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Natural fractures are ubiquitous in rocks. The Coulomb law of Mohr’s failure theory predicts that the angle between conjugate failure surfaces is a constant. In the Ordos Basin, observing the development of two groups of conjugate fractures in the field, cores and imaging logging is very difficult. In this paper, the directions of paleocurrents in the Upper Triassic Yanchang Formation of the Ordos Basin are determined by measuring the orientations of field bedding. Through the correlation analysis of paleocurrent and natural fracture orientations, when the sediment comes from a single source, a group of fractures with a large angle between conjugate fractures and the paleocurrent direction is found not to develop. When the sediments in the study area have two provenances, both provenance directions affect the development of conjugate fractures. In the southern Ordos Basin, influenced by the direction of paleocurrent flow in the near-north direction, fractures in the near N‒S direction develop. Through rock mechanics experiments in different directions, the planar anisotropy in rock mechanics parameters caused by the direction of paleocurrent flow is found to be the geological factor leading to various degrees of fracture development in different directions within the Ordos Basin.
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1 INTRODUCTION
The occurrence of fractures plays a decisive role in quantifying the anisotropy of fractured reservoirs. The orientation of fractures is indicative for determining the migration and accumulation of oil and gas in different geological periods and is a prerequisite for accurately predicting the current fracture opening pressure, effective opening, permeability and other parameters (Zeng et al., 2008a; Liu et al., 2021; Li et al., 2022). The Coulomb law of Mohr’s failure theory predicts that the angle between conjugate failure planes is a constant, which is independent of the magnitude of the stress difference in rock failure, and that the maximum principal stress divides the angle equally (Muehlberger, 1961; Palchik, 2006; Li et al., 2019,2022; Chai and Yin, 2021; Wood, 2022). Experimental results show that the angle actually decreases with decreasing confining pressure (Muehlberger, 1961). A single group of fractures may have similar properties (types, mineral fillers, etc.) and specific direction range. Natural fractures are ubiquitous in rocks. Because of sedimentary changes, differential diagenesis and uneven stress distribution in sandstone reservoirs, the degrees of fracture development for different formations are different (Nelson, 2001; Zeng et al., 2008a; Laubach et al., 2009; Liu et al., 2018; Gong et al., 2019; Liu et al., 2022b, c). The vertical anisotropy of rock also affects the propagation paths of fractures, which are terminated, penetrated or turned near structural planes (Hutchinson, 1996; Gudmundsson, 2006; Gudmundsson et al., 2010; Larsen et al., 2010; Liu et al., 2019). According to the published literature (Zeng et al., 2008b; Jiang et al., 2016; Lyu et al., 2016; Gong et al., 2019; Fan et al., 2020; Fan et al., 2022), observing conjugate fracture development in the Ordos Basin is very difficult, whether in the field, cores or imaging logging. However, in the margin of the basin, where the value of tectonic differential stress is large, tectonic stress may be the dominant factor controlling the directions and paths of fracture propagation, and conjugate fractures can be seen in the field (Zhao and Hou, 2017a).
The Ordos Basin is one of the main areas of low-permeability sandstone reservoirs and is a key region for the exploration and development of low-permeability reservoirs in China (Liu et al., 2005; Yao et al., 2013; Zou et al., 2013; Tao et al., 2016). In the Ordos Basin, due to the influences of sedimentation, diagenesis and tectonism, the heterogeneity of low-permeability reservoirs is strong, and natural fracture development is affected by lithology, thickness and rock mechanics parameters (Zhao et al., 2014; Ju et al., 2017). Natural fractures control the seepage systems of low-permeability reservoirs, thus affecting the deployment of low-permeability oilfield development plans and their development (Zeng et al., 2007; Zeng et al., 2008a; Zeng and Li, 2009; Ju et al., 2015; Zhao and Hou, 2017a; Liu et al., 2022a; Chen et al., 2022). Therefore, studying the orientations of natural fractures and the factors that influence fracture orientation is very important for the deployment of an injection-production well pattern, the direction of water seepage in the reservoir, and the formulation of a reasonable development plan. In this paper, we provide an example of how the planar anisotropy of rock mechanics caused by sedimentation (paleocurrent direction) leads to variable fracture development in different directions in the Ordos Basin. Controlled by the direction of the paleocurrent, the planar anisotropy of reservoir mechanical parameters shows the lowest compressive strength parallel to the direction of the paleocurrent, which is an important factor affecting the diverse degrees of fracture development in different directions.
2 GEOLOGICAL SETTINGS AND STRATIGRAPHY
The Upper Triassic Yanchang Formation in the Ordos Basin developed delta plains, delta fronts, semideep lakes and deep lake deposits (Liu and Yang, 2015). Controlled by sedimentary facies, the sand bodies are distributed in large areas on the plane. On the whole, the structural deformation of the reservoir in the basin is weak, the strata dips are gentle, and faults and folds have not developed (Figure 1). Outcrop observations around the basin indicate that the fractures in the Triassic and Jurassic strata are relatively developed. Therefore, although folds and faults are not present in the basin, the regional stress acting on the periphery of the basin has an impact on the interior of the basin, which is characterized by extensive regional fractures in the basin (Zeng et al., 2008a).
[image: Figure 1]FIGURE 1 | Distribution of the tectonic stress field and paleocurrents in the Ordos Basin. The paleocurrent directions in the Yanchang Formation are shown for the early and middle stages of sedimentation (Chang 4 to Chang 10 oil-bearing formations). The paleocurrent data were provided by Guo (2016), and the tectonic stress field data were provided by Xu et al. (2006). The blue dashed line is the direction of the maximum horizontal principal stress in the Himalayan period, and the green dashed line is the direction of the maximum horizontal principal stress in the Yanshanian period.
According to the sedimentary cycle and oil-bearing properties, the Yanchang Formation can be divided into 10 oil-bearing formations, named Chang 10 to Chang one from bottom to top. The strata in which low-permeability reservoirs have developed are mainly the Chang 4 to Chang 8 oil-bearing formations, with permeabilities less than 1×103 μm2 and porosities generally between 4% and 12%, and the rocks have fine grains and compact lithology (Guo, 2016). As the bottom stratum of the Triassic Yanchang Formation, the Chang 10 oil-bearing formation is generally composed of gray–white coarse sandstone, medium sandstone and fine sandstone, with gray–black mudstone. The Chang 9 oil-bearing formation is in the rapid subsidence period of the Ordos Basin. Large-scale lake transgression occurred in the basin. The lake basin is developed, and a set of gray–black mudstone, gray–black siltstone and gray–white fine sandstone are deposited. The Chang 8 oil-bearing formation is a set of interbedded gray–black mudstone, gray siltstone, fine sandstone and gray–white medium sandstone. The Chang 7 oil-bearing formation is mainly a set of dark mudstone deposits of semideep shallow lake facies. The Chang 6 oil-bearing formation is a set of interbedded deposits of gray–white siltstone, gray, gray–black mudstone and gray–white fine sandstone. The sedimentary Chang 4+5 oil-bearing formation in the Ordos Basin is a small-scale lake transgression event in the study area. Therefore, compared with the Triassic Chang 6 oil-bearing formation, the Triassic Chang 4+5 oil-bearing formation has more argillaceous content and higher mudstone and siltstone content. Fractures can not only be used as channels for oil and gas migration but also increase the permeability of reservoirs and the connectivity of pores, thus improving reservoir performance.
3 DATA AND METHODS
The orientation of natural fractures is mainly determined by field observations, core paleomagnetic orientation and imaging logging. A core paleomagnetism experiment was completed in the Paleomagnetism and Paleotectonic Reconstruction Laboratory, Institute of Geomechanics, Chinese Academy of Geological Sciences. The directions of paleocurrents are determined mainly by measuring the orientation of bedding, such as tabular cross-bedding, trough cross-bedding and wedge cross-bedding. Through detailed observations of field profiles around the Ordos Basin, the directions of paleocurrents in different areas can be restored.
To study the variations in the mechanical properties of rocks in different directions and their relationships with fracture development, uniaxial and triaxial rock mechanics tests were carried out on rocks in different directions. The confining pressures set in the rock mechanics experiment were 20 MPa, 30 MPa and 40 MPa. The rock mechanics experiment was completed with a WGE-600 universal testing machine in the Rock Mechanics Laboratory of Beijing University of Science and Technology. Rock samples were taken from low-permeability sandstone reservoirs of the Upper Triassic Yanchang Formation in the Ordos Basin. To ensure a sufficient number of samples, drilling samples were selected from fine sandstone sections with thicknesses over 20 cm (Zeng et al., 2008b). First, the relative coordinate system of the core was established. Samples were taken at 30-degree intervals parallel to the bedding plane, clockwise and counterclockwise from a certain marked direction. Samples in six directions were taken from each part from bottom to top. Three parallel samples were drilled on the same plane and processed into standard cylindrical samples of 25 mm×(45–60) mm (Zeng et al., 2008b). The number of samples in each position was 18. Finally, the direction of the marker line in the samples was determined by the paleomagnetic orientation of the core.
4 RESULTS AND DISCUSSION
A single joint group or orthogonal joint system is formed in a stable stress field. In the field, the time of formation can be judged by the mutual contact relationship of joints. According to the cross-cutting relationship of fractures, the four groups of fractures developed in the Ordos Basin mainly formed in two stages. In surface outcrops, cores and imaging logging, the E‒W- and NW‒SE-trending fractures can be seen to restrict the N‒S- and NE‒SW-trending fractures, and NE‒SW- and N‒S-trending fractures cut NW‒SE- and E‒W-trending fractures, reflecting the two main stages of formation for fractures in the Ordos Basin. The E‒W- and NW‒SE-trending fractures are a group of conjugate shear fractures that formed in the early stage, while the N‒S- and NE‒SW-trending fractures are a group of conjugate shear fractures that formed in the late stage. Combining this information with the paleostress distribution (Figure 1), the early fractures mainly formed under horizontal compressive stress in the WNW‒ESE direction, while the late fractures mainly formed under horizontal compressive stress in the NNE‒SSW direction. The directions of the above two stages of the tectonic stress field are identical to those of the Yanshanian and Himalayan stages (Figure 1), which indicates that the Late Jurassic and the Late Cretaceous-Paleogene were the main periods of fracture formation in the Ordos Basin, and the results are the same as those obtained from the analysis of inclusions in fracture fillings (Zhao et al., 2017b).
Field fracture observations show that the outcrops are dominated by high-angle fractures with an inclination greater than 75°, and 90% of the fractures have an inclination greater than 80°. The study of rock fracture mechanics shows that the dip angle of the fractures is closely related to the mechanical properties of the rock (Liu et al., 2021). Field observations show that the dip angle of the high-angle fractures in the tight sandstone decreases when continuing into the mudstone. As shown in Figure 2, the spacing distribution of natural fractures of the same scale is relatively uniform. The overall finding is that the fracture spacing increases with increasing fracture size. The fracture spacing is less than 1 m for fractures with an extension length of less than 2 m, 3–5 m for fractures with a length of 2–10 m, and 6–10 m for fractures with a length of more than 10 m. In the west central Ordos Basin, the orientations of fractures are mainly ENE‒WSW and near E‒W; NW‒SE-directed fractures did not develop in the Yanshanian period, N‒S (or NNE‒SSW)-directed fractures did not develop in the Himalayan period, and the direction of the paleocurrent was near ESE 100° (Figure 3, P1, P3, P4, and P5). In the southwestern Ordos Basin (Figure 3, P2, P6, P9, and P10), the same pattern is observed. In the southern Ordos Basin, due to a change in the paleocurrent direction, especially the development of a northward paleocurrent, the Himalayan fractures (Figure 3, P7, P8, P11, P12, and P13) developed in the N‒S direction. In the middle and eastern Ordos Basin, the directions of paleocurrents are mainly WSW 260° and SW 220°, and the directions of fractures are mainly E‒W and ENE‒WSW (Figure 3, P14 and P15). The SSE‒NNW-trending fractures did not develop in the Yanshanian period, and the N‒S-trending fractures did not develop in the Himalayan period. In the northeastern part of the Ordos Basin, the directions of the paleocurrents are SSW 190° and WSW 256°. Field fracture observations show that the orientations of fractures are mainly N‒S and E‒W (Figure 3, P16); in the Yanshanian period, SE-directed fractures did not develop, while in the Himalayan period, NE‒SW-directed fractures did not develop.
[image: Figure 2]FIGURE 2 | Structural fractures in the Yanchang Formation: photographs from the field. (A) Structural fractures are developed in sand–mud interbeds at Jiaxian, but fractures are basically not developed in the in the lower mudstone. (B) The shear fractures developed in mudstone at Suide have a small spacing and short extension distance. (C) The shear fractures developed in the sandstone at Xunyi have a large spacing and long extension distance. (D) This shear fracture developed in the dense sandstone at Dingbian is filled with calcite and has a width of 2.0 cm. See the locations in Figure 1.
[image: Figure 3]FIGURE 3 | Fracture strike rose diagrams for different areas. Green represents fractures in field statistics, red represents fractures determined by core paleomagnetism, and blue represents fractures in imaging logging statistics. P1-P16 are the locations of the fracture observation points, and C4-C8 are the different oil-bearing formations of the Yanchang Formation. C4+5 = Chang 4+5 oil-bearing formations; C6 = Chang 6 oil-bearing formation; C7 = Chang 7 oil-bearing formation; C8 = Chang 8 oil-bearing formation. See Figure 1 for the P1-P16 locations. Some imaging logging and paleomagnetic data in the western Ordos Basin were provided by Fan et al. (2016).
Field observations, core statistics and imaging logging statistics show that the fracture orientation is basically consistent with the direction of the paleocurrent, and the relationship between them is linear (Figure 4). In the P3 area, the paleocurrent direction is ESE 105°, and the uniaxial compressive strength of the rock is the lowest in the E‒W direction (Figure 5). The anisotropy in the uniaxial compressive strength of the rock leads to the nondevelopment of SE‒NW-directed fractures in the Yanshanian period and the nondevelopment of NNE‒SSW-directed fractures in both groups of fractures in the Himalayan period. In the P2, P8 and P10 areas, the direction of the paleocurrent is NE 40°, and the uniaxial compressive strength of the rock is the lowest in the NE‒SW direction, which results in a group of undeveloped conjugate fractures in the Yanshanian and Himalayan periods (Figure 6). Anisotropy in the rock mechanics parameter plane is caused by the distribution of bedding or grain orientations in the rock developed by the paleocurrent, which is the main factor that determines the different degrees of fracture development in different directions.
[image: Figure 4]FIGURE 4 | The relationship between the natural fracture strike and paleocurrent direction.
[image: Figure 5]FIGURE 5 | Uniaxial compressive strength of the rock in different directions for low-permeability sandstone in the P3 area (according to Tang et al., 2012).
[image: Figure 6]FIGURE 6 | Uniaxial compressive strength of the rock in different directions for low-permeability sandstone in the Longdong area (P2, P8, and P10) (according to Zeng et al., 2008b).
When the sediments in the study area come from a single source, a group of fractures with a small angle between the conjugate fracture and the source direction develops, while a group of fractures with a large angle between the conjugate fracture and the source direction does not develop (Figures 7A,B). The normal stress and shear stress curves of rocks under different confining pressures were fit, and the internal friction angle of tight sandstone in the study area is 40–45° (Liu et al., 2021). When there are two paleocurrent currents in the study area, both source directions affect the orientation of natural fractures. In the southern Ordos Basin, influenced by the direction of paleocurrent currents in the near N‒S direction, fractures in the near N‒S direction developed (Figures 8A,B). As the number of paleocurrent directions increases, the orientations of natural fractures become more complicated (Figure 8C).
[image: Figure 7]FIGURE 7 | (A) The relationship between the strike of natural fractures and the direction of the paleocurrent and paleostress field in the western central Ordos Basin; (B) the relationship between the strike of natural fractures and the direction of the paleocurrent and paleostress field in the southwestern Ordos Basin. The yellow arrow is the direction of the maximum horizontal principal stress in the Himalayan period, and the blue arrow is the direction of the maximum horizontal principal stress in the Yanshanian period; the light gray arrow is the main paleocurrent direction, and the dark gray arrow is the secondary paleocurrent direction.
[image: Figure 8]FIGURE 8 | (A) The relationship between the strike of natural fractures and the direction of the paleocurrent and paleostress field in the southern Ordos Basin; (B) the relationship between the direction of the paleocurrent and paleostress field in the east central Ordos Basin; (C) the relationship between the strike of natural fractures and the direction of the paleocurrent and paleostress field in the southeastern Ordos Basin. The yellow arrow is the direction of the maximum horizontal principal stress in the Himalayan period, and the blue arrow is the direction of the maximum horizontal principal stress in the Yanshanian period; the light gray arrow is the main paleocurrent direction, and the dark gray arrow is the secondary paleocurrent direction.
5 CONCLUSION
In this paper, we present an example of a group of undeveloped conjugate fractures caused by paleocurrents. The main controlling factors of fracture development in the Ordos Basin are lithology, stratum thickness and tectonic stress. The fractures in the study area are mainly high-angle fractures, showing typical structural genetic characteristics. Due to the heterogeneity of reservoir rocks, conjugate fractures are characterized by one group of relatively developed fractures and another group of relatively weak fractures.
The direction of the paleocurrent results in anisotropy in the rock mechanics plane; the rock compressive strength parallel to the direction of the paleocurrent is the smallest, which means that a group of conjugate fractures did not develop in the Ordos Basin, and the direction of the paleocurrent led to undeveloped fractures. The main reason for the difference is the rock mechanics parameters in the same direction. When the differential stress at the basin margin is large, the tectonic stress is the dominant factor controlling the direction and path of fracture propagation, and conjugate fractures can be seen in the field profiles. In the Ordos Basin, the stress difference is small, and the anisotropy in the rock mechanics parameters of reservoirs affects the propagation of fractures, resulting in various degrees of fracture development in different directions.
The direction of the paleocurrent combined with the distribution of the paleostress field can be used to predict which group of conjugate fractures develop. Conversely, the direction of the paleocurrent can be inferred by combining the orientation of developed fractures with the distribution of the paleostress field.
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