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The Lower Permian Fengcheng Formation in the Mahu Sag develops a set of organic-rich alkaline lacustrine shale strata, which is a key area for shale oil exploration and development. As an important storage space and seepage channel for shale reservoirs, natural fractures have an impact on shale oil enrichment, production and development effect. In this study, the types and characteristics of natural fractures were first analyzed using core, thin section and imaging logging data. On this basis, combined with the distribution of fractures in single wells, the vertical distribution law of fractures is discussed. Finally, the planar distribution of fractures is evaluated using different seismic attributes such as coherence, curvature, likelihood, and AVAz. The results showed that three types of fractures are existed, including transformational shear fractures, intraformational open fractures and bed-parallel shear fractures, with intraformational open fractures being the most developed. The development degree of fractures in different layers has obvious differences, mainly controlled by lithology and brittle mineral content. The basalt and tuff are developed in the Feng 1 Member, with low carbonate mineral content, resulting in a relatively low degree of fracture development. The dolomite and argillaceous dolomite are developed in the Feng 2 Member and the Feng 3 Member, with high carbonate mineral content and brittleness, resulting in a high degree of fracture development. Additionally, the closer to the fault, the higher the degree of fracture development. On the plane, the fracture zone develops near the main and secondary faults, with the trend mainly oriented in the E-W direction and approximately parallel to the direction of the faults. The width of the fracture zone is largest in the central and southern part of the study area. These fractures are fault-related and are caused by regional stress fields resulting from the activity of the main-secondary faults.
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1 INTRODUCTION
Due to the great success of the shale revolution in North America, unconventional oil and gas resources such as shale oil have gradually become the focus of global hydrocarbon exploration and development (Jarvie et al., 2007; Zou et al., 2013; He et al., 2016; 2017; Ghosh et al., 2018; Wang et al., 2019; Jin et al., 2021; Tao et al., 2021). Shale oil refers to petroleum that is stored in organic-rich shale strata, generally requiring special techniques such as horizontal wells and hydraulic fracturing to obtain industrial oil production (Gale et al., 2007; Jin et al., 2021; Tang et al., 2021). Exploration practices have confirmed that multiple sets of organic-rich shale strata exist in the lacustrine basins in China, including the Cretaceous in the Songliao Basin, the Permian in the Junggar Basin, the Triassic in the Ordos Basin, the Jurassic in the Sichuan Basin, and the Paleogene in the Bohai Bay Basin (Zou et al., 2013; Liu et al., 2018; Zhao et al., 2020; Jin et al., 2021; Zhang et al., 2022). Lacustrine shales are characterized by strong heterogeneity, low matrix permeability, high clay mineral content, and large compressibility changes, which constrain the deployment and large-scale development of lacustrine shale oil (Jin et al., 2021).
Previous studies have found that lacustrine shale strata have generally experienced multiple stages of tectonic movement, and the content of brittle minerals can reach over 40%, resulting in the widespread development of natural fractures in shale oil reservoirs (Zou et al., 2013; Jin et al., 2021; Tang et al., 2021). Shale oil reservoirs typically have extremely low matrix porosity and permeability, making it difficult to form an effective fluid flow system and to provide industrial oil flow in natural conditions (Gong et al., 2021; Zhang et al., 2022). Natural fractures, serving as fluid conduits for oil and gas transport from the matrix to the wellbore, can significantly improve reservoir properties and affect shale oil enrichment, production, and the development plan (Gale et al., 2007; Ding et al., 2012; Jarvie, 2012; Mastalerz et al., 2013; Zeng et al., 2016; Wang et al., 2018; Liu et al., 2022b; Yang et al., 2022). Previous researchers have conducted numerous works on the development characteristics, formation mechanisms, and controlling factors of natural fractures in conventional reservoirs, but few have focused on the distribution rules of lacustrine shale reservoirs (Laubach et al., 2004; Laubach and Ward, 2006; Laubach et al., 2019; Gale et al., 2010, 2014; Zeng et al., 2013; Wang et al., 2016a; Wang et al., 2016b; Lyu et al., 2019; Liu et al., 2020a; b; Liu et al., 2021a; Liu et al., 2022a).
In recent years, a set of organic-rich alkaline lake shale strata has developed in the Lower Permian Fengcheng Formation of the Mahu Sag, making it an important exploration area in the Junggar Basin (Tang et al., 2021; Zhi et al., 2021; Xia et al., 2022; Lu et al., 2023). Industrial oil flows from multiple drilling wells have displayed good exploration and development prospects. Previous studies have studied the regional structure, sedimentary background, reservoir lithology, and pore structure of the Fengcheng Formation, indicating that natural fractures are important reservoir spaces in the Fengcheng Formation (Tang et al., 2021; Wang et al., 2021; Zhi et al., 2021). Since the deposition in Permian, the Fengcheng Formation has experienced multi-stage tectonic movements such as Hercynian movement, Indosinian movement, Yanshanian movement and Himalayan movement (Zhou et al., 2019; Wang et al., 2022). In addition, the mixed deposition of terrigenous clast, endogenous carbonate and volcanic materials makes the lithology of the Fengcheng Formation extremely complex (Zhi et al., 2021). A variety of factors lead to the unclear distribution of natural fractures in the Fengcheng Formation, which has strong heterogeneity in the vertical and horizontal directions. Therefore, the study on the distribution pattern of natural fractures in the lacustrine shales of the Fengcheng Formation has important guiding significance for the formulation of subsequent exploration and development plans in the study area.
In this study, the Fengcheng Formation in the Mahu Sag was taken as the research object. Firstly, the fracture development characteristics of the Fengcheng Formation were described using core, imaging logs and thin section data. Then, XRD tests were used to analyze the differences of mineral composition in the Feng 1 Member, Feng 2 Member and Feng 3 Member. On this basis, the vertical pattern of fractures was discussed by characterizing the fracture distribution characteristics of single wells. Finally, the natural fractures identified by different attributes were stacked based on different seismic attributes, including curvature, coherence, likelihood and pre-stack AVAz, and the planar distribution pattern of natural fractures was evaluated. The research results will provide a geological basis for the next exploration and development of shale oil reservoirs in the Mahu Sag.
2 GEOLOGICAL SETTING
The Junggar Basin is a large superimposed petroliferous basin in Northwest China, located in the eastern part of the Kazakhstani Plate, with an area of approximately 13 × 104 km2 (Xiao et al., 2008; Cao et al., 2020; Tang et al., 2021; Wu et al., 2022). The Mahu Sag is a secondary tectonic unit in the basin, which is the hydrocarbon generation sag with the highest degree of oil and gas enrichment. (Liu et al., 2016; Guo et al., 2021; Tang et al., 2021; Zhi et al., 2021; Wu et al., 2022). The Mahu sag is a Carboniferous-Quaternary sag formed on the pre-Carboniferous fold basement and controlled by multi-period peripheral thrust activities. It is surrounded by the Wuxia Fault Zone, Kebai Fault Zone, and Zhongguai Uplift in the west and the Shiyingtan Uplift, Yingxi Sag, Xiayan Uplift, and Dabasong Uplift in the east (Zhang et al., 2019; Li et al., 2021; Lu et al., 2023). The sag is distributed in the northeast-southwest direction, with an E-W length of about 50 km, a N-S length of about 120 km, and an area of about 5,000 km2 (Figure 1) (Xia et al., 2020; Zhi et al., 2021). The Mahu 131 Well Block is located in the northern part of the sag, and multiple wells drilled in the area have shown industrial oil flows. The Well B2 achieved a maximum daily oil production of 50 tons from a depth of 4,581–4,850 m, indicating abundant shale oil resources (Zhi et al., 2021; Tang et al., 2023).
[image: Figure 1]FIGURE 1 | (A) Tectonic unit of Junggar Basin. (B) Location of the Mahu Sag and Ma-131 Well Block (Modified from Wang et al., 2022).
The Carboniferous to Cretaceous strata is developed from bottom to top in the sag, among which the Lower Permian Fengcheng Formation develops a set of fan delta-lake sedimentary system, which is a significant regional hydrocarbon source rock (Song et al., 2022; tang et al., 2023). The rock types of the Fengcheng Formation are diverse, including carbonate rocks, clastic rocks and volcanic rocks, reflecting the characteristics of mixed deposition, with a total depositional thickness of 800–1800 m (Zhi et al., 2021; Song et al., 2022). It can be subdivided into three members based on lithologic and electrical characteristics: Feng 1 Member (P1f1), Feng 2 Member (P1f2), and Feng 3 Member (P1f3), each with distinct sedimentary facies (Figure 2 Figure Fig3) (Tang et al., 2021; Wang et al., 2021; Zhi et al., 2021). During the deposition of the Feng 1 Member, the volcanic activity was intense and the supply of terrestrial material was limited, resulting in the development of volcanic clastic rocks. During the Feng 2 Member period, the climate became arid and the salinity of the lake basin increased, leading to the development of dolomitic rocks, dolomitic mudstones, and evaporites. During the sedimentary period of Feng 3 Member, the salinity of the basin decreased, and dolomitic rocks dominated with clastic rocks at the top (Zhang et al., 2018). The various lithologies exhibit a mutually exclusive relationship in different areas, with carbonate sedimentation dominating in the center of the basin, reflecting typical characteristics of a saline lake (Zhang et al., 2018; Zhi et al., 2021).
[image: Figure 2]FIGURE 2 | Stratigraphic column of the Fengcheng formation in Well B2 in the Mahu Sag.
[image: Figure 3]FIGURE 3 | Mineral content of P1f1, P1f2 and P1f3 in Well B2 in the Mahu Sag.
3 METHODS
3.1 X-ray diffraction analysis
XRD was conducted using a German Bruker D8 ADVANCE X-ray diffractometer, completed at the SINOPEC Wuxi Petroleum Geology Research Institute in China. Prior to XRD testing, rock samples were ground into powder with a particle size of 200 mesh. Approximately 10 g of powder was mixed thoroughly with ethanol, and the sample was prepared using a pressing method for testing. Mineral types and mass percentages were calculated by comparing the diffraction peak intensities of standard samples and measuring the area under the curve of the main peaks of each mineral (Gou et al., 2021). All testing procedures followed the China Oil and Gas Industry Standard SY/T 6010-2018.
3.2 Fracture characterization
In this study, natural fractures of the Permian Fengcheng Formation in the Mahu Sag were studied based on different databases, including cores, thin sections, and imaging logs. The investigated wells are drilled vertically and located on the slope in the northern part of the sag, as shown in Figure 1B. Core observations were conducted at the core library of the PetroChina Xinjiang Oilfield Company. Additionally, thin sections (with a thickness of 30 μm) were prepared to observe the micro-features of the fractures, using a Nikon LV100N POL microscope at the School of Earth and Space Sciences at Peking University. Furthermore, fracture analysis was performed using imaging logs collected by a full-borehole micro-scanner imaging tool (FMI). The drilling employed conductive mud, hence unfilled fractures penetrated by drilling fluids are displayed as dark curves, while fractures filled with minerals are displayed as bright curves due to their high electrical resistivity (Lyu et al., 2019).
3.3 Seismic attribute extraction
Seismic waves propagating in fractured media exhibit anisotropic characteristics in terms of attributes such as amplitude, velocity, attenuation, and travel time, which can be used to predict the development intensity of fractures by analyzing their azimuthal variation (Shen et al., 2002; Liu et al., 2021b). Various seismic attributes have different resolutions and different ability to identify fractures (Wang et al., 2022). Post-stack seismic attributes such as curvature, dip angle, variance, coherence, and azimuth have good identification effects on large-scale fractures, and can identify fractures larger than 1/4 wavelength. Compared to post-stack seismic attributes, likelihood attributes contain dip angle and azimuth information, and pre-stack AVAz retains shot-receiver offset and azimuth information, which have good identification effects on medium and small-scale fractures. In this study, large-scale fractures were first identified using curvature, coherence and likelihood attributes, and then medium and small-scale fractures were identified using pre-stack AVAz attributes. The comprehensive identification result of the Fengcheng Formation fractures in the Mahu sag was obtained by overlaying the results of the two identification methods. In addition, the dominant frequency and bandwidth of the 3D seismic data in the Ma131 Well Block are 25 Hz and 50 Hz, respectively.
4 RESULTS
4.1 Mineral composition
All samples of the Fengcheng Formation are rich in carbonate minerals, quartz, and feldspar, with average contents of 31.6%, 32.6%, and 18.1%, respectively, while the content of clay minerals and pyrite is relatively low, with average contents of 10.5% and 4.6%, respectively. The mineral content in different layers varies to some extent in the vertical direction. In the Feng 1 Member, the content of quartz is the highest, with an average content of 33.0%, followed by feldspar and carbonate minerals, with average contents of 28.1% and 18.6%, respectively. The mineral composition of the Feng 2 Member and the Feng 3 Member is similar, with carbonate minerals being the highest, averaging 38.8% and 33.5%, respectively. The content of quartz is lower with an average of 33.9% and 30.7% respectively. Feldspar is the least abundant, averaging 13.6% and 15.3%, respectively. Therefore, the Feng 2 Member and the Feng 3 Member have similar mechanical properties, which are significantly different from those of the Feng 1 Member.
4.2 Fracture characteristics
Core and thin section observations and imaging log interpretation results show that natural fractures in the Fengcheng Formation are widely developed in the study area. Natural fractures can be classified into three types according to their origin: transformational shear fractures, intraformational open fractures and bed-parallel shear fractures. The transformational shear fractures are generally large in size with a straight fracture surface and a dip angle of nearly 90°. They traverse one or more rock strata boundaries vertically and extend a long distance. In Figure 4A, the height of the transformational shear fractures exceeds 40 cm. The intraformational open fractures develop within the rock strata and are relatively small in size. Their longitudinal extension is significantly restricted by the rock strata boundary, and their vertical extension is short and intersects the rock strata boundary at a high angle. In Figure 4B, the height of the intraformational open fractures is less than 15cm, and it is possible to observe oil seeping out along the fractures. The bed-parallel shear fractures are parallel to the bedding plane with a relatively low dip angle, and their fracture surfaces show scratch marks, steps, and mirror surfaces (Figure 4C). Among the tectonic fractures in the Fengcheng Formation, the intraformational open fractures are the most developed, while transformational shear fractures and bed-parallel shear fractures are relatively less.
[image: Figure 4]FIGURE 4 | Tectonic fractures in the Fengcheng Formation in cores and thin sections in the Mahu Sag. (A) Transformational shear fracture, Well B2, 4,752.37 m. (B) Intraformational open fracture contains oil, Well B2, 4,722.1 m. (C) Bed-parallel shear fracture, Well B2, 4,713.9 m. (D) Fluorescence image indicates that fracture contains oil, Well B2, 4,746.47 m. (E) High-angle fracture surface is partially filled with mineral, Well B2, 4,872.5 m. (F) High-angle fracture is filled with mineral, Well B2, 4,650.3 m. (G) High-angle fracture is filled with mineral, Well B2, 4,616.14 m.
According to the degree of mineral cement filling in the fractures, natural fractures can be divided into three types: unfilled, partially filled, and fully filled fractures, and the effectiveness of fractures decreases in that order (Zeng et al., 2013). Most of the fractures observed in the cores are effective fractures, including unfilled fractures (Figures 4B,D) and partially filled fractures (Figure 4E), which can serve as storage space and migration channels for shale oil. Oil is visible in the fractures observed in the cores, and the fluorescence of the fractures under UV light indicates the presence of residual hydrocarbons (Figures 4B,D). The fractures observed in thin sections are mostly filled with minerals, such as quartz, calcite, and reedmergnerite (Figures 4F,G), showing features of cutting through lamination interfaces or mineral particles.
A large number of induced fractures, conductive fractures, resistive fractures and a small number of small faults can be identified in the imaging log images (Figure 5). The induced fractures are a group of parallel and 180° symmetrical high-angle fractures, and their direction is mainly near E-W, reflecting that the present maximum horizontal principal stress direction is near E-W (Lyu et al., 2019). The conductive fractures appear as dark sinusoidal curves as the open fractures are invaded by drilling mud (Figure 5A). The direction of the conductive fractures is mainly NE-SW, with low dip angles being dominant. Because their orientation is closer to the maximum horizontal principal stress direction, the conductive fractures have large aperture and good effectiveness. The resistive fractures in the Fengcheng Formation are relatively developed, showing bright sinusoidal curves, which are completely filled and having no contribution to the reservoir (Figure 5B). They are mainly in the N-S direction with medium and high dip angles, perpendicular to the direction of the maximum horizontal principal stress, and exhibiting a closure feature. Furthermore, the imaging characteristics of small faults are similar to those of conductive or resistive fractures, with obvious lithological changes or displacement visible (Figure 5C).
[image: Figure 5]FIGURE 5 | Natural fractures in the Fengcheng Formation detected by the borehole image logs in Well B6 in the Mahu Sag. (A) Conductive fractures. (B) Resistive fractures. (C) Small faults.
4.3 Seismic attribute characteristics
The pink area of the predicted results of the coherence attribute is the low value area, which is the large-scale fracture development zone, distributed in the western, eastern and southern parts of the study area, closer to Well B1 and further away from Wells B2-B5 (Figure 6A). The curvature attribute has a good effect on identifying secondary fractures, with the red area being the area of medium to high values of the curvature attribute, representing secondary fractures, and the blue area being the area of relatively low values, representing fault-related fracture development zones (Figure 6B). The secondary faults are mainly in the near E-W direction, distributed around the primary faults, located in the south and middle of the study area. Wells B1 and B2 are located in the area of high curvature properties, indicating the proximity of Wells B1 and B2 to the secondary fractures and the development of fault-related fractures.
[image: Figure 6]FIGURE 6 | Plane distribution of fractue identification results of coherent and curvature seismic attributes. (A) Plane distribution of coherent attributes. (B) Plane distribution of curvature attributes.
The Likelihood attribute contains information such as azimuth and dip, and can clearly depict the development of large-scale fractures in the region and accurately detect the boundaries of fracture zones. In the prediction results of the likelihood attribute, the deeper the color (blue), the greater the probability of fractures, and the lighter the color (green, yellow), the smaller the probability of fractures. Because the Likelihood attribute can predict the abnormal information that is not detected in the coherence and curvature attributes, the ability to identify factures is stronger. The results show that large-scale fractures are mainly distributed in the central and northern parts of the study area, as well as the southernmost part, and are more developed near Wells B2 and B1 (Figure 7A).
[image: Figure 7]FIGURE 7 | Plane distribution of likelihood seismic attributes and AVAZ fracture intensity. (A) Plane distribution of likelihood attributes. (B) Plane Distribution of AVAZ fracture intensity.
Small and medium scale fractures are relatively smaller in size but more numerous. In this study, the pre-stack AVAz method was used to predict small and medium scale fractures. The red area near Wells B2 and B3 represents the area with the highest fracture intensity, while the yellow and blue areas represent areas with lower fracture intensity (Figure 7B). Small and medium scale fractures in the Fengcheng Formation have a relatively strong overall development intensity, especially in the northern and central regions, and in the southern part near the main fault, with a predominant orientation parallel to the main fault in the near E-W direction. The northwest direction of Well B2 is the high fracture development area, the area between Wells B2 and B3 is the moderate fracture development area, and the area near Well B4 is the weak fracture development area.
5 DISCUSSION
5.1 Vertical distribution law of fracture
The differences in lithology and mineral composition of shale reservoirs lead to different rock mechanical properties and brittleness, which in turn affects the development of natural fractures in shale (Zeng et al., 2022). According to the imaging log interpretation results of four wells in the study area, including Well B2, Well B3, Well B4, and Well B6, the development of natural fractures in the Fengcheng Formation is obviously controlled by the lithology and mineral composition, and the development degree of fractures varies greatly in different layers. The Feng 1 Member, with a thickness exceeding 100 m and high content of feldspar and quartz., mainly consists of basalt and tuff, as well as small amounts of conglomerate, fine sandstone, siltstone, and shale (Figure 2). The Feng 1 Member high-angle fractures is dominated by fractures with high dip angles, and the development degree of fractures with low and medium dip angles is relatively low (Figure 8). The fracture density of the Feng 1 Member in Well B2 is 1.16 m−1. The Feng 2 Member, with a thickness of about 220 m, is mainly composed of argillaceous limestone and shale. The content of carbonate minerals in the Feng 2 Member is high, thus the rock is brittle, and fractures with high and medium dip angles are both developed. The fracture density of the Feng 2 Member in Well B2 is 1.82 m−1. The lithology of the Feng 3 Member is similar to that of the Feng 2 Member, and fractures with high and medium dip angles are also developed. Moreover, a small number of fractures with low dip angles are developed in clastic rocks at the top of Feng 2 Member. The fracture density of the Feng 1 Member in Well B2 is 2.31 m−1 (Figure 9). In summary, the Feng 1 Member is mainly composed of volcanic rocks, with low content of carbonate minerals and low brittleness, which leads to low development degree of fracture. The Feng 2 Member and Feng 3 Member are mainly composed of dolomite and argillaceous limestone, with high content of carbonate minerals and higher brittleness, which result in high development degree of fracture (Figure 9). This is because the higher the content of brittle minerals, the greater the brittleness, and fractures will be formed in shale reservoirs when small strains occur under the same tectonic stress (Zeng et al., 2022).
[image: Figure 8]FIGURE 8 | Vertical distribution of natural fractures in the Fengcheng Formation in Well B2 in the Mahu Sag.
[image: Figure 9]FIGURE 9 | Fracture density of P1f1, P1f2 and P1f3 in the Mahu Sag.
In addition, different orders of faults in the Mahu Sag influence the development of natural fractures in different single wells. The Well B2 is closest to the fault and has the highest degree of fracture development in the Fengcheng Formation, with a fracture density of 1.69 m−1. The fracture development degree of Well B6 and Well B4 is relatively low, with fracture densities of 1.55 m−1 and 1.36 m−1, respectively. The Well B3 is the furthest from the fault and the fracture development degree is the lowest, with a fracture density of only 0.74 m−1. This is because there is a fault damage zone near the fault, and the development of natural fractures is affected by the local stress field around the fault. Generally, the closer the distance to the fault, the higher the degree of fracture development (Zeng and Li, 2009; Griffith and Prakash, 2015).
5.2 Plane distribution law of fracture
Due to the fact that different seismic attributes can characterize the distribution of fractures at different scales, superimposing seismic attribute maps of the same layer can be used to analyze the similarities and differences in the distribution patterns of fractures at different scales, and to discuss whether there is any correlation between the origin of fractures at different scales.
Overall, the main and secondary faults of the Fengcheng Formation are distributed in the central and southern parts of the study area, with the trend of near E-W direction.
The zone where large-scale fractures develop is widest in the central and southern parts of the study area, with a predominant trend in the E-W direction and a secondary trend in the S-N direction (Figure 10A). Small and medium scale fractures are well developed in the study area, and their trends are mainly in the E-W and NW-SE directions, which are approximately parallel or obliquely intersected with the large-scale fractures and main-secondary faults (Figure 10B). Locally, the northern part of the study area near Well B4 is a zone of weak fracture development, while the area between Well B3 and Well B1 is a zone of fracture development. The plateau area in the central part of the study area and the southern part near the main-secondary fault zone are both areas of large-scale and medium-small-scale fracture development, and the fractures are mostly oriented in the direction of the maximum horizontal principal stress.
[image: Figure 10]FIGURE 10 | Superimposed plane distribution map of pre-stack and post-stack attribute. (A) Superimposed plane distribution map of likelihood attribute and curvature attribute. (B) Superimposed plane distribution map of pre-stack fracture intensity and likelihood attribute.
Based on the above analysis, large-scale fractures mainly develop near the main-secondary faults and trend approximately parallel to them. They are mainly fault-related fractures resulting from the activity of the main-secondary faults and the effects of regional stress field. Small and medium scale fractures are the most developed in the zone where large-scale fractures develop and nearby, indicating that indicating that they are mainly controlled by fault activity and local stress field during the formation of large-scale fractures.
6 CONCLUSION

(1) Different types of natural fractures are existed in the Fengcheng Formation of the Mahu Sag, including transformational shear fractures, intraformational open fractures and bed-parallel shear fractures, with intraformational open fractures being the most developed. Moreover, induced fractures, conductive fractures, resistive fractures, and small faults are identified by imaging logs, with good effectiveness of conductive fractures oriented close to the direction of present maximum horizontal principal stress.
(2) There are great differences in the development degree of natural fractures in different layers of Fengcheng formation in the vertical direction. The basalt and tuff are developed in the Feng 1 Member, with low carbonate mineral content and low brittleness, thus the degree of fracture development is relatively low. The dolomite and argillaceous dolomite are developed in the Feng 2 Member and the Feng 3 Member, with high carbonate mineral content and high brittleness, and the degree of fracture development is high. In addition, the closer to the fault, the higher the degree of fracture development in different single wells.
(3) On the plane, the natural fracture development zone is located near the main-secondary faults, with the trend of mainly E-W, approximately parallel to the direction of the faults. The width of the fracture zone is largest in the central and southern part of the study area, and they are fault-related fractures under the action of regional stress fields caused by the activity of the hanging wall and footwall of the main-secondary faults.
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