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Abstract. Analyzing the nanopore structure of organic matter-rich shale is the 

basis for evaluating shale reservoir properties and the potential for shale gas re-

source exploration and development. In this paper, we evaluate the pore charac-

teristics and connectivity of the shale of the Lower Paleozoic Ordovician Wulalik 

Formation at the western margin of the Ordos Basin by field-emission scanning 

electron microscopy, micrometer CT and three-dimensional reconstruction tech-

niques: (1) Micron CT can show the three-dimensional spatial structure of shale 

pores, which is more conducive to characterizing shale pores in combination with 

other experimental methods; (2)The marine shale of Ordos Basin Western Ordo-

vician Wulalik Formation is more developed in overall porosity. Through the 

observation of the samples, it is found that many dissolution holes and mi-

crocracks are developed in the shale, and the overall porosity is better developed, 

with large pore space and good connectivity, and a larger amount of pyrite can 

be seen; (3) The pore size of the marine shale of the Ordovician Wulalik For-

mation in the western Ordos Basin ranges from 1 to 45 μm, with 3 to 15 μm 

dominating, and the total pore volume of the shale is mainly provided by rela-

tively small pores below 20 μm; (4) The poor connectivity of the study area may 

be due to the low thermal evolution of the shale in the study area and the limita-

tion of micron CT accuracy. 
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1 Introduction 
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Porosity, pore type, and pore structure of gas-bearing shale affect the gas storage prop-
erties of the shale[1].Analyzing the structural types and developmental characteristics 
of nanoscale pores in gas-containing shales is of great significance in identifying the 
shale gas enrichment pattern and storage status[2].Currently, the challenge facing 
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China's major basins and oil and gas fields is how to develop low-permeability and 
ultra-low-permeability formations more efficiently, which also poses new requirements 
and challenges in terms of resource development and utilization. Unconventional oil 
and gas resources are gradually occupying an important position in the global energy 
structure due to their wide distribution and abundant reserves, so it is urgent to carry 
out in-depth research on unconventional oil and gas and realize exploration and devel-
opment[3]. 

The Upper Ordovician Wulalik Formation is only developed in the western part of 
the Ordos Basin, and is the best set of hydrocarbon source rocks in the Lower Paleozoic. 
Since 2017, the Wulalik Formation has shown a new pattern of oil and gas exploration 
in parallel and in full bloom, confirming its good exploration potential[4]. 

This paper takes the Ordos Basin western Ordovician Wulalik Formation shale as 
the research object, and qualitatively and semi-quantitatively describes the shale pore 
type, morphology and pore scale by scanning electron microscope, and jointly charac-
terizes the pore size distribution, pore morphology and pore structure of the reservoir 
with micrometer CT, and explores the controlling factors of the pore development in 
order to recognize the shale gas storage law of this area, and to provide a reference for 
the evaluation of the sea-phase shale gas exploration in the northern part of China. The 
results are summarized in the following table. 

2 Geological Setting 

The Ordos Basin is a vast area, starting from Yinshan Mountain and Daqing Mountain 
in the north, reaching the Qinling Mountains in the south, Liupanshan-Helan Mountains 
in the west and Luliang Mountains and Taihang Mountains in the east. With an area of 
250,000 square kilometers, it is the second largest basin in China, covering five prov-
inces and autonomous regions of Shaanxi, Gansu, Ningxia, Shanxi and Inner Mongolia. 
The Ordos Basin has six primary tectonic units, which are the North Shaanxi Slope, the 
Yimeng Rise, the Weibei Rise, the Tianhuan Depression, the Western Marginal Rise 
Belt, and the Western Shanxi Flexure Belt, and the study area is located in the western 
margin of the basin, with the Qilian orogenic belt in the south and the Alxa Massif in 
the north, which has frequent tectonic activities, and contains two tectonic units, namely 
the Tianhuan Depression and the Western Marginal Flexure Belt. The Ordos Basin is a 
multi-rotation Craton basin with stable subsidence, depression migration and obvious 
torsion, which is characterized by inhomogeneous nature of the basement and undulat-
ing bedrock top surface, but the cover structure is simple, which contains rich hydro-
carbon resources. 

The depositional pattern of the Wulalik Formation is “three-stage”, with two sets of 
mud shale at the top and bottom, and a section of limestone in the middle. The thickness 
of mud shale at the bottom is 25-60m, dominated by mud shale with high mud content; 
the thickness of mud shale at the top is 45-55m, dominated by gray mudstone and mud 
shale; the total thickness of mud shale ranges from 25 to 115m; the development in plan 
view is relatively stable, the abundance of organic matter is not high on the whole, and 
the value of TOC is 0.30%-1.15%; the kerogen is dominated by Type I, with a small 
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amount of Type II1, and it has generally reached the mature and high-mature stage, and 
some of them have reached the over-mature stage. The cheese root is mainly of type I, 
with a small amount of type II1, generally reaching the stage of high maturity, and some 
of them reaching the stage of over-maturity, with good conditions for gas production. 
Limestone generally consists of 2 sections of lithologically pure marl-bearing limestone 
and marl, with a thickness of 0 to 27 m. The thickness gradually decreases from south 
to north in the plane, from 2 sections to 1 section until it is not developed[5]. 

3 Materials and Methods 

The pore structure of Wulalik Formation in the western Ordos Basin was analyzed by 
field emission scanning electron microscopy (SEM) and micron CT to observe the pore 
type, size, quantity and the degree of fracture development[6][7]. The SUPRA 55 field 
emission scanning electron microscope was used. The instrument used for micron CT 
is the Carl Zeiss Xradia 510 Versa, which has a maximum resolution of 0.7μm. 

CT scanning technology allows the scanning of specific sections of an object and 
the resulting series of two-dimensional images can be reduced to a three-dimensional 
model through the use of software[8]. Imaging with micron CT is based on density 
differences, using grayscale to distinguish between different components of the sample. 
Among them, the high-density component shows bright white (e.g., pyrite), the me-
dium-density component shows light gray (e.g., quartz, carbonate minerals, clay min-
erals), the low-density component shows dark gray (e.g., organic matter), and the pores 
(cracks) are black [9][10].Two samples were selected for this experiment, ZHP-1-
4245.92 and ZHP-1-4246.92. 

4 Characterization of Reservoir Pore Structure 

4.1 Pore Types 

Scanning electron microscopy can clearly identify and classify the pores of the Wulalik 
Shale samples, thus qualitatively characterizing the pores of the samples. Through field 
emission scanning electron microscopy observation of 22 samples, it is found that the 
mud shale of the Wulalik Formation in the study area is very dense and mainly develops 
nanometer-sized pores, and the types of pores include four categories: intergranular 
pores (intergranular pores), interlayer slits of clay minerals, dissolution pores, and or-
ganic matter pores. In addition to matrix porosity, microfractures and cracks are also 
more developed. 

(1) Intergranular pores (intergranular pores). This type of pore is formed in the brittle 
debris particles or formed in the pyrite crystals and not filled with organic matter and 
clay irregular pores, pore size, connectivity is good, is the main place of free gas stor-
age[11]. 

(2) Clay mineral interlayer fracture. Slit-like intergranular pores formed as a result 
of bending of plastic clay minerals due to brittle minerals blocking their continued com-
paction[6]. The pore morphology of the interlayer seams of clay minerals is mostly flat, 
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elongated and often filled with organic matter. The mechanism of this pore formation 
is that when compaction is gradually increased, the clay minerals undergo dewatering 
and interlayer joints appear[12], It can also be formed due to the transformation of 
montmorillonite to ilmenite and illite during diagenesis and the reduction in the volume 
of clay minerals, which have good seepage capacity and strong adsorption, and are the 
main places for adsorption gas storage[11]. 

(3) Dissolution pores (Figure 1, b, e, g). These pores are mostly intra-granular pores 
formed within carbonate particles due to dissolution and erosion, with small pore size 
and poor connectivity, contributing less to shale gas adsorption and storage, and the 
carbonate rock content in the study area is high, with a larger proportion of dissolution 
pores. 

(4) Organic pores are pores developed in organic matter, most of which are very 
small and are intra-granular pores. Organic pores are not common in shale reservoirs in 
the study area, which is related to the low abundance and evolution of organic matter 
in the study area[11]. 

 

Fig. 1. (a) Berry-globular pyrite, ZP1 well, 4250.11m; (b) dolomite dissolution holes, ZP1 well, 
4250.44m; (c) a few residual pyrite cast holes and dissolution holes, where iron dolomite is 
seen to fill in, ZP1 well, 4253.33m; (d) microfractures, ZP1 well, 4262.89m; (e) dissolution 
holes, ZP1 well 4268.46m; (f) berry-globular pyrite, ZP1 well, 4267.35m; (g) intra-granular 
dissolution holes, ZP1 well, 4269.15m; (h) lamellar crevices, ZP1 well, 4270.68m; (i) berry-

globular pyrite, ZP1 well, 4276.78m 

Through the observation of the samples, it is found that the shale is mostly developed 
with dissolution pore holes and microcracks, the overall pore development is good, the 
pore space is large and well connected, and more pyrite is seen. 
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4.2 Micron CT 

4.2.1 Pore Structure Extraction.  

 

Fig. 2. 2D slice map to extract pores 

According to the different gray levels of different substances, the pores in the sam-
ples were extracted by threshold division (as shown in the blue area in the upper right 
panel of Figure 2), and the percentage of the volume of the study area occupied by the 
pores (i.e., porosity) of ZHP-1-4245.92 was 0.02%, with a pore volume of 43,109.027 
µm³, a pore surface area of 53,421.3929 µm2, and a rock specific surface of 1.24 
µm2/µm³. The percentage of volume of the study area occupied by pores (i.e., porosity) 
of ZHP-1-4246.92 is 0.33%, with a pore volume of 884,309.8925 µm³, a pore surface 
area of 1184,762.57 µm2, and a rock specific surface of 1.34 µm2/µm³.The spatial dis-
tribution of the pores of the two samples can be demonstrated by CT data processing 
(Figure 3). 
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Fig. 3. Three-dimensional display of ZHP-1-4245.92 and ZHP-1-4246.92 pores 

4.2.2 Layer-by-Layer Porosity. 

 

Fig. 4. Example of principles for defining layer-by-layer face porosity 
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𝐿𝑒𝑣𝑒𝑙 െ 𝑏𝑦 െ 𝑙𝑒𝑣𝑒𝑙 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 𝑖𝑛 𝑡ℎ𝑒 𝑍 െ 𝑎𝑥𝑖𝑠 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

ൌ
Layer െ by െ layer pore area in the Z െ axis direction

Level െ by െ level area 
ൈ 100% 

 

Fig. 5. Layer-by-Layer Porosity Changes for ZHP-1-4245.92 and ZHP-1-4246.92 

The layer-by-layer porosity of the sample can be obtained by calculating the porosity 
of each layer separately (Figure 4). From the level-by-level porosity analysis in the Z 
direction, it can be seen that the overall fluctuation is very large, and the average surface 
porosity of ZHP-1-4245.92 is 6.88765×10-5 and the average surface porosity of ZHP-
1-4246.92 is 0.29% (Figure 5). 
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4.2.3 Pore Marking and Sieve Statistics. 

 

 

Fig. 6. Labeling and sieving statistics for pore structure 

The extracted pores were marked with different colors showing individual isolated 
pores, and the pores were sieved and counted according to their volume size(Figure 6). 
The experimental results are shown in Tables 1 and 2: 
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Table 1. Statistics of ZHP-1-4245.92 experimental results 

Pore vol-

ume 

range 

Num-

ber 

(pcs) 

Number as a 

percentage of to-

tal pore number 

Pore vol-

ume 

(µm³) 

Pore area 

(µm2) 

Percentage 

of total pore 

volume 

 

EqD≤5u

m 
296 76.29% 9798.88 16253.6 22.73% 

 

5um<Eq

D≤10um 
79 20.36% 12365.3 15623.3 28.68% 

 

10um<Eq

D≤15um 
12 3.10% 11939.09 12322.54 27.70% 

 

25um<Eq

D≤30um 
1 0.26% 9005.73 9221.99 20.89 

 

 

Fig. 7. Pore volume distribution 
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Fig. 8. Equivalent diameter distribution of pores 

The pore volume and pore equivalent diameter distributions of ZHP-1-4245.92 are 
shown in Figures 7 and 8. The results show that the pore size of ZHP-1-4245.92 is 
mainly distributed below 1500 μm3, and the equivalent diameter of the pores is mainly 
distributed in the range of 5-14 μm and 25 μm. This is consistent with the results ob-
tained from 3D simulation. 

Table 2. Statistics of ZHP-1-4246.92 experimental results 

Pore vol-

ume 

range 

Num-

ber 

(pcs) 

Number as 

a percent-

age of total 

pore num-

ber 

Pore vol-

ume 

(µm³) 

Pore 

area 

(µm2) 

Percentage of 

total pore vol-

ume 

 

EqD≤10

um 
11554 98.55% 466768 724087 52.78% 

 

10um<E

qD≤20u

m 

154 1.31% 169082 189740 19.12% 
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20um<E

qD≤30u

m 

11 0.09% 93502 91881.3 10.57% 

 

30um<E

qD≤40u

m 

2 0.02% 36983.5 39534.2 4.18% 

 

40um<E

qD≤50u

m 

3 0.03% 117974 139520 13.34% 

 

 

Fig. 9. Pore volume distribution 
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Fig. 10. Equivalent diameter distribution of pores 

The pore volume and pore equivalent diameter distributions of ZHP-1-4246.92 are 
shown in Figures 9 and 10. The results show that the pore size of ZHP-1-4246.92 is 
mainly distributed below 6000 μm3, while the pore equivalent diameter is mainly dis-
tributed below 20 μm. The pore size and equivalent radius are significantly stronger 
than the other sample. 

4.2.4 Extraction of Organic Matter and Minerals.  
ZHP-1-4245.92: 

 

Fig. 11. Extraction of Minerals 

The spatial distribution of minerals and organic matter in the samples can be ob-
tained by processing the CT data (Figure 11). Based on the extracted data, 0.16% of 
minerals were available and no organic matter was found. 

ZHP-1-4246.92: 
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Fig. 12. Extraction of organic matter 

 

Fig. 13. Extraction of minerals 

The spatial distribution of minerals and organic matter in this sample is shown in 
Figures 12 and 13. Based on the extracted data, it can be concluded that the proportion 
of organic matter is 1.34% of the total volume and 0.8% of minerals. 
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4.2.5 Extraction of Connecting Holes.  

  

Fig. 14. Example of Defining Principles for Connected and Disconnected Holes 

A pore that connects two faces in a bounding box is a connected pore, and the oppo-
site is a disconnected pore. Figure 14 illustrates the defining principles for software to 
determine whether or not it is connected. 

At a resolution of 0.7203 μm, both samples were free of connected pores. 

5 Disscussion 

5.1 Porosity Evaluation 

In the Ordos Basin Western Ordovician Wulalik Formation shale, the porosity meas-
ured by helium method is lower than 4.00% in general, mainly from 0.16% to 1.50%, 
with the minimum value of 0.08%, the maximum of 4.20%, and the average of 1.20%, 
and the porosity greater than 4.00% accounts for a small percentage[11]. Micron CT 
analysis yielded porosities of 0.02% and 0.33%, which are smaller than those measured 
by helium. CT-reduced 3D cores show that no cracks were seen in the samples. This is 
because the CT samples avoided the cracks in the rock samples, making the porosity 
obtained from CT lower. At the same time, the poor resolving power of micrometer CT 
prevents any pores and slits smaller than 0.7203 μm from being characterized, so the 
measured porosity is low. 

5.2 Pore Characterization and its Connectivity Analysis 

Micron CT showed that the number of pores with pore sizes smaller than 20 μm was 
high and accounted for a large portion of the total pores. The main reasons for this are: 
(1) the shale is denser and has no cracks in the samples, so the measurable pores are 
smaller; (2) pores with a pore size larger than 1 μm are mainly larger dissolution pores 
or microfractures, which can provide a larger pore volume[13]. 

The connectivity of the pores of the shale samples measured by micrometer CT is 
poor. The pores in the southern shale reservoirs are mainly organic pores[14][15], 
which are related to the high maturity of shale development. The study area is less 
mature than the southern shale, and the organic pores are developed within (or at the 
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edges) of the organic matter and are better connected to each other, however, because 
the pore size is generally less than 500 nm, it is difficult to distinguish them with the 
precision of this experiment. Therefore, micrometer CT did not yield good connectiv-
ity. 

6 Conclusions 

(1) The marine shale of Ordos Basin Western Ordovician Wulalik Formation is more 
developed in overall porosity, through the observation of the samples, it is found that 
the shale mostly develops dissolution holes and microcracks, and the overall porosity 
is better developed, the pore space is large and better connected, and more pyrite can 
be seen. 

(2) The analytical results of micrometer CT show that the pore size of the marine 
shale of the Ordovician Wulalik Formation in the western Ordos Basin ranges from 1 
to 45 μm, with a predominance of 3 to 15 μm. Based on the full-size pore distribution 
of the shale, it is recognized that the total pore volume of the shale is mainly provided 
by relatively small pores below 20 μm. 

(3) Poor connectivity in the study area may be due to the low thermal evolution of 
the shale in the study area and the limitations of micrometer CT accuracy. 
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