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Abstract


The unconventional tight oil and gas resources in the Xinzhao East belt of the Hangjinqi Prospect area in the Ordos Basin of China are abundant. However, the reservoir’s internal storage space is complex, and the microscopic pore throat structural features are not well recognized, which has led to some trouble in the deployment of oil and gas exploration. To reveal the microscopic characteristics of the dense sandstone gas layer in the first member of the Lower Stone Box Formation of the D-well Zone in the Xinzhao East belt of the Hangjinqi Prospect area, a three-dimensional space digital core was built, and the stored set spatial data were extracted, based on rock sheet and coring data and X-CT scanning technology. Quartz grain size was segmented and analyzed based on an adaptive approach. The microscopic characteristics of the gas layer in the studied section and the factors influencing its development were studied, combining the use of a field emission scanning electron microscope, helium porosimeter, and gas permeability meter. We found that in the studied section, the porosity is relatively high, the pore throat size is large, and the pore permeability correlation is good. The reservoir space, which consists of intergranular pores, intragranular pores, and microcracks at the grain edges in the study area, is characterized by a complex distribution pattern. Within the gas layer, isolated pores are connected by microcracks to form a network of reservoir spaces, which increases the pore throat size, enhances the connectivity of the pore throat, and makes the microscopic characteristics of the reservoir space better. The first member of the Lower Stone Box Formation could be an advantageous reservoir. Hole–throat connectivity is poor because of the gas layer having underdeveloped primary pores, the blockage of pores by unstable minerals (kaolinite, etc.), and poorly connected pore throats based on insoluble mud cementation. The high content of quartz brittle minerals and the development of natural microcracks within the gas formation are favorable conditions for fracking development. The quartz grain size within the gas layer is positively correlated with the pore throat size, which suggests that the quartz grain size somewhat influences the microscopic characteristics of the reservoir space. This comprehensive study shows that the methodology of the study is more advantageous than traditional methods in the fine and three-dimensional spatial characterization of the microstructure of dense sandstone reservoirs. The research results of this paper have certain guiding significance for further reservoir evaluation and advantageous reservoir prediction in the Hangjinqi Prospect area in the Ordos Basin. We also provide the basis for the subsequent efficient development of the gas reservoir.
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1. Introduction


In recent years, significant progress has been made in the exploration and development of unconventional oil and gas reservoirs around the world. Unconventional gas, including shale and tight gas, accounts for more than 47% of global natural gas reserves [1,2]. Unconventional reservoirs are becoming an increasingly important source of natural gas. Unconventional hydrocarbon reservoirs are mainly located in the Paleozoic strata, including the Lower Ordovician, Silurian, Devonian, and Permian [3,4]. Tight sandstone gas reservoirs are one of the unconventional reservoir types, which are widely distributed around the world [5,6]. The Ordos Basin, China, is subject to the composite superposition of three generations of Mesozoic and late and early Paleozoic large-scale craton, forming the present “Middle (Biocene) oil and ancient” “basin full of gas, half of oil” oil and gas distribution patterns [7]. The Ordos Basin in China is one of the major enrichment areas for tight sandstone gas reservoirs, with tight gas production reaching 256 × 108 m3 in 2019 [8]. The first member of the Lower Stone Box Formation is the main reservoir of tight gas in the Ordos Basin. In recent years, the natural gas exploration results obtained in the first member of the Lower Stone Box Formation of the Hangjinqi Prospect area in the northern Ordos Basin have been remarkable [9]. In 2021, four appraisal wells were deployed in the Xinzhao belt, and 13 billion cubic meters of proven natural gas reserves were discovered, which proved that the Xinzhao belt has huge exploration potential. The formation of large gas reservoirs in this zone is closely related to the extensive and continuous distribution of sandstone reservoirs. So, it has become particularly important to investigate the microstructural characteristics and influencing factors of the dense sandstone gas layer in the studied section. A lot of research has been carried out on reservoir characterization in the studied section by previous researchers. They found that the studied section is predominantly clastic sandstone in a braided river setting [10], and it is a typical low-permeability sandstone or dense sandstone reservoir [11]. However, there are relatively few studies on the microscopic characterization of the gas layer in the studied section. Hao Ting proved the longitudinal stacking relationship, pore penetration characteristics, and influence of the sedimentary phase and diagenesis on the non-homogeneity of the reservoir in the studied section [12], and Xun Xiaoquan studied the reservoir characteristics and influencing factors in the studied section by using particle size analysis, thin-section identification, and mercury compression experiments [13]. In existing studies, reservoir characteristics are mostly characterized by traditional 2D image techniques. However, the study of the three-dimensional spatial microscopic features of dense sandstones and the factors affecting them has been neglected. The three-dimensional spatial microscopic characterization of dense sandstone reservoirs is not well understood. Tight sandstone reservoirs are characterized by a small pore throat size, a complex pore structure, and strong non-homogeneity [14], and the study of their microscopic characteristics, especially the quantitative characterization of microscopic pore throats, is of great significance to the evaluation of reservoir quality and capacity. Current techniques for characterizing pore microstructure include cast thin sections, scanning electron microscopy, constant-velocity mercury pressing, high-pressure mercury pressing, nitrogen adsorption, and X-CT scanning. The cast sheet method can effectively identify the type of reservoir space in tight sandstone gas formations and calculate the face porosity, but it cannot reflect the three-dimensional pore space characteristics of the samples [15]. A scanning electron microscope can observe the characteristics of pore distribution on the surface of rock samples, and analyze the mineral morphology and the content of various elements [16], but what is reflected is only two-dimensional spatial characteristics [17,18]. Constant-velocity mercury pressure can be used to obtain pore and throat size parameters, based on the pressure drop during the mercury feed process, but the field of view of the pore and throat that can be recognized is small, because of the limitation of the pressure of the mercury [19]. High-pressure mercury pressing can quantitatively determine the spatial size and distribution of pore throats in dense sandstones, but the pore structure of rock samples may be damaged due to high pressure [20]. X-CT digital coring is an unconventional testing technique for characterizing rock structures with X-rays, and can be used to characterize the three-dimensional spatial structure of pores and to quantitatively study the microscopic characteristics of reservoir pore throats [21,22]. In the 1990s, Dunsmuri et al. used CT technology in petroleum engineering to improve the resolution of pore identification [23]. In 2004, Conenen et al. constructed micrometer-scale digital cores, which promoted the application of this technology in the petroleum industry [24]. In recent years, the technique has gradually matured in all-round non-destructive scanning imaging and characterize the three-dimensional spatial structure of the pore–throat [25,26,27]. Compared with cast thin sections and the high-pressure mercuric pressure method, X-CT scanning has the advantages of non-destructive, high efficiency, and fine calculation of reservoir microstructural parameters [28], which can be combined with rock thin sections and scanning electron microscopy to accurately characterize the microscopic features of the gas layer in dense sandstone.



To investigate the microscopic characteristics and factors influencing the development of the tight sandstone gas layer in the southwestern part of the Hangjinqi Prospect area in the Ordos Basin, in this paper, basic features such as petrological characteristics of the first member of the Lower Stone Box Formation in the D-well Zone of the Xinzhao East Zone of the Hangjinqi Prospect area were studied, based on rock sheets, field emission scanning electron microscopy, helium porosimetry, a gas permeability meter, and coring data. X-CT scanning technology was used to establish a three-dimensional spatial digital core and extract the reservoir space data. The quartz grain size was segmented and analyzed based on an adaptive approach. The above methods were used to characterize the microscopic features of the tight gas layer in the study area. We also analyzed the effect of lithological features and grain size on the microscopic characteristics of the reservoir space. This paper provides the scientific basis for further oil and gas exploration and development and advantageous reservoir prediction.




2. Regional Geological Profile


The Ordos Basin is the second largest basin on land in China. Geographically, it spans the five provinces of Shaanxi, Gansu, Ningxia, Mongolia, and Jin (Figure 1a,b). Tectonically, it is located in the southwestern part of the North China Plate. The basin is characterized by the development of several hydrocarbon-bearing formations, such as the Upper Paleozoic Benxi Formation, Taiyuan Formation, Shanxi Formation, Shangshibang Formation, and the Mesozoic Yan’an Formation and Yanchang Formation [29]. Several oil and gas fields have been discovered in and around the Ordos Basin, such as Surig, Shenmu, Dainiu Di, Dongsheng, Changqing, Ji Plateau, etc. The Hangjinqi Prospect area is located in the northern part of Ordos Basin, spanning three tectonic units: Ishaan Slope, Tianhuan Depression, and the Northern Uplift of the IU. The Xinzhao East belt D-well Zone is located in the southwestern part of the Hangjinqi Prospect area. It is located in the northern part of the Ishaan slope, south of the three-eyed well fault fracture (Figure 1a). In the studied section, the combination of birth, storage, and cover is lower birth and upper storage. The Lower Stone Box Formation is the reservoir. Hydrocarbon source rocks are developed in the lower Shanxi Formation and Taiyuan Formation [9] (Figure 1b,c). The study area has many favorable features for reservoir formation, such as extensive overlying hydrocarbon production in coal hydrocarbon source rocks, multi-layer stacked continuous development of sand bodies, and wide distribution of regional cover [30]. The first member of the Lower Stone Box Formation is the destination layer, with a burial depth of about 3000 m. During the Late Permian, the studied section was in a period of unification of tectonic patterns and depositional environments in the northern Ordos Basin [31]. The sedimentary phase of the studied section is controlled by the quartz-rich source zone of the Middle Proterozoic in the northwestern Yinshan Paleoland. The first member of the Lower Stone Box Formation is in a braided river depositional environment. This environment develops sedimentary microfacies such as heart beaches and channel fills in the depositional environment. The lithology in the studied section is greyish-white and gravelly, with coarse-grained quartz sandstone and conglomerate.




3. X-CT Test Methods and Procedures


3.1. X-CT Scanning Test Principle


A cone beam of X-rays was emitted from the source to penetrate the sample and project onto the detector. We simultaneously rotated the source, detector, and sample through 360°. Thousands of angular images were acquired and reconstructed using a low-speed circular trajectory scanning mode. We obtained a three-dimensional model of the sample via the above method to realize the function of the CT microscope. CT images reflect information about the degree of energy attenuation of X-rays as they penetrate an object. The imaging principle is that the grey value of the image is proportional to the density of the internal structure of the sample [32]. The higher the sample density, the higher the X-ray attenuation and the larger the gray value. The CT test instruments used in this paper were a nanoVoxel-4000 micro-nano CT scanner and a Geoscan-1000 full-diameter CT scanner produced by Tianjin Sanying Precision Instrument Company.




3.2. Sample Selection and Testing Procedure


Using the Geoscan-1000 Full Diameter CT Scanner, under 10 μm resolution conditions, five samples of 10 mm in diameter and length were scanned for full-diameter CT test porosity studies. Using the nanoVoxel-4000 micro- and nano-CT scanner, under 0.5 μm resolution conditions, two samples of 2 mm in diameter and length were scanned for microcrack characterization; under 8.2 μm resolution conditions, moderate-precision scans were performed on six samples of 25 mm in both diameter and length for quartz particle characterization; under 0.5 μm resolution conditions, six samples of quartz particles were cut out to a diameter and length of 4 mm for fine scanning for pore microscopic characterization. The best scans were reconstructed separately to obtain the images and data needed for the study in question.




3.3. Reservoir Spatial Identification and Pore Throat Ball and Stick Modeling


3.3.1. Reservoir Space Identification and Image Acquisition


The experimental samples were scanned using a CT scanner to obtain a three-dimensional data body of the core (see Section 3.1 for the scanning principle). Based on CT image imaging principles and threshold segmentation, the CT image thresholds were rationally defined. In turn, rock particles and reservoir spaces can be identified. To obtain 2D and 3D images, the storage space was segmented and extracted in 3D image processing software, version 2022.




3.3.2. Modeling of Pore–Throat Ball and Stick


Based on the experimental sample pore 3D scanning data body, the “Maximum Ball Algorithm” was used to extract the pore and throat [33]. Based on this, the hole–throat ball-and-stick model was developed. The maxball algorithm has the following elements: using a set of pore voxels as the center of the sphere, using skeletal (matrix) voxels as boundaries, all pore voxels in the interior of the maximal sphere are taken to be all voxels inside the boundary. The largest ball constructed is the pore. Structuring the constructed maximal sphere clusters, depending on the size and relative position of the largest ball, orifices and throats are created. The passage between the balls is known as the throat.





3.4. Quartz Grain Segmentation and Pore Throat Parameter Analysis


3.4.1. Segmentation of Quartz Particles


In order to reduce the image noise, the 3D scanned data volume of the core samples was subjected to two Gaussian filtering processes. The mineral components in the CT scan samples were identified and calibrated, which was based on the segmentation principle of the watershed algorithm in 3D image processing software [34], as well as field emission scanning electron microscope images, petrographic thin sections, and other data. Using an adaptive method, the quartz particle size was segmented to obtain a three-dimensional image of the particle segmentation. Based on the 3D image software, the particle diameter size was calculated and counted.




3.4.2. Analysis of Pore Throat Parameters


Based on six lithologic samples of 3D scanning data body and 3D image software, pore and throat parameters (pore radius, throat radius, pore shape factor, throat shape factor, etc.) were computed, and the pore and throat parameter probability distribution plots were exported. Based on the logic algorithm tool, porosity and microfracture rates were calculated. The logical formula is: Porosity = V (pore volume) ÷ V (core volume); microfracture rate = V (microfracture volume) ÷ V (core volume)






4. Results


4.1. Basic Characteristics of Tight Gas Layer


4.1.1. Petrological Features


According to three rock sheets, six CT scan images of 25 mm diameter samples, three field emission scanning electron microscope images, and coring wells, the lithology of the studied section is dominated by gravelly coarse-grained clastic quartz sandstone and sandy conglomerate. The gravel content of is about 10%, dominated by quartz gravel, which is rounded-subrounded. The mineral grain fractions are mainly quartz, feldspar, and clastic, with 55~85% quartz, 5~8.5% feldspar, and 7.5~40% clastic (Figure 2). The fillings are mainly ilmenite and kaolin (stone) (Figure 3c,d), as well as some white mica, black mica, and chlorite [35], with kaolin (stone) formed mainly from feldspars and labile clasts. The rock matrix grains are predominantly sub-prismatic-sub-rounded, poorly sorted and rounded, with low structural and compositional maturity (Figure 3). The grain structure is predominantly gravel-bearing unequal grains (Figure 4). The support is mainly pellet support and heterogeneous base support. The particle contact relations are mainly linear and concave–convex contacts (Figure 4).



According to logging data from the studied section, the mud content is 1.7~11.7%. The mud content of the gravelly coarse-grained clastic quartz sandstone is 5.3~11.7%, and that of the sandy conglomerate is 1.7~5.8%. The gravelly coarse-grained clastic quartz sandstone is significantly more muddy than the sandy conglomerate, and some of the gravelly coarse-grained clastic quartz sandstone has obvious bands of muddy cement.




4.1.2. Quartz Particle Size Features


According to the quartz grain size frequency distribution graph, the grain size frequency distribution is basically consistent with the rock sample naming standard [36], which proves the accuracy and reliability of the result.



The quartz grains in the studied section are strongly distorted and densely distributed (Figure 5). The quartz particle size showed a bimodal distribution, with the main peak particle diameter of 250~500 μm and the secondary peak particle diameter of 500~1000 μm. The percentage of main peak particle diameter is <75%. The size of the particle diameters varies widely, between 44.98 and 3157.04 μm (Table 1), indicating poor sorting of quartz particles in the studied section (Figure 6). The average grain size of quartz particles is between 426.63 and 510.91 μm (Table 1), which is coarse sand. The percentage of gravel in the sandy conglomerate is higher than that in the gravelly coarse-grained clastic quartz sandstone in the studied section.




4.1.3. Reservoir Physical Features


The porosity distribution of the first member of the Lower Stone Box Formation in the Hangjinqi Prospect area ranges from 4% to 16%, with an average value of about 9.8% [30]. The average porosity of the full-diameter core CT scan experiments of the studied section is 9.15%. The average porosity of the gravelly coarse-grained clastic quartz sandstones from CT scan experiments of cut samples within 25 mm diameter samples is 10.53% and the average permeability is 0.73 mD; the average porosity of the sandy conglomerates is 13.40% and the average permeability is 1 mD. Based on helium porosimetry and gas permeability meter test results, the porosity distribution of the studied section ranged from 8.4% to 17.9%, with an average porosity of 13.60%. The permeability distribution is 0.22~1.88 mD, with an average permeability of 0.85 mD. The overall porosity and permeability of the study section showed a significant positive correlation with a good correlation (Figure 7). The reservoir’s physical characteristics indicate that the studied section belongs to the dominant reservoir class of dense sandstone.





4.2. Microscopic Characterization of Tight Gas Layers


4.2.1. Microscopic Characterization of Reservoir Space


We investigated the various types of gas reservoir space in the first member of the Lower Stone Box Formation in the Hangjinqi Prospect area. In particular, we studied the development of secondary pores, microcracks, and intergranular pores, with secondary pores being the most developed [37]. The studied section reservoir space has intergranular solution pores, intragranular solution pores, and microcracks. Intergranular pores in quartz are locally visible. The types of microcracks are three types: grain-edge cracks, intragranular cracks, and penetrating-grain cracks, of which the grain-edge cracks are the most developed (Figure 8). The three-dimensional spatial spreading of the reservoir within the studied section is morphologically diverse, heterogeneous, and non-homogeneous (Figure 9). Figure 10 shows the “Maximum Ball Algorithm” model of the pore–throat bat. The different colored spheres in the model represent pores, with the colors progressively decreasing from red to blue pore sizes. The grey stick between the spheres is the throat. According to the model, the pores of gravelly coarse-grained clastic quartz sandstones are mostly small balls and the throats are mostly rod-shaped; the pores of sandy conglomerates are mostly large balls and thick; the throats are mostly thick rods, indicating relatively large pore–throat sizes in the sandy conglomerates (Figure 10). The average microcrack rate of the studied section is 1.22%, the average microfracture rate of the gravelly coarse-grained clastic quartz sandstones is 0.93%, and the average microfracture rate of the sandy conglomerates is 1.44%. However, the spatial spreading of microcracks within the sandy conglomerates is more continuous and complete than in the gravelly coarse-grained clastic quartz sandstones. The three-dimensional spatial network of microcracks is mainly composed of high- and low-angle grain-edge cracks spreading around the rock particles. Microcracks connect intergranular and intragranular solution pores and improve the physical properties of the studied section (Figure 8).




4.2.2. Characterization of Pore–Throat Microstructure


The sample throat radius of the studied section is mainly between ~1 and ~25 μm, with peaks mostly smaller than 7 μm (Figure 11a). The pore radius is mainly distributed in the range of 3~42 μm, with a peak of about 14 μm (Figure 11b). The pore shape factors are mainly distributed in (0, 0.0481] (Figure 11c), indicating that the pore cross-section shape is mainly dominated by triangles [38]. The throat shape factors are the same for each sample, and the curves approximate the normal distribution (Figure 11d); it is shown that the shape characteristics of the throat shape defined with the maximal ball algorithm are essentially the same [39]. The maximum number of coordination numbers ranges from ~45 and ~97 and the average number of coordination numbers ranges from ~2 and ~4 (Table 2). The above data show that the throats of the studied section are dominated by fine throats, the pores are dominated by small pores, and the connectivity of the pores and throats is good (Table 2). Various types of pore–throat structural parameters of the sandy conglomerates are better than those of the gravelly coarse clastic quartz sandstone (Figure 11). Meanwhile, the permeability of the sandy conglomerates gas layer in the studied section is good, indicating that the pore–throat structural parameter is an important factor influencing the physical properties of the reservoir of the gas layer.






5. Discussion


5.1. Influence of Petrological Characteristics on the Microscopic Characterization of Reservoir Space


The source of gas in the first member of the Lower Stone Box Formation of the Xinzhao East belt in the Hangjinqi Prospect area is not far away from the northern Yinshan Paleocontinent. The rocks in the studied section have a lot of features, such as a high overall content of unstable minerals and lower compositional maturity and structural maturity. These characteristics determine the strong non-homogeneity of the spatial microscopic characteristics of gas reservoirs in the studied section. The studied section was subjected to compaction and cementation, which led to plastic deformation and thus more dense contact with the particles. The particle contact relationship was dominated by line and bump contacts, resulting in a lack of development of primary pores in the gas layer. Dissolution pores serve as the main storage space within the gas layer, and their main types are feldspar dissolution pores. When dissolution occurs, authigenic minerals such as kaolinite precipitate. When dissolution occurs, authigenic minerals such as kaolin (stone) precipitate, which clogs the pore space and further enhances the non-homogeneity of the microscopic features of the reservoir space (Figure 3). The first member of the Lower Stone Box Formation has a high content of the brittle mineral quartz. The gas layer is prone to forming microcracks when it is squeezed. The mud content in the gravelly coarse-grained clastic quartz sandstones is higher than that in the sandy conglomerates gas layer. The mud cementation is not easily dissolved. On the one hand, it leads to gravelly coarse-grained clastic quartz sandstone gas formations with low microcrack rates. On the other hand, it makes the microcracks of this rock spread discontinuously and incompletely in space.




5.2. Relationship between Particle Size and Microscopic Characteristics of Reservoir Space


Quartz grain size is closely related to the microscopic characteristics of the reservoir space [40]. There is a correlation between quartz grain size and both pore and throat sizes within the gas formation in the studied section. With the increase in large-diameter quartz particle size content, the pore radius and throat radius of samples increased synchronously. The above phenomena indicate a good positive correlation between large-diameter quartz grain size in the gas layer and the pore radius and throat radius (Figure 12). The quartz grain size in the studied section changes the microscopic characteristics of the reservoir space to a certain extent by affecting the size of the pore throat radius. Compared to gravelly coarse-grained clastic quartz sandstones, the sandy conglomerates have larger quartz grains, better connected storage space, and larger pore–throat sizes. This is one of the reasons for the higher porosity, permeability, and better storage material properties of the sandstones compared to the gravelly coarse-grained clastic quartz sandstones.



Comprehensive studies have shown that, tight sandstones reservoirs have small pore–throats, complex pore structures, and high non-homogeneity. Compared to traditional methods, X-CT 3D core scanning, which can model the spatial distribution of pores and cracks and the pore–throat ball-and-stick model, is better for fine characterization of such reservoirs. This paper can serve as a reference for global microscopic characterization of dense sandstones. Meanwhile, the gas reservoir of the first member of the Lower Stone Box Formation in the studied section has good reservoir properties. It can be used as a high-quality reservoir. The gravelly sandstones have better reservoir properties than gravelly coarse-grained clastic quartz sandstones, which can be used as the next key research object of reservoir in the Hangjinqi Prospect area.





6. Conclusions


(1) The gas reservoir space in the first member of the Lower Stone Box Formation of the D-well Zone in the Xinzhao East belt is mainly composed of intergranular pores, intragranular pores, and grain-edge micro-cracks. The gas reservoir space in the study area is characterized by complex three-dimensional spatial distribution, varying morphology and size, and strong non-homogeneity. Microcracks within the gas layer communicate with isolated pores to form a reservoir space network, which increases the size of the pore–throat and enhances the connectivity of the pore–throat. The microscopic characteristic within the gas layer is good. The first member of the Lower Stone Box Formation in the studied section can be a high-quality reservoir.



(2) The contact relationship of gas layer particles in the first member of the Lower Stone Box Formation of the D-well Zone in the Xinzhao East belt is dominated by line contact and concave–convex contact. The primary porosity of the gas layer is not developed. The development of secondary lysimeters is due to dissolution. At the same time, unstable minerals such as kaolin (stone) and illite clog the pores. Reservoir properties within the gas layer are affected. The difficult-to-dissolve mud cement within the gas layer further deteriorates pore–throat connectivity. Further, the gravelly coarsegrained clastic quartz sandstones, which have a higher content of muddy cement, have poorer microscopic characteristics and reservoir material properties compared to the conglomerates. The high content of quartz brittle minerals and the development of natural microfractures within the gas formation are favorable conditions for fracture development.



(3) Quartz grain size and pore throat size are positively correlated within the gas layer in the first member of the Lower Stone Box Formation of the D-well Zone in the Xinzhao East belt. The microscopic characterization of gas reservoir space is somewhat influenced by quartz grain size. Compared with gravelly coarse-grained clastic quartz sandstones within gas formations, larger-grained conglomerates have superior reservoir space connectivity and pore–throat size dimensions.
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Figure 1. (a) Location of study area; (b) lithologic histogram of destination; (c) profile of the study area. 
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Figure 2. Rock type triangulation of the studied section (modified from [12]). 
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Figure 3. Microscopic photograph of a typical rock type. (a) Gravelly, coarse-grained clastic quartz sandstone, 3514.63 m; (b) gravelly, coarse-grained clastic quartz sandstone, 3515.31 m; (c) sandy conglomerate, 3516.07 m; (d) gravelly, coarse-grained clastic quartz sandstone, 3514.70 m; (e) sandy conglomerate, 3516.51 m; (f) gravelly, coarse-grained clastic quartz sandstone, 3515.57 m. 
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Figure 4. CT scan image of 25 mm diameter samples. (a) Gravelly, coarse-grained clastic quartz sandstone, 3514.50 m; (b) gravelly, coarse-grained clastic quartz sandstone, 3515.41 m; (c) gravelly, coarse-grained clastic quartz sandstone, 3515.59 m; (d) sandy conglomerate, 3516.03 m; (e) sandy conglomerate, 3516.91 m; (f) sandy conglomerate, 3517.51 m. 
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Figure 5. Segmentation image of quartz particles. (a) Gravelly, coarse-grained clastic quartz sandstone, 3514.50 m; (b) gravelly, coarse-grained clastic quartz sandstone, 3515.41 m; (c) gravelly, coarse-grained clastic quartz sandstone, 3515.59 m; (d) sandy conglomerate, 3516.03 m; (e) sandy conglomerate, 3516.91 m; (f) sandy conglomerate, 3517.51 m. 
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Figure 6. Frequency distribution of quartz grain size. 
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Figure 7. The porosity–permeability relationship. 
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Figure 8. CT scan image and spatial spread of microcracks. (a) Gravelly, coarse-grained clastic quartz sandstone, 3513.96 m; (b) sandy conglomerate, 3517.02 m. 






Figure 8. CT scan image and spatial spread of microcracks. (a) Gravelly, coarse-grained clastic quartz sandstone, 3513.96 m; (b) sandy conglomerate, 3517.02 m.



[image: Energies 17 00399 g008]







[image: Energies 17 00399 g009] 





Figure 9. Spatial distribution of microscopic pores. (a) Gravelly, coarse-grained clastic quartz sandstone, 3515.41 m; (b) gravelly, coarse-grained clastic quartz sandstone, 3515.59 m; (c) sandy conglomerate, 3516.91 m; (d) sandy conglomerate, 3517.51 m. 
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Figure 10. “Maximum ball algorithm” pore–throat bat model. (a) Gravelly, coarse-grained clastic quartz sandstone, 3515.41 m; (b) gravelly, coarse-grained clastic quartz sandstone, 3515.59 m; (c) sandy conglomerate, 3516.91 m; (d) sandy conglomerate, 3517.51 m. 
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Figure 11. Distribution of microstructural parameters of the pore throat. (a) Probability distribution of throat radius; (b) probability distribution of pore radius; (c) probability distribution of pore shape factor; (d) probability distribution of throat shape factor. 
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Figure 12. The relationship between quartz particle size and pore throat radius. (a) Relationship between quartz particle size and pore radius; (b) relationship between quartz particle size and throat radius. 
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Table 1. Quartz grain size parameters.
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Serial Number

	
Lithology

	
Particle Size/μm




	
Minimum

	
Maximum

	
Mean

	
Median






	
1

	
Gravelly, coarse-grained clastic quartz sandstone

	
47.06

	
2090.71

	
426.63

	
408.59




	
2

	
47.22

	
1541.39

	
510.91

	
479.69




	
3

	
44.98

	
1543.47

	
434.57

	
419.88




	
4

	
Sandy conglomerate

	
46.09

	
3157.04

	
494.64

	
474.92




	
5

	
48.15

	
2006.57

	
472.73

	
451.23




	
6

	
46.09

	
1644.26

	
488.97

	
463.52











 





Table 2. Microstructural parameters of the aperture throat.






Table 2. Microstructural parameters of the aperture throat.





	
Serial Number

	
Lithology

	
Pore Radius/μm

	
Throat Radius/μm

	
Coordination Number




	
Maximum

	
Mean

	
Maximum

	
Mean

	
Maximum

	
Mean






	
1

	
Gravelly, coarse-grained clastic quartz sandstone

	
164.654

	
15.274

	
67.298

	
6.788

	
55

	
3




	
2

	
95.304

	
14.895

	
60.648

	
6.223

	
45

	
2




	
3

	
113.064

	
13.672

	
57.287

	
5.847

	
46

	
3




	
4

	
Sandy conglomerate

	
161.819

	
17.141

	
99.354

	
7.841

	
97

	
4




	
5

	
140.178

	
19.319

	
83.339

	
8.289

	
61

	
4




	
6

	
158.943

	
17.109

	
90.600

	
7.886

	
76

	
4
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