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A well-connected network formed by multi-scale fractures is a key factor in the formation of high-quality reservoirs and the achievement of high and stable oil and gas production in tight sandstones. Taking the Upper Paleozoic of the Qingshimao gas field in the Ordos Basin, China, as an example, based on data from image logs, cores, and thin sections, fine quantitative characterization of multi-scale natural fractures in tight sandstone reservoirs was carried out. We also established a method for dividing network patterns of multi-scale fractures and discussed the effect of each fracture network pattern on the gas enrichment and production capacity. Results indicate regular changes in the length, density, aperture, porosity, permeability, and connectivity of natural fractures at different scales. Based on the spatial combination patterns and connectivity of fractures of different scales, four types of fracture network patterns were established: multi-scale fracture network with high density and multi-orientations, multi-scale fracture network with moderate-high density and dual orientations, small-scale fracture network with moderate density and dual orientations, small-scale fracture network with low density and single orientation. The first fracture network pattern can destroy the integrity of the cap layer, causing natural gas leakage. The second fracture network pattern is a favorable area for natural gas enrichment. The third fracture network pattern requires the use of hydraulic fracturing to obtain commercial airflow. The fourth fracture network pattern has little effect on reservoir control and storage. The study of natural fractures in tight sandstone reservoirs is usually based on a single-scale perspective. Understanding the development characteristics of multi-scale fractures and their controlling effects on the reservoir helps to comprehensively understand the spatial configuration relationship of multi-scale fracture network structure patterns and promotes the development of multi-scale fractures in tight reservoir research.
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1 INTRODUCTION
Tight sandstone gas has become one of the essential fields for global unconventional natural gas exploration and development (Farouk et al., 2024). According to statistics from the Federal Geological Survey of the United States, approximately 70 tight gas basins have been discovered or speculated to develop globally, with tight gas resources of approximately 310 × 1012m3-510 × 1012m3 (German et al., 2023; Jia et al., 2012). As of the end of 2023, the cumulative proven reserves of the Upper Paleozoic in the Qingshimao area were 1,459 × 108 m3, demonstrating good exploration prospects (He et al., 2021). The preliminary exploration results have confirmed that natural fractures are the key factor for obtaining high gas flow in the tight sandstone reservoir (Balsamo et al., 2023; Vásquez Serrano et al., 2024).
Natural fractures are not only effective storage spaces for tight sandstone reservoirs, but also essential seepage channels (Ortega et al., 2006; Gale et al., 2007; Gale et al., 2014; Gong et al., 2021b; Gong et al., 2023a; Zeng et al., 2024). Numerous studies by scholars have shown that the development of natural fractures exhibits multi-scale distribution characteristics (Guerriero et al., 2011; Micheal et al., 2021; Sweeney M R, 2023). They can quantitatively characterize fracture parameters at different scales based on observation methods or data such as nano CT, scanning electron microscopy, microscopic thin sections, core observation, logging interpretation, field outcrops, and drone photography (Loza Espejel et al., 2020; Birkholzer et al., 2021). The parameter characterization of fractures of different scales can span multiple orders of magnitude, and scholars have also studied different scales of fractures based on their own research purposes (Ortega et al., 2006; Strijker et al., 2012). The multi-scale natural fracture system not only communicates various pores and enhances the reservoir’s permeability, but also is a key factor affecting the high production of tight sandstone reservoirs (Gong L. et al., 2019; Birkholzer et al., 2021; Nwabia and Leung, 2021; Sweeney et al., 2023). Fractures of different scales have different lengths and openings, resulting in varying degrees of connectivity and significant differences in their contributions to tight sandstone reservoirs (Bertrand et al., 2015; Laubach et al., 2018; Prabhakaran et al., 2021). The configuration combination and spatial distribution pattern of fractures of different scales are the key to determining whether an effective continuous reservoir can be formed (Fu J. H. et al., 2022; Fu X. F. et al., 2022; Sweeney M R, 2023). The degree of development, porosity, and permeability of fractures at different scales vary to some extent, but they have a positive effect on productivity (Watkins et al., 2018; Aubert et al., 2021; Cao et al., 2024). In other words, there is a positive correlation between the development degree of the multi-scale natural fractures and production capacity. The higher the development degree of the multi-scale natural fractures, the higher the production capacity of the oil and gas wells (Bagni et al., 2020; Fu et al., 2023; Zeng et al., 2023).
However, with the deepening of exploration and development of tight sandstone gas reservoirs, the contradiction between the fracture development degree and natural gas production capacity has become increasingly prominent, that is, there may not necessarily be a positive correlation between the fracture intensity and production capacity (Gong Lei. et al., 2019). Part of the reason for this contradiction is that there are scale differences in the sources of obtaining fracture strength data, resulting in poor comparability of fracture strength across different wells. At the same time, the differences in connectivity and contribution to reservoir properties of fractures of different scales were also ignored, exposing the problem of unclear understanding of the development characteristics and spatial configuration patterns of multi-scale fractures in tight sandstone reservoirs (Zeng et al., 2022). The fracture development degree is not the only factor determining the high and stable production of a single well. Previous studies on multi-scale fractures have been limited, and currently only targeted research has been conducted on fractures of a certain scale, lacking evaluation of the development characteristics of fractures at multiple scales. (Watkins et al., 2015; Casini et al., 2016; Fernández-Ibáñez et al., 2018; Prabhakaran et al., 2021). Meanwhile, the role of multi-scale fracture development characteristics in reservoir control and storage also needs to be studied. As a typical tight sandstone gas development area in China, the Qingshi Mao gas field also faces such problems.
Therefore, taking the Upper Paleozoic tight sandstone reservoir of the Qingshimao gas field in Ordos Basin as an example, we quantitatively characterized the genesis types and distribution characteristics of multi-scale fractures, clarified the distribution mode of multi-scale fractures and their contributions to the reservoir, established the fracture network pattern of the Qingshimao gas field, and discussed the fracture development characteristics of each fracture network pattern and their controlling effect on gas accumulation.
2 GEOLOGICAL SETTING
The Qingshimao gas field is located in the western part of the Ordos Basin in China (Figure 1A). Structurally, it is situated on the southern wing of the central uplift of the Tianhuan Depression in the Ordos Basin and is in contact with the Majiatan Fault on the west side (Figure 1B). The Majiatan Fault is mainly characterized by a Y-shaped reverse thrust and detachment, exhibiting an overall SN-oriented asymmetric syncline shape with obvious north-south segmentation and east-west zoning (Guo et al., 2020). The overall structural morphology of the research area is high in the north and low in the south, with a northwest-southeast trending nose-shaped uplift. Three northwest southeast trending faults are developed on the nose uplift belt, and nearly north-south trending secondary faults are developed in the south and east (Yin et al., 2022) (Figure 1C).
[image: Figure 1]FIGURE 1 | Location, structural outline, and stratigraphic overview of the Qingshimao gas field. (A) The location of the Ordos Basin. (B) The location of the Qingshimao gas field. (C) Overview of the Structure of Qingshimao Gas Field (D) Overview of the Strata of Qingshimao Gas Field.
The strata in the Qingshimao area are tight sandstone reservoirs, with the Carboniferous Benxi Formation, Permian Taiyuan Formation, Shanxi Formation, Lower Shihezi Formation, Upper Shihezi Formation, and Shiqianfeng Formation developed from bottom to top (Figure 1D). The internal sedimentation is continuous, all of which are integrated contacts, mainly composed of transitional facies between sea and land and inland lake basin sedimentation. The main gas-bearing intervals are the He 8 section of the Permian Shihezi Formation, the Shan 1 and Shan 2 sections of the Shanxi Formation, and the Taiyuan Formation. The thickness of the Upper Paleozoic strata is relatively stable in this area, with a total sedimentary rock thickness of about 700 m and minimal planar variation (Jiang et al., 2023). Its lithology is mainly composed of tight sandstone, with the main rock types being siltstone, fine sandstone, quartz sandstone, and interbedded mud and sand. The Taiyuan and Shanxi formations of the Permian are mainly sedimentary coal-bearing strata, the main source rocks of the Upper Paleozoic. The physical properties of the reservoir in the typical well of tight sandstone in the Qingshimao gas field are different, with porosity distribution ranging from 5% to 11%, with an average of 7.9%. The permeability distribution is between 0.1 and 4.2mD, with an average of 0.36mD. The differences in the physical properties of sandstone reservoirs may be related to the quartz content and cement types in different regions, with higher quartz content areas having better reservoir properties (Wang et al., 2022; Su et al., 2023).
3 METHOD
3.1 Materials and samples
We use image logs data from 36 wells to identify natural fractures and quantitatively characterize parameters such as fracture occurrence (strikes and dip angles), density, and aperture. We observed and described 210 m core samples from 5 wells in the Qingshimao gas field (Figure 1C). We measured parameters such as the type, mechanical properties, dip angle, height, aperture, and filling degree of 1,320 fractures. At the same time, we selected characteristic wells from the distance of the fault and integrated their gas and water production data to analyze the reservoir control effect in the study area. The Zeiss Axio Image Z1 polarizing microscope was used to statistically analyze the fracture parameters (fracture type, filling degree, aperture, length) of 40 cast thin sections. According to the method proposed by Zeng et al. (2010), the aperture of fractures under formation-confining pressure conditions was corrected, and the porosity and permeability of fractures of different scales were calculated using the Monte Carlo method.
3.2 Characterization of fracture connectivity
Sanderson et al. (2018) proposed a topological representation method for fracture network patterns, which provides convenience for characterizing fracture connectivity. They divided the types of fracture nodes into isolated nodes (Type I), adjacent nodes (Type Y), and intersecting nodes (Type X), indicating that the degree of fracture connectivity has gradually improved. At the same time, they used the ratio of the number of branches to the number of fractures (NB/NL) and the number of nodes occupied by each fracture (CL) to characterize the connectivity of fractures (Balberg and Binenbaum, 1983; Berkowitz, 1995; Manzocchi, 2002; Sanderson and Nixon, 2015). A large number of real fracture network pattern statistics and numerical simulations confirm that the NB/NL values are distributed between 2–10, and the larger the NB/NL value, the better the connectivity. When CL < 2, it indicates that the fracture network is not connected. When CL > 3.57, the fracture network reaches a percolation state (Balberg et al., 1984; Nixon et al., 2012). Attila Petrik et al. (2023) improved and optimized the characterization of fracture connectivity based on the Sanderson topology using high-resolution image logs technology (Petrik et al., 2023). However, this method must be based on a definite fracture network graph. Since our study area can directly observe very few intersecting fractures on core and image logs, it is difficult to observe adjacent nodes (Y-shaped nodes) and intersecting nodes (X-shaped nodes). It is difficult for us to directly use Sanderson and Attila Petrik’s methods to quantitatively characterize the connectivity of fractures in the study area. Ghosh and Mitra. (2009) and Gong et al., 2023a studied the factors affecting fracture connectivity and pointed out that fracture density, fracture orientation and sets, and fracture length are the main factors affecting fracture connectivity (Ghosh and Mitra, 2009; Gong et al., 2023a). We are inspired by this and propose a fracture connectivity prediction method based on considering these influencing factors. Firstly, the Monte Carlo random simulation method is used to create a fracture pattern with the actual fracture density, sets and orientation, fracture length, and other parameters in the study area as constraints. Then, Sanderson’s method is used for connectivity characterization. The connectivity of the fractures in the study area can be equivalently calculated through dozens of simulations and characterisations.
4 RESULTS
Based on the identification methods and scale of natural fractures, as well as the arrangement relationship between fractures and mechanical layers, natural fractures in tight sandstone in the study area can be divided into three types: large-scale fractures, small-scale fractures and micro-scale fractures. Large-scale fractures are manifested as throughgoing fractures and small faults, which generally cut through multiple rock mechanical units. Some small faults can cut through mudstone interbeds or throughgoings. Small-scale fractures are mainly manifested as bed-confined fractures (including intraformational fractures), which develop within a single rock mechanical layer and are mainly controlled by beddings and lithological interfaces. Micro-scale fractures are smaller in scale, generally less than 50 μm in aperture, and can only be identified under microscope.
4.1 Large-scale fractures
Three types of fractures, conductive, resistive and induced, were identified on image logs. Conductive fractures are characterized by dark sinusoidal curves, generally open fractures that are not filled with minerals. Resistive fractures are characterized by bright sinusoidal curves, typically natural fractures filled with calcite or quartz (Figures 2A,B). Induced fractures are usually caused by drilling tool disturbance or stress release, indicating the direction of the current maximum principal stress at present and thus indirectly used to evaluate the effectiveness of the fracture. Large-scale fractures exhibit dark (or bright) sinusoidal curves at medium to high dip-angles in image logs and have continuous and good penetrability (Figures 3A,B), with some showing apparent bedding plane displacement or small displacement on both sides of the fracture surface. On the core, it exhibits high dip-angle throughgoing fractures that cut through multiple rock mechanical layers (interfaces) (Figures 3C,D).
[image: Figure 2]FIGURE 2 | Types of image logs fractures in the study area. (A) The characteristics of high conductivity fractures and small faults were identified by image logs. (B) High resistance fracture characteristics identified by image logs.
[image: Figure 3]FIGURE 3 | Characteristics of multi-scale fractures. (A) and (B) Throughgoing fractures in image logs; (C) and (D) Throughgoing fractures in cores; (E) and (F) Bed-confined fractures in cores; (G) Grain-edge fractures in thin section; (H) Intragranular fractures in thin section; (I) Intergranular fractures in thin section.
The tight sandstone reservoir in the Qingshimao gas field mainly develops four sets of fractures: northeast-southwest, northwest-southeast, nearly north-south, and nearly east-west. Most of the wells mainly comprise two sets of fractures: northeast-southwest and nearly north-south. Some wells exhibit a single orientation, but the wells near the fault are greatly affected by the structure. The fracture orientation is relatively complex, with three to four sets of fractures developed. The inclination angle of large-scale fractures is mainly medium to high dip-angle, mainly distributed at 60°–90°, accounting for more than 85%, while a small number of low dip-angle fractures are developed (Figure 4). High conductivity fractures account for about 92% of the image logs fractures in large-scale fractures, and their effectiveness is good. Consistent with the observation results of the core. The density of fracture lines is distributed between 0.3–0.6 lines/m, with an average of 0.47 lines/m, and there are differences in fracture density among different wells. The aperture of large-scale fractures is mainly distributed between 55–180° μm. The average is 108 μm. According to the Monte Carlo method, the porosity and permeability of fractures were calculated, and it was found that the porosity of large-scale fractures is relatively low, mainly distributed in the range of 0.07%–0.15%, with an average of 0.10%. Its permeability is relatively high, with a main distribution range of 8-10mD and an average of 9.2mD.
[image: Figure 4]FIGURE 4 | Rose plot and dip distribution of natural fractures in the study area. (A) Rose diagram of natural fracture direction. (B) Distribution map of natural fracture inclination angle.
A planar fracture connectivity network model was established based on the constraints of the fracture group and orientation, fracture scale, and fracture density mentioned above. Sanderson’s fracture connectivity characterization method is used to characterize natural fractures in the tight sandstone reservoir of the Qingshimao gas field under this mode. Twenty simulations were conducted on large-scale fractures, and the simulation results showed that the proportion of isolated type nodes (Type I nodes) in the study area ranged from 34.6% to 47.2%, with an average of 40.9%; The proportion of adjacent nodes (Y-shaped nodes) is distributed between 3.5% and 18.4%, with an average of 10.3%; The proportion of intersecting nodes (X-shaped nodes) is distributed between 45.6% and 54.4%, with an average of 48.6%. The number of nodes (CL) for each fracture is mainly distributed between 3.35–5.84, with an average of 5.18, and the majority of them are greater than 3.27. In the IYX triangle diagram, the simulation results are generally located in the fracture seepage zone, with a small portion located in the critical seepage zone.
4.2 Small-scale fractures
Small-scale fractures in tight sandstone reservoirs in the Qingshimao area are manifested on the core as intraformational fractures developed within the rock mechanics layer and bed-confined fractures terminated at the rock mechanics interface at the end. The intraformational fractures within the layer are characterized by no contact between the two ends and the interface of the rock mechanics layer. The fracture size is small, the height is smaller than the thickness of the developed rock mechanics layer, and the fracture aperture is smaller. Bed-confined fractures are limited by the interface between the rock mechanics layers on both sides, with one or both ends terminating at the rock mechanics layer interface. The fracture height is less than or equal to the thickness of the developed rock mechanics layer, the fracture surface is rough, the aperture is greater than the aperture of the intraformational fracture, the fracture inclination is large, and it is distributed nearly perpendicular to the rock mechanics interface. The fracture distribution is regular, and the spacing is good (Figures 2E,F).
The inclination angle of small-scale fractures in the tight sandstone reservoir of the Qingshimao gas field is mainly high dip-angle, mainly distributed at 80°–90°. The height of fractures is mainly distributed between 5 and 25cm, with an average of 19.2 cm. The filling degree of small-scale fractures is very low, with 10.47% fully filled, 1.16% partially filled, 88.37% unfilled, and 89.53% effective fractures. The effectiveness of fractures is good, and the filling minerals are mainly calcite, quartz, and mud (Figure 5). The linear density of small-scale fractures is mainly distributed between 0.52–2.07/m, with an average of 1.04/m. The degree of fracture development varies among different wells and regions. The aperture of small-scale fractures is mainly distributed between 80–100° μm. The average is 85 μm. The porosity of fractures is mainly distributed between 0.17% and 0.23%, with an average of 0.20%. The permeability of fractures is mainly distributed between 2-8mD, with an average of 3.6mD.
[image: Figure 5]FIGURE 5 | Various parameters of small-scale fractures. (A) Distribution map of dip angle of bed-confined fractures. (B) Distribution map of fracture filling degree. (C) Fill with minerals.
Due to the core’s unoriented nature, we cannot obtain the orientation information of small-scale fractures. Since the study area is mainly composed of structural fractures, small-scale and large-scale fractures have the same composition and orientation. Therefore, we used the composition and orientation of large-scale fractures determined by image logs and the density, scale, and composition of small-scale fractures on the core to constrain their connectivity and conducted 20 simulations of their fracture connectivity. The simulation results show that the proportion of isolated small-scale fracture nodes (Type I nodes) in the study area is distributed between 47.5%–60.1%, with an average of 53.6%; The proportion of adjacent nodes (Y-shaped nodes) is distributed between 4.2% and 19.3%, with an average of 12.5%; The proportion of intersecting nodes (X-shaped nodes) is distributed between 31.8% and 45.6%, with an average of 33.9%. The number of nodes (Cl) for each fracture ranges from 2.85 to 3.74, with an average of 3.22. In the IYX triangle diagram, the simulation results are generally located in the critical seepage area of the fracture, with a small portion located in the seepage area of the fracture (Figure 6).
[image: Figure 6]FIGURE 6 | Characterization of fracture connectivity at different scales. (A) Simulation of multi-scale fracture connectivity. (B) Large-scale fracture connectivity simulation (C) Small-scale fracture connectivity simulation (D) Micro-scale fracture connectivity simulation (E) Multi-scale fracture connectivity triangle diagram.
4.3 Micro-scale fractures
According to the particle relationship between micro-fractures and minerals, they can be divided into intragranular fractures, grain edge fractures, and intergranular fractures (Figures 2G–I). According to the observation and statistics of micro-fractures in 40 casting thin sections, the micro-fractures in the Qingshimao gas field are mainly manifested as intergranular fractures on the thin sections and its content accounts for about 90%, with a relatively small proportion of intragranular fractures and grain-edge fractures and the content of both accounts for about 10%. The intergranular fracture usually cuts through multiple mineral particles, with a large aperture and long extension, partially penetrating the entire thin film development, mainly playing a role in communicating the pores between particles and within particles. Intragranular fractures are manifested as quartz fractures or feldspar cleavage fractures, usually distributed inside mineral particles without cutting through the edges of the particles, and their aperture is relatively small; The grain-edge fractures are distributed along the edges of mineral particles, with a smaller aperture.
The filling degree of micro-scale fractures in the tight sandstone reservoir of the Qingshimao gas field is relatively low, with full filling accounting for 16%, semi-filling accounting for 32%, unfilled accounting for 52%, and effective fractures accounting for 84%. The effectiveness of fractures is good, and the minerals used for fracture filling are calcite, quartz, and mud. The development degree of micro-scale fractures is high, and the density of fracture surfaces is mainly distributed between 1 and 6.8 m/m2, with an average of 4.2 m/m2. The aperture of micro-fractures is mainly distributed between 10 and 75 μm. Its peak value is 128 μm. The average is 48.6 μm. The aperture of unfilled fractures is mainly distributed between 8–145° μm. Its peak value is 143 μm. The average is 42.2 μm. The porosity of micro-fractures is mainly distributed between 0.1% −0.6%, with an average of 0.48%. The permeability of micro-fractures is mainly distributed between 0.01 and 0.1mD, with an average of 0.08mD (Figure 7).
[image: Figure 7]FIGURE 7 | Distribution of various parameters of micro-scale fractures. (A) Distribution of micro-scale unfilled fracture aperture. (B) Distribution of micro-scale surface fracture density. (C) Distribution of micro-scale fracture porosity. (D) Permeability distribution of micro-scale fractures.
Due to the core’s unoriented nature, we cannot obtain information on the orientation of micro-scale fractures. Since that the study area is mainly composed of structural fractures, micro-scale and large-scale fractures have the same composition and orientation. Therefore, we used the composition and orientation of small-scale and large-scale fractures determined by image logs and the length, density, and composition of micro-scale fractures on thin sections, to constrain their connectivity, and conducted 20 simulations. The simulation results show that the proportion of isolated micro-scale fracture nodes (Type I nodes) in the study area is distributed between 55.6%–68.2%, with an average of 62.8%; The proportion of adjacent nodes (Y-shaped nodes) is distributed between 3.2% and 19.6%, with an average of 12.8%; The proportion of intersecting nodes (X-shaped nodes) is distributed between 19.2% and 35.6%, with an average of 24.4%. The number of nodes (CL) for each fracture ranges from 1.82 to 3.06, with an average of 2.52. In the IYX triangle diagram, the simulation results are generally located in the critical seepage area of the fracture, with a small portion located in the area of poor fracture connection and poor fracture connectivity (Figure 6).
5 DISCUSSION
5.1 The control effect of multi-scale fractures on reservoirs
Scholars have found through reports on the characterization of fractures at different scales that there are regular variations in fracture parameters, such as fracture size, fracture effectiveness, fracture density, fracture aperture, porosity, permeability, and connectivity (Ortega et al., 2006; Guerriero et al., 2010; Guerriero et al., 2011; Strijker et al., 2012; Ghanizadeh et al., 2015). From micro-scale to small-scale to large-scale fractures, their fracture apertures are significantly different, showing an overall upward trend, distributed between 10–180° μm. However, the density and size of fractures at different scales exhibit opposite patterns. There are certain differences in the effectiveness of fractures of different scales, but this difference seems to have a certain pattern: Micro-scale fractures have the worst effectiveness, while large-scale fractures have the best effectiveness. The reason for this difference may be that, from a microscopic perspective, the aperture of micro-scale fractures is smaller and more easily filled by minerals. On the other hand, from a macro perspective, some large-scale filled fractures may not be easily identified and may also create an illusion of good effectiveness. The Monte Carlo method is used to calculate the porosity and permeability of multi-scale fractures, and there is a negative correlation between porosity and scale size. The order from large to small is micro-scale, small-scale, and large-scale. The magnitude of permeability at different scales shows an opposite pattern to porosity; that is, the larger the scale of the fracture, the greater the permeability. From the perspective of fracture connectivity, there is a positive correlation between fracture connectivity and fracture scale, with large-scale fractures having the best connectivity and micro-scale fractures having the worst connectivity. This difference is because the fracture scale, density, and orientation of different scale fractures are different, which affects the degree of fracture connectivity (Figure 8). This is consistent with Ortega et al. (2006) recognition that the impact of fracture scale effects on fracture parameters (fracture density, aperture) needs to be considered when calculating fracture parameters (Ortega et al., 2006).
[image: Figure 8]FIGURE 8 | Distribution of fracture parameters at different scales. (A)Distribution of fracture effectiveness at different scales (B)Distribution of fracture density at different scales (C)Distribution of fracture aperture at different scales (D)Distribution of fracture porosity at different scales (E)Distribution of fracture permeability at different scales (F)Distribution of fracture connectivity at different scales.
Multiscale fractures are important storage spaces, and production practice has shown that natural fractures of different scales have significantly different effects on tight and low-permeability reservoirs and on oil and gas. Large scale fractures usually affect the preservation of oil and gas, while small and medium-sized fractures control the permeability system of tight reservoirs. Microscale fractures mainly play a storage role (Strijker et al., 2012; Lyu et al., 2019). Therefore, we compared the contribution rates of porosity and permeability in the multi-scale fracture system of the Qingshimao gas field, as well as the porosity and permeability in the matrix. Here, we established the relationship between multi-scale fracture porosity and permeability by analyzing the relevant parameters of matrix porosity and permeability, as well as the density distribution of multi-scale fractures (Figure 9). It can be seen that the contribution of matrix and fractures of different scales to the porosity and permeability of the reservoir is different. The contribution to porosity in descending order is matrix, micro-scale fractures, small-scale fractures, and large-scale fractures. The contribution rate of matrix porosity is 85%–95%, with an average of 88.6%; The contribution rate of micro-scale fracture porosity is 5%–11%, with an average of 7.4%; The contribution rate of small-scale fracture porosity is 0%–4%, with an average of 2.8%; The contribution rate of large-scale fracture porosity is 0%–2%, with an average of 1.2%. From the perspective of the contribution of permeability, its contribution in descending order is large-scale fractures, small-scale fractures, matrix, and micro-scale fractures. The contribution of permeability provided by the matrix is 5%–17%, with an average of 10%; Micro-scale fractures do not contribute significantly to reservoir permeability, averaging 3.2%, but they provide good porosity and can effectively communicate between intergranular and intragranular pores; The contribution of permeability of small-scale and large-scale fractures is 5–100 times that of matrix permeability. Small-scale fractures contribute 16%–43% to reservoir permeability, with an average of 24.4%. Due to the influence of layer control, they can provide important seepage channels and storage space for the tight sandstone reservoir in the Qingshimao gas field. Large-scale fractures have a significant contribution to reservoir permeability, mainly distributed in the range of 56%–70%, with an average of 62.4%. Due to the influence of throughgoing penetration, they have good connectivity and damage the reservoir, which can greatly improve the permeability and permeability of the reservoir (Figure 10).
[image: Figure 9]FIGURE 9 | Relationship between fracture porosity and permeability.
[image: Figure 10]FIGURE 10 | Shows the contribution rate of multi-scale fractures to the reservoir. (A) Multi-scale fracture porosity contribution rate. (B) Contribution of multi-scale fracture permeability.
Debenham et al. (2019) described and discussed the spatial distribution of porosity and permeability of microscale fractures in tight sandstone reservoirs and determined that micro-scale fracture changes can effectively improve reservoir permeability (Debenham et al., 2019). Hennings et al. (2012) determined through the analysis of the contribution of large-scale fractures to reservoirs and their control over reservoir performance that large-scale fractures can significantly improve reservoir properties and enhance reservoir performance (Hennings et al., 2012). Although they have made significant contributions to the study of the effect of fractures on reservoirs, there needs to be more research on the effect of multi-scale fractures on reservoirs. Therefore, we systematically evaluated and discussed the contribution and control of multi-scale fractures on reservoirs in the study area by considering the changes in the distribution patterns of different parameters of multi-scale fractures. We determined that different scale fractures have different control effects on the reservoir. Namely, micro-scale fractures can effectively communicate intergranular and intragranular pores, small-scale fractures can provide important seepage channels and reservoir space, and large-scale fractures can damage the reservoir. However, they can greatly improve the permeability and seepage capacity of the reservoir.
5.2 The impact of multi-scale fracture development on the productivity of oil and gas wells
The porosity and permeability of tight sandstone reservoirs are relatively low, and fractures of different scales form a well-connected continuous network in space, which can serve as effective seepage channels and provide certain storage space for tight sandstone reservoirs. A well-connected network is a key factor for the formation of high-quality contiguous reservoirs and the achievement of high and stable production in tight sandstone reservoirs (Sanderson et al., 2018; Braathen et al., 2020; Lucca et al., 2020; Mercuri et al., 2020; Rabbel et al., 2021). Due to the different fracture sizes and connectivity of different scale configurations in different blocks of the Qingshimao area, the effectiveness and connectivity of fractures, as well as the contribution of fractures to reservoirs under different network structure modes are affected. Therefore, based on the quantitative characterization of multi-scale fractures in the tight sandstone reservoir in the Qingshimao area, we considered factors such as the fracture group and orientation, the size of the fracture scale, and the density of fractures. Based on the spatial combination patterns of fractures of different scales, we divided the study area into network structure patterns. Four types of seam network structures have been established: multi-scale fracture network with high density and multi multi-orientations, multi-scale fracture network with moderate-high density and dual orientations, small-scale fracture network with moderate density and dual orientations, small-scale fracture network with low density and single orientation (Figure 11).
[image: Figure 11]FIGURE 11 | Structural pattern division of multi-scale fracture network.
The structural pattern of the first type of fracture network is located at the end and overlapping area of the fault. It has a multi-scale fracture network system with high fracture density, multiple orientations (mainly developing three to four fracture orientations), strong connectivity, and greatly improves the physical properties of the tight reservoir. It can form a large area of continuous, high-quality reservoirs. According to the distance relationship diagram between water and gas production and the fault (Figure 12), in this mode, the water production of a single well is high, and the gas production is low. This situation may be due to the large-scale fractures (throughgoing fractures and small faults) developed in this type of fracture network, which are prone to vertical connectivity, thereby damaging the integrity of the cap rock and causing natural gas leakage or upward layers-system adjustment. The fractures formed by it have played a destructive role in controlling storage and reservoirs.
[image: Figure 12]FIGURE 12 | The relationship between gas production, water production, and distance from faults under four types of fracture network structure modes.
The second type of fracture network structure pattern is located 0.5km–1.3 km near the fault, mainly developing two sets of fractures, with multi-scale throughgoing fractures as the main type. The degree of fracture development is high, and the connectivity is good, effectively improving the tight reservoir’s physical properties and horizontal continuity. It can form a high-quality reservoir with regional continuity. The gas and water production relationship diagram shows that this mode has high gas and water production, making it the mode with the highest single well production and a favorable area for natural gas enrichment. This phenomenon may be because the fracture density is relatively high and the connectivity is relatively good in this mode, which can effectively improve the reservoir. However, it does not cause damage to the reservoir and is conducive to the enrichment of natural gas. The fractures formed in this mode are key in controlling reservoir and reservoir.
The third type of fracture network structure pattern is located within the range of 1.3–2.3 km from the fault. It mainly develops two sets of fractures, mainly small and medium-sized bed-confined fractures and partially throughgoing fractures. The fracture density and connectivity are moderate, which can obtain a certain production capacity. Fracturing is needed to improve the reservoir effectively. Its gas and water production are relatively low and cannot form a continuous high-quality reservoir. The fractures formed in this pattern play an adjusting role in controlling the reservoir.
The fourth type of fracture network structure mode is located in the parent rock area with high mud content > 2.3 km away from the fault. The orientation of the fractures is single, mainly consisting of small-scale bed-confined and micro-scale fractures. The fracture density is low, the connectivity is poor, and it cannot form a reservoir. Its role in controlling the tight sandstone reservoir in the Qingshimao area is insignificant. Therefore, the Qingshimao area is greatly influenced by different fracture network structural patterns, and the differences between these patterns play an important role in the distribution of gas and water, which is one of the important reasons for the complexity of gas and water in the Qingshimao area.
Prabhakaran et al. (2021) studied the network structure pattern of reservoirs using large-scale fractures, emphasizing the inherent changes in the natural fracture network structure pattern. The results showed that the changes in the fracture network structure pattern cannot only consider the influence of a single factor (Prabhakaran et al., 2021). Ghosh and Mitra. (2009) considered the influence of fracture set and orientation, fracture density in their study of fracture connectivity and spatial configuration relationships. They concluded that multiple fracture systems and high density have a significant impact on connectivity (Ghosh and Mitra, 2009). Although scholars’ research results have played an important role in fracture connectivity and network spatial structure patterns, there is still a lack of research on multi-scale and multi-factor aspects. Therefore, we propose a multi-scale fracture network structure pattern prediction method that considers multiple factors. By comprehensively discussing the spatial configuration relationship of multi-scale fractures in tight sandstone reservoirs, taking into account multiple factors such as fracture set and orientation, fracture scale, fracture density, fracture length, etc. and the control effect of fractures on the reservoir, we have determined the development patterns of fractures under different network structure patterns.
Understanding the spatial configuration relationship of fractures and their control over reservoirs can help determine the impact of fractures on reservoirs and the development of fractures under this network pattern. If one wants to understand the spatial configuration relationship of fractures and their control over reservoirs, it is necessary to classify the scale of fractures and clarify the development characteristics of fractures at different scales rather than analyzing and discussing fractures at a single scale. When studying the spatial configuration relationship of fractures, it is necessary to consider multiple factors, including the fracture set and orientation of fractures, fracture scale, fracture density, fracture length, etc., rather than just considering the influence of one factor. This multi-scale and multi-factor consideration method helps to infer how fracture density, fracture connectivity, and fracture scale control reservoirs and helps to understand better and promote the development of multi-scale fracture network structure patterns in spatial configuration relationships.
6 CONCLUSION

1. A multi-scale fracture system is developed in the tight sandstone reservoir of the Qingshimao gas field in the Ordos Basin. The related parameters of micro, small, and large-scale fractures differ, but there are regular changes. Micro-scale fractures have high density, high porosity (0.1%–0.6%), and low permeability (0.01–0.1mD), it has the function of communicating matrix pores and reservoir space. Small-scale fractures are moderate compared to micro and large-scale fractures and are important flow channels for tight sandstone reservoirs in the study area. Large-scale fractures have a large length and aperture, good connectivity, and can provide important permeability (8-10mD) for tight reservoirs. However, the fracture density is relatively low, and the porosity provided for the reservoir is limited (0.07%–0.15%).
2. Based on the development characteristics of different types of fractures in the Qingshimao area, four types of fracture network structural models have been established. Different fracture network structures have different impacts on the production capacity of the Qingshimao gas field. Multi-scale fracture network with high density and multi-orientations can damage the integrity of the cover layer, causing natural gas leakage or adjustment to the upper layer system. Multi-scale fracture network with moderate-high density and dual orientations can effectively improve the physical properties and lateral continuity of tight reservoirs, making it a favorable area for natural gas enrichment. Small-scale fracture network with moderate density and dual orientations can achieve certain production capacity, but it requires the use of hydraulic fracturing to obtain commercial airflow. Small-scale fracture network with low density and single orientation cannot form a reservoir, and it has little effect on the control of tight sandstone reservoirs in the Qingshimao area.
3. The research results of this work are of great significance for future studies on the development characteristics and quantitative evaluation of multi-scale fractures. At the same time, they provide insights into the control and storage effects of multi-scale fractures and the development of multi-scale fracture network structural patterns in spatial configuration relationships. Increasing oil and gas development capacity has become crucial in the current context of energy transition. It is necessary to focus on this aspect of development not only in conventional oil and gas extraction, but also in the exploration and development of unconventional oil and gas and hydrocarbons.
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