from further exploration of local traps to exploration of large areas and whole basins. Thus, the 
exploitation of unconventional energy has played a leading role on guiding the thought of current 
exploration(Zhai et al., 2012; Hefley et al., 2014; Zou et al.,2015; Mason et al.,2015; Qiu et al.,2017;Zhang et 
al.,2018). Unconventional oil and gas resources have great potential. With the advances in technology, the cost 
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of exploration and development of unconventional oil and gas resources has been greatly reduced, and such 
exploration has become economically feasible. At present, great progress has been made in countries such as the 
United States, Canada, Germany, and China, and in the North Sea region(Montgomery et al.,2006; Jarvie et 
al.,2007; Yang et al.,2012; Kang et al.,2016;Yang et al.,2017;Zhang et al.,2018). Tight gas and oil resources are 
the most promising unconventional resources in China. However, because of technical limitations, the general 
understanding of micropore structure characteristics, pore fluid occurrence characteristics, and the seepage 
mechanism of low-permeability tight reservoirs is insufficient. This problem in unconventional oil and gas 
exploration needs to be solved(Cao et al.,2011;Yang et al.,2012; Jia et al.,2012;Xi et al.,2016). Ordos Basin is a 
typical ultra-low porosity, ultra-low permeability reservoir(Fu et al.,2004; Yang and Wei,2007;Liu et al.,2013). 
Numerous Chinese scholars have conducted research on this basin, and significant progress has been made in 
understanding the reservoir petrological characteristics(Chen et al.,2002; Sun et al.,2005), microscopic pore 
structures and evolution characteristics(Liu et al.,2006 ; Ji et al.,2009; Zhang et al.,2009; Yang et al.,2012), 
seepage characteristics, and its control factors(Hu et al.,2013). 

There is no obvious gas-water interface in Sulige gas field, which is mainly characterized by non-Darcy 
percolation, and hence, developing technology for this field is difficult. Certain technical transformation 
measures are necessary to achieve high industrial production. Therefore, detailed characterization of an effective 
reservoir is essential. In the research on reservoir seepage ability, extant research has mainly focused on the 
variation of movable fluid saturation and T2 spectrum curve. However, few studies have dealt with the 
characterization of the seepage ability of reservoirs by combining the micropore structure parameters with the 
characteristics of movable fluid saturation. Against this background, in this study, the experimental methods of 
CTS, SEM, HPMI, and CRMI were adopted to determine the micropore structure characteristics. Then, the 
seepage capacity and the characteristic seepage parameters of the reservoir were further studied by NMR, 
gas-water two-phase displacement, and gas-water permeability experiments. After a comprehensive study, the 
controlling effect of micropore structure on the permeability of the reservoir was determined. 

 

2. Geological Settings 
 

The Ordos Basin is the second largest sedimentary basin in China, with an area of about 3.7 × 10
5
 km

2
; it is 

located in Midwest China, spans from the Lvliang Mountains in the east to the Tengger Desert in the west, 
respectively, with Yinshan and Qinling Mountains at its north and south ends. Across the five provinces of 
Shaanxi, Gansu, Ningxia, Inner Mongolia, and Shanxi, the Ordos Basin appears as a large, multicycle cratonic 
basin with a simple structure(Zhao et al.,1990;He et al.,2003;Yang et al.,2012;Wei et al.,2017;Wang et al.,2019). 
A number of tight gas fields have been found in the basin. These gas fields include the Sulige, Wushenqi, 
Daniudi, Shenmu, and Yulin gas fields, which account for 84% of the total natural gas reserves found in the 
basin. Among them, Sulige gas field is the first integrated tight sandstone gas field with reserves of more than 
one trillion cubic meters discovered in China(Yang et al.,2012),showing its rich and tight sandstone gas 
resources(Fu et al.,2004;Yang et al.,2012; Yang et al.,2014;Li er al.,2019). The study area is located in the 
eastern part of the basin with an area of 45000 km

2
 (Fig. 1), lying north from Ejin Horo, south of Ansai, west of 

Hengshan, and east of Fugu. The studied area is a typical ultra-low porosity and ultra-low permeability gas 
reservoir, exhibiting poor reservoir physical properties, strong heterogeneity, and a complicated micropore 
structure (Ding et.al.,2016; Yang et al,2017;Fu et al.,2018). 
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Fig. 1. Tight reservoir distributions in China and Structural sketch map in the study area(China basemap after China National 

Bureau of Surveying and Mapping Geographical Information). 

a. Tight reservoir distributions in China(Jia Chengzao et al.,2012);b. Structural unit subdivision map of Ordos Basin and periphery;c. Structural sketch 

map in the study area. 

 

3. Samples and methods 

 

3.1 Samples 
The mainly rock types in the study area are lithic quartz sandstone and quartz sandstone. In this study, forty 

reservoir samples were collected in the Upper Paleozoic Benxi, Taiyuan, and Shanxi Formations, of which 10 
samples were used for CRMI, 20 samples for gas–water relative seepage experiment, and 10 samples for NMR. 
Table 1 shows the specific sample test items, sampling well numbers, and well depth and horizon. 

 

Table 1  Reservoir samples testing items, well names, depth and stratigraphic positions 

Samples of CRMI Samples of gas-water relative seepage experiment Samples of NMR 

Core 

No. 

Formation Depth(m) Core 

No. 

Formation Depth(m) Core 

No. 

Formation Depth(m) Core 

No. 

Formation Depth(m) 

F4-1 Shan 1 2305.30 Y5 Shan 1 2050.71 S247-1 Shan 2 3169.01 S3-1 Shan 2 2778.32 

S394 Shan 1 2901.36 F4-1 Shan 1 2304.10 S3-2 Taiyuan 2826.91 Y86 Shan 2 2617.68 

S3-1 Shan 2 2778.32 S394 Shan 1 2899.89 F4-2 Taiyuan 2408.16 T12-2 Benxi 2979.28 

M9-1 Shan 2 2651.68 S3-1 Shan 2 2779.90 Y72 Taiyuan 2777.53 S95 Taiyuan 2471.93 

Y86 Shan 2 2619.62 M9-1 Shan 2 2652.68 S95 Taiyuan 2471.45 S3-2 Taiyuan 2824.76 

S95 Taiyuan 2472.69 Y86 Shan 2 2621.16 T29-2 Taiyuan 2885.71 ZC8 Taiyuan 2280.03 

S3-2 Taiyuan 2824.98 T12-1 Shan 2 2912.45 T12-2 Benxi 2979.40 F4-1 Shan 1 2305.10 

ZC8 Taiyuan 2282.50 T29-1 Shan 2 2857.08 M9-2 Benxi 2749.08 S394 Shan 1 2898.85 

T12-2 Benxi 2977.96 S143 Shan 2 2797.43 S247-2 Benxi 3265.09 M9-1 Shan 2 2652.08 
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S247-2 Benxi 3266.11 S257 Shan 2 3104.22 M38 Benxi 2777.83 S247-2 Benxi 3266.11 

 

3.2 Experimental measurements 
A study of pore structure usually includes the pore type, porosity, pore radius distribution, and throat radius 

distribution. Low-permeability reservoirs exhibit unique micropore structure characteristics under the influence 
of sedimentary and diagenetic geological processes(Dou et al.,2016). We directly observed the rock type, pore 
structure, and cementation type of the target layer through the casting thin section (CTS) observation and 
scanning electron microscopy (SEM) analysis. Based on the high-pressure mercury injection (HPMI) and 
constant-rate mercury injection (CRMI) experiments, a quantitative analysis of pore-throat radius was 
performed. The Upper Paleozoic reservoirs in the eastern Ordos Basin are characterized by high water saturation, 
high stress sensitivity, and high capillary pressure, which affect the gas flow to a certain extent. Hence, the 
seepage characteristics of a tight sand gas reservoir differ from those of a conventional gas reservoir. 
Considering the micropore structure characteristics of the samples determined experimentally, we selected the 
NMR, gas-water relative seepage, and gas-water two-phase displacement experiments to study the reservoir 
seepage characteristics and characterization parameters in the study area. 

 

4. Results 

 

4.1 Pore types of core samples 
Sedimentary environment and diagenesis can have a strong influence on the quality of tight sand reservoirs 

and can modify the pore types and permeability characteristics(Gao and Li ,2016;Lai et al.,2018).Primary 
intergranular pores, intragranular dissolved pores, micropores, and microfractures generally develop in a tight 
sandstone reservoir(Zou et al., 2011, 2012;Bai et al., 2013; Zou et al., 2013; Zhao et al., 2015; Gao and Li,2016; 
Lai et al., 2018). Based on the CTS- and SEM-based analysis, we consider the area to be a typical ultra-low 
porosity and ultra-low permeability reservoir with compaction and late diagenesis reformation leaving only a 
few primary pores. Secondary pores are the main type of pores in the reservoirs in the study area. CTS and SEM 
images show six dominant pore types in the tight sand reservoir: intergranular dissolved pores, intragranular 
dissolved pores, lithic dissolved pores, intercrystalline pores, micropores, and microfractures (Fig. 2).  

(1)Intergranular dissolved pores 

During diagenesis, the number of residual intergranular pores in sandstone increases owing to the dissolution 
of detritus and interstitial matter, which mainly occurs on the edges of mineral grains and cement(Liu et 
al.,2009). The reservoir in the study area mainly contains this type of pores(Fig. 2-a,b). 

(2)Intragranular dissolved pores 

Intragranular dissolved pores are produced by the dissolution of a part of detritus in sandstones during burial 
diagenesis(Liu et al.,2009). The CTS and SEM analysis results show that these pores develop mostly in feldspar, 
mica, and part of detritus. The intragranular dissolved pores are connected to the intergranular dissolved pores, 
but the distribution of the former is very uneven. Their pore size is generally 0.02–0.10 mm(Fig. 2-c). 

(3)Lithic dissolved pores 

Lithic dissolved pores are produced by the dissolution of detritus in sandstones. In the study area, these pores 
are developed mainly in Taiyuan formation(Fig. 2-d). 

(4) Intercrystalline pores 

Intercrystalline pores are formed during diagenesis and are distributed in micropores between detrital grains 
and authigenic mineral crystals. In Shan1 and Benxi formations, intercrystalline pores are developed mainly in 
kaolinite. Other horizons such as Shan2 and Taiyuan formations also have a certain number of intercrystalline 
pores(Fig. 2-e). 

(5) Micropores 

Micropores are mainly the intergranular pores that develop in kaolinite, illite, and other autogenetic cements. 
They generally have small pore size but have a certain degree of connectivity. 
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(6) Microfractures 

Microfractures improve the reservoir quality. They are observed in both CTS and core observations, and their 
plane porosity is generally large(Fig. 2-f). 

 

 

a.                               b.                                 c. 

 

d.                              e.                              f. 

Fig. 2. Common porosity types of the Upper Paleozoic reservoirs in the study area. 

a. Intergranular dissolved pores,T29-2,Taiyuan Formation; b. Intergranular dissolved pores,S257,Shan2 Formation, 5(-); c. Intragranular dissolved 

pores,F4-1,Shan1 Formation,5(-); d. Lithic dissolved pore,F4-2,Taiyuan Formation,5(-); e. Intercrystalline pores in kaolinite,M27,Benxi Formation; f. 

Microfractures,M31,Shan2 Formation,5(-). 

 

4.2 Micropore structure characteristics of core samples 
The micropore structure of reservoir plays a very important role in reservoir performance and seepage ability, 

and it is one of the most important contents in reservoir evaluation(Yang et al.,2012；Zhang et al.,2017). In the 
present study, we selected HPMI, CRMI, CTS, and SEM analyzes to study micropore structure characteristics 
and parameters. 

 

4.2.1 Pore structure characterized by HPMI measurements 
The results of HPMI examination of 122 samples from the study area suggest that the pore structure is 

characterized by the small pore-throat radius, large differences in pore-throat structure, medium drainage 
pressure, and large differences in median pressure. According to the different shapes of capillary pressure curves 
and structural characteristics of pore throats, the samples are classified into four categories(Fig. 3). The 
distribution range and regularity of various parameters are as listed in Table 2. 

(1) Type I: Lower displacement pressure, fine pores, and medium-fine throats 

The displacement pressure is low (generally < 0.4 MPa), median pressure is low (< 2 MPa), porosity is more 
than 8%, permeability is greater than 0.5 mD, and median pore radius exceeds 0.3 μm. The capillary pressure 
curve deviates to the lower left of the diagram, indicating the large pore-throat radius. The curve has a wide 
horizontal plateau, implying that the reservoir is a high-quality reservoir with good pore size sorting and high 
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effective porosity(Fig. 3-a). 

(2) Type II: Low displacement pressure, fine micropores, and fine throats 

The displacement pressure is higher (about 0.4–0.8 MPa) than that of type I, median pressure increases to 2–
20 MPa and porosity decreases to 8–6%, permeability reduces to 0.5–0.2 mD, and median pore radius is 0.3–0.1 
μm. The middle region of the diagram represents the capillary pressure curve. The plateau of the curve is shorter, 
implying that the reservoir is a good-quality reservoir with better pore size sorting and higher effective porosity 
than types III and IV(Fig. 3-b). 

(3) Type III: Medium displacement pressure, micropores, and microfine throats 

The displacement pressure increases to 0.8–2 MPa, median pressure increases to 20–100 MPa, porosity is 6–
3%, permeability is 0.2–0.05 mD, and median pore radius is 0.1–0.01 μm. The capillary pressure curve is 
located in the middle of the diagram, indicating that the pore-throat distribution is more uniform. The curve 
plateau is not obvious and a steep transition is observed, implying that the reservoir is a poor reservoir with 
moderate sorting and low effective porosity (Fig. 3-c). 

(4) Type IV: High displacement pressure, micropores, and micro throats 

The displacement pressure increases faster, generally attaining a value greater than 2 MPa, median pressure is 
greater than 100 MPa, porosity is less than 3%, permeability is less than 0. 05 mD, and median pore radius is 
less than 0.05 μm. The capillary pressure curve is close to the upper right of the diagram, and the curve is 
inclined without any plateau, indicating that the pore throats are distributed as micropore throats. The pore 
sorting is poor, indicating that the reservoir is of poor quality with very dense lithology and low effective 
porosity(Fig. 3-d). 

 

Table 2 The classification table of the micro-pore structure characteristic in the study area 

 Capillary Pressure Curves Types Ⅰ Ⅱ Ⅲ Ⅳ 

Petrophysical 

parameters 

Porosity（%） ＞8 8-6 6-3 ＜3 

Permeability (mD） ＞0.5 0.5-0.2 0.2-0.05 ＜0.05 

HPMI parameters 

Displacement pressure（MPa） ＜0.4 0.4-0.8 0.8-2 ＞2 

Median pressure（MPa） ＜2 2-20 20-100 ＞100 

Median pore radius（μm） ＞0.3 0.3-0.1 0.1-0.01 <0.05 
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a. TypeⅠ                                b. TypeⅡ 

        

                         c. Type Ⅲ                                d. Type Ⅳ 

Fig. 3. Capillary pressure curve classification figure in the study area. 

 

4.2.2 Pore structure characterized by CRMI measurements 
The conventional mercury injection method cannot accurately distinguish the pore and throat structure. 

However, the constant-rate mercury injection technique can directly measure the distribution of pore and throat, 
throat radius, pore radius, and the ratio of pore and throat radius, which can reflect the pore and throat 
characteristics of the rock samples(Yuan and Swanson,1989;Wang et al.,2009;Xi et al.,2016;Wu et al.,2017;Xiao 
et al.,2018).Ten samples from the eastern Upper Paleozoic reservoirs in Ordos Basin were tested by CRMI. 
Table 3 lists the physical parameters of the experiment. 

 

Table 3 Constant-rate Mercury Injection sample physical property parameter table in the research area 

Core 

No. 
Formation 

Porosity 

(%) 

Permeability 

(mD) 

Displacement 

pressure  

(MPa) 

Sorting 

coefficient 

δ 

Mean 

coefficient 

Total 

mercury 

saturation 

Sf (%) 

Total 

pore 

mercury 

saturation 

Sb (%) 

Total 

throat 

mercury 

saturation 

St (%) 

F4-1 Shan 1 12.6 2.77 0.31 0.577 0.353 61.85 15.77 46.08 

S394 Shan 1 3.5 0.39 0.67 0.36 0.427 34.43 5.56 28.87 

S3-1 Shan 2 8.8 0.66 0.47 0.445 0.229 81.59 46.35 35.25 

M9-1 Shan 2 9.6 0.73 0.57 0.325 0.318 60.54 23.55 37.00 

Y86 Shan 2 6.4 1.23 0.31 0.656 0.263 76.11 46.86 29.25 

S95 Taiyuan 8.5 0.33 0.55 0.371 0.317 64.57 39.20 25.36 

S3-2 Taiyuan 10.7 1.09 0.47 0.41 0.349 65.34 43.00 22.34 

ZC8 Taiyuan 9.7 1.73 0.21 0.823 0.271 65.45 37.78 27.67 

T12-2 Benxi 8.8 2.55 0.33 0.807 0.254 77.78 55.21 22.56 

S247-2 Benxi 5.4 1.38 0.27 0.343 0.408 52.66 23.70 28.96 
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The analysis of the experimental results indicate the average pore radii for different formations are as follows: 
127.41 μm, 137.8 μm, 152.75 μm, and 157.81 μm for Shan 1 formation, Shan 2 formation, Taiyuan formation, 
and Benxi formation, respectively. The pore radius distribution of the samples in the study area is 0–400 µm 
with radii mainly ranging 100–200 µm. The pore radius distribution curves of different horizons and 
permeability samples show no obvious difference, and have similar morphology, concentration interval, and 
peak value(Fig. 4). This observation implies that pore size is not the main factor that controls the differences in 
the physical properties of reservoirs. The average throat radii of Shan 1 formation, Shan 2 formation, Taiyuan 
formation, and Benxi formation are 1.346 μm, 1.185 μm, 0.949 μm, and 1.181 μm, respectively. The throat radii 
of the samples in the research area range from 0.4 µm to 4.5 µm. The throat radii of the samples with different 
permeability are clearly different(Fig.5). The throat distribution becomes wider with the increase in permeability; 
meanwhile, the distribution frequency decreases, and the percentage of large throats increases. The lower the 
permeability, the smaller is the throat radius and the more concentrated is the distribution. This shows that the 
difference in the pore-throat structures of low-permeability sandstones is mainly observed in the throat, and the 
characteristics of the throat have a great influence on the permeability of a reservoir. 

 

Fig. 4. The research area core pore radius distribution frequency diagram. 

 

Fig. 5. The research area core throat radius distribution frequency diagram. 

 

4.3 NMR movable fluid test 
Owing to double reformation by sedimentation and diagenesis, the sandstone of ultra-low permeability 

reservoir has a complex pore structure and is characterized by fluid occurrence in a unique state. Therefore, the 
quantitative evaluation and analysis of movable fluid saturation are of great significance when evaluating tight 
gas reservoirs(Hodgkins et al.,1999;Wang and Chen,2008; Gao et al.,2010;Sheng et al.,2018). 

NMR experiments are carried out on ten samples from four layers in the study area(Table 4). The movable 
fluid saturation of the tested samples ranges from 34.23% to 87.94% with an average of 56.41%, and the 
movable fluid porosity ranges from 1.9% to 6.84% with an average of 4.87%. The samples in the study area are 
classified into four categories according to their movable fluid saturation. Further, no obvious correlation is 
observed between the degree of movable fluid saturation, and the porosity and permeability of the reservoir. It is 
further shown that the seepage capacity of the reservoir is not controlled by the conventional physical 
parameters but by the microscopic pore structure parameters. 
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Table4 NMR data and the analysis of the results in the study area 

Core 

No. 
Formation 

Depth

（m） 

NMR 

porosity

（%） 

Gas 

permeability

（mD） 

Water 

porosity

（%） 

Movable fluid 

saturation（%） 

Moveable 

fluid 

porosity

（%） 

Classification of 

moveable fluid 

saturation 

S3-1 Shan 2 2778.32 8.98 0.66 8.68 68.19 6.13 Ⅰ 

Y86 Shan 2 2617.68 7.74 1.23 7.29 87.94 6.81 Ⅰ 

T12-2 Benxi 2979.28 7.66 2.55 7.54 87.66 6.72 Ⅰ 

S95 Taiyuan 2471.93 7.40 0.33 7.25 50.49 3.73 Ⅱ 

S3-2 Taiyuan 2824.76 11.10 1.09 11.03 61.65 6.84 Ⅱ 

ZC8 Taiyuan 2280.03 8.42 1.73 8.21 61.30 5.16 Ⅱ 

F4-1 Shan 1 2305.10 12.16 1.77 11.87 42.31 5.15 Ⅲ 

S394 Shan 1 2898.85 5.26 0.39 5.24 36.05 1.90 Ⅲ 

M9-1 Shan 2 2652.08 10.62 0.48 10.41 34.29 3.64 Ⅳ 

S247-2 Benxi 3266.11 7.77 1.38 7.60 34.23 2.66 Ⅳ 

 

4.4 Gas-water relative seepage experiment 
Given the complex gas-water two-phase seepage of tight sandstone gas reservoirs, the most intuitive method 

applicable for studies on fluid seepage (gas and water phases) in a reservoir is the gas-water relative seepage 
experiment. It can provide reference for the microcosmic seepage characteristics of reservoirs in the research 
area(Zeng et al.,2005;Li et al.,2012; Gharb et al.,2012). 

In this experiment, four horizons and twenty core samples are selected for the gas-water relative 
experiment(Table5). The experimental data shows that the irreducible water saturation ranges from 17.50% to 
78.63% with an average of 50.65%. Conventional reservoirs have lower irreducible water saturation, higher 
movable fluid saturation, and better reservoir seepage ability. The irreducible water saturation in the study area 
ranges from medium to high, the movable fluid saturation is low, and seepage ability is poor. 

 

Table 5 Gas-Water relative seepage experiment results data sheet in the research area 

Core No. 

Gas 

permeability 

（mD） 

Porosity 

（%） 

Irreducible water Intersection point Residual gas 

Water 

saturation

（%） 

Gas relative 

permeability   

（mD） 

Water 

saturation

（%） 

Gas-water 

relative 

permeability

（mD） 

Water 

saturation 

（%） 

Water relative 

permeability

（mD） 

Y5 0.11 3.68 78.63 0.002 87.7 0.185 93.59 0.436 

F4-1 0.68 13.40 76.82 0.066 85.5 0.420 92.68 0.731 

S394 0.19 2.32 70.65 0.026 85.6 0.270 86.59 0.342 

S3-1 0.55 9.10 38.96 0.260 56.0 0.280 73.29 0.693 

M9-1 0.51 8.34 67.33 0.042 80.2 0.290 90.55 0.631 

Y86 0.18 2.78 59.33 0.038 80.6 0.315 84.51 0.44 

T12-1 46.3 9.76 34.55 13.30 57.4 0.225 75.16 0.547 

T29-1 0.12 2.63 72.01 0.002 82.3 0.12 86.01 0.283 
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S143 0.3 4.81 72.01 0.025 84.3 0.305 89.01 0.552 

S257 1.48 7.44 21.51 1.590 42.6 0.170 65.11 0.602 

S247-1 0.16 3.61 26.19 0.032 50.7 0.245 68.77 0.572 

S3-2 0.89 10.90 46.34 0.117 59.2 0.215 84.22 0.877 

F4-2 0.24 6.60 57.24 0.031 73.8 0.315 83.87 0.623 

Y72 0.62 9.02 34.82 3.480 60.5 0.110 74.22 0.375 

S95 0.12 7.46 45.95 0.012 43.2 0.327 80.93 0.831 

T29-2 0.61 9.93 46.72 0.079 38.6 0.315 83.03 0.823 

T12-2 4.08 6.71 34.01 1.670 58.3 0.264 73.10 0.584 

M9-2 0.29 6.29 17.50 0.116 40.3 0.287 67.00 0.675 

S247-2 6.42 9.12 61.73 6.110 78.8 0.315 79.96 0.349 

 

For the gas-water relative seepage curves, three characteristics endpoints, Swi point of irreducible water 
saturation point (A point), Sgr point of the residual gas saturation (C point), and isotonic point (B point) are 
observed, indicating the intersection of two curves(Zhang,2014). These endpoints can be connected to form a 
triangle referred to as the seepage triangle(Fig. 6). The lengths of AB and BC represent the interference degree 
of the gas-water phase. Usually, the shorter length of AB indicates a stronger degree of water phase interference. 
The length of AC represents the two-phase seepage range. Thus, a longer length of AC denotes a greater seepage 
range. BD represents the height of the triangle, whereas the length of BD represents the level of isotonic point. 
The higher the BD section is, the stronger the gas-water co-infiltration ability is. 

By analyzing the experimental data, we found that the location and size of the triangular area of tight 
sandstone gas reservoirs differ due to differences in seepage characteristics(Fig. 6). For a given coordinate axis, 
the reservoir quality worsens as the seepage triangle approaches the right side, and the scope of the gas-water 
two-phase seepage area decreases. The seepage ability of the reservoir is controlled by the area of the gas-water 
two-phase seepage. 

 

Fig. 6. Gas-water relative seepage curves classification reference in the study area(Zhang Yiguo,2014). 

 

4.5 Gas-water two-phase displacement experiment of real sandstone 
In the gas-water two-phase displacement experiment of real sandstone, the pore structure characteristics, 

physical properties of the rock surface, and interstitial matter are retained well. Hence, the results of this 
experiment are much more reliable compared to other models(Liu et al,2008; Gao et al.,2011). Based on the 
saturation and displacement of gas and water in ten real sandstone models of the Upper Paleozoic reservoirs in 
the eastern Ordos Basin, the characteristics and laws of fluid seepage in the pore space of rocks can be directly 
observed by the means of a microscope and image acquisition system(Table 6). 

 

Table 6 Gas-Water two phase displacement experiment data sheet in the research area 
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Core No. Formation 

Porosity 

（%） 

Pore volume  

(×10

-3

ml) 

Permeability (×10
-3

μm
2
) Gas 

displacement 

percentage（%） 

Displacement types 

Water Gas 

F4-1 Shan1 12.6 58 0.74 2.77 85 Reticular displacement 

S394 Shan 1 5.98 32 0.16 0.22 55 Snake displacement 

S3-1 Shan 2 8.8 30 0.04 0.66 50 Snake displacement 

S209 Shan 2 7.91 50 0.28 1.07 60 Dendritic displacement 

Y86 Shan 2 6.4 52 0.48 1.23 78 
Reticular - dendritic 

displacement 

S95 Taiyuan 8.5 45 0.24 0.33 75 Uniform - reticular displacement  

S3-2 Taiyuan 10.7 49 0.55 1.09 75 Reticular - dendritic type 

T29-2 Taiyuan 11.95 62 0.47 0.97 85 Uniform displacement 

T12-2 Benxi 8.39 60 0.61 1.57 88 Uniform displacement 

S247-2 Benxi 5.4 56 0.54 1.38 82 Reticular displacement 

   

a.                              b.                                 c. 

   

d.                              e.                                  f. 

Fig. 7. The classification photos of Gas-water two phase displacement experiment 

a.uniform - reticular displacement, S95,Benxi; b. uniform displacement,T29-2,Taiyuan; c. reticular displacement,F4-1,Shan 1; d. reticular 

displacement,S3-2,Taiyuan; e. snake type,S3-1,Shan 2; f. dendritic type,S209,Shan 2. (The blue in the pore is water and the colorless is gas). 

 

We found four main types of displacement in tight sandstone gas reservoirs in the study area: snake type, 
dendritic type, reticular displacement type, and uniform displacement type(Fig. 7). Uniform displacement and 
reticular displacement are the main types of displacement that occur mainly in areas with well-developed pores 
and better pore-throat connectivity, with intergranular pores, dissolved pores, and intergranular dissolved pores 
with larger pore volumes and higher percentages of gas displacement. The gas permeability and porosity are 
high, and the seepage ability is strong, which generally indicates a good reservoir(Fig. 7a-d). However, the 
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gas-water seepage channels in the case of snake displacement and dendritic displacement are mainly 
intergranular pores and microfractures, which have small pore volume, low gas displacement percentage, very 
low permeability and porosity, and weak seepage ability. These characteristics generally indicate poor 
reservoirs(Fig. 7e,f). 

 

5. Discussions 

 

In previous studies, the influencing factors for reservoir percolation characteristics were analyzed using 
HPMI, CRMI, and NMR experimental data(Ming et al.,2015;Gao et al.,2016;Xi et al.,2016;Wang et al.,2018). 
The distribution pattern of throat radius, effective porosity, and throat number affected the seepage ability of a 
reservoir. Based on the aforementioned experimental data in combination with the data of the gas-water relative 
seepage and gas-water two-phase displacement experiments, the control effect of microscopic pore structure on 
the seepage ability of the reservoir is comprehensively expounded in this paper. 

 

5.1 Controlling effect of micropore structure parameters on movable fluid saturation 

 

5.1.1 Control of micropore structure parameters on movable fluid saturation 
In previous studies, the throat size and distribution characteristics were considered the main controlling 

factors that affected the movable fluid saturation of a reservoir(Ming,2015 ;Gao et al.,2016;Wang et al.,2018). 
However, the analysis of the relationship between micropore structure parameters and movable fluid saturation 
shows that the movable fluid saturation has good positive correlation with total pore mercury saturation, total 
mercury saturation, effective pore volume per unit volume, and sorting coefficient. However, it has a strong 
inverse correlation with mean coefficient and displacement pressure, and poor correlation with other 
coefficients(Fig. 8,Table 7). 

Figures 8a, 8b, and Table 7 show that the positive correlation between total pore mercury saturation and 
movable fluid saturation is better than that between total throat mercury saturation and movable fluid saturation, 
with R

2
 = 0.76 and 0.17, respectively. This shows that the effective pore volume controls the contribution of the 

throat volume to the movable fluid through the development of an effective throat. Therefore, change in the total 
pore mercury saturation directly causes a change in the movable fluid saturation in a reservoir. For example, in 
Table 8, the porosity, permeability, total pore mercury saturation, total throat mercury saturation, and movable 
fluid saturation of sample S3-1 are 8.8%, 0.66 mD, 46.35%, 35.25%, and 68.19%, respectively. These values 
indicate characteristics of fine pores, relatively low permeability, and high movable saturation. For sample M9-1, 
the porosity is 9.6%, permeability is 0.73 mD, total pore mercury saturation is 23.55%, total throat mercury 
saturation is 37.00%, and movable fluid saturation is 34.29%. This sample shows the characteristics of fine 
pores, relatively low permeability, and low movable saturation. The differences and regularity of the two 
samples are seen in their pore distribution characteristics. The movable fluid saturation of sample S3-1 is high, 
and the corresponding average throat radius is 0.986 μm, pore-throat radius ratio is 187.8, and sorting coefficient 
is 0.445. The average throat radius of sample M9-1 is 0.858 μm, pore-throat radius ratio is 187.8, and sorting 
coefficient is 0.325. These values indicate that porosity is the main factor that controls the movable fluid 
saturation even when the throat size and throat mercury saturation values are close to each other. 

There is a good positive correlation between the movable fluid saturation and effective pore volume per unit 
volume (R

2
 = 0.636) (Fig. 8c), but a poor correlation exists between movable fluid saturation and effective 

throat volume per unit volume (Table 7). This shows that movable fluids in tight sandstone reservoirs in the 
study area mainly occurred in effective pore space with high saturation of movable fluids and easy flow of 
fluids. 

There is a good positive correlation between the movable fluid saturation and sorting coefficient (R
2
 = 0.636). 

As the sorting coefficient and effective throat radius increase, the pore connectivity improves, and the pore 
space of movable fluid saturation increases accompanied by the enhancement in the fluidity of the fluid. For 
example, for sample S247-2, the average throat radius is 1.183 μm, sorting coefficient is 0.343, and movable 
fluid saturation is 34.23%. However, the average throat radius of sample T12-2 is 1.179 μm, sorting coefficient 
is 0.807, and movable fluid saturation is 87.66%(Table 8). The effective throat radius of sample T12-2 indicates 
well -sorted characteristics, uniform seepage channel, and small seepage resistance. Hence, the movable fluid 
saturation is high. 

The above parameters are the main parameters that characterize the microstructure of pores and throats, 
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indicating that the movable fluid saturation is controlled by the parameters of the pore and throat 
microstructures. 

 

  

a.                                                 b. 

  

c.                                                 d. 

Fig. 8. The correlation of movable fluid saturation and microscopic pore structure parameters graph. 

 

Table 7 Movable fluid saturation and CRMI parameters correlation table 

CRMI experimental parameters 

Movable fluid saturation 

R
2
 

The positive and 

negative 

correlation 

Correlation 

Microscopic  

pore-throat 

structure 

characteristics 

parameters 

Sorting coefficient 0.531 Positive The linear relationship 

Mean coefficient 0.610 Negative The linear relationship 

Displacement pressure 0.529 Negative The linear relationship 

Per unit volume of effective pore 0.636 Positive The linear relationship 

Per unit volume of effective throat 0.033 Negative The linear relationship 

Per unit volume of the number of effective throat 0.081 Positive The linear relationship 

Per unit volume of the number of effective pore 0.080 Positive The linear relationship 

The mean pore radius 0.328 Positive The linear relationship 

The mean throat radius 0.101 Positive The linear relationship 
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The largest throat radius 0.005 Positive The linear relationship 

The mean pore throat radius ratio 0.001 Positive The linear relationship 

The total  

pore-throat 

parameters 

The total throat mercury into saturation 0.170 Positive The linear relationship 

The total pore mercury into saturation 0.760 Positive The linear relationship 

The total mercury into saturation 0.626 Positive The linear relationship 

 

Table 8 NMR data corresponds to CRMI sample physical property parameter table in the research area 

 

5.1.2 Analysis of the effect of microscopic pore structure characteristics on movable fluid saturation 
SEM observations show that the filling porosity degree of clay minerals, development degree of 

microfractures, and secondary pore development degree are the main factors influencing movable fluid(Wang et 
al.,2009). Among them, the filling composition and degree of intergranular minerals have a great influence on 
the movable fluid. When the clay filling in the reservoir is severe, the proportion of micropores in the reservoir 
space is high, and the fluid in the clay micropores is mostly bound fluid that does not participate in the flow in 
the seepage flow(Wang and Chen,2008), resulting in a lower percentage of movable fluid(Fig. 9 a-c). Pore 
development and connectivity have certain influence on the movable fluid in a reservoir. In poor reservoirs, 
when the pore connectivity is good because of secondary pore and microfracture development, the movable 
fluid saturation is not very small(Fig. 9 d-f). The development of microfractures(Fig. 9 e) has two effects on 
movable fluids. On one hand, the microfracture itself has a higher amount of movable fluid; on the other hand, 
the microfracture can be connected with pores, thereby increasing the amount of movable fluid. The greater the 
development of microfractures, the higher is the movable fluid content. On the contrary, if microfractures are 
not developed, the movable fluid content may be low even if the porosity is large(Zeng et al.,2007;Gao and 
Sun,2010). 

The study and analysis of the movable fluid saturation and its influencing factors have shown that the 
movable fluid saturation is controlled by the parameters and characteristics of the micropore structure. Further, 
movable fluid saturation is the main characteristic parameter of the reservoir seepage ability. Hence, the 
microscopic pore structure characteristic controlled the seepage ability of the reservoir in the study area. 

   

Core 

No. 

Porosity

(%) 

Permea

bility 

(mD) 

Movable 

fluid 

saturation 

（%） 

Sorting 

coefficient 

Total 

mercury 

saturation 

Sf 

(%) 

Total pore 

mercury 

saturation 

Sb 

(%) 

Total 

throat 

mercury 

saturation 

St 

(%) 

Average 

throat 

radius

（μm） 

Average 

throat 

radius 

（μm） 

Throat 

radius 

ratio 

S3-1 8.8 0.66 68.19 0.445 81.59 46.35 35.25 0.986 140.60 187.8 

M9-1 9.6 0.73 34.29 0.325 60.54 23.55 37.00 0.858 127.67 187.8 

T12-2 8.8 2.55 87.66 0.807 77.78 55.21 22.56 1.179 162.49 209.3 

S247-2 5.4 1.38 34.23 0.343 52.66 23.70 28.96 1.183 153.13 229.1 
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a.                                b.                                c. 

   

d.                                e.                                f. 

Fig. 9. SEM micrograph in the research area. 

a. Intercrystalline pores in kaolinite,M27,Benxi formation; b. Foliated chlorite cementation,S11,Shan1 formation; c. Hairline illite 

cementation,F4-2,Taiyuan formation; d. Intergranular dissolved pore,S52,Shan 2 formation; e. Microfractures,M20,Shan 1 formation; f. secondary 

dissolved pore,S247-1,Shan 2 formation. 

 

5.2 Controlling effect of movable fluid saturation on the range of the gas-water two-phase seepage zone 
The analysis of the movable fluid saturation based on the microscopic pore structure showed that the movable 

fluid saturation was controlled by the parameters and characteristics of the microscopic pore structure, and the 
movable fluid saturation was the main characterization parameter of the seepage ability of the reservoir. 
Therefore, the movable fluid saturation was chosen as an alternative to the microscopic pore structure 
characteristics to analyze and study the range of the gas-water two-phase seepage zone. 

Considering the endpoints of the curves (the characteristic of seepage triangle, relative permeability ratio, and 
slope of water saturation ratio curve), the gas-water relative seepage curves can be classified from good to poor 
into classes I (wider two-phase zone and higher movable fluid saturation), II (wide two-phase zone and high 

movable fluid saturation), III (narrow two-phase zone and low movable fluid saturation), and IV (narrower 
two-phase zone and lower movable fluid saturation) ( Fig. 10, Table 9). 

The above analysis shows that the seepage ability improves with the increase in the movable fluid saturation 
and the area of gas-water two-phase permeability. The movable fluid saturation is controlled by the parameters 
and characteristics of the micropore structure. Further, the micropore structure controls the range of the 
gas-water two-phase seepage zone. 

 

 

  

a.Type Ⅰ                                           b. Type Ⅱ 
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                  c. Type Ⅲ                                           d. Type Ⅳ 

Fig. 10. Classification chart of gas-water phase permeability curve. 

 

Table 9 The classification table of movable fluid saturation and relative seepage parameters in the study area 

Classify Ⅰ Ⅱ Ⅲ Ⅳ 

Irreducible water saturation(%) ＜35 35–60 60–70 ＞70 

Seepage area range(%) ＞40 25–40 15–25 ＜15 

The triangular position of seepage flow Center-left Center Center-right Right side 

Movable fluid saturation(%) ＞65 50–65 34–50 ＜34 

 

5.3 Controlling effect of movable fluid saturation on the types of gas-water displacement 
The analysis of the micropore structure and movable fluid saturation showed that the movable fluid saturation 

was controlled by the parameters and characteristics of the micropore structure, and the movable fluid saturation 
was the main characterization parameter of reservoir seepage ability. Therefore, the movable fluid saturation 
was selected to analyze the type of gas-water two-phase displacement 

A good positive correlation exists between the movable fluid saturation and the percentage of gas 
displacement, which can be used to characterize the displacement type quantitatively(Fig. 11). The experimental 
parameters of the gas-water two-phase displacement are comprehensively classified according to the movable 
fluid saturation(Table 10); it is seen that the movable fluid saturation controls the percentage of gas 
displacement to a certain extent. The movable fluid saturation is controlled by the parameters and characteristics 
of the micropore structure, indicating that the micropore structure controls the gas displacement percentage and 
displacement type of the reservoir. 

 

Fig. 11. Movable fluid saturation and the percentage of gas phase displacement correlation figure. 
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Table10 The classification table of movable fluid saturation and Gas-Water two phase displacement experiment parameters 

in the study area 

Classify 
Great Good Medium Poor 

Displacement types Uniform displacement Reticular displacement 
Reticular-dendritic 

displacement 

Dendritic-snake 

displacement 

Main 

experimental 

parameters 

Gas porosity（%） 
＞8 6–8 3–6 ＜3 

Gas permeability（mD） 
＞0.5 0.2–0.5 0.05–0.2 ＜0.05 

Water measured pore volume 

(×10

-3

ml) 

＞60 50–60 35–50 ＜35 

Movable fluid saturation（%） 
＞65 50–65 35–50 ＜35 

Gas displacement percentage

（%） 

＞85 70–85 55–70 ＜55 

Sample quantity 
4 2 2 2 

 

Table 11 Micro-pore structure parameters and seepage characteristic parameters classification table in the study area 

Evaluation parameter Ⅰ Ⅱ Ⅲ Ⅳ 

Microscopic pore structure 

characteristics 

Lower displacement 

pressure, fine pore and 

medium-fine throat 

Low displacement 

pressure, fine-micro 

pore and fine throat 

Medium displacement 

pressure, micropore 

and micro-fine throat 

High displacement 

pressure, micropore 

and micro throat 

Petrophysical 

Parameters 

Porosity (%) ＞8 6–8 3-6 ＜3 

Permeability(mD) ＞0.5 0.2–0.5 0.05–0.2 ＜0.05 

Pore structure 

parameter 

displacement pressure 

(MPa) 
＜0.4 0.4–0.8 0.8–2 ＞2 

sorting coefficient ＞0.8 0.5–0.8 0.3–0.5 ＜0.3 

Maximum incoming 

mercury saturation 

(%) 

＞80 76–80 72–76 35–72 

Movable fluid saturation (%) ＞65 50–65 34–50 ＜34 

Range of gas-water two phase 

permeability area 
＞40 25–40 15–25 ＜15 

Displacement type 
Reticular-uniform 

displacement 

Uniform-dendritic 

displacement 

Dendritic-snake 

displacement 

Dendritic-snake 

displacement 

Gas displacement percentage ＞85 70–85 55–70 ＜55 

seepage capability Great Good Medium Poor 

 

The comparison of the four types of pore structure in terms of the characterization parameters of reservoir 
seepage capacity shows that the reservoir seepage ability is good when the reservoir has lower displacement 
pressure, fine pores, and medium-fine throats(Table 11). The movable fluid saturation exceeds 65%, and the 
gas-water two-phase seepage area exceeds 40%. The displacement type is generally uniform and reticulated, 
indicating that the reservoir is of high-quality. When the reservoir has low displacement pressure, 
fine-micropores, and a fine throat type, the seepage ability is good, and the movable fluid saturation is between 
50% and 65%. Then, the range of the gas-water two-phase permeability is between 25% and 40%, and the 
displacement type is generally reticulate and dendritic displacement. These parameters indicate that it is a better 
reservoir. When the reservoir has medium displacement pressure, micropores, and micro-fine throat type, the 
seepage ability is poor. The movable fluid saturation is between 35% and 50%, and the range of the gas-water 
two-phase permeability ranges from 15% to 25%. The displacement types are generally dendritic and snake, 
indicating that the reservoir is a poor reservoir. When the reservoir has high displacement pressure, micropores, 
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and micro throat type, the seepage ability is poor. The movable fluid saturation is less than 35%, the range of the 
gas-water two-phase permeability area is less than 15%, and the displacement types are generally dendritic and 
snake types. This shows that the microscopic pore structure controls the seepage ability of the reservoir. 

 

5.4 Influence of micropore structure characteristics on reservoir productivity 
Shanxi, Taiyuan, and Benxi formations are the main gas-producing reservoirs in the dessert area in the east of 

Ordos Basin. These formations have the characteristics of longitudinal gas-bearing multilayers. In order to 
improve the efficiency and reduce the cost of exploration and development, the method of separate fracturing of 
a multilayer series and joint production are often employed for gas testing. There are a few wells for gas testing 
in a single layer. In view of this situation, single-layer gas test wells were selected to accurately analyze the 
effect of the microscopic pore structure of reservoir on productivity(Table 12). The open-flow rate of class I and 
class II reservoirs is more than 2×10

4
 m

3
 / day, and that of class III reservoir is more than 1×10

4
 m

3
 / day. The 

economic benefit of class IV reservoirs is low, and no gas test has been carried out for the time being because of 
the low economic benefit of the development of these reservoirs. 

 

Table12 gas testing results for different reservoir types in the study area 

Classification Wells Horizon Depth(m) 
Output(10

4
m

3
/d) 

Gas Water(m
3
/d) Open-flow 

TypeⅠ 

S3-1 Shan2 2779.9m 2.7789 0 6.9107 

S247-1 Shan2 3169.01m 1.6662 0 2.1840 

T12-2 Benxi 2979.4m 4.8210 0 6.1256 

Average value 3.0887 0 5.0734 

TypeⅡ 

Y86 Shan2 2621.16 2.1531 0 3.3181 

F4-2 Taiyuan 2408.16 1.6424 0 2.7958 

T29-2 Taiyuan 2885.71 2.2340 0.6  

S3-2 Taiyuan 2826.91 1.7847 0 2.5440 

Average value 1.9536 0.15 2.8860 

TypeⅢ 

F4-1 Shan1 2304.1 0.9855 0 1.0012 

S394 Shan1 2899.89 1.1085 0  

Average value 1.0470 0 1.0012 

 

6. Conclusions 

 

(1) CTS, SEM, HPMI, and CRMI results showed that six dominant types of pores developed in a tight sand 
reservoir. They are intergranular dissolved pores, intragranular dissolved pores, lithic dissolved pores, 
intercrystalline pores, micropores, and microfractures. The microscopic pore structure is characterized by small 
pore-throat radius, large differences in pore-throat structures, medium displacement pressure, and large change 
in median pressure. According to the experimental parameters and capillary pressure curve, the microscopic 
pore structure in the study area can be classified into four types: lower displacement pressure-fine pore and 
medium throat type, low displacement pressure-fine micropore and fine throat type, middle displacement 
pressure-micropore and fine throat type, and high displacement pressure-micropore and micro throat type. 

(2) NMR, gas-water seepage experiment, and gas-water two-phase displacement experiment results have 
shown that the microscopic pore structure of reservoirs in the study area is complex, and the seepage capacity is 
weak. Movable fluid saturation, the range of the gas-water two-phase seepage zone, and the displacement types 
can be used as three characterization parameters of the reservoir seepage capacity. 
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(3) Analysis of the characterization parameters of reservoir seepage capacity by means of the characteristic 
parameters of microscopic pore structure has shown that reservoirs with lower displacement pressure, fine pores, 
medium-fine throats and those with low displacement pressure, fine-micropores, and fine throats have good 
seepage capacity; the movable fluid saturation and gas-water two-phase seepage area are large, and the 
displacement type is generally reticular and uniform. The test production performance of these two types of 
reservoirs is medium to high. Reservoirs with medium displacement pressure, micropores, and micro-fine 
throats and those with high displacement pressure, micropores, and micro throats have poor seepage ability; they 
have low movable fluid saturation and gas-water two-phase seepage areas, and the displacement types are 
generally dendritic and snake type. The test production performance of these two types of reservoirs is low. 
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